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Preface

Buoyed by the utility of research data on the
model nematode Caenorhabditis elegans and
the rapidly growing expressed sequence tag
(EST) resources for roundworms, research on
nematode parasites has progressed rapidly
compared to that seen for flatworm parasites.
This molecular research base has facilitated
considerable advances in nematode phyloge-
netics, genomics, proteomics and biology that
have often been the envy of many platy-
helminthologists. Only in the last few years
have we seen the benefits of concerted efforts
to propel flatworm research into the 21st cen-
tury with genome projects on schistosomes and
EST projects on these and other parasitic flat-
worms. Even though EST data for schistosomes
have only become available relatively recently,
it is clear from many of the chapters of this
book that they have served to invigorate para-
sitic flatworm research, providing a bountiful
resource for almost all researchers in the field.

The undisputed lead role played by schis-
tosomes in parasitic flatworm research is
echoed by the content of this book – a reflec-
tion of the field as it stands today. However, it
would be naïve to assume that all the signifi-
cant progress is confined to schistosomes as
much quality research is emanating from
research laboratories that focusses on other
trematodes, cestodes or monogeneans. All
serve to inform us on flatworm biology and
parasitology. We believe that flatworm para-
sitology is now entering a new era in which

some of the considerable gaps between the
frontiers of nematode and flatworm research
are beginning to be bridged. In this respect, we
believe that this book is timely.

The phylogenetic relationships amongst
flatworms are only now being unravelled and
are so complex that predicting how findings in
one flatworm parasite species relate to another
is almost impossible to decipher. In nematodes,
C. elegans has proved a useful model to study
the facets of biology of parasitic species.
Although there is no such flatworm model, it is
noteworthy that much significant progress has
been made recently in planaria, especially in
relation to genome-wide gene-silencing meth-
ods that have been developed in Schmidtea
mediterranea. However, the value of such
species as model organisms for diverse flat-
worm parasites is simply not known and there
is limited evidence to suggest that they will be
hugely beneficial in this respect. Indeed, com-
parative studies on flatworms are few and far
between such that any judgement on the value
of potential model flatworms is based on a very
small dataset. Nevertheless, progress in the
molecular manipulation of planarians has the
potential to aid parasitologists, and more inter-
action and cross-fertilization between these
research communities should be encouraged.

Although research on parasitic flatworms
lags behind that on nematodes, progress is
evident in almost all areas of focus, from phy-
logenetics and genomics to immunobiology

xix



and vaccine development, from cell sig-
nalling and physiology to gene silencing and
transgenics. While this book addresses many
of these areas, it does not attempt to be com-
prehensive. Unfortunately size constraints
within a single volume preclude considera-
tion of many other interesting aspects of flat-
worm research. Nevertheless, we hope the
contents endow the reader with valuable
insight into what we perceive as some of the
most pivotal and exciting areas of parasitic
flatworm biology.

The first section of this book provides a
strong foundation for understanding the evolu-
tionary interrelationships of flatworms, their
phylogeny, genetics and transcriptomics; it
informs on where we are today and highlights
the molecular advances that are being made
and where they are likely to lead. It finishes by
charting recent progress in the development of
transgenic flatworms; developments, which
could have huge impact on many of our
research goals. Section two focuses on the
host–parasite relationship and parasite control.
Within the host–parasite relationship there are
contributions on immunobiology, the host–par-
asite interface and parasite-induced host tran-
scriptome changes that have much merit well
beyond the boundaries of parasitology. In rela-
tion to control, the chapters examine develop-
ments in flatworm chemotherapy and drug
resistance. This section ends with chapters on
vaccine development, believed by many to be
the future of helminth parasite control. The
third and final section turns to proteomics and
the biology of flatworm parasites by exploring
proteases, physiology, metabolism and glyco-
conjugates. Many of these chapters reveal how
the new molecular resources for flatworms, dis-
cussed in earlier sections, have aided research

on more focused aspects of flatworm biology.
The final chapter examines gene silencing and
the progress made in the induction of RNA
interference in flatworm parasites as a tool to
examine protein function. The authors are all
leading researchers in their respective fields
and have provided expert coverage of key areas
in parasitic flatworm research as well as insight
into the future directions for this work. As with
the sister text on parasitic nematodes, the chap-
ters included here are diverse in style and
approach, but provide a broad insight into par-
asitic flatworms.

Without a highly characterized model
species to underpin flatworm research, scien-
tific progress will most likely rely on our abil-
ity to capitalize on evolving molecular
advances in a range of flatworm species. We
hope this book will provide clear evidence that
significant advances are already being made
across a wide spectrum of parasitic flatworm
research, and will prove a useful resource for
continued study.

Access to Colour Illustrations

In order to reduce the cost of this book, and
thereby improve its accessibility, there are no
colour reproductions. Some of the illustrations,
however, can only properly be appreciated in
colour (some of those in Chapters 7 and 17). 

The colour illustrations can be viewed and
downloaded from the following internet site:
http://www.qub.ac.uk/bb/books/flatworms/
index.html

If you have any suggestions or problems
relating to the illustrations appearing in this
book, then please feel free to contact Aaron
Maule (a.maule@qub.ac.uk).
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Introduction

The phylum Platyhelminthes is comprised of
an enormous diversity of species that occur in
all seas, rivers and lakes, and on all continen-
tal land masses. With a soft body lacking any
cuticle or protective covering, the majority of
species are found in moist or aquatic environ-
ments. Generally bilaterally symmetrical,
acoelomate, lacking an anus, possessing a low
level of cephalization, usually hermaphroditic,
and dorsoventrally flattened, flatworms are
commonly small but may reach enormous
lengths. These defining features are not unique
to the phylum and are, e.g. multiciliated gas-
trodermal cells, best viewed with an electron
microscope. However, there are many defining

features for the various subgroups (Caira and
Littlewood, 2001; Littlewood et al., 2004).

As parasites, flatworms have extended
their global presence by taking advantage of
the adaptations of many diverse invertebrate
and vertebrate hosts. Many parasitic forms are
host-specific and many of these are site-
specific within or on their host. Contemplate
on the biodiversity of vertebrates, consider that
many platyhelminths use one or more interme-
diate hosts and one may just begin to grasp the
diversity of parasitic flatworms. From the
microscopic interstitial free-living species that
live between particles of mud to the enor-
mously long tapeworms of blue whales, an
estimate of 100,000 extant species, of which
only about 20,000 have been formally
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described, still seems conservative when we
consider the hosts and habitats yet to be sur-
veyed. Even among those hosts and habitats
already surveyed, many of the smaller parasitic
species seem to have been overlooked and
new species from commonly collected hosts
are not uncommon. Small-bodied parasitic
taxa are harder to find and are generally more
specios than related large-bodied taxa (Poulin
and Morand, 2000), suggesting a long future
ahead for flatworm systematists.

As soft-bodied organisms with little or no
protection from predation, flatworms tend to
be cryptic with some notable exceptions;
the very colourful marine polyclads found on
coral reefs offer some of the most spectacular
colour schemes exhibited by any organism
(Newman and Cannon, 2003), and some ter-
restrial planarians (Tricladida) are also large
and conspicuous. These brightly coloured free-
living representatives tend to exhibit apose-
matic coloration, indicating their distastefulness,
or in the case of some polyclads they mimic
distasteful nudibranch molluscs. In contrast,
parasitic forms are less noticeable and often
have complex life cycles with only fleeting
periods when they are not in or on a host.
Usually they are microscopic during these free-
living developmental stages; it takes an effort
to find them in spite of their ubiquity.

Although lacking a fossil record, the deep-
branching position of Platyhelminthes among
the Lophotrochozoa in the tree of life, suggests
a relatively ancient origin but perhaps not
quite as ancient as once thought. For over 100
years, scientists have suggested that the rela-
tively simple body plan of these flatworms ren-
ders them as ideal model organisms from
which other phyla can be derived and it is
common to see hypothetical ancestors of the
Metazoa described as ‘flatworm-like’. However,
platyhelminth phylogenetics has progressed
markedly over the last 10 years thanks to a sus-
tained effort by morphologists and the advent
of molecular systematics providing additional
sources of phylogenetic data. We are now
armed with more clearly resolved evolutionary
trees with which to investigate the origins and
subsequent radiation of flatworm groups.
Recent advances, for example, indicate that
acoelomorph flatworms (Acoela and Nemerto-
dermatida) are now generally considered to be

basal bilaterians (a role once occupied by the
Platyhelminthes), occupying a pivotal position
in the tree of metazoan life and likely repre-
senting one or two separate phyla (Ruiz-Trillo
et al., 1999, 2002; Telford et al., 2000, 2003;
Littlewood et al., 2001; Jondelius et al., 2002).

Whilst it is the inclusion of Acoelomorpha
in the Platyhelminthes that contributed to a
perception that the whole phylum is ‘primitive’,
the remaining non-acoelomorph flatworms,
the Catenulida + Rhabditophora (Platyhel-
minthes sensu stricto), may be more closely
allied to phyla such as Gastrotricha (Giribet
et al., 2000) or at least as derived members of
the Lophotrochozoa appearing sometime after
the last protostome/deuterostome ancestor; the
resolution of their true position among the
Lophotrochozoa remains controversial and
unresolved (Jenner, 2004; Valentine, 2004).
Most molecular estimates of metazoan interre-
lationships recognize three main clades, the
deuterostomes, the ecdysozoans and the
lophotrochozoans, usually with the latter two
protostome clades forming a monophyletic
group (Adoutte, 1999). However, a recent
analysis (Eernisse and Peterson, 2004),
employing multiple genes and including mor-
phology, places the deuterostomes and lopho-
trochozoans as sister groups, and the ectoprocts
as a sister group to the Platyhelminthes. Clearly,
many nodes require greater resolution from
additional data.

Figure 1.1 illustrates a recent estimate of
relationships among the Metazoa with an
indication showing which phyla are para-
sitized by the main parasitic flatworm groups.
Parasitic flatworms have had a marked impact
on many other animal groups, most notably
the Chordata. Most vertebrates are parasitized
by at least one species of flatworm, and larger
vertebrates tend to have richer parasite
communities with many helminths (see,
for example, Poulin, 1995). Considering
the importance of parasitism as an ‘engine
of diversity’, maintaining the diversity of the
major histocompatibility complex, imposing
selection favouring sexual reproduction in
hosts and increasing speciation rates, among
other factors (Summers et al., 2003), the influ-
ence of the Platyhelminthes in evolution
and ecology seems greater than the sum of
its parts.
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Fig. 1.1. Platyhelminthes and their position in the tree of life with an indication of which phyla are
parasitized by neodermatan flatworms (Monogenea, Cestoda, Aspidogastrea, Digenea); basic tree
adapted from Eernisse and Peterson (2004) who estimated this tree topology using a combined analysis
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Figure 1.2 provides a consensus view of the
major flatworm groups and a hypothesis of their
interrelationships based on molecular and mor-
phological estimates (Littlewood et al., 1999b);
individual estimates may be found in Brooks
(1989), Carranza et al. (1997), Ehlers (1984,
1985), Littlewood et al. (1999b) and Zamparo
et al. (2001). The ‘Turbellaria’ is a paraphyletic
assemblage and the relationships between its
constituent taxa and the Neodermata are yet to
be satisfactorily resolved (see section on ‘The
Origins of Obligate Parasitism’). Catenulid flat-
worms employ a different mitochondrial genetic
code than the remaining flatworms, the
Rhabditophora (Telford et al., 2000), and appear
to have few, if any, convincing morphological
synapomorphies with the Rhabditophora.
Nevertheless, molecular data routinely resolve
the Catenulida as the most basal members of the
Platyhelminthes and they have long been con-
sidered flatworms (Ehlers, 1984). Most of the
turbellarian groups include marine and fresh-
water examples and only some of the triclad
turbellarians are terrestrial. The majority of the

‘Turbellaria’ are very small, and of these most
are meiofaunal, except the Polycladida, which
are often large and strictly marine. A number
of turbellarian lineages include symbiotic and
some parasitic species (see section on
‘Parasitism in the Platyhelminthes’), but the obli-
gate parasites (Neodermata) form a convincing
monophyletic group.

Flatworms have no fossil record, beyond
one or two trace fossils of uncertain origin or
limited utility (Conway Morris, 1981;
Upeniece, 2001; Valentine, 2004), including
Quaternary turbellarian eggs (Binford, 1982), a
typhloplanoid rhabdocoel in Eocene amber
(Poinar, 2003) and shell pitting in marine
bivalves caused by digeneans (Ruiz and
Lindberg, 1989). This paucity of dateable evi-
dence seriously hampers an understanding of
the timing of key evolutionary events in the his-
tory of flatworm radiation (Littlewood and
Donovan, 2003). To unpick the evolutionary
history of parasite evolution and radiation
objectively is no easy task and we must do it
based on our knowledge of extant species, our
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ability to reconstruct phylogenies and the
extent to which we can recognize shared
ancestral characters. Considering present day
host associations, which provides an insight
into the diversity of adaptations exhibited by
parasitic flatworms, and to some extent refer-
ence to the phylogeny of the various intermedi-
ate and definitive hosts may provide an
understanding of the evolutionary history
shared by the parasites and their hosts. This
process depends on parasites having cospeci-
ated with their hosts. However, strict cophyly,
where parasite speciation events are unequivo-
cally mapped on to a fully congruent host tree,
requires coevolution to have occurred in the
absence of host switching, and we know this to
be relatively rare. Evolutionarily ancient line-
ages of hosts are not necessarily parasitized by
evolutionarily ancient lineages of parasites;
Szidat (1956) postulated that the more ‘primi-
tive’ a host the more ‘primitive’ the parasites it
harbours and there are many cases where this
appears to hold among the parasitic flatworms.
However, it is not a hypothesis that can be used
unreservedly or uncritically to infer past host
associations. In the absence of reliable phylo-
genies, hypotheses such as this have fuelled a
storytelling approach to evolutionary parasitol-
ogy that has led to erroneous interpretations of
comparative data (Brooks and McLennan,
1993). Constructing scenarios that lead from
ectoparasitism to endoparasitism or iteratively
from one, to two, to three, to four hosts (and
never, for example, from one to three, or three
to one) may be compelling and persuasive, but
in the absence of means by which we can test
alternative hypotheses these stories remain of
limited value. Although not phylogenetically
based, Combes (2001) reviewed the bewilder-
ing range of interactions between hosts and
parasites in an ecological and evolutionary
context; flatworms provided many examples.

Phylogenetic analysis provides an evolu-
tionary framework with which we can map the
evolution of characters, including those perti-
nent to parasitism, that define the diversity and
biology of extant flatworms, and from which
ancestral conditions may be inferred. Alternative
scenarios can be tested in terms of how parsi-
moniously they may map on to the evolution-
ary hypothesis to hand and through these

means we may begin to reconstruct evolution-
ary history. Host phylogenies and the compli-
cated field of cophylogeny mapping offer even
greater opportunities to infer the nature of his-
torical cospeciation and host switching events
(Page, 2003), but there are few cases where
these data have been suitably sampled among
the parasitic flatworms (see also Klassen,
1992). Of course, phylogenies themselves are
not without error or bias, depending on the
source of data, the method by which it is
coded, the models of evolution employed in
their analysis, and to varying degrees the indi-
vidual user’s predelictions and/or competence.
Furthermore, there are many evolutionary sce-
narios that cannot be distinguished unequivo-
cally from phylogenies alone; it is the
combination of phylogenies and comparative
data that offer the best opportunities to differ-
entiate between competing possibilities (Brooks
and McLennan, 2002).

Presented here are recent estimates of
flatworm phylogenies at various taxonomic
levels from which one can infer the radiation
of parasitic flatworm taxa and the evolution of
parasitism through the mapping of comparative
data. A phylogenetic approach to inferring
the evolution of parasitism within the
Platyhelminthes is relatively recent. Most effort
has been expended on resolving the phyloge-
nies and mapping the characters that are used to
build them, rather than collating comparative
data and viewing these data in the light of evo-
lutionary ecology (Morand and Poulin, 2003).

Phylogenies are hypotheses and remain so
until the weight of independent evidence pro-
vides overwhelming support for a particular
evolutionary scenario to become accepted.
Few platyhelminth phylogenies receive over-
whelming support from helminth systematists,
and whilst it is surely tiresome for comparative
biologists to have to be aware of changing phy-
logenies, substantial progress in platyhelminth
phylogenetics allows us to interpret recent esti-
mates with some confidence. In other words,
resolved phylogenies are a worthwhile goal,
and biologists would do well to employ them
to interpret comparative data in the light of evo-
lution. However, first it is important to survey
the scope of parasitism as it is found throughout
the Platyhelminthes.
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Parasitism in the Platyhelminthes

Parasitic flatworms, as detailed in this volume,
form a monophyletic group known as the
Neodermata, i.e. the tapeworms (Cestoda) and
flukes (Trematoda) and Monogenea share a
common ancestor. These taxa are obligate par-
asites, albeit with free-living stages that make
up their life cycles, and they derive all their
nutrition from their hosts. However, the ances-
tor of these worms and its many descendants
has not been the only flatworm to take the path
to parasitism. Many species within the para-
phyletic ‘Turbellaria’ have become intimately
associated with other organisms as commen-
sals, and others may be classified as obligate
parasites; Jennings (1971) provides a compre-
hensive summary of the diversity of parasitic
and commensal turbellarians, and Rohde
(1994) notes that only among the Catenulida,
Macrostomida, Haplopharyngida and Lecitho-
epitheliata are there no known species that live
in symbiosis with other larger Metazoa. The
lesser-known parasitic and commensal turbel-
larian parasites are worthy of attention, not
just from an evolutionary perspective, but
because they may hold the key to understand-
ing parasitism throughout the phylum, and
how it began in the Neodermata. Differentiating
between a commensal and a parasite is
not only important ecologically, but consider-
ing the full gamut of host–flatworm interac-
tions may provide a greater understanding
of the parasitic forms’ ability to have become
so successful.

Feeding directly or indirectly from their
hosts, parasites set themselves apart from com-
mensals as their growth and/or development is
arrested in the absence of a suitable host
through lack of nutrition; more usually, para-
sitic species in the phase of their life cycle
requiring a host will die if one is not available
and without a host they are unable to com-
plete their life cycle. Commensals, whilst often
found in association with their hosts, are not so
dependent on them; their nutrition may be
facilitated by their hosts but they do not neces-
sarily die in the absence of a host. There is
obviously a continuum between the terms
‘free-living’ and ‘parasitic’, with ‘commensal’
somewhere between the two; where one
draws the line between commensal and

parasite is certainly subjective. This continuum
has played a role in the early history of under-
standing the evolution of parasitism within the
phylum with a number of cases of parasitic or
commensal species of turbellarian being pro-
posed as the sister group to the Neodermata.
Such ‘missing links’ have the potential to pro-
vide useful insight into the evolution of para-
sitism as well as to confound an understanding;
it would be wrong to propose evolutionary
relationships based on ecological habit.
Comparative studies have highlighted the vari-
ous (frequently convergent) adaptations to par-
asitism found among the parasitic turbellarians.
Functional genomics (Newmark and Sánchez
Alvarado, 2002), including gene knockout
through RNAi (Orii et al., 2003), are estab-
lished for planarian species and it will be inter-
esting to see if similar studies with parasitic
flatworms can add anything to our understand-
ing of the evolution of parasitism within the
phylum.

Notable parasites among the ‘Turbellaria’
include the Fecampiidae, Notenteridae,
Genostomatidae and Urastomidae. Many of
these species have been shown to produce
very large numbers of eggs, presumably to off-
set the huge loss among those individuals
unable to find a suitable host (Rohde, 1994).
Entirely endoparasitic, fecampiids infect crus-
taceans (including crabs, amphipods and bar-
nacles) and myzostomids; the one species of
notenterid (Notentera ivanovi) infects a poly-
chaete annelid; genostomatids infect crus-
taceans and fish, and urastomids are found
only in bivalve molluscs. As a whole, these
families infect the major groups that neoder-
matans are found in, and when it was discov-
ered that certain features concerning sperm
ultrastructure characterized these parasitic
turbellarians and the Neodermata, it was sug-
gested, not for the first time, that these parasitic
turbellarians were the closest living relatives of
the Neodermata ( Joffe and Kornakova, 1998;
Kornakova and Joffe, 1999); additional evi-
dence linking the Fecampiidae with the
Neodermata is also discussed in (Williams,
1988, 1994; Watson et al., 1992; Watson and
Rohde, 1993a,b; Rohde, 1994). However,
molecular systematic studies have not con-
firmed this Revertospermata hypothesis and
Rohde (1994) suggested that the morphological
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similarities were most likely due to convergent
evolution. Molecular phylogenetic estimates
have routinely placed the non-neodermatan
revertospermatans in a clade with the pro-
lecithophoran and triclad turbellarians
(Littlewood et al., 1999b; Norèn and Jondelius,
1999; Joffe and Kornakova, 2001; Littlewood
and Olson, 2001; Lockyer et al., 2003a); see
section on ‘The Origins of Obligate Parasitism’.

Few turbellarian groups do not have one
or more commensal or parasitic species; for
example, among the dalyellioids (Acholadidae,
Graffillidae, Provorticidae, Pterastericolidae
and Umagillidae) the lecithophorans
(Typhloplanidae), the triclads (Bdellouridae,
Procerodidae and Micropharyngidae), the
polyclads (Apidioplanidae, Emprosthopharyn-
gidae, Hoploplanidae, Latocestidae, Lepto-
planidae, Stylochidae and Prosthiostomidae),
the prolecithophorans (Cylindrostomatidae,
Hypotrichinidae and Plagiostomidae) and all
the temnocephalans. Together these taxa have
managed to live on or in a bewildering array
of other animal groups. Jennings (1971) and
Cannon (1986) documented over 200 species
belonging to 35 families of turbellarians living
in permanent association with another organ-
ism. These species occupy various positions in
and on their hosts depending on whether they
are feeding with assistance from the host or
feeding on the host themselves (Jennings,
1997). As Jennings noted, there is ‘a continu-
ous spectrum of often overlapping nutritional
strategies from ecto- and entozoic predation
(generally supplemented by opportunistic
commensalism) through full commensalism (in
which ingestion of the host’s food may inci-
dentally include ingestion of digestive enzymes)
to obligate entoparasitism’. If we consider the
platyhelminths as a whole, this latter stage is
taken to its acme in the Cestoda, which have
no gut and rely entirely on the passage of nutri-
ents through their modified epidermis.
Amongst the Neodermata this modified synci-
tial epidermis (i.e. the neodermis) performs
this, including other, critical roles. For the most
part, a ciliated, cellular epidermis character-
izes turbellarians, but many of the commensal
and parasitic forms have developed independ-
ently a syncitial epidermis; Genostoma,
Kronborgia, and the temnocephalans offer
well-documented examples and a review of

epidermal morphology and development
among parasitic and commensal turbellarians
is provided by Tyler and Tyler (1997).

As Tyler and Hooge (2004) note, the
developmental mechanism by which the cili-
ated epidermis is replaced by neodermis is
not unique to the neodermatan flatworms.
However, the Neodermata have specifically
adapted this mechanism as they attack hosts in
the life cycle. They speculate that the general
phenomenon of epidermal-shedding and
replacement with unciliated, syncitial, insunk
(i.e. nuclei lie below the body wall muscula-
ture) teguments may have pre-adapted the
group to parasitism. Clearly, the neodermis
plays a critical role in defending the parasite
against the host, whether it is from its immune
system, or more frequently among enteric
groups, its digestive system.

The Origins of Obligate Parasitism –
The Appearance of the Neodermata

The Neodermata share a number of unique
features (apomorphies), of which some have
undoubtedly contributed to the successful
radiation of the group and the main lineages.

Apomorphies that unite these taxa include:

• multiciliated ectoderm limited to ‘larval’
stages and shed later and replaced by a synci-
tial neodermis with sub-epidermal perikarya
each separately connected to surface layer;

• protonephridia with a two-cell weir;
• epidermal locomotory cilia with single, cra-

nial rootlet;
• epithelial sensory receptors with electron-

dense collars;
• complete incorporation of both axonemes

in sperm body;
• two long and one short insertions in nuclear

small subunit (SSU) ribosomal DNA (rDNA).

Acknowledging the monophyly of the
Neodermata as first proposed by Ehlers (1984)
allows us to argue that obligate parasitism, as
found in the constituent Trematoda, Monogenea
and Cestoda, has its origins in a major single
evolutionary event. This does not mean it hap-
pened quickly, or without intermediate forms,
but the lineage that gave rise to the Neodermata
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surely began with a single speciation event and
continued with a remarkable adaptive radia-
tion. Not withstanding the many forays into
parasitism made by turbellarian flatworms, it is
without doubt that the emergence of the
Neodermata that allowed the platyhelminths
to engage successfully in a lifestyle that ties
them so closely to the lives and evolution of so
many other organisms. To infer the plesiomor-
phic (‘primitive’) characters of the common
neodermatan ancestors we need to determine
their interrelationships and to find the sister
group to the Neodermata; which lineage of
platyhelminths is most closely related to the
obligate parasites? There have been a number
of phylogenetic estimates from morphological
and molecular data yielding a variety of solu-
tions (see Fig. 1.3).

One group of turbellarians, which have
provided a compelling link to the obligate par-
asites, is the Temnocephalida. With various
degrees of adaptation towards their ectocom-
mensal existence with freshwater crustaceans,

including loss of locomotory cilia and posses-
sion of a distinct posterior sucker (Cannon and
Joffe, 2001), it is easy to visualize a general-
ized transition towards obligate parasitism by
placing the temnocephalans as sister group to
the Neodermata. Indeed, an early cladistic
analysis yielded just this answer (Brooks and
McLennan, 1993; Fig. 1.3b). Other candidate
lineages have been the Urastomidae and
Genostomatidae, forming with the Neodermata
the Mediofusata, as part of the Revertospermata
hypothesis; Revertospermata = Fecampiida +
Mediofusata (Kornakova and Joffe, 1999;
Fig. 1.3c). Ehlers was the first to suggest
another revertospermatan group, the
Fecampiidae, as a possible sister group to the
Neodermata, although he settled on a ‘dalyel-
lioid’ clade, which included Temnocephalida,
Fecampiidae and Udonellidae (Ehlers, 1985;
Fig. 1.3a). Udonellidae has since been shown
to be unequivocally a group of highly modified
monopisthocotylean monogeneans (Littlewood
et al., 1998), but the morphologists have
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(a) Ehlers (1984); morphology (b) Brooks and MacLennan (1993); morphology (c) Kornakova and Joffe (1999); morphology
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Fig. 1.3. Four morphological and one molecular estimate of the interrelationships of the Platyhelminthes
with emphasis on identifying the sister group to the obligate parasites (Neodermata). Currently, the two
main competing hypotheses concern (c) a revertospermatan clade and (e) a large clade of neoophoran
turbellarians.



frequently placed parasitic turbellarian groups
as close relatives of the Neodermata
(Fig. 1.3a–d). Certainly, if one includes the
spermatological features in a morphological
cladistic analysis, the Revertospermata are
resolved (Littlewood et al., 1999b) and a web-
based listing of turbellarian taxonomy recog-
nizes the integrity of this grouping (http://
devbio.umesci.maine.edu/styler/turbellaria/).
In contrast, molecular systematic estimates of
flatworm phylogeny from nuclear ribosomal
data are quite different, and consistently recog-
nize a large clade of neoophoran turbellarians
as the likely sister group to the Neodermata; the
parasitic turbellarians along with the triclads
and prolecithophorans form a well-supported
sister group (Fig. 1.3e).

As with many other taxonomic groups,
molecular phylogenetic estimates for the flat-
worms have suffered from poor sampling, sin-
gle gene sampling, long-branch attraction and
inadequate analyses, and although some of
these issues have now been addressed, addi-
tional data are needed to support or refute the
various morphological and molecular esti-
mates; summaries of earlier molecular studies
can be found in Littlewood et al. (1999a),
Littlewood and Olson (2001), Lockyer et al.
(2003a) and Baguñà and Riutort (2004).
A review of the recent literature might suggest
that there are too many polarized opinions and
entrenched viewpoints on molecules versus
morphology or characters being homologous
or homoplasious for the evidence to speak
for itself. However, if one can argue that
molecular data do not come quite as loaded
with a priori statements on homology as has
been shown or claimed for morphology, as I
would, then the two ribosomal genes sampled
so far both suggest that a large clade of turbel-
larians is the most likely sister group to the
Neodermata (Fig. 1.3e). Nevertheless, consen-
sus of opinion based on congruence between
independent data sets remains an elusive but
necessary goal.

The solutions provided by neither molec-
ular nor morphological data allow a simple
story to be told concerning the stem group
neodermatans, whether considered individu-
ally or collectively (Fig. 1.4). The sister group
according to molecular data is so large that
plesiomorphic characters for the clade are all

but non-existent and hold little clue as to the
origins of parasitism, except that the ancestral
neodermatan was endoparasitic and adopted
a vertebrate as its host first (Littlewood et al.,
1999a; Fig. 1.4d). Without being able to rec-
oncile a parasitic or commensal sister group to
the Neodermata, whether intuitive, attractive
or indeed correct, the most parsimonious solu-
tion presently is that the vertebrates have always
been host to neodermatans and so vertebrates
must have been the first host. This scenario has
generated disquiet amongst those workers who
would argue that parasites with complex life
cycles most likely parasitized the first interme-
diate hosts first, on an evolutionary as well as
an ontogenetic scale, and thereafter recruited
other hosts, i.e. trematodes first used molluscs
and cestodes first used arthropods before they
each ultimately involved vertebrates as their
definitive hosts. A common argument is that as
vertebrates were eating these molluscs and
crustaceans, the parasites simply adapted to
survive within the guts of the vertebrates. Was
this a one-host life cycle with vertebrates, as it
is among monogeneans? The argument will fail
if it can be shown that the associations between
the major parasitic lineages and vertebrates
are not homologous. If the Revertospermata
hypothesis is correct, and similar sperm mor-
phology can be demonstrated to have arisen
through common ancestry, rather than conver-
gent evolution, then a two-host life cycle with
an arthropod and a vertebrate may be the most
parsimonious scenario; although the relative
position of the Urastomidae could easily make
a two-host life cycle with a mollusc and a ver-
tebrate plausible. See Cribb et al. (2001a, 2003)
for further studies on the origins and radiation
of trematode life cycles.

The interrelationships among the
Neodermata are just as important in reconcil-
ing this conundrum, and yet unfortunately they
seem just as confused. In this case the confu-
sion arises from alternative solutions provided
by molecular data. Morphological analysis
consistently resolves the Trematoda (Digenea
and Aspidogastrea) as sister taxon to the
Cercomeromorpha (Cestoda and Monogenea).
Historically, the Monogenea have been resolved
as a monophyletic group by most morpholo-
gists offering at least four synapomorphies:
(i) larva with three ciliated zones; (ii) larva and
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Fig. 1.4. Competing hypotheses on the interrelationships of the Platyhelminthes and the consequences
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Neodermata have been proposed based on (a,b) morphology, (c,d) partial LSU rDNA, (e,f) complete
SSU rDNA and (g,h) combined complete SSU and complete LSU rDNA.

adult with two pairs of pigmented eyes; (iii)
one pair of ventral anchors and (iv) one egg fila-
ment (Boeger and Kritsky, 2001). In contrast,
molecular data have provided two alternative
options of a paraphyletic Monogenea ( Justine,
1998; Littlewood et al., 1999a) and a mono-
phyletic Monogenea (Lockyer et al., 2003a),
but in the latter study where complete SSU and
complete large subunit (LSU) ribosomal RNA
(rRNA) genes were utilized, the Cestoda and
Trematoda were also resolved as a mono-
phyletic clade thus challenging a long-held
theory uniting the Monogenea and Cestoda
(Lockyer et al., 2003a). Subsequent to the

earlier molecular estimates Euzet and Combes
(2003) reviewed the morphology of the two
main constituent taxa, the Monopisthocotylea
and the Polyopisthocotylea. The monophyly of
each of these monogenean groups is not dis-
puted, but Euzet and Combes (2003) empha-
sized the differences between them, most
notably the morphology of the adult haptor,
the structure of the genital system, mode of
nutrition, the anatomy and morphology of the
oncomiracidia (larvae) and the process of host
invasion. They concluded that the Monogenea
is a paraphyletic assemblage, although they
did not argue for a specific topology for the



interrelationships of the Neodermata. Recently,
Sopott-Ehlers et al. (2003) argued that the stem
Neodermata must have had mitochondrial
lenses, a feature found in larval monogeneans,
apparently lost in endoparasitic Monogenea
and not present in Cestoda or Trematoda, sug-
gesting that the stem taxa must also have been
ectoparasitic. However, whilst the presence/
absence of such lenses may indicate ecto/

endoparasitism, it says little about neoder-
matan relationships beyond possibly support-
ing a Trematoda + Cestoda clade. As with its
sister group, until additional data are collected
for the Neodermata, the precise interrelation-
ships among the group remain unresolved.

Resolving the interrelationships of the
Neodermata, and identifying its sister group,
will allow us to narrow the likely evolutionary
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events that underscored the origins and radia-
tion of the obligate parasitic flatworms, but just
as phylogenies are important at this level they
are also important to resolve within the major
parasitic groups.

Figure 1.3 considers two of the most
favoured possibilities concerning the likely sis-
ter group to the Neodermata from morphology
( Joffe and Kornakova, 2001; Fig. 1.4d) and
from a recent molecular estimate (Lockyer
et al., 2003a; Fig. 1.4e). In turn, each of these
topologies are considered in the light of four
recent estimates of the interrelationships of the
Neodermata, one from morphology (Ehlers,
1985) and the others representing molecular
estimates where the Monogenea are either
paraphyletic or monophyletic and not a sister
group to the Cestoda. By plotting whether par-
asites are essentially ecto- or endoparasitic and
which hosts they use, simple parsimony char-
acter mapping can be used to predict at which
points on each cladogram various events in the
evolution of parasitism took place. Only five of
the topologies reflect results found in the liter-
ature, the others combine alternative topolo-
gies for different ingroups and outgroups:
Fig. 1.4a is the topology suggested by Joffe and
Kornakova (1998), Fig. 1.4b by Littlewood
et al. (1999b) using a combined molecular and
morphological approach, Fig. 1.4d by Mollaret
et al. (1997) using partial LSU rDNA, Fig. 1.4f
by Littlewood et al. (1999b) using SSU rDNA
and Fig. 1.4h using complete LSU and SSU
rDNA by Lockyer et al. (2003a). The multifari-
ous solutions should alert the reader that with-
out a clear idea of the interrelationships of the
Neodermata and without identifying its sister
group, the plesiomorphic host(s) or site of par-
asitism of the ancestral obligate (neodermatan)
parasite cannot be inferred. However, even if
the phylogeny were resolved, there are few
solutions that suggest an unequivocal interpre-
tation. Furthermore, these inferences need to
be reconciled with present day diversity and
our knowledge of biology.

When did the Neodermata appear?

With no fossil record we can only use indi-
rect evidence to address this question. As

neodermatans are all obligate parasites of verte-
brates it is to the fossil record of the hosts that we
must turn. Among the extant Craniata, all line-
ages are parasitized by platyhelminths except
the Myxini (hagfish) and Petromyzontida (lam-
preys). It is assumed then that neodermatans
became parasites of the Vertebrata at least at the
time when Chondrichthyes and Osteichthyes
diverged or before (Littlewood et al., 1999a).

The radiation and distribution of parasitic
platyhelminths among the chordates is shown
in Fig. 1.5. Brooks (1989) suggested that
the divergence of the Aspidogastrea and
Digenea and that of Gyrocotylidea from other
Cestoda was associated with the divergence of
the Chondrichthyes and Osteichthyes. Boeger
and Kritsky (1997) suggested that among
the Monogenea, the Polyopisthocotylea
(Oligonchoinea) and the Monopisthocotylea
(Heteronchoinea) each radiated with the diver-
gence of the Chondrichthyes and Osteichthyes,
suggesting they arose somewhere among the
stem group Gnathostomata. Subsequently,
based on present day host-associations and
our knowledge of the fossil record, the origin
of the Neodermata may be estimated to have
occurred anytime during the history of the
stem group Gnathostomata (540–480 Mya),
but not the stem group Vertebrata (560–540
Mya) if extant host-associations reflect early
history. To assume that parasitic platyhelminths
have been around at least since the appropri-
ate vertebrate and invertebrate hosts were all
present provides only a crude estimate of the
timing of the appearance of neodermatans.
Whether or not the parasitic flatworms
appeared earlier cannot be known without
additional evidence. Furthermore, phyloge-
netic uncertainty is not just restricted to the
Platyhelminthes; there are ongoing debates on
the phylogenetic relationships among the vari-
ous host groups too (Cracraft and Donoghue,
2004) and there are a wide range of estimates
of divergence times for metazoan lineages
(Benton and Ayala, 2003). A suitably calibrated
molecular clock may provide better estimates
of divergence times for the Platyhelminthes.
Recent estimates place the divergence
between the Mollusca and the Platyhelminthes
as 538 Mya (Peterson et al., 2004). However,
a molecular-clock approach for estimating
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divergence times within the Platyhelminthes,
and in particular for that of the Neodermata,
has yet to be attempted, presumably because
neither a suitable single gene, a suite of genes,
nor a reasonable calibration point for the platy-
helminth phylogeny has been found yet,
notwithstanding the inherent problems associ-
ated with molecular clocks and error estimation
(Benton and Ayala, 2003; Douzery et al.,
2004). Expressed sequence tag and genome
projects on platyhelminth taxa will undoubt-
edly provide sufficient protein coding genes to
attempt these estimates in the near future.

The Neodermata – advantages 
of a new skin

The tegument of the Neodermata is a living
structure that can presumably react dynami-
cally to changes in environmental conditions,
engage in defence and provide a means by
which nutrients can be absorbed (Halton, 1997;
Dalton et al., 2004). Tyler and Tyler (1997)
reviewed the four criteria characterized by the
neodermatan tegument assumed to be adapta-
tions to parasitism, namely that it: (i) shows fea-
tures, which will promote nutrient absorption,
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such as an increase in surface area, best
demonstrated by the microtriches found in the
Cestoda; (ii) has lost ciliation; (iii) is syncitial,
providing a continuous unbroken surface and
(iv) that its nuclei lie below the basement
membrane and the body wall musculature in
so-called cytons or perikarya (described as
‘insunk’), but connected to the surface layer by
multiple branching bridges. That these features
are common to the neodermatan tegument do
not necessarily make them adapted to para-
sitism. No advantage has been suggested for a
lack of cilia in adult Neodermata. Although
common to the neodermatans and many com-
mensal turbellarians, Tyler and Tyler (1997)
noted that a syncitial tegument has also been
reported for free-living turbellarians. However,
they argue that an insunk tegument might have
adaptive value in protecting the nucleated por-
tion of the epidermis from host defences. Also,
Dalton et al. (2004) noted that disturbance to
the genetic control of differentiation and func-
tioning of the tegument will be prohibited, or
at least limited by having insunk nuclei.
Nevertheless, as the site for nutrient absorption
and defence against host attack mechanisms
and the fact that the neodermis forms just as
the parasite enters the host suggest that it has
been critical to the success of the parasitic flat-
worms.

Tyler and Hooge (2004) reviewed the epi-
dermis of each of the major parasitic platy-
helminth groups (see Fig. 1.6) and noted some
features unique to particular taxa: adult
Aspidogastrea have microvilli shaped like
minute, rounded tubercles, under a well-
developed glycocalyx; adult Digenea have
short, irregularly shaped microvilli under a
usually well-developed glycocalyx or no
microvilli but a relatively smooth surface with
minute folds and canals, and spines formed
from actin anchored to the basal membrane
and piercing the apical membrane; adult
Monogenea have an epidermis with irregular
microvilli or folds, sometimes restricted in
distribution, and some have rounder tubercles
also restricted in distribution; adult Cestoda
are perceived to have the most developed epi-
dermis with cylindrical hollow microvilli with
strong supports that maintain a high pH pre-
venting the action of host gut enzymes, and
that also form the microtrichs in certain body

regions. Different life-cycle stages demonstrate
different degrees of neodermis development,
and these differences are quite distinct
between the major neodermatan lineages. For
instance, the epidermis is always syncitial in
larval Cestoda, although realistically this ‘char-
acter’ is more a failure of the ability to recog-
nize that ‘larval’ cestodes are in fact simply
juvenile adults and so there is little surprise
that the neodermis has already developed
among these stages. Additionally, some species
have unique features of the neodermis,
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Fig. 1.6. Schematic representation of the adult
body wall of neodermatan flatworms as seen in
longitudinal section, and subdivided to show
typical surface structure typical of major groups.
Unlike turbellarian flatworms, diagonal muscle
fibres lie innermost. Redrawn from Tyler and
Hooge (2004); image kindly supplied by the
authors.



presumably as adaptations to their particular
parasitic lifestyle (Dalton et al., 2004).

Whatever the functional advantages con-
ferred by the neodermis might be, clearly these
need to be elucidated further. The obligate par-
asitic flatworms share another important char-
acteristic feature – with the exception of a few
derived forms, they almost all parasitize verte-
brates and use them as a host where they reach
maturity, reproduce and complete their life
cycle. Monogeneans are found predominantly
‘on’ their respective hosts and the Trematoda
and Cestoda are found predominantly ‘in’ their
hosts.

The Radiation of the Parasitic
Flatworms

The functional morphology of the parasitic flat-
worms is well covered elsewhere (Coil, 1991;
Fried and Haseeb, 1991), as are descriptions
of the general biology of many of the major
groups and taxa of biomedical, veterinary and
economic importance (Burt, 1970; Arme and
Pappas, 1983a,b; Williams and Jones, 1994;
Kearn, 1998; Caira and Littlewood, 2001;
Galaktionov and Dobrovolskij, 2003). Excellent
taxonomic keys for the Cestoda (Khalil et al.,
1994) and the Trematoda (Gibson et al., 2002;
Jones et al., 2005; Bray et al., Keys to the
Trematoda, 2006, in preparation) are avail-
able, but nothing of similar breadth is available
for the Monogenea beyond what was pro-
duced in a classic series of monographs by
Yamaguti (1963). Each of the major lineages is
characterized by shared morphologies and
developmental strategies that enable them to
capture and utilize suitable hosts. Here, I con-
sider the major features of each group and
demonstrate the appearance of key innova-
tions on recently estimated phylogenies for the
major groups. As mentioned earlier, there is
still the need to utilize comparative ecological
(and biochemical) data in understanding the
influences of phylogeny, host and life-history
strategy on the evolution of parasitism in the
flatworms.

The nature of parasite life cycles is known
to shape parasite evolution as they predispose
the parasite to different genetic structures

(Criscione and Blouin, 2004). Thus, our knowl-
edge of life cycles not only enables an under-
standing of origins but also evolutionary
processes such as speciation, coevolution and
host switching. However, although the field
is replete with stories as to how complex life
cycles may have arisen, hypotheses often
remain untested and untestable. Even hypo-
thetical model-driven studies remain divorced
from reality in the absence of an evolutionary
framework (e.g. Parker et al., 2003).

Beveridge (2001) scored just 205 com-
plete life cycles of Cestoda and 138 of these
were for the more easily studied Cyclophyllidea.
Generally, revealing life cycles in terms of host
association is not a problem for the Monogenea,
which entails simply identifying the host on or
in which they are found; they use just one host
although one species may utilize many differ-
ent species of host. However, there is a gaping
hole in our knowledge of the life cycles of
Trematoda and Cestoda. The interpretation of
the evolution of life cycles, larval development
and transmission strategies are just some of the
problems affected by incomplete data sets.
Frequently, it is the well-known life cycles,
which dominate the interpretation of develop-
ment and the evolution of parasitism through-
out the Trematoda and Cestoda, and more
often than not, these life cycles, including
those affecting humans, are peculiar to the
species and not to the higher taxa they are pur-
ported to represent.

Understanding the radiation of the obli-
gate parasites requires knowledge of parasite
phylogeny, parasite life cycle, host phylogeny
and parasite biology, particularly in relation to
its role in the various host–parasite combina-
tions. None of these elements are fully under-
stood for any single group of parasites, although
those parasites of biomedical, veterinary or
economic importance are generally much bet-
ter studied than others. Modern phylogenetic
methods and the use of evolutionary trees
depicting interrelationships to infer evolution-
ary patterns and processes are relatively the
recent tools employed by evolutionary para-
sitologists (e.g. Littlewood, 2003 and chapters
therein). The majority of comparative data avail-
able comes from a long history of morpholog-
ical and ultrastructural studies, ecological
assessments taking the form of faunal lists and
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biochemical studies of selected model or
important parasites. From a wider biodiversity
perspective, life-cycle studies are a much-
neglected element of parasitology that until
recently relied on laborious and difficult
experimental manipulations. More recently,
tracking species and identifying larvae or juve-
niles by molecular means are allowing accu-
rate, albeit indirect, life-cycle inference. As a
result, larval and juvenile hosts can be readily
identified through gene sequencing in the
absence of key morphological features and
linked to their fully characterized adult coun-
terparts (e.g. Dezfuli et al., 2002). The growth
of molecular systematics is providing a foun-
dation for species identification and phyloge-
netic placement where morphology alone has
previously failed. Presently, completed life
cycles and an understanding of host–parasite
associations and diversity remain very patchy
and reflect more the sampling preferences
and/or capabilities of the parasitologists who
studied them. Patchiness of data sets limits on
the conclusions we can draw from compara-
tive evolutionary studies (e.g. Poulin, 2002).
However, in the light of over 100 years of
parasitology concerning platyhelminths we
can illuminate a number of key elements under-
lying their successful radiation. Simple host–
parasite associations are useful (e.g. http://
www.nhm.ac.uk/research-curation/projects/
host-parasites/), as is the understanding of the
host–parasite interaction. Finally, but perhaps
of greatest significance, parasites offer unique
opportunities to study evolutionary processes
that generate diversity (Brooks and McLennan,
1993; Poulin and Morand, 2000).

Radiation of the Monogenea

Monogenea are generally characterized by the
possession of an anterior attachment structure,
with one or two suckers and a posterior attach-
ment structure (the haptor) armed variously
with hardened structures including hooks,
hooklets, hamuli (anchors) and suckers. Haptors
may also possess glands, can be symmetrical
or asymmetrical and may be divided into many
loculi. The mouth of Monogenea is anterior
and it generally leads to a muscular pharynx

and then into a two-part blind-ending intes-
tine. Male and female genital pores open
together and most species are oviparous with
short-lived larvae (oncomiracidia) hatching
from eggs to find a suitable host. Adults are
generally ectoparasites of cold-blooded verte-
brates but a few occur in internal body cavities
and rarely in the digestive tract of their hosts.
With a direct life cycle, generally with high
host-specificity and well-adapted attachment
structures allowing them to secure themselves
to all manner of structures (e.g. gills, fins,
scales, eyes), this group is distributed widely
globally and on or in most aquatic and some
terrestrial vertebrates. No monogeneans infect
humans although some are important parasites
of commercial fish stocks.

Apomorphies that unite the Monogenea
include:

• larva with three ciliated zones;
• larva and adult with two pairs of pigmented

eyes;
• one pair of ventral anchors;
• one egg filament.

Although small and difficult to handle, experi-
mental parasitologists and systematists have
employed the Monogenea to address evolution-
ary questions concerning the radiation of para-
sites that cannot be achieved easily with the
other parasitic flatworms with their more com-
plex life cycles. Arguably, monogeneans remain
a model only for one-host life cycles and cannot
provide insight into more complex systems. As
Poulin (2002) noted, Monogenea are an ideal
group for investigating the processes behind
their past diversification and present diversity
because their phylogeny is reasonably well
resolved at least to the family level, they are
numerous, morphologically diverse and gener-
ally host-specific; for a review on host speci-
ficity in Monogenea see Whittington et al.
(2000b). Coevolution studies, tracking host
switching, measuring host specificity, determin-
ing modes of speciation and biogeographic
studies have all been attempted with
Monogenea (Bakke et al., 2002; Desdevises
et al., 2002; Hoberg and Klassen, 2002; Poulin,
2002; Zietara and Lumme, 2002; Huyse et al.,
2003; Simkova et al., 2004; Whittington, 2004).

Molecular estimates of monogenean phy-
logeny (Olson and Littlewood, 2002) are
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largely congruent with recent estimates based
on morphology (Boeger and Kritsky, 2001), at
least at the family level (Fig. 1.7), but greater
sampling of taxa for molecular analysis is
needed to fully test the hypotheses suggested
by the morphological data.

All Monogenea (or Monogenoidea as some
authors prefer; see Wheeler and Chisholm,
1995; Boeger and Kritsky, 2001) are dependent
on an aquatic environment for the development

of their eggs and the distribution of their lar-
vae (Kearn, 1994). Although predominantly
ectoparasitic (often on skin or gills), there are
many successful endoparasitic Monogenea
that tend to be restricted to the least hostile
environments offered within the host. The
mouth, pharynx, reproductive system, urinary
system, body cavity, olfactory capsules and
ocular orbits are the most common sites inhab-
ited by endoparasitic Monogenea, although
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some species inhabit the gut and stomach
(Kearn, 1994). Collectively they are found in
or on a diversity of freshwater, euryhaline and
marine vertebrates including teleosts, chon-
drosteans (sturgeon and paddlefish), elasmo-
branchs, holocephalans, amphibians, reptiles,
squid, marine crustaceans and even the eyes of
hippopotamus. Whittington et al. (2000b) sug-
gest that monogeneans are the most host-
specific of parasites in general and may be the
most host-specific of all fish parasites.
Subsequently, their evolution is considered to
be intimately connected to that of their hosts,
with coevolution and strict cophyly playing
important roles in their radiation (Kearn, 1994;
Boeger and Kritsky, 1997; see Fig. 1.8).

Generally with both anterior and posterior
attachment structures, monogeneans are capa-
ble of movement on and in their hosts, and they
tend to migrate towards favoured sites of infec-
tion once settled. The posterior attachment

structure, the haptor, may bear glands, suckers
and may be divided into numerous loculi; the
terminology of the various structures, hooks
and sclerites is complicated and some
researchers use these terms differently. Usually
with an anterior mouth, most monogeneans
possess a muscular pharynx and a blind-end-
ing intestine with two, or sometimes just one,
caeca. They feed usually on the skin, the
mucus it produces or blood of their hosts. All
monogeneans are hermaphroditic and most
possess a ciliated larval stage known as an
oncomiracidium. With a single host monoge-
neans have relatively simple life cycles. The
oncomiracidium bears a posterior haptor that
develops into the adult haptor. Asexual multipli-
cation is uncommon within the group, although
it occurs in the form of sequential polyembry-
ony (hyperviviparity) in some Gyrodactylidea.
Adult viviparous gyrodactylids can produce
sequential generations of offspring without
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releasing them, resulting in a Russian doll
effect until a single individual might harbour
up to 20 successive generations in utero
(Harris, 1983, 1985, 1993; Kearn, 1994). Other
defining features of the Monogenea and the
main constituent groups are detailed in Fried
and Haseeb (1991), Kearn (1998) and Caira
and Littlewood (2001). Whittington et al.
(2000a) provide an excellent review of the lar-
vae of Monogenea.

An account of the evolutionary expansion
of the Monogenea was provided in some detail
by Kearn (1994). The study is rich in compara-
tive biology, but without a phylogenetic frame-
work many of the conclusions remain untested.
Boeger and Kritsky (1993, 1997, 2001) are
responsible for comprehensive phylogenetic
estimates of the Monogenea based on mor-
phology and these estimates have been largely
corroborated through a series of molecular
studies using rRNA gene sequence data
(Mollaret et al., 1997; Olson and Littlewood,
2002). Boeger and Kritsky are also responsible
for in-depth interpretations of the phylogenies
in terms of evolutionary expansion, host use
and dispersal, through comparison of host and
parasite phylogenies (Boeger and Kritsky,
1997). Figure 1.8 summarizes the proposed
historical relationships between the Monogenea
and their hosts. The interpretation remains
largely unaffected if the Monogenea are
indeed paraphyletic. The authors conclude that
the two main monogenean clades underwent
sympatric speciation or dispersal while para-
sitic on stem-group (ancestral) Gnathostomata,
resulting in the Monopisthocotylea and
Polyopisthocotylea. These lineages in turn
each cospeciated with the divergence of the
Chondrichthyes and Osteichthyes. Thereafter
the evolutionary histories of each group differ
somewhat and whilst the authors rely heavily
on cospeciation as the main evolutionary force
explaining the radiation of Monogenea, they
necessarily discuss host switching and extinc-
tion events as various extant vertebrates are not
infected by monogeneans. Whereas most
monogenean lineages track their vertebrate hosts
throughout their subsequent radiations, with
many basal groups such as Chimaericolidae,
Loimoidae and Monocotylidae parasitizing
Holocephala, Galeomorphii and Squalea,
respectively, there are some notable host

switching events (indicated with dashed–dotted
lines, Fig. 1.8) that indicate major host changes
during the radiation of the Monogenea.
A number of hypotheses remain plausible,
although not all are most parsimonious. Until
the phylogenies of each host group are
resolved fully, and the means by which cophy-
logeny mapping can be easily implemented
(Page, 2003) it seems reasonable to accept the
interpretations provided by Boeger and Kritsky
(1997).

Monogeneans are not only frequently
host-specific but are also typically site-specific.
Phylogenetic studies of site-specific poly-
stomes from freshwater turtles sharing ancient
histories have revealed that morphological
evolution in these groups is very slow. Many of
these parasites occupy particular sites of infec-
tion such as oral cavities and urinary bladders.
Additionally, studies of congeneric taxa have
shown that species infecting a particular site in
one host have given rise to species infecting
the same site in different hosts; rather than
one host speciating to occupy different sites in
the same host (Littlewood et al., 1997). Further
studies are required to see to what extent
site-specific speciation occurs across the
Monogenea. Polystomes diverged at least 200
Mya and their hosts (mostly anurans and tur-
tles, but also lungfish and the African hip-
popotamus) hold the key to understanding the
phylobiogeography of host–parasite relation-
ships within and between post-Gondwanan
land masses (Bentz et al., 2001, 2003;
Sinnappah et al., 2001; Verneau et al., 2002).
Among the polystomes it would be interesting
to see where the only polystome parasite
(Oculotrema hippopotami) of the African hip-
popotamus, which infects its eyes, fits into
their radiation (du Preez and Moeng, 2004).

The one-host life cycle of Monogenea has
enabled studies on the colonization and radia-
tion of freshwater systems by South American
sciaenid fishes (Boeger and Kritsky, 2003), and
a test of whether the species rich Gyrodactylidae
underwent an adaptive radiation through mul-
tiple vicariant events or adaptive modes of spe-
ciation (Boeger et al., 2003). In the latter, rapid
diversification of Gyrodactylidae was facili-
tated by, among other features, the develop-
ment of hyperviviparity and high dispersal
to new host groups and geographical areas.

Evolution of Parasitism in Flatworms 19



Phylogenetically based studies offer the oppor-
tunity to reveal additional micro- and macro-
evolutionary patterns in the Monogenea, but
details on biogeographic ranges, larval devel-
opment and dispersal, site specificity and phy-
logenies of the hosts are needed to complete
a broader understanding of their widespread
radiation.

Radiation of the Cestoda

All but the oldest tapeworm lineages com-
pletely lack organs of a digestive system; the
anterior attachment organ of Amphilinidea and
Gyrocotylidea are considered by some to be
vestiges of such a system. Without a mouth,
pharynx, oesophagus or intestine at any stage
during their development the true tapeworms
(Eucestoda) are quite different from the other
platyhelminth groups. Instead, tapeworms gain
their nutrition by absorption through the neo-
dermis, often modified with microtriches that

assist in this process. All cestodes have at least
two hosts (except in cases with one host
through secondary reduction of a two-host life
cycle), adding considerable complexity to their
life cycles compared with the Monogenea (see
Fig. 1.9). Movement from host to host is always
passive, except in amphilinideans. The first
host is commonly an arthropod in which lar-
vae develop into the metacestode stage.
Having arisen among aquatic vertebrates they
have successfully made the transition, along
with their vertebrate hosts, to freshwater, land
and back to the sea again (with marine mam-
mals). Often long-lived and with the ability to
increase their reproductive potential through
the serial repetition of gonads by strobilation
(usually accompanied by segmentation of the
body) and, in some, asexually with the pro-
duction of cysts, tapeworms are ubiquitous,
globally distributed and species rich.
Apomorphies that unite the Cestoda include:

• all stages without an intestine;
• neodermis with distinct microtriches (also

known as microvilli or microthrix);
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• first canal of protonephridium lacks cell gap
and desmosome;

• reticulate protonephridial system in post-
larvae;

• cell bodies of protonephridial canal cells
under basal lamina;

• larval epidermis is syncitial, neodermal tis-
sue does not reach body surface;

• ten larval hooks;
• large body dimensions;
• apical pit forms when in first host;
• male copulatory organ a cirrus;
• vertebrate host in life cycle.

Amphilinideans and gyrocotylideans possess a
ciliated larval stage (lycophore) with ten hooks
at the posterior end; see a review on these
groups in Xylander (2001). Eaten by small crus-
taceans, or penetrating them directly, amphilin-
idean larvae develop further by shedding their
ciliated epidermis and growing. Development
into the adult stage takes place when the crus-
tacean is eaten by a suitable definitive host.
Gyrocotylideans may have a direct life cycle
with their holocephalan hosts, although
Dollfus (1923) reported a record of a larval
form being found in the mollusc Mulinia
edulis; certainly they are very strictly confined
to parasitizing Holocephali and it is thought
they simply failed to radiate with their hosts or
host-switch (Xylander, 2001). Amphilinids are
restricted to the coelomic cavities of their hosts
(chondrosteans, some freshwater and marine
teleosts and some freshwater turtles) but are
more broadly distributed.

Eucestodes produce a larval stage (hexa-
canth) with three pairs of hooks that penetrate,
after ingestion, the first intermediate host. The
development of the juvenile (metacestode)
stage takes place in the first intermediate host
and may continue until the cestode reaches the
definitive host. The nomenclature for ‘larval’
cestode (metacestode) forms remains confused
as terminology has conflated developmental
stage, life-cycle stage and morphology (Chervy,
2002); an improvement in terminology
requires a better understanding of development
within and between cestode lineages.

The majority of adult tapeworms have an
attachment region, the scolex, from which a
series of proglottids develop, giving the animal
a segmented appearance; proglottids distal to

the scolex are the oldest and most developed
and frequently contain eggs. This is not true
segmentation but serial repetition of proglot-
tids through strobilation. The proglottids of the
majority of tapeworms are hermaphroditic with
one or more sets of male and female repro-
ductive organs. Caryophyllideans are the most
basal eucestodes and have a single set of
reproductive organs. The spathebothriideans
suggest an intermediary step in the body plan
organization of cestodes, as they lack proglot-
tids but possess multiple sets of reproductive
organs arranged along the length of the body.
All the more derived taxa exhibit serial repeti-
tion of reproductive organs (proglottization)
and external subdivision of proglottides. The
scolex is often armed with hooks, suckers or
hooked tentacles.

The radiation of the tapeworms suggests
an evolutionary trend towards higher fecundity
and more complex scolex armature, the former
(and possibly the latter) presumably intimately
linked to the evolution of tapeworm life cycles
involving different intermediate and vertebrate
host taxa (Hoberg et al., 1997; Olson et al.,
2001). Morphological adaptations to different
sites of infection or host identity have not been
studied in great detail (except see Williams,
1966, 1968) but certainly many lineages are
classified according to these features, and lin-
eages tend to be relatively narrowly confined
to particular host groups (Khalil et al., 1994;
Hoberg et al., 2001b). Finer phylogenetic reso-
lution is required to test patterns of host asso-
ciation within the tapeworms.

Both morphologists and molecular system-
atists have contributed to estimating phyloge-
nies for the Cestoda and although many general
patterns of tapeworm evolution are accepted,
the monophyly of a number of groups (e.g. the
‘Trypanorhyncha’) and the interrelationships of
the tetrafossate clades remains problematic
(Brooks et al., 1991; Hoberg et al., 1997,
2001b; Mariaux and Olson, 2001; Olson et al.,
2001). A generalized view of the interrelation-
ships of cestode orders based on multiple
sources is shown in Fig. 1.10, indicating the
evolutionary trend towards serial repetition of
reproductive organs (polyzooy, with mono-
zooy as ancestral), proglottization and the dif-
ferentiation of the scolex into a tetrapartite
condition.
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Most eucestodes require at least two hosts
to complete their life cycles but the use of
paratenic hosts is common. Little or no devel-
opment takes place in a paratenic host but ces-
todes may use them to bridge food-chain gaps

so as to reach appropriate vertebrate hosts. By
far the best-studied tapeworms are the
Cyclophyllidea, as their hosts (commonly
freshwater or terrestrial) are easier to sample
than many other orders and it is by far the
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biggest group. There are some orders with little
or no information about life cycles (e.g.
Tetraphyllidea, Trypanorhyncha, Lecanicepha-
lidea, Diphyllidea, Tetrabothriidea, Spathe-
bothriidea), thus preventing an in-depth
analysis of their radiation. Of the life cycles
known for the Cestoda (Beveridge, 2001) and
with reference to estimates of phylogeny, it
seems that arthropods are the primitive inter-
mediate hosts. Associations with definitive
hosts show that many basal cestodes are pres-
ent in basal vertebrate groups (e.g. gyro-
cotylideans in Holocephala), but as with most
parasitic platyhelminths, it appears that host
switching has been relatively common with
many lineages parasitizing a diversity of verte-
brates, e.g. Caryophyllideans and basal cestodes
occur in siluriform and cypriniform freshwater
fishes; Pseudophyllidea occur as adults in
marine and freshwater fishes, some piscivo-
rous mammals, lizards, snakes, anurans and
caudates. Other groups are more restricted in
their host use, e.g. Diphyllidea, Trypanorhyncha,
Tetraphyllidea and Lecanicephalidea are
restricted to Chondricthyes as adults, although
many use marine teleosts as intermediate
hosts. It is in these groups, which tend to be the
dominant parasites of sharks and rays, where a
much poorer diversity of Digenea exists (Bray
and Cribb, 2003).

Higher level phylogenies tracking the
radiation of individual cestode orders have
been attempted for a number of groups, in par-
ticular the Proteocephalidea (Zehnder and
Mariaux, 1999; de Chambrier et al., 2004),
Cyclophyllidea (Hoberg et al., 1999; von
Nickisch-Rosenegk et al., 1999; Wickström
et al., 2003), Pseudophyllidea (Bray et al.,
1999), Tetraphyllidea (Caira et al., 1999, 2001;
Olson et al., 1999; Caira and Jensen, 2001),
Diphyllidea (Caira et al., 1999) and Lecani-
cephalidea (Caira et al., 1999, 2001). Many of
these studies are systematic in nature although
some consider the evolutionary history of the
parasites and their hosts (e.g. Hoberg et al.,
1999; Olson et al., 1999; Caira et al., 2001).
Lacking the simplicity of the monogenean life
cycle, considering the relative ease in captur-
ing and identifying all the intermediate host
stages of digeneans (in particular with respect
to first intermediate hosts), and the lack of syn-
optic studies on tapeworm life cycles, there is

a relatively poor understanding of the radiation
of cestodes with their hosts.

Much research effort has been expended
on tapeworms infecting humans, but not in
terms of their evolutionary radiation. Ashford
and Crewe (2003) listed 54 species of cestodes
(from one family of Diphyllobothriidea and six
families of Cyclophyllidea) found in humans
but only few of these are of major significance
(e.g. Hymenolepis nana, Taenia saginata,
T. solium, T. asiatica, Echinococcus granulosus
and E. multilocularis) and these are all cyclo-
phyllideans. All occurrences of cestode infec-
tion in humans, and indeed by all the
definitive hosts infected by eucestodes, arise
through the ingestion of larval stages in an
intermediate host. Only among the Taeniidae
has the origin and evolution of human tape-
worms been closely studied; phylogenetic
analyses of samples from humans and wildlife
suggested that Taenia entered humans on at
least two separate occasions in Africa during
their evolutionary history (Hoberg et al., 2000,
2001a). Similar phylogenies show that within
the Taeniidae asexual multiplication appears
to have been lost and recovered several times
throughout their evolution (Trouvé et al., 2003).

Radiation of the Aspidogastrea

Of the two trematode lineages, the Aspido-
gastrea have frequently been considered to be
more ‘primitive’. As the sister group to the
Digenea this is in some respects erroneous; sis-
ter taxa diverge at the same time. However,
there are features and behaviours among extant
Aspidogastrea that are thought to reflect the
likely habits of the proto-trematode. Interpreta-
tion of these features in the literature is some-
what biased towards accepting proto-trematodes
use of mollusc hosts before adopting vertebrates
(Gibson, 1987), but is also bolstered by their
use of early branching vertebrates (holocepha-
lans and elasmobranchs) as hosts, low host
specificity among their mollusc hosts and a rel-
atively simpler life cycle than Digenea (Rohde,
2001); Aspidogastrea lack multiplicative larval
stages in the mollusc host and indeed lack any
asexual reproductive strategy in their life cycle.
Also, unlike Digenea, Aspidogastrea enter their
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molluscan hosts via external openings, as
opposed to penetrating their tissue. Some
species (e.g. Aspidogaster conchicola) reach
sexual maturity in molluscs and the use of ver-
tebrates in some taxa is facultative (e.g. Rohde,
2001). Rohde (1994) also suggested that the
complex life cycle of the Digenea was readily
derived from the simple life cycle found in
Aspidogastrea. Complete life cycles are only
known for the Aspidogastridae; life cycles for
the other three families, the Multicalycidae,
Stichocotylidae and Rugogastridae, remain
elusive. The Rugogastridae (with two species
infecting holocephalan fishes) and the
Multicalycidae (from the gall bladder of holo-
cephalans and elasmobranchs) each include
only a single genus. Indeed, most of the fami-
lies appear to be relictual with very few species.
The Aspidogastridae include many more
species, in ten genera, infecting teleosts and
turtles, but it remains a small family in com-
parison to those of the Digenea. Only few
attempts at reconstructing phylogenies for the
group have been made. Detailed studies on
aspidogastreans may be found in Rohde (1972,
2001) and Gibson (1987) and keys to genera in
Rohde (2002). An excellent overview of the
group, prepared by Klaus Rohde, is available
online from the Tree of Life website at:
http://tolweb.org/tree?group = Aspidogastrea&
contgroup = Platyhelminthes#TOC3

Apomorphies that unite the Aspidogastrea
include:

• larva with ventrocaudal sucker becoming
alveolated adhesive organ in adults;

• few ciliated cells in larvae;
• neodermis with characteristic microvilli (=

microtubercles).

Most sexual adult Aspidogastrea generally
live in the intestines of vertebrates and release
eggs in the faeces, but there are species
restricted to gall bladders, rectal glands and
other sites. These hatch in the external envi-
ronment to release a swimming larva, the cot-
lyocidium that seeks out and attaches itself to
a mollusc. The vertebrate is always infected by
ingestion of the mollusc. Variations on this
theme exist (Rohde, 1972). During develop-
ment the posterior sucker of larval
Aspidogastrea divides into smaller suckers
(suckerlets, alveoli or rugae), each divided by a

transverse septum. These rugae give the adult
worm the appearance of being segmented.
Such pseudosegmentation is not entirely
superficial though as the nervous system and
marginal glands also appear to show repeated
organization in relation to the rugae (Rohde,
2001). Indeed, the nervous system of the
Aspidogastrea is well developed (Rohde,
1971).

Gibson (1987) was the first to suggest a
phylogeny for the Aspidogastrea and mapped
on to its key host associations and morpholog-
ical changes; a reanalysis of these morpholog-
ical characters by Brooks et al. (1989) yielded
a different solution, shown in Fig. 1.11. Rohde
(2001) prepared an explicit morphological
matrix for the group but these characters alone
were unable to provide a resolved tree.
However, the Aspidogastridae were resolved
as the sister group to a polytomy uniting
the Stichocotylidae, Multicalycidae and
Rugogastridae. In contrast, a recent morpho-
logical analysis by Zamparo and Brooks
(2003), coding 20 aspidogastrean taxa using
33 characters confirms the original general
topology suggested by Brooks et al. (1989),
and provides resolution within the Aspido-
gastridae among which only two constituent
subfamilies were resolved as monophyletic.
Preliminary molecular analyses (D.T.J.
Littlewood, P.D. Olson and K. Rohde, unpub-
lished data) support the basal position of the
Rugogastridae but the Aspidogastridae are
polyphyletic with the Multicalycidae nested
within them (see also Olson et al., 2003). Gene
sequencing of all families is currently ham-
pered by an inability to secure tissues of
Stichocotyle nephropis, the single member of
the Stichocotylidae.

There are no aspidogastreans of medical
or economic importance, but their sister group
status to the Digenea is critical in understand-
ing their radiation.

Radiation of the Digenea

The Digenea is arguably the largest group of
internal metazoan parasites with over 2500
nominal genera in over 150 families. As with
the other obligate parasite flatworm groups,
the Digenea have a distinctive morphology,
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reproductive habit and attachment organs that
are specialized for parasitism. Usually with
three hosts – first a mollusc, second an inver-
tebrate or vertebrate and third a vertebrate – in
its complex life cycle an enormous diversity of
host species are affected by Digenea making
them important, although often overlooked,
animals in many ecosystems (Cribb et al.,
2001b). Poulin (1998) noted that the complex-
ity of a parasite life cycle may influence the
number of opportunities for speciation and
diversification. Indeed, this may have influ-
enced the expansion of the Digenea and ren-
dered it the most species-rich group of parasitic
flatworms, although the idea remains to be
tested formally.

Characterized by unique larval stages,
including miracidia, sporocyst, redia, cercaria
and metacercaria, digeneans are highly diverse
in morphology and life habit as adults. Most
adults possess anterior and mid-ventral suck-
ers, an anterior mouth opening into a bulbous
pharynx and a blind-ending intestine with one
or two main branches and sometimes with
diverticulae.

Apomorphies that unite the Digenea include:

• series of asexual generations in first inter-
mediate (mollusc) host;

• ciliated epidermal cells of miracidium
arranged in regular transverse rows;

• jawed vertebrates in complex life cycle;
• cercaria;
• miracidium and mother sporocyst without

digestive system.

Yamaguti (1975) reviewed a wealth of litera-
ture on digenean life cycles concerning 69
families dealt with in over 1700 studies span-
ning the previous 90 years. Dr Tom Cribb
(University of Queensland) has collated a data-
base on digenean life cycles for approximately
1350 species and, combined with recent stud-
ies on digenean phylogenetics, this has provided
the means by which patterns of host associa-
tion, host use, modes of parasite transmission,
life-cycle complexity and morphological evo-
lution can be inferred. Cribb et al. (2003)
described the evolution of the digenean life
cycle in some detail. Digenea have developed
alternation of sexual and asexual generations
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in their life cycle and the life cycle involves
both free-living and parasitic stages. As adults
they are primarily parasites of vertebrate intes-
tines, but may also be found in the body cav-
ity, the urinary bladder, the gall bladder, in the
flesh, connective tissue, ovary, circulatory sys-
tem, in fish under their scales, on their gills
and in their swim bladder and in tetrapods in
the oesophagus, liver and eye (Cribb et al.,
2003). In these various sites adult Digenea pro-
duce eggs that pass out to the external envi-
ronment whereupon they hatch to release a
non-feeding, ciliated, swimming larva, the
miracidium, which penetrates a molluscan host.
In this intermediate host, the digenean devel-
ops into a mother sporocyst, which reproduces
asexually to produce either multiple daughter
sporocysts or rediae. In each of these morpho-
logically different forms, there is another round
of asexual reproduction whereupon cercariae
are produced. Usually with a tail, the cercariae
actively emerge from the mollusc and either
penetrate, encyst in, or are eaten by a second
intermediate host. Frequently, the digenean
develops a little further, as a metacercaria in

this second host, which is itself ingested by the
third and definitive host in which the sexual
adult develops. In two-host life cycles the
ingested/encysted cercariae mature through
metacercariae to adults in the second (verte-
brate) host. Multiple variations on the general
theme exist with the addition or loss of inter-
mediate hosts (see Cribb et al., 2003, and ref-
erences therein; Fig. 1.12).

Cribb et al. (2001b) reviewed the early
views on the interrelationships of flukes and
provided new estimates of their phylogeny
based on an explicit character matrix and a
molecular analysis based on SSU rDNA. Thirty
adult and 26 life-cycle characteristics provided
a tree largely congruent with the molecular
estimate, and a combined morphological and
molecular analysis provided a reasonably
well-resolved phylogeny, in spite of a few poly-
tomies. More recently, partial LSU and com-
plete SSU rDNA has provided the foundation
for a further resolved phylogenetic tree that has
been the basis for the interpretation of mor-
phology, a re-evaluation of relationships and
nomenclature (Olson et al., 2003) and a study
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on the evolution of life cycles (Cribb et al.,
2003; see Fig. 1.13). The Digenea are split into
two main groups, the Diplostomida and the
Plagiorchiida (Olson et al., 2003) comprised of
1 and 13 orders, respectively. A total of 22
superfamilies were recognized; but see Gibson
et al. (2002).

The main host group identities used as
first, second (where applicable, 17 of the 22
digenean superfamilies) and definitive hosts
are mapped against a summary phylogeny for
the Digenea in Fig. 1.14. A glance at the phy-
logeny indicates that the more derived
Digenea have adopted more complex life
cycles involving a greater diversity of host taxa.
Choisy et al. (2003) argued, from simulation
models, that selection favours a complex life
cycle only if intermediate hosts are more abun-
dant than definitive hosts, and that the selec-
tive advantage of a complex life cycle increased
with predation rates by definitive hosts on
intermediate hosts. Gastropods are by far the
commonest group of molluscs used as first
intermediate hosts with bivalve molluscs used
by only eight superfamilies; two using bivalves
exclusively, the Bucephaloidea and Gymno-
phalloidea. Some members of the Hemiuroidea
use scaphopod molluscs and some of the
Sanguinicolidae have been shown to use
annelids. Parasitism of non-gastropods is
thought to have been the result of host switch-
ing from gastropods (Cribb et al., 2001a,
2003). Three-host life cycles have been
adopted repeatedly and it is most parsimo-
nious to infer that three-host life cycles are
derived from two host life cycles. Indeed, with
two-host life cycles characterizing the
Aspidogastrea this seems to be the plesiomor-
phic (ancestral) state of the Digenea. The use of
different hosts throughout the various life
cycles characterize various adaptations of both
the life cycles themselves and the evolutionary
development of the intermediate life stages,
e.g. cercariae exist with or without tails and
with or without the ability to penetrate hosts,
there are numerous behavioural strategies of
cercariae that increase the likelihood of trans-
mission, sporocysts are more common among
bivalves than gastropods and the morphology
(and even presence/absence) of oral and ven-
tral suckers appears to be host related. Clearly,
digeneans are most commonly parasites of

teleosts. Digenea parasitize all classes of verte-
brates although they are relatively rare in chon-
drichthyans (Bray and Cribb, 2003). Indeed,
Bray and Cribb (2003) concluded that dige-
neans are primitively associated with teleosts
and parasitism of elasmobranchs is a result of
several host switches over a long geological
period. Parasitism of tetrapods is less common
in terms of numbers, but few superfamilies do
not have representatives that employ them as
definitive hosts.

Ashford and Crewe (2003) listed 130
species of digeneans that have been recorded
from humans. Most records are of incidental
occurrences when metacercariae were
ingested with poorly cooked or raw second
intermediate hosts. However, there are also a
number of species that require humans as part
of their life cycle (e.g. Schistosoma mansoni,
S. haematobium, S. intercalatum, S. guineensis,
S. japonicum, S. mekongi, S. malayensis,
Clonorchis sinensis) and others where occur-
rences are frequent enough to make them med-
ically important (e.g. Paragonimus westermani,
Fasciola hepatica, F. gigantica). The major fami-
lies involved are highlighted in Fig. 1.13.

Perhaps the most studied digeneans, in
terms of general biology, are the schisto-
somes. Causative agents of schistosomiasis
(among species of Schistosoma) and cercarial
dermatitis (among species of bird schisto-
somes) the Schistosomatoidea include impor-
tant parasites of humans (Rollinson and
Simpson, 1987; Horak et al., 2002). Recent
phylogenetic studies indicate that the genus
Schistosoma arose in Asia and subsequently
spread into the Indian subcontinent and
Africa and from Africa back out into India
(Attwood et al., 2002; Lockyer et al., 2003b).
The movement into humans as definitive
hosts appears to have occurred on at least five
different occasions (Lockyer et al., 2003b,
and unpublished results based on the phylo-
genetic placement of S. intercalatum and
S. guineensis).

Concluding Remarks

There are many important life-history traits of
parasitic flatworms that determine their suc-
cess, as measured either as numbers, biomass,
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distribution or any combination of these met-
rics. Host specificity determines the likelihood
that a parasite will find a suitable host, move to
new habitats or be accommodated by new hosts
in new environments (Poulin and Mouillot,
2003). Body size affects fecundity and larger
adults tend to produce larger offspring and
have a relatively increased reproductive output
(Trouvé et al., 2003). Longevity affects total
reproductive output, as does the extent to
which parasites engage of asexual reproduc-
tion. Life-cycle complexity may enhance trans-
mission particularly if, by encysting in the
predator’s prey, this facilitates a worm finding
a host in which it can become adult (Choisy
et al., 2003). It seems to be a general rule that
once a taxonomic lineage engages in para-
sitism it takes an irreversible evolutionary path.
As a group the Neodermata have a secure
future, and yet individually, parasitic flatworms
are in a precarious balance with each of their
hosts and the many environments they inhabit.
As long as there are suitable hosts there will be
parasitic platyhelminths and the evolutionary
struggle to break (host), moderate (host), main-
tain (parasite) or facilitate (parasite) this rela-
tionship will continue. The highly specific
host–parasite associations of some taxa surely
make them more vulnerable to extinction than
others and this seems to be the case amongst
some of the basal groups of monogeneans,
cestodes and trematodes. In contrast, the great-
est diversity of species appears to exist at the
crown (most derived) groups of these parasites;
is this because only the derived (younger) line-
ages are capable of taking advantage of the
new host opportunities? The premise and the
question remain to be examined further.

Host and site specificity affect the ability
to switch hosts and enter new habitats and
intuitively it seems that maintaining the ability
to switch hosts might be an integral compo-
nent of being a successful parasite. However,
strict site and host specificity are the hallmark
of one of the most successful groups, the

Monogenea. The influence of site and host
specificity on success, in terms of species num-
bers at least, also requires further study.

Each of the major lineages of parasitic
flatworms shows remarkable adaptations to
parasitism. Whilst larval forms, mode of devel-
opment, mode of reproduction, life-cycle com-
plexity, method of attachment, site of infection
and host use differ enormously between the
monogeneans, cestodes, aspidogastreans and
digeneans, each lineage has exploited this het-
erogeneity to a great effect.

The evolutionary fate of parasitic flat-
worms lies intimately intertwined with the taxa
they currently utilize, the taxa they can but
have not yet utilized and the selective pres-
sures driving speciation within and between
parasites and their hosts. As with any other bio-
logical system, if time and conditions permit,
natural selection will maintain diversity. Host
switching, host speciation, vicariant events
affecting parasites and/or hosts, an increase in
host population size and dispersal and drug
resistance are just some of the factors that will
maintain or even promote the success of para-
sites and subsequently drive diversity in the
hosts.
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Introduction

For the purposes of this review, ‘flatworm’ will
be considered to encompass the phylum
Platyhelminthes as presently understood from
the molecular phylogenetic viewpoint, i.e.
excluding the Acoelomorpha (Acoela and
Nemertodermatida), which have recently been
removed from the phylum on the combined
evidence of small and large subunit (SSU; LSU)
ribosomal RNA (rRNA) and myosin II gene
sequence data (Ruiz-Trillo et al., 1999, 2002;
Jondelius et al., 2002; Telford et al., 2003) as
well as mitochondrial genetic code (Telford
et al., 2000) and gene order data (Ruiz-Trillo
et al., 2004; see Baguñà and Riutort, 2004, and
Chapter 1, this volume, for reviews). For con-
venience, ‘Turbellaria’ will be used to encom-
pass the paraphyletic grouping of (largely)
free-living flatworms that fall outside of the

parasitic Neodermata (Carranza et al., 1997).
As flatworm genomics, in the broad sense in
which it is considered here, is an emerging dis-
cipline, reference will be made to data from
both free-living and parasitic taxa in the hope
that knowledge of, and method development
for each will help stimulate research in the
other.

As of March 2005, the public sequence
databases contain some 330,000 platyhelminth
DNA sequences and 14,000 platyhelminth pro-
tein sequences (Table 2.1). With the exception
of data generated for molecular phylogenetic
purposes, these show a very heavy bias towards
only four genera; the important medical and
veterinary parasites Schistosoma (by far the
largest single contributor) and Echinococcus,
and the ‘model’ planarians Dugesia and
Schmidtea (Table 2.1). This bias simply reflects
the scientific, social and economic priorities of
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Table 2.1. Distribution of platyhelminth molecular data on GenBank, March 2005.

Number of entries

DNA Protein Structure Genome Popset

Platyhelminthes 329,880 13,837 22 10 118
Cestoda 12,690 1,560 2 5 42

Cestodaria 18 – – – 2
Eucestoda 12,671 1,560 2 5 42
inc. Echinococcus 10,793 659 1 1 3

Monogenea 753 124 – – 22
Monopisthocotylea 559 100 – – 18
Polyopisthocotylea 194 24 – – 6

Trematoda 306,264 11,747 20 5 45
Aspidogastrea 26 1 – – 3
Digenea 306,238 11,746 20 5 45
inc. Schistosoma 302,786 10,697 16 3 14

‘Turbellaria’ 10,173 406 – – 14
Catenulida 22 4 – – 3
Lecithoepitheliata 14 – – – 1
Macrostomorpha 24 14 – – 1
Mediofusata 8 – – – 1
Polycladida 54 31 – – 9
Prolecithophora 47 – – – 1
Rhabdocoela 60 4 – – 1
Seriata 9,943 353 – – 8

inc. Schmidtea 3,089 99 – – 3
inc. Dugesia 6,586 104 – – 1

Unclassified 1 – – – –

Note: Taxonomic groupings taken from GenBank’s Taxonomy Division (http://www.ncbi.nlm.nih.gov/Taxonomy).

http://www.ncbi.nlm.nih.gov/Taxonomy


a developing discipline and will change dra-
matically in the future as attention shifts to
other, currently under-represented taxa. By
necessity, much of this review will consider les-
sons learned from Schistosoma and its close
relatives. However, at the fundamental level, all
flatworm genomes are comparable, and meth-
ods and analyses that have been applied to
Schistosoma can equally be applied elsewhere
in the future. The reader is encouraged to
exploit the current knowledge base, and espe-
cially the eagerly anticipated results of the first
platyhelminth genome sequencing projects, as
a foundation from which to develop projects
for their own systems.

On a wider taxonomic canvas, recent
taxonomic revisions of the animal kingdom

identify three major clades within the bilateral
Metazoa; the Deuterostoma, the Ecdysozoa
(the moulting animals) and the Lophotrochozoa
(animals bearing a lophophore or displaying
trochophore larvae) (Adoutte et al., 2000).
The major ‘model’ invertebrates (Drosophila,
Caenorhabditis, etc.) all fall within the Ecdyso-
zoa and the mammals within the Deuterostoma,
whilst platyhelminths are lophotrochozoans. The
sequence databases therefore currently also dis-
play a massive bias towards the Deuterostoma
and Ecdysozoa; the huge biological diversity
encompassed by the Lophotrochozoa con-
tributes relatively little (Table 2.2). Amongst
the Lophotrochozoa, the Platyhelminthes
make the largest contribution and so, de facto,
serve as models for the clade.
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Table 2.2. Platyhelminth contribution to DNA sequence data for the bilateral
Metazoa on GenBank, March 2005.

Taxonomic groupa DNA sequences

Deuterostomes 30,308,602
Vertebrates 28,908,567
Cephalochordates 16,772
Urochordates 862,324
Hemichordates 112
Echinoderms 520,827

Ecdysozoans 3,695,260
Gastrotrichs 32
Nematodes 922,845
Priapulids 34
Kinorhynchs 4
Onychophorans 236
Tardigrades 6,460
Arthropods 2,765,649

Lophotrochozoans 412,479
Bryozoans 551
Entoprocts 6
Platyhelminths 330,856
Pogonophorans 313
Brachiopods 165
Phoronids 22
Nemerteans 321
Annelids 17,698
Echiurans 85
Molluscs 61,775
Sipunculans 131
Gnathostomulids 14
Rotifers 540

aTaxonomic groups taken from Adoutte et al. (2000).



Genome Features

Genome size

Genome size has been calculated for a variety
of flatworm species (see Table 2.3 for summary
data and references).

For the ‘Turbellaria’, direct measurement of
the DNA content of Feulgen-stained nuclei by
densitometry or image analysis reveals a huge
variation in estimated haploid genome size from
50 megabases (Mb) in Stenostomum arevaloi to
18,390 Mb in Otomesostoma auditivum (>350-
fold variation) (Gregory et al., 2000). For com-
parison, the human genome is approximately
3200 Mb. Within the ‘Turbellaria’, genome size
appears to correlate with both taxonomic order
and body size, although considerable variation
is seen at both large and small taxonomic scales
(Gregory et al., 2000). Discontinuous, step-like

variation in genome size is also observed within
certain ‘turbellarian’ genera (e.g. Dugesia,
Phaenocora and Mesostoma) and is suggested
to reflect historic genome duplication events,
which have lead to rapid speciation (Gregory
et al., 2000). However, as polyploidy has also
been extensively reported in the ‘Turbellaria’
(see section entitled ‘Ploidy’), such observations
must be interpreted with caution unless the
karyotypes have also been determined.

For the Trematoda and Cestoda, both reas-
sociation kinetics/Cot analysis and direct
measurement of the DNA content of Feulgen-
stained nuclei have been used to estimate
genome size. As relatively few taxa have been
examined, it is difficult to draw any firm con-
clusions although the available data suggest
much less extreme variation than in the
‘Turbellaria’ and the absence of step-like intra-
generic variation (Table 2.3).
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Table 2.3. Platyhelminth genome size estimates.

Haploid genome sizec

Taxona,b Picograms Megabases Reference

Cestoda–Eucestoda
Echinococcus granulosus 0.17 150 7
Hymenolepis diminuta 1.7 1,500 12
Spirometra mansonoides 1.79 1,600 8

Trematoda–Digenea
Diplostomum pseudospathaceum 0.89 800 5
Schistosoma mansoni 0.30 270 10
Trichobilharzia spp. 1.06–1.31 950–1,120 5

‘Turbellaria’–Seriata
Archilina spp. 0.75 670 2
Archiloa petiti 1.15 1,030 2
Archilopsis marifuga 0.95 850 2
Archimonocelis spp. 2.4 2,160 2
Archotoplana holotriche 1.2 1,080 2
Bothrioplana semperi 4.7 4,210 1
Carenscoilia biforamen 1.75 1,570 2
Crenobia alpina 1.1 990 6
Dendrocoelum lacteum 1.2 1,080 6
Dugesia spp. 1.66–2.40 1,490–2,150 6, 11
Duploperaclistus circocirrus 0.6 540 2
Foviella affinis 1.8 1,610 1
Girardia tigrina 1.40–1.88 1,260–1,690 1, 6
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Table 2.3. Platyhelminth genome size estimates. (cont’d )

Haploid genome sizec

Taxona,b Picograms Megabases Reference

Hymanella retenuova 4.46 4,000 1
Monocelis lineata 0.5 450 2
Otomesostoma auditivum 20.52 18,390 1
Otoplana truncaspina 2.05 1,840 2
Phagocata woodworthi 3.76 3,370 1
Polycelis spp. 1.05–2.06 940–1,850 1, 6
Procerodes litoralis 1.06 950 1
Procotyla fluviatilis 2.62 2,350 1
Schmidtea spp. 0.53–1.32 480–1,180 1, 4, 6, 9
Uteriporus vulgaris 1.14 1,020 1

‘Turbellaria’–Prolecithophora
Hydrolimax grisea 2.55 2,290 1

‘Turbellaria’–Lecithoepitheliata
Prorhynchus stagnalis 4.28 3,840 1

‘Turbellaria’–Catenulida
Myostenostomum tauricum 0.19 170 1
Rhynchoscolex simplex 1.68 1,510 1
Stenostomum spp. 0.06–0.75 50–670 1

‘Turbellaria’–Rhabdocoela
Bothromesostoma spp. 3.77 3,380 1
Castrella pinguis 1.34 1,200 1
Dalyellia viridis 1.03 920 1
Gieysztoria sp. 0.63 570 1
Gyratrix hermaphroditus 2.74 2,460 1
Krumbachia hiemalis 1.67 1,500 1
Mesostoma spp. 5.10–16.36 4,570–14,660 1, 3
Olisthanella truncula 0.12 110 1
Phaenocora sp. 0.72–1.61 650–1,440 1
Rhynchomesostoma spp. 2.16 1,940 1
Strongylostoma spp. 0.65–0.83 580–740 1
Typhloplana viridata 0.98 880 1

‘Turbellaria’–Macrostomorpha
Macrostomum spp. 0.17–0.58 150–520 1

aHigher level taxonomy taken from GenBank’s Taxonomy Division (http://www.ncbi.nlm.nih.gov/Taxonomy).
bIntrageneric ranges are given for genera where data for more than one species are available.
cWhere the primary literature cites genome size in picograms of DNA, size in megabases (Mb) has been estimated on
the basis that 1 Mb of double stranded DNA = 0.001116 pg (assuming the mean molecular weight of a base pair to be
672 Daltons and an unbiased genome base composition).
Note: 1, Gregory et al. (2000); 2, Martens et al. (1989); 3, Hebert and Beaton (1990); 4, Pellicciari et al. (1983); 5, T.R.
Gregory, unpublished data, cited on http://www.genomesize.com; 6, J. Baguñà, unpublished data, cited on
http://www.genomesize.com; 7, Rishi and McManus (1988); 8, Cox et al. (1990); 9,
www.genome.gov/Pages/Research/Sequencing/SeqProposals/PlanarianSEQ.pdf; 10, Simpson et al. (1982);
11, Garcia-Fernandez et al. (1995); and 12, Searcy and MacInnis (1970).

http://www.ncbi.nlm.nih.gov/Taxonomy
http://www.genomesize.com
www.genome.gov/Pages/Research/Sequencing/SeqProposals/PlanarianSEQ.pdf
http://www.genomesize.com


Genome composition

To date, very few detailed analyses of overall
genome composition have been reported for
platyhelminths. The tapeworm Spirometra
mansonoides contains 10% highly repetitious,
35% moderately repetitious, and at least 25%
single copy sequence (Cox et al., 1990). It has
an overall (G+C) content of 44% (Cox et al.,
1990) compared to 36% in Hymenolepis
diminuta (Carter et al., 1972). Schistosoma
mansoni possess 6% highly repetitive sequence,
34% moderately repetitive sequence and
60% single copy sequence (Simpson et al.,
1982). The (G+C) content of the genomes of
S. mansoni, Schistosoma haematobium and
Schistosoma japonicum was initially estimated
at 34% (Hillyer, 1974), but more recent studies
give values of 29.4%, 28.5% and 26.1%,
respectively (Marx et al., 2000). The lower
(G+C) content in S. japonicum suggests a
greater bias in nucleotide DNA replication and
repair in this species (Marx et al., 2000). Such
a bias has also been detected in coding regions
in S. mansoni, where over-represented codons
tend to have A or T at the third codon position,
while under-represented codons have C or
G at both the second and third positions (Ellis
and Morrison, 1995; Musto et al., 1998).
Moreover, there is much variation in (G+C)
content between coding regions, and a strong,
but skewed correlation between the (G+C)
content of a coding region and that of its flank-
ing regions and introns, such that in (G+C)
poor regions, G and C are even more under-
represented in third codon positions, whilst in
(G+C) rich regions they are proportionally
over-represented (Musto et al., 1995, 1998).
These observations suggest that the schisto-
some genome is arranged into ‘isochore-like
structures’ of varying (G+C) content (Musto
et al., 1995, 1998). Codon biases have also
been detected in coding sequences of
Echinococcus species where a subset of
codons (almost all of which end in G or C)
show increased usage in highly expressed
genes (Fernandez et al., 2001). As this runs
against the mutational bias of an (A+T)-rich
genome, it suggests that selection pressures are
acting at the level of translation of highly
expressed genes to maintain the bias. To date,
this is the only observation of translational

selection for codon usage amongst the
Platyhelminthes (Fernandez et al., 2001).

DNA methylation

Several platyhelminth genomes have been
examined for the presence of methylated DNA
by chromatography, differential restriction with
methylation sensitive/insensitive isoschizomeric
endonucleases or restriction with methyl-
dependent endonucleases. Taxa examined
include the cestode S. mansonoides (Cox et al.,
1990) and the digeneans S. mansoni (Simpson
et al., 1982; Fantappie et al., 2001),
Opisthorchis viverrini, Fasciola gigantica and
Gigantocotyle siamensis (Sermswan et al.,
1991b) and Fasciola hepatica (Musto et al.,
1994b). Neither cytosine nor adenine methyla-
tion has been detected in any of these taxa and
it would appear that DNA methylation does
not occur in parasitic flatworms. Two main
hypotheses have been proposed to explain the
evolution, distribution and extent of DNA
methylation in animal genomes. First, that
methylation initially served to silence newly
introduced ‘genomic parasites’, subsequently
becoming a general repressor of endogenous
repeated sequences and, eventually, of tissue-
specific genes in the genomes of higher
eukaryotes (Bestor, 1990). In multicellular
invertebrates, DNA methylation would there-
fore be expected to correlate with genomic
parasite load and genome size. Second, that
DNA methylation correlates with high levels of
mitotic turnover between meioses and serves
as a long-term ‘cell memory system’, which
facilitates the transmission of non-obligatory
sequences to daughter cells (Jablonka et al.,
1992; Jablonka and Lamb, 1995). The absence
of DNA methylation in parasitic flatworms,
which possess both extensive asexual repro-
ductive stages and genomes with significant
amounts of repetitive DNA, appears to contra-
dict both hypotheses (Regev et al., 1998).
Analysis of dinucleotide frequencies in coding
and flanking regions, introns and repetitive
sequences of S. mansoni suggest an under-
representation of CpG dinucleotides and over-
representation of TpG and CpA in the genome,
with coding regions being more similar in bias
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to their flanking regions than to their introns
(Musto et al., 1994a,b). As such biases are
characteristic of methylated genomes, the
absence of DNA methylation in parasitic flat-
worms could be a recent, derived characteris-
tic (Musto et al., 1994b). It could also simply
reflect an isochore genome organization
(Musto et al., 1994b, 1995, 1998). Interestingly,
initial automated analysis of both expressed
sequence tag (EST) and genomic sequence
data from the S. mansoni genome project sug-
gests that sequences with putative homology
to DNA methyltransferase and DNA methyl-
transferase-associated protein genes exist. If
confirmed, the functionality and biological
role of these sequences remain to be deter-
mined. Methylated, host microsatellite-related
sequences have also been reported to occur in
S. mansoni and S. japonicum (Iwamura et al.,
1991) although their origins are disputed
(Simpson and Pena, 1991); see section entitled
‘Integration of Host DNA Sequences’ for more
detailed comment. It will be interesting to
determine whether free-living flatworms pos-
sess methylated genomes (Regev et al., 1998).

Repeat sequences

Studies of overall genome composition based
on reassociation kinetics (Simpson et al., 1982;
Cox et al., 1990; Marx et al., 2000) and analy-
sis of fully sequenced bacterial artificial chro-
mosome (BAC) clones from the S. mansoni
genome project show that platyhelminth
genomes contain abundant highly and moder-
ately repetitive sequence (Fig. 2.1). Much of
the repetitive DNA comprises two classes
of integrated mobile elements; class I ele-
ments, which include long terminal repeat (LTR)
retrotransposons and retroviruses, non-LTR retro-
transposons and short interspersed nuclear
elements (SINES) and transpose via an RNA
intermediate, and class II elements (trans-
posons), which transpose as DNA (Brindley
et al., 2003). Additionally, small dispersed or
tandemly repeated sequences are common.
A wide variety of these sequences have been
isolated and characterized from a variety of
taxa (Table 2.4).

Individual copies of integrated mobile
elements may either be degenerate relics or
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(a) (b) (c)

Fig. 2.1. Flatworm genomes possess large amounts and large numbers of repetitive DNA elements.
Diagrams show the distribution of repeat elements of different scales that occur within (black), or are
shared between (grey), three fully sequenced Schistosoma mansoni bacterial artificial chromosome
clones. (a) 100 bp repeat size threshold; (b) 500 bp repeat size threshold; and (c) 1000 bp repeat size
threshold. Each diagram shows: top = SmBAC-53J5 (126 kb insert); middle = SmBAC-54H2 (133 kb
insert); and bottom = SmBAC-44D11 (127 kb insert). Figures compiled from postscript output of
Miropeats software (Parsons, 1995), freely available from http://www.littlest.co.uk/software/bioinf/, using
sequence data available by anonymous FTP from ftp.sanger.ac.uk/pub/databases/Trematode/
S.mansoni/BACs/

http://www.littlest.co.uk/software/bioinf/
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Table 2.4. Mobile genetic elements and other repetitive sequences in platyhelminth genomes.

Estimated frequency 
Species Repeat Repeat type in genomea Transcribed Reference

Digenea
Schistosoma Boudicca LTR retrotransposon (Ty3/Gypsy) >1,000/1,000–10,000 copies Yes Copeland et al. (2003)

mansoni Saci-1 LTR retrotransposon (BEL) 70–700 copies Yes DeMarco et al. (2004)
Saci-2 LTR retrotransposon (Ty3/Gypsy) 85–850 copies Yes DeMarco et al. (2004)
Saci-3 LTR retrotransposon (Ty3/Gypsy) 150–1,500 copies Yes DeMarco et al. (2004)
Sinbad LTR retrotransposon (Pao/BEL) 50 copies Yes Copeland et al. (2005)
Fugitive LTR retrotransposon (Ty3/Gypsy) >2000 copies Yes Laha et al. (2004)
Perere Non-LTR retrotransposon (CR1) 250–2,500 copies Yes DeMarco et al. (2004)
SR1 Non-LTR retrotransposon (CR1) 200/2,000–20,000 copies Yes Drew and Brindley (1997)
SR2 Non-LTR retrotransposon (RTE-1) 2,600–26,000 copies Yes Drew et al. (1999)
Sm-alpha Tandemly repeated and 7,000–10,000/20,000– Yes Spotila et al. (1989)

family dispersed SINE 200,000 copies
Sm-alpha fem-1 Female-specific, tandemly ND ND Drew and Brindley (1997)

repeated SINE
Sm750 Polymorphic repeat ND Yes Spotila et al. (1991)
W1 476 base, female-specific repeat >500 copies ND Webster et al. (1989)
W2 715 base, female-specific ND ND Drew and Brindley (1997)

tandem repeat
SM23 Female-specific repeat 75 copies No Walker et al. (1989)
pSm1-7 121 base, species-specific 250,000 copies ND Hamburger et al. (1991)

tandem repeat
Schistosoma Gulliver LTR retrotransposon (Ty3/Gypsy) 500 copies Yes Laha et al. (2001)

japonicum SjR2 Non-LTR retrotransposon (RTE-1) 10,000 copies Yes Laha et al. (2002a)
Pido Non-LTR retrotransposon (CR1) >1000 copies Yes Laha et al. (2002b)
Sj-alpha family SINE 10,000 copies ND Laha et al. (2000)
Sjrh1.0/1.3 >1000 and >1300 base, species- 100–200 copies ND Drew et al. (1998)

specific tandem repeats
Schistosoma Dra1 121 base tandem repeat >300,000 copies ND Hamburger et al. (1991)

haematobium
Clonorchis CsRn1 LTR-retrotransposon (Ty3/Gypsy) >100 copies Yes Bae et al. (2001), Bae and 

sinensis Kong (2003b)



G
enom

es and G
enom

ics of P
arasitic F

latw
orm

s
45

Paragonimus Multiple LTR-retrotransposon (Ty3/Gypsy) Highly repetitive Yes Bae and Kong (2003a)
westermani Multiple LTR-retrotransposon (Pao/BEL) Highly repetitive Yes Bae and Kong (2003a)

Multiple LTR-retrotransposon (Xena) ND No Bae and Kong (2003a)
Fasciola – 124 base, genus-specific repeat 15% of genome/300,000 ND Kaplan et al. (1995),

hepatica copies Kramer and Schnieder 
(1998)

Fhr-I Species-specific repeat – – Heussler et al. (1993)
Fhr-II Species-specific repeat – – Heussler et al. (1993)
Fhr-III Species-specific repeat – – Heussler et al. (1993)

Dicrocoelium Ddr-IV Species-specific repeat ND ND Heussler et al. (1998)
dendriticum

Opisthorchis pOV-A6 334 base, species-specific – – Sermswan et al. (1991a)
viverrini tandem repeat

Cestoda
Echinococcus – 477–489 base repeat Middle repetitive ND, unlikely Marin et al. (1993)

granulosus TREg 186 base, genus-specific, 120–23,000 copies (strain- ND, unlikely Rosenzvit et al. (1997,
polymorphic, tandem repeat dependent) 2001)

EgG1 Hae III 269 base, species-specific, 6,900 copies ND Abbasi et al. (2003)
dispersed tandem repeat

Taenia solium – 158 base, species-specific ND ND Chapman et al. (1995)
tandem and dispersed repeat

Taenia saginata HDP1 53 base, species-specific ND ND, unlikely Gonzalez et al. (2002)
tandem repeat

‘Turbellaria’
Dugesia etrusca DEL ≥1.4 kb dispersed 1% of genome ND, unlikely Batistoni et al. (1998)

LINE
Giradia tigrina PEVE Helicase-encoding, extra – – Rebrikov et al. (2002)

chromosomal, virus-like 
element

– Mariner-like transposon 8,000 copies Not proven Garcia-Fernandez 
et al. (1995)

aData from original references: Brindley et al. (2003) and DeMarco et al. (2004).
ND = not determined.



retain some potential functionality. Virtually
all platyhelminth integrated mobile elements
described to date appear to be transcribed to
some degree. Indeed, the overall transcription
level can be very high; in S. mansoni some
14% of cercarial transcripts encode sequences
with putative homology to reverse transcrip-
tase and there appear to be low copy number
elements with high transcriptional activity and
vice versa (DeMarco et al., 2004). Direct evi-
dence for translation of these transcripts to cre-
ate functional mobile elements has yet to be
demonstrated. However, reverse transcriptase
activity has been detected in cultured S. man-
soni (Ivanchenko et al., 1999) and the reverse
transcriptase domain of the S. japonicum SjR2
non-LTR retrotransposon has been expressed
in insect cells and shown to prime reverse tran-
scription of SjR2 mRNA in vitro (Laha et al.,
2002a). Therefore, at least indirect evidence
exists for functional mechanisms. Such activity
would certainly help explain reports of
genome instability (see section entitled
‘Genome Instability’).

LTR retrotransposons usually possess one
or two open reading frames with putative
homology to retroviral gag and pol proteins,
but some, including the Gypsy family possess
a third open reading frame with homology to
the retroviral envelope (env) gene. The env
gene product is required for the production of
infective viral particles; by binding to specific
receptors on the host cell membrane it both
allows penetration and confers specificity
(Hoffman and Doms, 1999). The identification
of schistosome LTR retrotransposons contain-
ing env genes therefore paves the way for the
potential development of specific retroviral
transfection systems. A potential third open
reading frame has been identified in the
S. mansoni LTR retrotransposons Boudicca and
Saci-3 (Copeland et al., 2003; DeMarco et al.,
2004) and the sequence and structure of puta-
tive, transcriptionally active versions of the
retrotransposons have been reconstructed by
assembling sequences derived from gag and
pol transcripts with raw data from the S. man-
soni genome sequencing project (Copeland
et al., 2004; DeMarco et al., 2004). Similarly,
seqences with homology to the promiscuous
transposon Mariner have been detected in
Girardia tigrina (Garcia-Fernandez et al.,

1995). Both Mariner and other promiscuous
transposons (Hermes and piggyBac) have
successfully been used for transgenesis in
this species (Gonzalez-Estevez et al., 2003).
Whilst Hermes and piggyBac produce stable
transfectants, the Mariner constructs were
unstable; possibly as a result of activity of
the endogenous elements. It may prove possi-
ble to reconstruct a functional planarian
Mariner from these sequences, as has been
achieved for the salmonid transposon Sleeping
Beauty (Ivics et al., 1997). An extrachromoso-
mal, virus-like element has also been reported
in G. tigrina and found to be distributed non-
uniformly through the planarian body (Rebrikov
et al., 2002). Its significance remains to be
determined.

In addition to the mobile genetic ele-
ments, a wide variety of short, non-transcribed,
tandem and dispersed repeat sequences have
been described in digeneans and cestodes.
These are often species- or genus-specific and
present in high copy numbers, allowing the
development of sensitive, specific diagnostic
molecular assays for S. mansoni (Hamburger
et al., 1998a,b), S. haematobium (Hamburger
et al., 2001), F. hepatica (Heussler et al., 1993;
Kaplan et al., 1995), Dicrocoelium den-
driticum (Heussler et al., 1998), Echinococcus
granulosus (Abbasi et al., 2003), Taenia solium
(Chapman et al., 1995) and Taenia saginata
(Gonzalez et al., 2002). Additionally, for
Schistosoma, which has chromosomally deter-
mined sex in which the female is hetero-
gametic (ZW), female-specific tandem repeats
have also been characterized (Walker et al.,
1989; Webster et al., 1989; Drew and
Brindley, 1995; see section entitled ‘Sex
Chromosomes’).

Integration of host DNA sequences

Despite the hostility of the environment in
which they make their home, adult
Schistosoma are remarkably long lived; fre-
quently surviving for years, and regularly for
decades (Warren et al., 1974; Garcia, 1976;
Basch, 1991). It has long been recognized that
schistosomes acquire a cloak of host antigens
including immunoglobulins, erythrocyte
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antigens and major histocompatibility complex
(MHC) products as a means of avoiding
immune attack (Salzet et al., 2000; see also
Chapter 8, this volume). Early experiments
failed to detect sequences homologous to host
class 1 MHC genes within schistosome DNA
and it was concluded that the MHC antigens
expressed on the parasite surface are acquired
from the host as intact glycoproteins, rather
than synthesized from sequences within the
parasite genome (Simpson et al., 1983).
Despite this, a series of papers published over
the past 15 years have reported the existence,
developmental plasticity, rapid integration and
vertical transmission of host DNA sequences in
the schistosome genome (Tanaka et al., 1989;
Iwamura et al., 1991, 1995; Irie and Iwamura,
1993; Imase et al., 1999, 2000, 2001, 2003,
2004). These authors have used a wide variety
of methods of increasing sophistication and
sensitivity, including immunolocalization,
immunoblotting, Southern blotting, polymerase
chain reaction (PCR), nested PCR, direct
sequencing of PCR products, in situ hybridiza-
tion with radiolabelled probes and in situ
PCR with localization with radiolabelled or
digoxygenin-labelled probes to test for a variety
of sequences in adult worms, eggs, miracidia
and cercariae of S. mansoni and S. japonicum.
The host sequences studied comprise different
Type A and C murine retroviruses and different
genes thereof, type 1 Alu and type 2 Alu (B2)
repeat sequences, various mouse microsatel-
lites and different regions of MHC-H2. In total,
some 200 different combinations of host
sequence, schistosome target and experimental
method have been examined. The overall pic-
ture revealed is incredibly complex, and it is
impossible to make any broad generalizations
to summarize the observations. It is not appro-
priate to collate all the experimental data here;
the interested reader is referred to the original
publications and to a recent review (Imase
et al., 2003) for the full information. However,
what is apparent is that there is huge variation
in recorded behaviour shown by the different
host sequences: (i) some show vertical trans-
mission, whilst others do not; (ii) patterns of
presence/absence throughout the life cycle dif-
fer greatly (some are detected in adult worms of
both sexes and eggs, but not in miracidia or
cercariae, some only in adult worms, some in

adult females but not males and vice versa,
some in eggs but not adults, some in miracidia
but not cercariae, etc.; (iii) the timing of acquisi-
tion by adult worms varies; (iv) some show tissue-
specific localization including the germ cells
(but then do not display vertical transmission);
(v) some localize to the cytoplasm, others in the
nucleus; (vi) different regions of the same
sequence behave differently; (vii) some behave
similarly in both S. mansoni and S. japonicum,
others show significant differences in presence/
absence in different developmental stages, in
the timing of acquisition in adults and in tissue
localization; (viii) some sequences are identical
to those seen in the host, some show homology
but not identity, and some even vary between
developmental stages and sexes; and (ix) some
appear to become methylated (see comments
in section entitled ‘DNA Methylation’). In some
of these experiments, F. hepatica (from cattle)
and Paragonimus ohirai (from rat) were used as
‘controls’ and host-related sequences were also
occasionally detected in the latter (Iwamura
et al., 1991, 1995). It is difficult to conceive of
any molecular mechanism, which could
explain such a diverse range of observed
behaviours and, despite the presence of seem-
ingly valid controls, these reports have proved
controversial, with other authors claiming that
the observations must be artefacts resulting
from host DNA contamination in schistosome
DNA preparations (Simpson and Pena, 1991;
Clough et al., 1996). Clearly, independent
confirmation of results would help to settle the
argument.

Genome instability

Irrespective of the debate surrounding the
reported acquisition of host sequences by
Schistosoma spp., a significant body of evi-
dence supports the idea that genome plastic-
ity/instability is a common feature in the genus.
The first evidence came from studies of
inducible drug resistance in S. mansoni; when
immature worms of particular strains are
exposed to the anthelmintic hycanthone
in vivo, hereditable drug resistance appears
within a single generation (Jansma et al., 1977).
A restriction fragment length polymorphism
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(RFLP) within the rRNA gene complex was con-
sistently found to be associated with induced
resistance (Brindley et al., 1989) and was sub-
sequently shown to involve a 732 bp duplica-
tive insertion within the SSU rRNA gene, which
affected a small number of copies in the
tandemly arrayed complex (Brindley et al.,
1991). This genomic change does not appear to
be the actual basis of hycanthone resistance,
but rather to arise from genomic alterations
related to those that are responsible. Although
hycanthone intercalates into DNA and causes
frameshift mutations, such random mutagenic
effects could not cause a consistent genomic
change across independent experiments and
individuals and the mechanism responsible
remains to be determined.

When total miracidial DNA and total
adult worm DNA from S. mansoni are used as
probes against blots of restricted total DNA
from the same sources, one would predict the
two probes to give identical results; showing
equal and strong hybridization to both life-
cycle stages. However, very different results
have been reported where both the probes give
a massively stronger hybridization signal with
DNA from the same life-cycle stage, than
with DNA from the other. Moreover, the total
miracidial DNA probe shows significant
hybridization with both adult and miracidial
DNA from S. japonicum, whereas the total
adult DNA probe shows minimal hybridization
with either (Nara et al., 1990). Similarly, when
random, cloned genomic fragments are used
as probes, hybridization patterns appear to
suggest both stage specificity and the occur-
rence of developmentally regulated genome
rearrangements (Nara et al., 1990).
Experimental controls appear to rule out the
possibility that host DNA contamination of
adult worm DNA preparations alters its com-
position relative to miracidial preparations.
Therefore, results have been interpreted as sug-
gesting that major DNA amplification and
deletion events occur during the S. mansoni
life cycle, resulting in the DNA from the two
stages having completely different composi-
tions. This then affects their behaviour when
used as probes or targets (Nara et al., 1990).
Such unexpected results clearly call for inde-
pendent verification, but until proven other-
wise should be accepted as valid.

The S. mansoni W1 tandem repeat was
originally isolated from Puerto Rican parasites
and shown to hybridize exclusively to female
DNA of this isolate (Webster et al., 1989). It
localizes to a euchromatic gap within the hete-
rochromatin of the long arm of the female-spe-
cific W chromosome, where suppression of
recombination in the ZW bivalent by surround-
ing heterochromatin has been suggested to
explain its sex-specific distribution (Hirai et al.,
1993). However, studies in other isolates
revealed that copies of the sequence can also
occur in male worms (Grevelding, 1995).
Analysis of W1 distribution in the supposedly
clonal progeny that arise from monomiracidial
snail infections reveals significant inter- and even
intra-clonal variation. Moreover, breeding exper-
iments revealed the presence of variable patterns
of W1 elements in the male progeny of crosses
involving males that lacked W1. These data are
indicative of genome instability and suggest that
unusual DNA recombination events occur dur-
ing both mitosis and meiosis (Grevelding, 1999).
Subsequently, analysis of clonal daughter sporo-
cyst populations arising from single mother
sporocysts in vitro confirmed the existence of
intra-clonal variation in W1 distribution, support-
ing the hypothesis that mitotic recombination
events occur during the asexual development of
schistosomes (Bayne and Grevelding, 2003).

Rapid rearrangement of a polymorphic
minisatellite within the D-loop/control region of
the S. mansoni mitochondrial genome has also
been reported by various authors (Minchella
et al., 1994; Bieberich and Minchella, 2001;
Jannotti-Passos et al., 2001). These observations
are discussed in detail in the section entitled
‘Maternal Inheritance’.

Taken together, these diverse data suggest
that a high rate of non-meiotic genome
rearrangement occurs in S. mansoni. Whether
this is a result of, or the driving mechanism
behind, the relatively recent radiation of African
Schistosoma species (Le et al., 2001b; Lockyer
et al., 2003) remains to be determined, as do the
mechanisms responsible.

Gene processing

Spliced leader RNA trans-splicing is a form of
RNA editing in which a short RNA exon (the
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spliced leader) is spliced from the 5′ end of a
non-polyadenylated RNA, on to the 5′ end of
a polyadenylated pre-mRNA in order to form a
mature mRNA. Spliced leader sequences have
been reported in a variety of platyhelminths
(Table 2.5) including all digeneans examined
to date, some cestodes and primitive (poly-
clad) ‘turbellarians’ but not in the single mono-
genean that has been studied (Rajkovic et al.,
1990; Davis et al., 1994; Davis, 1997; Brehm
et al., 2000, 2002). Flatworm spliced leaders
show considerable diversity in size (34–51
nucleotides) and in sequence. In particular, the
Schistosoma spliced leader, whilst totally con-
served between S. mansoni, S. haematobium
and S. japonicum, is markedly different to that
of the other trematodes (Davis, 1997).
However, there is sufficient homology across

the phylum to suggest a common ancestry
(Davis, 1997; Brehm et al., 2000). Such diver-
sity is in marked contrast to the situation in
nematodes where a 22-nucleotide spliced
leader is highly conserved (Stratford and
Shields, 1994). Only a small proportion of
platyhelminth transcripts appear to acquire a
spliced leader (Davis, 1997) (again in contrast
to nematodes where the majority do so,
McCarter et al., 2003) but amongst those that
do, the enolase gene seems particularly
favoured. Consequently, 5′-rapid amplification
of cDNA ends (RACE) methods targeting the 5′
end of the enolase gene have been used with
great success to identify spliced leaders in flat-
worm species (Davis, 1997). There appears to
be neither conservation between cestodes and
trematodes in the spectrum of mRNAs that are
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Table 2.5. Platyhelminth spliced leader RNAs/genes.

Spliced leader (length) Enolase trans-splicing Reference

Digenea
Schistosoma mansoni Yes (36) Yes 1, 3
Fasciola hepatica Yes (37) Yes 2, 3
Echinostoma caproni Yes (37) Yes 3
Haematolechus spp. Yes (34) Yes 3
Stephanostomum spp. Yes (36) Yes 3

Cestoda
Echinococcus multilocularis Yes (36) No 4
Echinococcus granulosus Putative identification No 4
Taenia solium Yes No 5
Hymenolepis diminuta No No 3
Calliobothrium spp. No No 3
Lacistorynchus tenuis No No 3

Monogenea
Megacotyle tributa No No 3

‘Turbellaria’
Stylochus zebra Yes (51) Yes 3
Notoplana spp. Yes (51) Yes 3
Dugesia dorotocephala No No 3
Bdelloura candida No No 3
Phagocata morgani No No 3
Syndesmis franciscana No No 3

Note: 1, Rajkovic et al. (1990); 2, Davis et al. (1994); 3, Davis (1997); 4, Brehm et al. (2000); and 5, Brehm et al. (2002).



trans-spliced (Brehm et al., 2000) nor any dis-
cernible pattern or apparent sex, tissue or cell
specificity in the genes that get trans-spliced
within a species (Davis et al., 1995), and the
functional significance of flatworm spliced
leaders remains to be determined. There is a
conserved AUG (methionine) codon immedi-
ately before the splice site but this does not
necessarily serve as the translation initiation
site and can be out of frame with the following
open reading frame (ORF) (Davis, 1997).
However, 43% of trans-spliced Echinococcus
sequences potentially utilize the donated AUG
(Fernandez et al., 2002). In other taxonomic
groups (e.g. nematodes) spliced leaders are
involved in the processing of poly-cistronic
transcription units (Spieth et al., 1993). In S.
mansoni the gene encoding the ubiquinol-
binding protein, UbCRBP, is situated only 54
nucleotides upstream of the enolase gene and
RNAs, which significantly overlap both the
genes are observed, suggesting that they form
a poly-cistronic unit. A close linkage of the two
genes is also seen in F. hepatica, which also
trans-splices its enolase gene (Davis and
Hodgson, 1997). Such evidence strongly sug-
gests that spliced leaders are involved in pro-
cessing poly-cistronic units in flatworms.

Karyotype Features

Chromosome number

Platyhelminths have typical metazoan chro-
mosomes that condense during mitosis and
their genome size is such that chromosomes
are visible under the light microscope. Karyotype
analysis has therefore been undertaken in a
very wide variety of parasitic and free-living
species. Data for 230 species of trematode
have been collated (Barsiene, 1993), but no
comparable reviews are available for the other
groups. In general, platyhelminths appear to
possess a relatively small chromosome compli-
ment, ranging from n = 2 in the planarian
Polycelis auriculata (Nishitan et al., 1998) to
n = 28 in Clonorchis sinensis (Park et al., 2000),
with n < 10 as a general ‘rule’ (Barsiene, 1993)
and n = 9 most common in cestodes
(Petkeviciute, 1996).

Ploidy

Except for the gametes of sexually reproducing
species, platyhelminths are generally diploid
(2n) throughout their life cycles. However,
a vast array of ‘non-standard’ chromosome
complements have been reported, including
polyploid taxa, supernumerary chromosomes
and aneuploids.

Naturally haploid taxa have not generally
been reported. However, in the dioecous
trematode, Schistosomatium douthitti, unpaired
females regularly mature and produce eggs
that hatch and release miracidia capable of
undergoing asexual development in the snail
host to generate single sex cercariae. Karyotype
analysis reveals these to be parthenogenetic
haploids (Short and Menzel, 1959). Likewise,
Schistosoma, which is normally diploid, can
be forced into a haploid, parthenogenetic state
by experimental pairing with S. douthitti,
which provides a stimulus for reproduction but
no genetic contribution. If mice are co-infected
with male S. douthitti and female S. mansoni,
the two species pair up and the female worms
produce typical lateral-spined eggs containing
haploid embryos. These hatch to release
miracidia that can infect the snail intermediate
hosts of S. mansoni in which they give rise to
haploid sporocysts. These subsequently pro-
duce haploid, male or female cercariae, which
can infect mice. Diploidy is restored when
parthenogenetic female S. mansoni mate with
either parthenogenetic (haploid) or normal
(diploid) males of their own species. However,
if paired with male S. douthitti, they again
reproduce parthenogenetically, giving rise to
further haploid sporocysts in the snail host
(Basch and Basch, 1984). Parthenogenetic
reproduction has also been shown to occur
in both diploid and triploid Fasciola (diploid
Fasciola are normally sexual) (Agatsuma et al.,
1994a; Fletcher et al., 2004) and in triploid
Paragonimus westermani (van Herwerden
et al., 1999; Blair, 2000). In both genera
triploidy appears to have arisen on multiple
occasions. Triploid P. westermani are larger
and much more pathogenic to humans than
their diploid counterparts and so have been
a focus of study (Blair, 2000). Their origins
are disputed; some authors report that the
C-banding patterns of all copies of a particular
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chromosome are identical, suggesting
autotriploidy (Tan and Li, 1990; Terasaki et al.,
1996), whilst others report differences, suggest-
ing allotriploidy as a result of interspecific
hybridization (Hirai et al., 1985). Rare tetra-
ploids may be autotetraploids resulting from
insemination of parthenogenic triploids with
haploid gametes from sexual diploids and
appear to be capable of sexual reproduction
(Terasaki et al., 1995). Triploidy has also been
reported in one population of the digenean
Ichthyocotylurus platycephalus (Staneviciute
and Kiseliene, 2001).

Polyploidy, especially triploidy, is not
unusual in the ‘Turbellaria’ (Benazzi and
Benazzi-Lentati, 1976) and is usually associated
with asexual lineages; it has been reported in
Dugesia japonica (where triploids lack genital
organs and are presumed to be asexual
(Bessho et al., 1997)), Dugesia subtentaculata
(Roca et al., 1992), Polycelis nigra (where poly-
ploid (typically triploid) individuals are
pseudogamous parthenogens (Beukeboom
et al., 1998)) and in Crenobia alpina (where
chromosome number suggests hexaploidy but
individuals behave as functional diploids, pos-
sessing only two copies of particular chromo-
some morphologies rather than six (Van der
Linden, 1969; Roca et al., 1992)). In the
Proseriata it is suggested that gene duplication
as a result of autotetraploidy leads to genetic
diversification and speciation (Martens et al.,
1989). The most extreme polyploid state
reported to date is in the planarian Phagocata
ullala where a polyploid series of 4n = 68,
8n = 136, 10n = 170 and 14n = 238 is seen
(Roca et al., 1992; Sluys et al., 1995). The occur-
rence of polyploidy also appears to be related to
life in harsh, cold habitats (Roca et al., 1992).

Although asexual/parthenogenetic species
may be considered as evolutionary dead ends,
some are widespread and genetically diverse,
suggesting that cryptic sexuality could be
contributing to their success. The planarian
Schmidtea polychroa is a sperm-dependent,
parthenogenetic hemaphrodite in which copu-
lation and sperm exchange is needed to initi-
ate embryogenesis but where sperm do not
contribute genetic material. It has recently
been shown that limited genetic exchange
involving chromosome addition and loss

occurs in S. polychroa, resulting in up to 12%
of offspring receiving novel genetic makeups
(D’Souza et al., 2004). Such processes, no
doubt, help to explain the success of some
parthenogenetic species.

Mixoploidy, in which individuals are a
mosaic of different ploidy levels, has a func-
tional significance in several planarians. A
diploid/triploid mosaicism of somatic and
germ cells is found in Dugesia aethiopica
(Stocchino et al., 2004) whilst in polyploid
Dugesia lugubris embryonic and somatic
cells are triploid (3n = 12), male germ cells are
diploid (2n = 8) and female germ cells
are hexaploid (6n = 24) (Gremigni et al.,
1980). Regeneration studies show that diploid
male germ cells can recreate both triploid
somatic cells and hexaploid oocytes (Gremigni
et al., 1982). Certain populations of D. japon-
ica are also (3n + 2n) mixoploids, lack genital
organs and are assumed to be assexual (Bessho
et al., 1997). Mixoploidy has also been
recorded in the intramolluscan stages of the
digeneans S. mansoni, Calicophoron micro-
bothrium and Carmyerius gregarius (Hirai
and LoVerde, 1989; Ashour et al., 1995) and
in the cestode Cyathocephalus truncatus
(Petkeviciute, 1996). Its significance, if any, for
these species is unknown.

In addition to gross changes in ploidy
level, more subtle variations in chromosome
complement are also known to occur in flat-
worms. Aneuploidy, the gain of extra copies of
individual chromosomes of the normal com-
plement, or the loss of individual chromo-
somes from the normal complement, has been
described in larvae of the ORF strain of the
cestode Taenia crassiceps. Compared to the
standard 2n = 16 karyotype, the ORF strain
displays a 2n = 14 karyotype in which both
copies of chromosome 2 are missing (Smith
et al., 1972). Despite this major loss of genetic
material, ORF strain metacestodes are still
viable and can be maintained continuously by
serial inoculations in mice, although they
appear unable to infect their definitive hosts. In
the ‘turbellarian’ P. nigra, 66% of individuals
showed positive aneuploidy (Beukeboom et al.,
1998). In addition to true aneuploidy, B chro-
mosomes have also been recorded in various
platyhelminth taxa. These are supernumerary
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chromosomes that are morphologically distinct
from the normal chromosome complement.
They appear to be derived from autosomes or
sex chromosomes following intra- and inter-
specific crosses and subsequently evolve in a
manner similar to univalent sex chromosomes,
with heterochromatin formation, gene silenc-
ing and the accumulation of repetitive
sequences and transposons (Camacho et al.,
2000; Camacho, 2004). B chromosomes are
reported to occur in some 15% of eukaryote
species (Camacho, 2004) but have only been
recorded in a limited number of flatworms,
including the digeneans Trichobilharzia regenti
(2n + 1−2 B in >60% of cells in the sporocyst
stage, with female sporocysts being affected
more frequently than males) (Spakulova et al.,
2001), Ichthyocotylurus platycephalus (2n +
1-2B), Apatemon, Notocotylus, Diplodiscus
and Echinostoma (Staneviciute and Kiseliene,
2001) and the turbellarians D. aethiopica
(diploid = 2n + 0-1 B, triploid = 3n + 1-2 B)
(Stocchino et al., 2004) and Dugesia sicula (3n
+ 2-3 B) (Pala et al., 1995). Given the large
number of karyotype studies that have been
performed on flatworms, this seems a dispro-
portionately small number of recordings
(approximately 5% frequency in trematodes
(Staneviciute and Kiseliene, 2001)) and could
indicate that strong selection forces exist to
eliminate B chromosomes from the phylum.

Sex chromosomes

The vast majority of platyhelminths are her-
maphroditic. However, separate sexes/dioecy
occurs in a few, unrelated taxa amongst the
Eucestoda (Dioecotaenia, Dioecocestus,
Shipleya, Gyrocoelia) and ‘Turbellaria’
(Fecampiidae) (Zamparo et al., 2001). Mecha-
nisms of sex determination in these taxa are
not yet well understood and may vary from
taxon to taxon. Karyotype analysis in Shipleya
inermis reveals that females possess one pair of
chromosomes with heteromorphic heterochro-
matin regions that result in non-homologous/
non-pairing segments. Consequently, female
S. inermis produce two types of gametes (with
respect to heterochromatic DNA), while males
are homogametic and it is suggested that this

could provide a molecular basis for sex
determination (Rausch and Rausch, 1990).
However, an alternative hypothesis, based
on population analysis, suggests that S. iner-
mis is actually a protogynous hermaphrodite,
which can become regionally dioecious,
possibly in response to interaction with other
individuals of the same species (Didyk and
Burt, 1998). In Dioecocestus, initial evi-
dence suggests that sex is determined genet-
ically as two morphologically distinct
metacestode forms are seen, one of which
matures into male worms, the other into
female worms (Ryzhikov and Tolkacheva,
1981). In Dioecotaenia, adult worms are
morphologically distinct (Schmidt, 1969),
but mechanisms have yet to be determined.
More detailed investigations of these taxa are
clearly warranted.

True, chromosome-based sex determina-
tion and marked sexual dimorphism does
occur in the Schistosomatidae (Trematoda,
Digenea) and has been extensively studied.
The female is the heterogametic sex (ZW) and
the male homogametic (ZZ) and sex is deter-
mined at fertilization in the mammalian host,
with the asexual stages in the molluscan host
giving rise to either male or female cercariae
(Atkinson, 1980; Grossman et al., 1980,
1981a,b; Short, 1983; Barshene et al., 1989;
Spakulova et al., 1996, 1997, 2001). The schis-
tosome Z and W chromosomes are large and
distinguished by the presence of extensive,
centromeric heterochromatin blocks on the
W chromosome (Grossman et al., 1980).
Molecular studies using fluorescent in situ
hybridization (FISH) of DNA probes to schisto-
some chromosome spreads reveal both regions
of homology between Z and W, and regions of
unique, sex chromosome-specific sequence
(Hirai and LoVerde, 1995; Tanaka et al., 1995).
The only reported exception to the schisto-
some ZW system is in isolates of Heterobilharzia
americana from Louisiana, which, in contrast
to other populations of the parasite, have a
ZZ/ZWA mechanism in which the female only
has one normal chromosome 5; the other
number 5 and most of the W having fused to
form a WA chromosome (Short and Grossman,
1986; Short et al., 1987).

Detailed comparative studies of the
chromosomes of schistosomes and of their
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hermaphrodite relatives, the sanguinicolids
and spirorchids, have produced hypotheses for
the evolution of schistosome sex chromosomes
from the autosomes of hermaphrodite ances-
tors. The hermaphroditic spirorchid Spirorchis
also possesses heteromorphic chromosomes,
suggesting that ‘pre-sex’ chromosomes existed
in flatworms before the splitting away of the
lineage that lead to the Schistosomatidae with
their distinct, differentiated sex chromosomes
(Grossman et al., 1981a). It is interesting to
note that chromosomal polymorphism, sugges-
tive of sex chromosomes/sex determination
has also been reported in the digeneans
Megalodiscus temperatus (Grossman and
Cain, 1981) and Rubenstrema exasperatum
(where one copy of chromosome 1 is approxi-
mately 50% larger than the other, Mutafova
and Kanev, 1996). As there is no evidence of
dioecy in these species, it has been suggested
that heteromorphic chromosomes of hermaph-
roditic species may carry genes involved in
gonad differentiation (Grossman and Cain,
1981; Mutafova and Kanev, 1996). Current
efforts to generate and analyse the full genome
sequence of S. mansoni and S. japonicum (see
section entitled ‘Genome Sequencing’) will
reveal the composition of schistosome sex
chromosomes and autosomes and greatly facil-
itate our understanding of the evolution, and
molecular basis, of sex in these fascinating
organisms. What is already apparent from
Schistosoma is that genes relating to female
sexual differentiation are not restricted to
the W chromosome as ‘hermaphroditic’ male
S. mansoni (ZZ) showing variable degrees of
development of the female reproductive sys-
tem have been observed (Short, 1948).
Hermaphroditic female S. douthitti have also
been recorded (Short, 1951).

The existence of true sex chromosomes
in schistosomes permits the development of
methods for determining the sex of morpho-
logically indistinguishable life-cycle stages.
Being able to determine the sex of the clonal
cercarial populations that result from mono-
miracidial snail infections allows the efficient
conduct of breeding experiments and facili-
tates genetic analysis. At the gross level, simple
DNA staining and microscopy has been
used to sex cercariae in S. mansoni. Staining
with carbol fuchsin or thionin reveals two

prominent, densely staining bodies in the
nuclei of male cercariae and only one in those
from female cercariae, which allows sexing
with >80% accuracy (Raghunathan and
Bruckner, 1975). This phenomenon was ini-
tially suggested to indicate sex chromosome
inactivation/’Barr bodies’ in both sexes in a
process akin to dosage compensation-related
X inactivation in humans (Raghunathan and
Bruckner, 1975). However, it was subsequently
demonstrated that both schistosome sex chro-
mosomes contain euchromatic regions
(Grossman et al., 1980). Therefore, total inacti-
vation cannot be occurring and the biological
basis of this staining pattern remains to be
determined. The presence of a persistent hete-
rochromatin block on the W chromosome of
interphase cells of female S. mansoni does,
however, allow this feature to be stained with
conventional C-banding techniques, provid-
ing a simple, rapid and reliable marker for
female parasites (Liberatos and Short, 1983).
Despite the fact that the W chromosomes of
other Schistosoma species also contain large
amounts of heterochromatin, the technique
appears to not work for them (Liberatos and
Short, 1983). At the molecular level, several
female S. mansoni-specific DNA probes have
been reported including Sm23 (Walker et al.,
1989), D9 (Spotila et al., 1987), W1 (Webster
et al., 1989), SM alpha fem-1 and W2 tandem
repeats (Drew and Brindley, 1995). W1 is a
degenerative repeat present in more than 500
copies/female genome (Webster et al., 1989),
which maps to an euchromatic gap within the
heterochromatin block on the long arm of the
W chromosome (Hirai et al., 1993). It has been
used to develop sexing assays based on dot blot
(Penschow et al., 1993), specific PCR (Gasser
et al., 1991; Grevelding et al., 1997) and low-
stringency PCR (Dias Neto et al., 1993).
However, more recent reports indicate that
W1’s sex specificity may be restricted to partic-
ular isolates of S. mansoni (Grevelding, 1995).

Recombination frequency

The chiasma graph method (Wada and Imai,
1995) has been used to examine the frequency
and chromosomal distribution of chiasma on
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the chromosomes of three digenean flukes,
S. mansoni, S. japonicum and P. ohirai. These
studies indicate that recombination is sup-
pressed within a minimum distance of other
chiasmata, of the centromere and of the
telomere (equivalent to approximately 1.8%
of the length of the bivalent concerned).
In female schistosomes, recombination is also
known to be suppressed in the region of the
ZW bivalent corresponding to the heterochro-
matic region of the W chromosome (Hirai
et al., 1989). Outside of these distances, the
distribution of chiasmata on the chromosomes
of S. mansoni and P. ohirai is essentially uni-
form and random, and chiasma frequencies
are similar to those observed in other taxa. Up
to five interstitial chiasmata or four interstitial
chiasmata and one terminal chiasma are seen
per chromosome in S. mansoni, and up to
three interstitial chiasmata, with zero or one
terminal chiasma per chromosome in P. ohirai
(Hirai et al., 1996). In marked contrast, chi-
asma frequency in S. japonicum is over fivefold
lower and a maximum of one interstitial chi-
asma plus one terminal chiasma is seen per
chromosome (Hirai et al., 1996). These obser-
vations have been confirmed in other strains of
S. japonicum. Interstrain variation is observed,
with some strains showing increased chiasma
frequency, but this is never greater than about
50% of that seen in S. mansoni (Hirai et al.,
2000). Two other Asian schistosomes, Schist-
osoma malayensis and Schistosoma mekongi
also show reduced chiasma frequency relative
to S. mansoni, but at least in S. mekongi, mul-
tiple chiasma are seen in interstitial regions
(Hirai et al., 2000). A similar suppression of
chiasma formation has been observed during
male meiosis in the planarian Mesostoma
ehrenbergii where three pairs of chromosomes
form bivalents with a single, distant chiasma
whilst the remaining two pairs of chromo-
somes remain as unpaired univalents (Croft
and Jones, 1989). The mechanisms behind,
and true genetic effects of, such phenomena
remain to be determined.

Historically, S. japonicum has been con-
sidered to be a genetically diverse parasite
with different geographic isolates showing
variation in snail host specificity (Chiu, 1967),
pathogenicity and development (Hsu and Hsu,
1962), morphology (Sobhon et al., 1986) and

protein/isoenzyme markers (Ruff et al., 1973;
Woodruff et al., 1987). In support of these
observations, the organization of high copy
number repeat sequences and of the rRNA
gene complex appears to be variable within
and between isolates (Drew et al., 1998; van
Herwerden et al., 1998). However, contradic-
tory evidence has come from comparative
molecular analyses of Chinese and Philippine
isolates in which very little variation was seen
in marker gene sequences by RFLP and
sequence analysis or at the gross, whole
genome level by randomly amplified polymor-
phic DNA (RAPD) profiling (Bowles et al.,
1993; Qiu et al., 2002).

Telomeres

Using primed in situ hybridization techniques
(PRINS), the terminal regions of chromosomes
of the ‘turbellarian’ Polycelis tenuis and of
the schistosomes S. mansoni, S. haematobium,
S. japonicum and Schistosoma sinensium have
all been shown to possess sequences that
hybridize with the core telomere repeat
sequence TTAGGGn, suggesting that flatworm
chromosomes have typical telomeres (Hirai
and LoVerde, 1996; Joffe et al., 1996; Hirai
et al., 2000). Curiously, the telomeric repeat
was also detected in centromeric and some
interstitial regions in the African Schistosoma
species, but not in the Asian ones (Hirai et al.,
2000). The significance of this observation will
be revealed once full genome sequence
becomes available for S. mansoni and
S. japonicum (see section entitled ‘Genome
Sequencing’).

Mitochondrial Genomes

General characteristics

In addition to the nuclear (chromosomal)
genome, flatworms also possess a closed cir-
cular mitochondrial genome containing a lim-
ited repertoire of genes. Mitochondrial genes
are present in high copy numbers per cell,
facilitating molecular analysis and tend
to show higher mutation rates than nuclear
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genes. Consequently, they have been exten-
sively studied for phylogenetic purposes and to
investigate intra- and interspecific genetic vari-
ation (e.g. Qiu et al., 2002; Lockyer et al.,
2003). The higher mutation rate was long
thought to result from the combined effects of
a highly reactive chemical environment, which
promotes DNA mutation, and a lack of proof-
reading activity during mitochondrial DNA
replication by DNA polymerase (pol) gamma,
the nuclear genome-encoded polymerase
responsible for mitochondrial DNA replica-
tion. The latter argument no longer holds true
as pol gamma has now been shown to display
a high fidelity in nucleotide incorporation
combined with proofreading based on a 3′–5′
exonuclease activity (Kaguni, 2004).

In recent years numerous groups have
undertaken sequencing of platyhelminth mito-
chondrial genomes. One of the initial aims
was to identify mitochondrial genes in schisto-
somes in order to provide ‘quality control’ for
EST data-sets. However, those studies revealed
unexpected results, which have prompted a
much more extensive taxonomic coverage. At
the time of writing, complete, near complete
or significant coding region sequences are
available for 7 genera and 13 species of flat-
worm (summarized in Table 2.6), with taeniid
tapeworms and schistosomes especially well
represented.

Mitochondrial genome sequences have
been generated by a combination of direct
sequencing of short intra- and longer inter-
gene PCR products (for which conserved
primer sequences are often available) and
primer walking on cloned, long PCR products.
Transposon-mediated sequencing speeds the
process of mitochondrial genome-sequencing
although the high (A+T) content of most platy-
helminth mitochondrial genomes (McManus
et al., 2004b) appears to bias incorporation of
transposons towards vector sequence (D.A.
Johnston and A. Waeschenbach, London,
2005, unpublished data). Gene regions are ini-
tially identified by comparison with other flat-
worm sequences on the database. For
protein-coding sequences, this is coupled to
ORF analysis using the appropriate genetic
code, taking into account the potential use of
non-standard initiation and termination
sequences (see section entitled ‘Genetic

Code’). As all mitochondria-encoded proteins
are integral membrane proteins, hydrophobic-
ity plots can be used to assist in localizing the
less conserved genes (NAD3, NAD4l, NAD6)
(Le et al., 2001a). The rRNA gene sequences
are identified by homology, coupled to their
ability to form appropriate secondary struc-
tures; their ends have not been determined
experimentally. Transfer RNA (tRNA) genes are
identified by a combination of automated pre-
diction using the tRNAscan-SE server at
http://www.genetics.wustl.edu/eddy/tRNA
scan-SE/ (Lowe and Eddy, 1997), manual
inspection, homology and the ability to form
appropriate secondary structures. In some
cases it is not possible to definitively identify
the limits of tRNA genes as alternative, over-
lapping sequences fulfilling these criteria can
be identified, e.g. tRNA-cystine in S. mansoni
and S. japonicum (Le et al., 2001b).

The original publications describing the
individual mitochondrial genome sequences
provide comprehensive annotation of specific
features such as the length of gene and inferred
amino acid sequences, base composition,
codon bias, start and stop codon usage, tRNA
structure, etc. to which the interested reader is
referred (see Le et al., 2004 and Table 2.6 for
references). For those sequences which have
not been formally described in the literature,
initial annotation is provided by the original
database submissions, by curated GenBank
Genome and RefSeq entries and through the
Organellar Genome Retrieval System (OGRe)
at McMaster University (http://drake.physics.
mcmaster.ca/ogre/) (Jameson et al., 2003).
General characteristics of platyhelminth
mitochondrial genomes can be summarized as
follows:

1. They all possess a common set of genes, all
coded on the same strand. These comprise: 12
protein coding genes (three subunits of the
cytochrome c oxidase complex (COI/II/III),
seven subunits of the nicotinamide dehydroge-
nase complex (NAD1/2/3/4/4L/5/6), cytochrome
B (CytB) and ATP-synthase subunit 6 (ATP6),
two rRNA genes (12S (small) and 16S (large)),
and 22 tRNA genes (two copies of tRNA-serine
and tRNA-leucine). The only apparent excep-
tion to this is P. westermani in which a second
copy of tRNA-glycine has been predicted in
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Table 2.6. Progress in sequencing platyhelminth mitochondrial genomes.

Complete
genome/coding

Species Length region Accession and reference

Cestoda; Eucestoda; Cyclophyllidea; Taeniidae
Taenia asiatica 13,703 Yes/yes NC_004826 – K.S. Eom and H.K. Jeon 

(unpublished)
Taenia solium 13,709 Yes/yes NC_004022 – Nakao et al. (2003)
Taenia crassiceps 13,503 Yes/yes NC_002547 – Le et al. (2002)
Echinococcus multilocularis 13,738 Yes/yes NC_000928 – Nakao et al. (2002)
Echinococcus granulosus G1 genotype (sheep–dog strain) 13,588 Yes/yes AF297617 – Le et al. (2002)
Echinococcus granulosus G4 genotype (horse–dog strain) 13,598 Yes/yes AF346403 – Le et al. (2002)

Cestoda; Eucestoda; Cyclophyllidea; Hymenolepididae
Hymenolepis diminuta 13,900 Yes/yes NC_002767 – von Nickisch-Rosenegk et al.

(2001)

Trematoda; Digenea; Strigeidida; Schistosomatoidea; Schistosomatidae 
Schistosoma mansoni 14,415 No/yes NC_002545 – Le et al. (2001b)
Schistosoma japonicum 14,085 No/yes NC_002544 – Le et al. (2001b)
Schistosoma mekongi 14,072 No/yes NC_002529 – Le et al. (2001b)
Schistosoma malayensis 9,581 No/no AF295106 – Le et al. (2001b)

Trematoda; Digenea; Echinostomida; Echinostomata; Fascioloidea; Fasciolidae 
Fasciola hepatica 14,462 Yes/yes NC_002546 – Le et al. (2001a)

Trematoda; Digenea; Plagiorchiida; Troglotremata; Paragonimidae
Paragonimus westermani (triploid) 14,965 Yes/yes NC_002354 – T. Agatsuma and M. Iwagami 

(unpublished)
Paragonimus westermani (diploid) 14,244 No/no AF540958 – M. Iwagami, Y. Sato, A. Iwashita, 

T. Abe, S.J. Hong and T. Agatsuma 
(unpublished)

‘Turbellaria’; Macrostomorpha; Macrostomida; Microstomidae
Microstomum lineare 6,882 No/no AY228756 – Ruiz-Trillo et al. (2004)



both diploid and triploid forms (annotation of
two tRNA-cysteine genes in S. mansoni and S.
japonicum in some sources reflects alternate
models covering the same genomic region (Le
et al., 2001b)). In addition to the genes, there
is a D-loop/control region.
2. All platyhelminth genomes examined to
date lack the gene for ATP-synthase subunit 8,
suggesting that this is a characteristic of the
phylum, or at least of the Rhabditophora. This
gene is commonly found in metazoan mito-
chondrial genomes, but is also known to be
missing in some bivalve molluscs (Crassostrea
gigas, Mytilus edulis, Venerupis (Ruditapes)
philippinarum), some tunicates (Halocynthia
roretzi and Ciona savignyi, but interestingly
present in Ciona intestinalis), both chaetog-
naths sequenced to date (Paraspadella gotoi
and Spadella cephaloptera), one old world tree
frog (Polypedates megacephalus) and some
parasitic and free-living nematodes (Ascaris
suum, Caenorhabditis elegans, Onchocerca
volvulus, Strongyloides stercoralis, Dirofilaria
immitis, Brugia malayi, Steinernema carpocap-
sae, Ancylostoma duodenale, Necator ameri-
canus, Xiphinema americanum, Cooperia
oncophora). Whether the gene is present in
flatworm nuclear genomes has yet to be deter-
mined. Initial examination of data from the
S. mansoni genome project indicates that it has
not yet been detected in either cDNA or
genomic DNA sequences. However, because
the gene is absent from the whole phylum,
there is no good, closely matching homologue
to search the data-sets with, and it may simply
have been overlooked. Adult schistosomes liv-
ing in the venous blood system of their mam-
malian hosts have access to effectively
unlimited supplies of oxygen and glucose and
it might be expected that they would derive
most of their energy from ATP synthesized
through oxidative phosphorylation. Surprisingly,
available data suggest that in both the defini-
tive and intermediate host they are primarily
homolactic fermenters; exploiting the anaero-
bic glycolytic pathway with lactate as the main
end product, although some oxidative phos-
phorylation is also known to occur (van Oordt
et al., 1985; Tielens et al., 1992). In contrast,
both free-living stages of the life cycle utilize
aerobic metabolism (Van Oordt et al., 1989;
Tielens et al., 1992). Schistosomes must,

therefore, possess a functional ATP-synthase.
Whether it functions with or without subunit 8
awaits more detailed analysis. In the yeast
Saccharomyces cerevisiae, mutations affecting
ATP8 are not lethal, but produce a slow grow-
ing, ‘petite’ phenotype that is unable to survive
without a fermentable carbon source (Marzuki
et al., 1989).
3. None of the genes possess introns and, with
the exception of the D-loop/control region,
intergenic distances are only a few nucleotides
long. Some genes, especially tRNA genes, may
abutt and some overlap, especially ND4L and
ND4 (by up to 40 bases in all taxa examined
apart from T. solium and Echinococcus multi-
locularis) and COI and tRNA-threonine.
4. Excepting P. westermani, which has an
(A+T) content of 51.6%, all the genomes show
a significant (A+T) bias, ranging from 63.6% in
F. hepatica to 74% in T. crassiceps (McManus
et al., 2004b). Additionally, codon bias, skew
(the unequal representation of complementary
bases on a single strand) and convergence and
divergence in nucleotide and amino acid com-
position are observed across taxa (Le et al.,
2004).
5. The D-loop/control regions are non-coding
regions of the mitochondrial genomes and may
contain repeated sequences and stable stem-
loop structures involved in replication. Usually
there is a short and a long non-coding region,
separated by one or more genes. The control
regions of digeneans are generally much longer
than those of cestodes and their structure
makes them difficult to sequence through.
Hence, the majority of available digenean
sequences represent complete coding regions,
rather than complete genomes (Table 2.6). The
full size of the mitochondrial genome can be
estimated by RFLP studies. For P. westermani
these suggest an overall size of 21 kb versus 15
kb for the sequenced coding region (Agatsuma
et al., 1994b) and for F. hepatica of up to 19 kb
(Zurita et al., 1988) (although a genome of 14.5
kb has been completely sequenced (Le et al.,
2001a)). For S. mansoni considerable inter-
isolate variation is apparent, with sizes ranging
from approximately 16.5 to 24.9 kb (Despres
et al., 1991, 1993) compared to 14.4 kb for the
sequenced coding region (Le et al., 2000). The
detected polymorphism is as great between dif-
ferent African isolates as it is between African
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and South American isolates, providing evi-
dence that the introduction of S. mansoni into
the New World was a recent historical event
(likely as a result of the slave trade), rather than
an ancient one due to tectonic separation
(Despres et al., 1993). The polymorphism local-
izes to a single region, which does not
hybridize with genic probes, suggesting that it
affects the control region. A complex, tandemly
arrayed minisatellite (F21) comprising a 558
base sequence and a variable-length, subarray
of a 62 bp repeat motif (effectively forming a
nested variable number of tandem repeat
(VNTR) polymorphism) has since been identi-
fied in the S. mansoni mitochondrial genome
(Pena et al., 1995) and is a likely cause of the
polymorphism. Both the 62-base sequence and
parts of the 558-base sequence are also found
in the SM750 repeat found in the nuclear
genome (Spotila et al., 1991) and the relative
organization of the two versions suggests either
that the element has moved from nuclear to
mitochondrial genome (a vanishingly rare
occurrence in nature) or that both genomes
acquired it simultaneously from a mobile ele-
ment (Pena et al., 1995).
6. Mitochondrial genome sequence is available
for two different populations of both P. wester-
mani and E. granulosus. For P. westermani, both
diploid (sexual) and triploid (parthenogenetic)
forms have been sequenced (T. Agutsuma,
M. Iwagami, Y. Sato, A. Iwashita, T. Abe and S.-J.
Hong, unpublished; sequence accessions
AF540958 (2n), NC_002354/AF219379 (3n)).
Gene order is identical in the two sequences
and, apart from a 163-base deletion in the short
non-coding region of the triploid, the sequences
are very highly conserved (99% at the
nucleotide level across the whole genome,
99.5% at the amino acid level in the protein
coding regions), suggesting a recent divergence.
In contrast, the mitochondrial genomes of the
G1 (sheep–dog) and G4 (horse–dog) strains of
E. granulosus are almost as different from each
other (12% divergence at both DNA and amino
acid levels in protein coding regions) as each is
from E. multilocularis (13–15% divergence at
DNA level, 12–14% at amino acid level). This
supports suggestions that the G1 and G4 geno-
types should be designated as separate species
(Bowles et al., 1995; Thompson et al., 1995;
Le et al., 2002).

Gene order

Perhaps the most unexpected finding from
these studies concerns the relative positions of
genes within the mitochondrial genome.
Mitochondrial gene order is generally regarded
as a highly stable characteristic, conserved
across large phylogenetic distances and appro-
priate to use in investigations of deep phylo-
genies (Boore, 1999; Saccone et al., 2002).
When the mitochondrial genomes of flat-
worms are compared, gene order is seen to be
very highly conserved across all the cestode
species together with F. hepatica, P. wester-
mani and the Asian Schistosoma species
(Fig. 2.2). The order of the 12-protein coding
genes plus the two rRNA genes is completely
conserved across all these taxa, with only
minor rearrangements of a few tRNA genes
and of the two non-coding regions seen; these
largely occurring at the cestode–trematode
‘divide’. However, complex, large-scale gene
rearrangements (which also involve protein
coding genes) are observed between the Asian
Schistosoma species and S. mansoni, an
African species. The fact that Asian Schistosoma
species possess a ‘conserved neodermatan’
gene order, whilst an African Schistosoma
species has a highly derived gene order pro-
vides further evidence that the genus origi-
nated in Asia and subsequently spread to
Africa (Hirai et al., 2000; Snyder and Loker,
2000; Agatsuma, 2003; Lockyer et al., 2003).
This recent hypothesis reverses the long
accepted idea that Schistosoma originated in
Africa and spread to Asia (Davis, 1980, 1992).
Work is currently underway to sequence mito-
chondrial genomes from a variety of other flat-
worm taxa (D.T.J. Littlewood, London, 2005,
personal communication). These include:
(i) S. haematobium, Schistosoma incognitum,
Schistosoma spindale, Schistosoma guiniensis
and Orientobilharzia turkestanicum (which
molecular phylogenetic analysis places within
the genus Schistosoma, Snyder and Loker,
2000) in order to map gene order rearrange-
ments on to an extensive and robust phylogeny
(Lockyer et al., 2003) and thus identify how
and when they occurred during the radiation
from Asia and (ii) representatives of other major
flatworm groups including the ‘Turbellaria’
(Bdelloura candida, Pseudostylochus inter-
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medius), Cestoda (Gigantolina magna, Caryo-
phyllaeus laticeps) and Monogenea (Dicli-
dophora denticulata, Dictyocotyle coeliaca) in
order to examine gene order variation across
the phylum. A partial sequence is already
available for Microstomum lineare and indi-
cates that gene order is not at all conserved
between the parasitic Neodermata and the
free-living ‘Turbellaria’ (Ruiz-Trillo et al.,
2004).

The small scale, localized swapping of
gene order, seen (i) with tRNA-Ser and tRNA-
Leu between H. diminuta and the other ces-
todes; (ii) with tRNA-Glu and the small
non-coding region and with tRNA-Gly and the
large non-coding region between F. hepatica
and P. westermani; and (iii) with tRNA-Tyr and
tRNA-Leu and with tRNA-Leu and the large
non-coding region between S. japonicum and
S. mekongi (Fig. 2.2) cannot be explained by
simple inversion of a segment of the mito-
chondrial genome. In all of the platyhelminth
mitochondrial genomes examined to date, all
of the genes always occur on the same strand
and inversions would produce strand switch-
ing. Consequently other mechanisms must be
responsible. All platyhelminth mitochondrial
genomes examined to date posses two copies
of the serine and leucine tRNA genes and, in
the majority of cases, both tRNA-Leu genes
and one of the tRNA-Ser genes lie between, or
immediately adjacent to, the non-coding
regions. With very few exceptions, gene order
rearrangements also affect sequences in these
areas. It is tempting to speculate that mutation
or duplication events involving the ‘redun-
dant’, multi-copy tRNA-Ser and tRNA-Leu
genes could allow new tRNA specificities to
arise, which are then moved around the mito-
chondrial genome by recombination events
associated with repeat sequences in the non-
coding regions. It is therefore interesting to
note that the reported extra copy of tRNA-Gly
in P. westermani also lies next to the larger of
the non-coding regions.

Genetic code

Reassignment of the platyhelminth mitochon-
drial genetic code from the standard inverte-

brate mitochondrial code (GenBank code 5:
ftp://ftp.ncbi.nih.gov/entrez/misc/data/gc.prt) is
based on analysis of patterns of codon usage at
conserved positions in mitochondrial DNA-
encoded protein coding genes (primarily
COX1); i.e. the observation of novel codons at
positions that are known to represent highly
conserved amino acids across sequences from
other organisms, or as a result of intraspecific
sequence variation, coupled with the lack of
use of that codon at conserved positions,
which code for the amino acid stipulated by
the standard code. For stop codons, reassign-
ment results from the presence of standard-
code stop codons in the middle of known
coding sequences and the occurrence of novel
codons at conserved ends of coding regions.
However, this approach is only as reliable as
the sampling density that identifies the con-
served positions and the range of amino acids
occurring at them. Moreover, it fails to con-
sider the possibility that conservative amino
acid substitutions, which might have minimal
impact on protein function, could have
occurred. A more sophisticated analysis
method, which weights the probability of code
change with respect to known amino acid
change/substitution preferences derived from
empirical data (protein alignment matrices) has
therefore been developed (Telford et al., 2000).
Multiple versions of the platyhelminth mito-
chondrial genetic code have been proposed
and are summarized in Table 2.7. Currently
GenBank lists three different genetic codes for
the Platyhelminthes, codes 9, 14 and 21
(ftp://ftp.ncbi.nih.gov/entrez/misc/data/gc.prt).
Of the approximately 2100 platyhelminth
mitochondrial sequences on the database,
1800 have a genetic code assigned to them
(the remainder comprise 12S or 16S rRNA
gene sequences, tRNA genes, non-coding
region sequences or putative nuclear pseudo-
genes). Code 9 (Telford et al., 2000) is speci-
fied by the vast majority of entries (92%) and
has been used to define a major clade within
the flatworms, the Rhabditophora, which com-
prises the majority of the free-living turbellar-
ian taxa together with the parasitic Neodermata,
but excludes three classes of turbellarian flat-
worm, the Acoela, Catenulida and Nemerto-
dermatida. Code 14 is still retained by 8% of
entries as GenBank curation staff report that
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Fig. 2.2. Diagrammatic Representation of Mitochondrial Gene Orders in Parasitic Flatworms.
The orders of genes around the circular mitochondrial genomes of parasitic platyhelminths are shown in
vertical columns. Protein-coding and rRNA genes are shown with grey shading and bold text. White text
with black shading indicates gene order rearrangements between adjacent sequences. The Schistosoma
mansoni data are shown unlinked to the other species because it shows very significant rearrangements;
black boxes around subsets of the S. mansoni genes indicate localized regions of gene order
conservation with Asian Schistosoma species. Abbreviations: COX1/2/3 = Cytochrome c oxidase complex
subunits one, two and three; ND1/2/3/4/4L/5/6 = nicotinamide dehydrogenase complex subunits one, two,
three, four, four-L five, six; CYTB = cytochrome B; ATP6 = ATP-synthase subunit six; s-rRNA = 12S rRNA
(small subunit); l-rRNA = 16S rRNA (large subunit); NCR1 = small non-coding region; NCR2 = large non-
coding region; nd = not determined (note also that the Schistosoma malayensis sequence represents a
partial coding region); H. dim = Hymenolepis diminuta; T. asia = Taenia asiatica; T. sol = Taenia solium ;
T. cras = Taenia crassiceps; E. multi = Echinococcus multilocularis; E. gran G1/G4 = Echinococcus
granulosus genotypes G1/G4; F. hep = Fasciola hepatica; P. west 2N/3N = Paragonimus westermani
diploid/triploid; S. jap = Schistosoma japonicum; S. malay = Schistosoma malayensis; S. mek =
Schistosoma mekongi ; S. man = Schistosoma mansoni.

test translations of these sequences using code
9 can cause premature termination. However,
of the 59 source species from 37 genera that
retain code 14, 16 species from six genera also
have database entries that use code 9. Code 21
is no longer used by any platyhelminth
sequences, but is retained on the GenBank list-
ing. Code 5 is reported for one Clonorchis
(digenean) COX1 sequence, which has an
identical ORF under codes 9 and 5, and for 13
acoel and catenulid sequences. The Acoela,
together with the Nemertodermatida, have
recently been removed from the Platyhelminthes
on the basis of evidence from phylogenetic
sequence analysis (Ruiz-Trillo et al., 1999,
2002; Telford et al., 2003), mitochondrial gene
order (Ruiz-Trillo et al., 2004) and mitochon-
drial genetic code (Telford et al., 2000), and
the catenulids are basal to the code 9-using
Rhabditophora in the platyhelminth tree
(Telford et al., 2003). Direct experimental ver-
ification of platyhelminth genetic codes awaits
the application of proteomic analysis to mito-
chondrial membrane fractions.

The abbreviated stop codon T has been
proposed for two cestode mitochondrial genes:
H. diminuta COX1 (von Nickisch-Rosenegk
et al., 2001) and T. solium ND1 gene (Nakao
et al., 2003); and for COX1 in the free-living
Rhabditophoran M. lineare (Ruiz-Trillo et al.,
2004). It is suggested that post-transcriptional
polyadenylation converts this to a full TAA stop
codon and for T. solium ND1, 3′-RACE analy-
sis has confirmed this suggestion (Nakao et al.,
2003).

Maternal inheritance

The S. mansoni mitochondrial microsatellite
(Pena et al., 1995) is highly polymorphic, both
within and between strains, and has been used
as a marker for breeding experiments (Minchella
et al., 1994). These appear to show a predom-
inantly maternal pattern of inheritance, with
the appearance of occasional, non-maternal
bands, consistent with the generally accepted
notion of maternal inheritance of mitochondria
(Minchella et al., 1994). However, subsequent
experiments by other groups were interpreted
as suggesting biparental mitochondrial inheri-
tance (Jannotti-Passos et al., 2001) and so the
issue has been re-examined. Monomiracidial
snail infections were generated and the result-
ing (theoretically clonal) cercariae crossed,
grown to maturity and then typed to determine
their mitochondrial SM750 haplotype. Eggs from
these crosses were then also used to establish a
multi-miracidial F1 population. Haplotypes
were visualized as multi-band profiles that
revealed the number of copies of the 62-base
repeat in the different units of the tandem array
(Pena et al., 1995). Within a theoretically
clonal, single-sex population, all individuals
shared a core pattern of bands, but 34–53%
also displayed novel bands, indicating that a
high mutation rate was generating multiple, non-
maternal haplotypes. Importantly, a subset of the
new female haplotypes (18–30%) matched
paternal haplotypes by chance and thus the
female worm population contained individuals
who would pass on a haplotype, which could be



Table 2.7. Platyhelminth mitochondrial genetic code assignment.

Genetic code Codon identity Derivation Reference Comments

GenBank Code 1:
standard code

– –

GenBank Code 5: COX1 from catenulid Telford et al. (2000)
invertebrate flatworms and
mitochondrial Acoelomorpha
code Partial mitochondrial Ruiz-Trillo et al. Truncated T and TA  

genomes of two (2004) stop codons 
Acoelomorpha proposed

GenBank Code 9: Unification of: Telford et al. (2000) No evidence found to
Rhabditophora (1) COX1 from 24 confirm TAA as
mitochondrial species in 10 Tyrosine (Y)
code Rhabditophoran

classes
(2) Code 14

GenBank Code 14: Unification of: Bessho et al. (1992) (1) AAA incorrectly
alternative (1) Dugesia japonica abbreviated as Asp 
platyhelminth COX1, from multiple (= Aspartic Acid, D)
mitochondrial isolates showing rather than Asn
code sequence variation (= asparagine, N) in

(2) Code 21 original paper 
(2) Only canonical ATG 

(Methionine) assigned 
as start

AAs = FFLLSSSSYY**CCWWLLLLPPPPHHQQRRRRIIMMTTTTNNKKSSSSVVVVAAAADDEEGGGG
Starts = ---i----------------------------iiii---------------i------------

Starts = --------------------------------i-ii------------i---------------

Base1 = TTTTTTTTTTTTTTTTCCCCCCCCCCCCCCCCAAAAAAAAAAAAAAAAGGGGGGGGGGGGGGGG
Base2 = TTTTCCCCAAAAGGGGTTTTCCCCAAAAGGGGTTTTCCCCAAAAGGGGTTTTCCCCAAAAGGGG
Base3 = TCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAG

AAs = FFLLSSSSYY**CC*WLLLLPPPPHHQQRRRRIIIMTTTTNNKKSSRRVVVVAAAADDEEGGGG
Starts = ---i---------------i---------------i----------------------------

AAs = FFLLSSSSYY**CCWWLLLLPPPPHHQQRRRRIIIMTTTTNNNKSSSSVVVVAAAADDEEGGGG
Starts = -----------------------------------i---------------i------------

AAs = FFLLSSSSYYY*CCWWLLLLPPPPHHQQRRRRIIIMTTTTNNNKSSSSVVVVAAAADDEEGGGG
Starts = -----------------------------------i----------------------------



GenBank Code 21: Fasciola hepatica Unification of data –
Trematode ND1, ND3, COX1 from the following
mitochondrial two sources, below:
code Fasciola hepatica Garey and ATA = methionone is

ND1, ND3, COX1 Wolstenholme proposed but not 
(1989) confirmed 

experimentally 
Fasciola hepatica Ohama et al. (1990) Re-examination of

ND1, COX1 sequences from (Garey
and Wolstenholme, 
1989)

Cestode COX1, ND2, ND4, Nakao et al. (2000; No evidence found to
mitochondrial ATP6 from eight 2003) confirm TAA as
code species of cestode Tyrosine (Y)

Adapted from: http://www.ncbi.nlm.nih.gov/Taxonomy and primary literature.

AAs = --------------W-------------------M-------N---SS----------------
Starts = -----------------------------------i---------------i------------

AAs = --------------W-------------------M-----------SS----------------
Starts = -----------------------------------i---------------i------------

AAs = ------------------------------------------N---------------------

AAs = FFLLSSSSYY**CCWWLLLLPPPPHHQQRRRRIIIMTTTTNNNKSSSSVVVVAAAADDEEGGGG
Starts = -----------------------------------i---------------i------------

http://www.ncbi.nlm.nih.gov/Taxonomy


misinterpreted as being of paternal origin
(Bieberich and Minchella, 2001).

Flatworm Genomics

Rationale

Largely as a result of the competition between
the public and private consortia to sequence
the human genome, the past decade and a half
has witnessed huge advances in DNA sequ-
encing, laboratory automation and scientific
computing technologies as well as dramatic
increases in the capacity of the publicly funded
sequencing centres. Over the same period, the
cost of acquiring and exploiting these tech-
nologies has also fallen significantly and auto-
mated DNA sequencers are now common
place. Consequently, it is now possible to rap-
idly acquire an amount of genomic information
for any organism deemed worthy of the effort
through laboratory, institutional or collabora-
tive efforts.

As a general rule, parasitic platyhelminths
are amongst the least tractable of experimen-
tal systems to work with. Compared to tradi-
tional ‘model organisms’ like Drosophila or
Caenorhabditis: (i) they can be difficult or
impossible to maintain in the laboratory, either
in vitro or in vivo, with complex and protracted
developmental cycles that yield limited
amounts of biological material; (ii) they rarely
exist as clonal populations/defined strains with
well-characterized variation in morphology,
biochemistry, behaviour, development, etc.;
(iii) complexities of the life cycle make genetic
analysis very hard, if it is even possible; and (iv)
they have limited potential for experimental
manipulation. Consequently, as organisms of
choice for genome analysis, parasitic platy-
helminths fall well short of the conventional
benchmarks. However, as reviewed elsewhere
(see Chapters 12, 15 and 16, this volume), our
choices for current and short-term future, phar-
macological or immunological intervention
strategies for the major biomedical species are
very limited. What if resistance to praziquantel
develops? What if current vaccine candidates
fail to deliver? As parasitic platyhelminths
cannot be obtained in the kinds of numbers

required for mass screening studies, rational
drug and vaccine design strategies based on a
sound understanding, of how they develop,
survive and reproduce in their different hosts,
of parasite–parasite and host–parasite interac-
tions and of the factors, which determine path-
ogenicity, drug resistance, antigenic variation
and behaviour, will provide the best prospect
for identifying new therapeutic approaches.
The genome is the ‘blueprint’ for all of these
characteristics, and gene discovery and
genome sequencing efforts will reveal them.
Projects have already been reported, or are cur-
rently underway, for both parasitic and free-liv-
ing flatworms, which should all be regarded as
‘works in progress’. Currently, the most
advanced projects involve Schistosoma spp. for
which progress has regularly been reported and
reviewed in the scientific literature (Franco
et al., 1995, 1997, 2000; Hirai and LoVerde,
1995; Tanaka et al., 1995, 1997; Dias Neto
et al., 1996; Rabelo et al., 1997; Fan et al.,
1998; Zouain et al., 1998; Johnston et al.,
1999; Rollinson and Johnston, 1999; Williams
and Johnston, 1999; Le Paslier et al., 2000;
Oliveira and Johnston, 2001; Foster and
Johnston, 2002; Prosdocimi et al., 2002;
Hoffmann and Dunne, 2003; Hu et al., 2003;
Merrick et al., 2003; Verjovski-Almeida et al.,
2003; El-Sayed et al., 2004; LoVerde et al.,
2004; McManus et al., 2004a,b) and in reports
from annual meetings of the Schistosome
Genome Network (http://www.nhm.ac.uk/
hosted_sites/schisto/network). It is not proposed
to revisit already well-worked territory, rather to
give some pointers to some general lessons
learned and methods exploited to help design
future projects on other flatworm species. Of
course, each new genome will have its own
unique characteristics that will throw up
equally unique challenges to be overcome.

Gene discovery and transcriptome 
analysis

ESTs are partial cDNA sequences generated
by single pass, end-sequencing of randomly
selected cDNA clones that are assigned a puta-
tive identity by comparison with the sequence
databases (Adams et al., 1991). They provide
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a quick and cheap means of cataloging the
genes expressed in the biological source of
the mRNA from which the cDNA library was
constructed. For flatworms, where the solid
body plan means that individual organs can-
not be isolated, this tends to mean the whole
body at different developmental stages, or in
response to specific experimental manipula-
tions, although with larger specimens at least
partial enrichment for particular body areas is
possible (Mineta et al., 2003). Near-complete
gene catalogues for both S. mansoni and
S. japonicum have recently been reported (Hu
et al., 2003; Verjovski-Almeida et al., 2003)
and reveal that schistosomes possess most,
if not all, of the physiological and cellular
systems seen in higher animals. However,
35–55% of schistosome EST sequences match
nothing on the public databases and their
functions remain unknown. As the databases
are populated largely by deuterostome and
ecdysozoan sequences (Table 2.2), it is tempt-
ing to think that a large, clade-specific gene
complement awaits characterization. These
data are reviewed elsewhere (Chapter 6, this
volume).

For Schistosoma, transcriptome analysis
was initially restricted to developmental stages
for which meaningful quantities of biological
material were available for cDNA library con-
struction. Novel methods have been devel-
oped for Schistosoma gene discovery, which
use arbitrarily primed reverse transcriptase
PCR to generate cDNA (Dias Neto et al., 1996,
1997). These have been refined as the
ORESTES (open reading frame EST) method of
gene discovery (de Souza et al., 2000), which
has since been widely exploited for gene dis-
covery in many systems including S. mansoni
(Verjovski-Almeida et al., 2003). It has the twin
advantages of allowing cDNA analysis from
minute quantities of biological material, allow-
ing the transcriptome of the S. mansoni germ
ball to be investigated for the first time
(Verjovski-Almeida et al., 2003), and of prefer-
entially targeting the middle of open reading
frames (de Souza et al., 2000), to complement
conventional 5′ and 3′ EST sequences and to
increase the coverage of individual cDNAs by
clustering. This is particularly valuable for pro-
teomics where the identification of proteins
from their peptide mass fingerprints requires

long cDNA sequences to match against
(Ashton et al., 2001).

EST data-sets have also been generated for
other flatworms including approximately 9700
sequences for E. granulosus (C. Fernandez and
R.M. Maizels, unpublished data, available
from http://www.ncbi.nlm.nih.gov/dbEST/),
6400 for D. japonica (Mineta et al., 2003),
4500 for the planarian Schmidtea mediter-
ranea (Sanchez Alvarado et al., 2002) and sev-
eral thousand for the macrostomid turbellarian
Macrostomum (V. Hartenstein, UCLA, unpub-
lished data). Projects are currently underway
for S. haematobium, F. hepatica and F. gigan-
tica (D.A. Johnston, London, 2005, unpublished
data, sequences available by anonymous
FTP from ftp.sanger.ac.uk/pub/databases/
Trematode/) and for further sequences from
E. granulosus and E. multilocularis (http://www.
sanger.ac.uk/Projects/Echinococcus/). Taken
together, these EST data-sets will allow com-
parative genomic analyses to be undertaken
additively across several biologically signifi-
cant ranges. Schistosoma spp. and Fasciola
spp. represent averagely derived members of
the digenean orders Strigeidida and Plagior-
chiida, respectively, so comparative analysis
between them will reasonably reflect gene
diversity across the Digenea. Comparisons of
these taxa with Echinococcus sp., a highly
derived Cyclophyllidean cestode, will then
encompass diversity across the parasitic
Neodermata and possibly identify targets for
pan-helminthic therapeutics. S. mediterranea,
and D. japonica as triclad flatworms, fall
within the sister clade to the Neodermata, so
comparisons between them and the parasitic
taxa may provide fundamental insights into the
molecular basis of parasitism within the phy-
lum. Finally, Macrostomum represents a ‘prim-
itive’, early branching flatworm lineage
allowing comparisons across the entire phy-
lum (Chapter 1, this volume).

What is clear from all these EST initiatives
is that the scientific impact of generating a few
thousand sequences for a new species signifi-
cantly outweighs the relatively small amount
of time, effort and finance required to do it.
It provides a dramatic stimulus to the re-
search community – by revealing novel genes
to work on, by identifying genes that had long
been sought by other means and by providing
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probes or sequences to use to search for gene
homologues in other taxa. Even with approxi-
mately 50% of flatworm EST sequences uniden-
tified by database homology searches such
data can also immediately be exploited for
functional studies through the fabrication of
small scale cDNA microarrays in order to
analyse expression profiles and reveal yet
more research opportunities (Hoffmann et al.,
2002; Nakazawa et al., 2003; Fitzpatrick
et al., 2004).

Reliable gene prediction from genomic
sequence requires an extensive training set of
full length cDNA sequences to map on to the
sequence and develop robust gene models
from. Therefore, whilst EST projects provide
valuable data-sets for new taxa, if genome
sequencing is an ultimate goal, efforts
also need to be directed towards full sequenc-
ing of full-length cDNA clones or to generating
full-length cDNA sequences through 5′- and
3′-RACE methods.

Physical mapping

The physical map of a genome is an organized
‘tile path’ of clones, which cover the entire
genome in known order and with minimum
overlap. It thus provides a resource to facilitate
full sequencing and assembly of a genome.
Numerous methods are available to identify
clone overlaps in large fragment genomic
DNA libraries and these have been success-
fully exploited in different parasite genome
projects, including cosmid fingerprint map-
ping in Leishmania (Ivens et al., 1998) and
PCR-pool mapping in Plasmodium (Dame
et al., 1996). To date, the only flatworm for
which physical mapping has been attempted is
S. mansoni where a ‘map as you go’ approach
was tested in the initial phases of genome
sequencing (El-Sayed et al., 2004). This
involved first designing PCR primers to amplify
the end sequence of a selected seed clone
from a BAC library (Le Paslier et al., 2000) and
using the resulting PCR product to screen BAC
library filters and identify overlapping BAC
clones, then designing PCR primers for the end
sequences of each of the overlapping BAC
clones and testing these against all the other

identified clones to identify the one which rep-
resents minimal overlap and maximum contig
extension. The cycle is then repeated using the
new contig end to generate a new PCR probe
and so walk out from the seed point. This
approach needs the ends of the cloned frag-
ments to be unique and evenly distributed
across the genome. Unfortunately, the restric-
tion enzyme, which had been used for S. man-
soni BAC library construction, cut within a
previously unidentified, large, highly abun-
dant, dispersed repeat element. Consequently,
this sequence was significantly over repre-
sented in the BAC ends and mapping yielded
many false positives, which had to be elimi-
nated by extensive testing. It rapidly became
apparent that the approach was not in the least
cost-effective (at least with the available library
resources) and was soon abandoned in favour
of diverting the funding into a whole genome
shotgun (WGS) sequencing effort. Any future
physical mapping initiatives for other taxa
should certainly involve significant efforts to
identify and characterize repetitive elements
and to fully sequence some large insert
genomic clones to analyse repeat distribution
and genomic structure in order to optimize
mapping strategies.

Chromosome mapping

A chromosome map is a collection of refer-
ence markers, which have been assigned to
specific chromosomal locations across the
karyotype and thus serve to anchor and orien-
tate both physical maps and assembled
genome sequences. Procedures for flatworm
chromosome preparation are long establ-
ished (Lamatsch et al., 1998) and have been
refined to allow probe localization by light
microscopy using FISH and PRINS (Hirai and
LoVerde, 1995; Tanaka et al., 1995; Batistoni
et al., 1998; Imai et al., 1999). Such methods
are technically demanding and laborious to
conduct, but as flatworm chromosomes are too
large to be separated by pulse field elec-
trophoresis, and, in general, too small to be
separated by flow cytometry, this remains the
only viable method for mapping sequences
on to the karyotype. Such analyses would be
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greatly facilitated by the availability of flat-
worm cell lines, which could provide a rou-
tine, reliable source of mitotic cells. However,
with the noticeable exception of established,
putative germ cell cell lines from E. multilocu-
laris (Furuya, 1991) and E. granulosus (Liu
et al., 1998), this remains something of a ‘Holy
Grail’ for the flatworm community (Bayne
et al., 1994; Bayne, 1998). Such resources
would also hugely facilitate the development
of RNA interference and transfection systems
(Chapters 7 and 22, this volume).

Genome sequencing

As the initial round of genome projects for
selected ‘model organisms’ reach completion,
the genome centres have been able to release
sequencing capacity for use on other projects
and the funding agencies have begun to
allocate funding for genomic analyses on
a wider diversity of (neglected) taxa including
flatworms (http://www.genome.gov/ 10002154).
As of March 2005, three flatworm genome
sequencing projects are underway: (i) a 8–10x
genome coverage WGS project for S. mansoni
being performed jointly by The Institute for
Genomic Research (http://www.tigr.org/tdb/
e2k1/sma1/) and at The Wellcome Trust Sanger
Institute (http://www.sanger.ac.uk/Projects/
S_mansoni/); (ii) a 6x WGS project for S. japon-
icum at The Chinese National Human Genome
Center in Shanghai (http://schistosoma.chgc.
sh.cn); and (iii) a 6–8x WGS project for the
planarian S. mediterranea at  the Genome
Sequencing Center of Washington University (St.
Louis) (ftp://genome.wustl.edu/pub/seqmgr/
planarian/). The Schistosoma projects are end-
sequencing from libraries that have been
generated from size-selected, randomly
sheared genomic DNA to try to minimize the
problems of bias associated with repetitive
DNA in restriction-based libraries, and to pro-
vide scaffolding information for assembly pur-
poses; the assembly algorithms take into
account the fact that sequences from either
end of an individual cloned insert are paired,
are oriented in opposite directions and are
located a (roughly) known distance apart in the
genome. The main sequencing phase of the

Schistosoma projects is nearing completion
and initial assembly attempts are underway.
For S. mansoni, these already suggest that
more, large-scale scaffolding information is
needed to link together thousands of small
contigs that possess repeat sequences at either
end. End-sequencing of 38–42 kb inserts in
fosmid libraries and of 130 kb BAC clones
from a new BAC library is currently underway
to provide this additional information (M.
Quail, Wellcome Trust Sanger Institute,
Hinxton, 2005, personal communication).
Even a early draft genome assembly can pro-
vide valuable scientific data and an auto-anno-
tated database of the S. mansoni data has
already been released (http://www. genedb.org/
genedb/smansoni/). Ultimately it is hoped that
resources will become available to allow pro-
teomic, microarray, comparative EST, literature
and community-based annotation data to be
integrated with the genome assembly data to
provide a ‘one stop’ curated reference system.

None of the three flatworm WGS proj-
ects has yet secured funding for genome clo-
sure, the highly labour-intensive (and thus
slow and costly) process of using PCR to
amplify across the large number of individ-
ual, small gaps that will be present in the
completed assembly and sequencing the
PCR products to fill in those gaps. Only when
robust assemblies are in place will decisions
be made as to the scientific need for, and
cost-effectiveness of, closure.

Concluding Remarks

A review of platyhelminth genomes written
just 10 years ago would have painted a very
different picture to the one which we can write
today and we would never then have predicted
that we would be in the position that we cur-
rently find ourselves in, with full genome
sequencing projects underway for several flat-
worm species. Even if one’s scientific interest
falls outside the currently targeted species,
these efforts should not just be viewed as
‘stamp collecting’; they are revealing funda-
mental information of potential interest and
value to the entire flatworm research commu-
nity. Moreover, the methods of analysis are

http://www.genedb.org/genedb/smansoni/
http://www.genedb.org/genedb/smansoni/
http://www.tigr.org/tdb/e2k1/sma1/
http://www.tigr.org/tdb/e2k1/sma1/
http://www.sanger.ac.uk/Projects/S_mansoni/
http://www.sanger.ac.uk/Projects/S_mansoni/
http://schistosoma.chgc.sh.cn
http://schistosoma.chgc.sh.cn
http://www.genome.gov/10002154
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transferable across taxa. Given the ever-falling
costs of high-throughput sequencing and the
lessons that have been learned from the cur-
rent projects, there is no reason why, with suf-
ficient community support and collaboration
to justify the efforts, a similar review under-
taken 10 years from now should not chronicle
even more dramatic advances across a broader
range of flatworm taxa. We will all be scientif-
ically richer for it.

Acknowledgements

This chapter is dedicated to all members of the
Schistosome Genome Network, past and pres-
ent, and to WHO-TDR, without whose com-
bined vision and willingness to collaborate for
the common good, we would not be where we
are today, and to the funding agencies and
sequencing centres for having the faith to turn
that vision into reality.

References

Abbasi, I., Branzburg, A., Campos-Ponce, M., Abdel Hafez, S.K., Raoul, F., Craig, P.S. and Hamburger, J.
(2003) Copro-diagnosis of Echinococcus granulosus infection in dogs by amplification of a newly
identified repeated DNA sequence. American Journal of Tropical Medicine and Hygiene 69,
324–330.

Adams, M.D., Kelley, J.M., Gocayne, J.D., Dubnick, M., Polymeropoulos, M.H., Xiao, H., Merril, C.R., Wu, A.,
Olde, B. and Moreno, R.F. (1991) Complementary DNA sequencing: expressed sequence tags and human
genome project. Science 252, 1651–1656.

Adoutte, A., Balavoine, G., Lartillot, N., Lespinet, O., Prudhomme, B. and de Rosa, R. (2000) The new ani-
mal phylogeny: reliability and implications. Proceedings of the National Academy of Sciences USA 97,
4453–4456.

Agatsuma, T. (2003) Origin and evolution of Schistosoma japonicum. Parasitology International 52, 335–340.
Agatsuma, T., Terasaki, K., Yang, L. and Blair, D. (1994a) Genetic variation in the triploids of Japanese

Fasciola species, and relationships with other species in the genus. Journal of Helminthology 68,
181–186.

Agatsuma, T., Yang, L., Kim, D. and Yonekawa, H. (1994b) Mitochondrial DNA differentiation of Japanese
diploid and triploid Paragonimus westermani. Journal of Helminthology 68, 7–11.

Ashour, A.A., Hassan, N.H., Ibrahim, A.M. and el-Kabbany, A.I. (1995) The karyotypes of Calicophoron micro-
bothrium and Carmyerius gregarius from Egyptian ruminants. Journal of Helminthology 69, 107–111.

Ashton, P.D., Curwen, R.S. and Wilson, R.A. (2001) Linking proteome and genome: how to identify parasite
proteins. Trends in Parasitology 17, 198–202.

Atkinson, K.H. (1980) Chromosome analysis of Schistosoma rodhaini (Trematoda: Schistosomatidae).
Canadian Journal of Genetics and Cytology 22, 143–147.

Bae, Y.A. and Kong, Y. (2003a) Divergent long-terminal-repeat retrotransposon families in the genome of
Paragonimus westermani. Korean Journal of Parasitology 41, 221–231.

Bae, Y.A. and Kong, Y. (2003b) Evolutionary course of Csrn1 long-terminal-repeat retrotransposon and its het-
erogeneous integrations into the genome of the liver fluke, Clonorchis sinensis. Korean Journal of
Parasitology 41, 209–219.

Bae, Y.A., Moon, S.Y., Kong, Y., Cho, S.Y. and Rhyu, M.G. (2001) Csrn1, a novel active retrotransposon in a
parasitic trematode, Clonorchis sinensis, discloses a new phylogenetic clade of Ty3/gypsy-like LTR retro-
transposons. Molecular Biology and Evolution 18, 1474–1483.

Baguñà, J. and Riutort, M. (2004) The dawn of bilaterian animals: the case of acoelomorph flatworms.
Bioessays 26, 1046–1057.

Barshene, V., Staniavichiute, G.I. and Orlovskaia, O.M. (1989) Karyologic research on trematodes of the fam-
ily Schistosomatidae from northwestern Chukota. Parazitologiia 23, 496–503.

Barsiene, J.V. (1993) The chromosome sets of trematodes. Parazitologiia 27, 336–353.
Basch, P.F. (1991) Schistosomes: Development, Reproduction, and Host Relations, 1st edn. Oxford University

Press, Oxford, UK.
Basch, P.F. and Basch, N. (1984) Intergeneric reproductive stimulation and parthenogenesis in Schistosoma

mansoni. Parasitology 89, 369–376.
Batistoni, R., Filippi, C., Salvetti, A., Cardelli, M. and Deri, P. (1998) Repeated DNA elements in planarians

of the Dugesia gonocephala group (Platyhelminthes, Tricladida). Hydrobiologia 383, 139–146.



Genomes and Genomics of Parasitic Flatworms 69

Bayne, C.J. (1998) Invertebrate cell culture considerations: insects, ticks, shellfish, and worms. Methods in
Cell Biology 57, 187–201.

Bayne, C.J. and Grevelding, C.G. (2003) Cloning of Schistosoma mansoni sporocysts in vitro and detection
of genetic heterogeneity among individuals within clones. Journal of Parasitology 89, 1056–1060.

Bayne, C.J., Menino, J.S., Hobbs, D.J. and Barnes, D.W. (1994) In vitro cultivation of cells from larval
Schistosoma mansoni. Journal of Parasitology 80, 29–35.

Benazzi, M. and Benazzi-Lentati, G. (1976) Animal Cytogenetics, Vol. 1: Platyhelminthes, 1st edn. Gebr.
Borntraeger Verlagsbuchhandlung, Stuttgart, Germany.

Bessho, Y., Ohama, T. and Osawa, S. (1992) Planarian mitochondria. ii. The unique genetic code as deduced
from cytochrome c oxidase subunit 1 gene sequences. Journal of Molecular Evolution 34, 331–335.

Bessho, Y., Tamura, S., Hori, H., Tanaka, H., Ohama, T. and Osawa, S. (1997) Planarian mitochondria
sequence heterogeneity: relationships between the type of cytochrome c oxidase subunit 1 gene
sequence, karyotype and genital organ. Molecular Ecology 6, 129–136.

Bestor, T.H. (1990) DNA methylation: evolution of a bacterial immune function into a regulator of gene
expression and genome structure in higher eukaryotes. Philosophical Transactions of the Royal Society
of London. Series B, Biological Sciences 326, 179–187.

Beukeboom, L.W., Sharbel, T.F. and Michiels, N.K. (1998) Reproductive modes, ploidy distribution, and
supernumerary chromosome frequencies of the flatworm Polycelis nigra (Platyhelminthes: Tricladida).
Hydrobiologia 383, 277–285.

Bieberich, A.A. and Minchella, D.J. (2001) Mitochondrial inheritance in Schistosoma mansoni: mitochondr-
ial variable number tandem repeat mutation produces noise on top of the signal. Journal of Parasitology
87, 1011–1015.

Blair, D. (2000) Genomes of Paragonimus westermani and related species: current state of knowledge.
International Journal for Parasitology 30, 421–426.

Boore, J.L. (1999) Animal mitochondrial genomes. Nucleic Acids Research 27, 1767–1780.
Bowles, J., Hope, M., Tiu, W.U., Liu, X. and McManus, D.P. (1993) Nuclear and mitochondrial genetic markers

highly conserved between Chinese and Philippine Schistosoma japonicum. Acta Tropica 55, 217–229.
Bowles, J., Blair, D. and McManus, D.P. (1995) A molecular phylogeny of the genus Echinococcus.

Parasitology 110, 317–328.
Brehm, K., Jensen, K. and Frosch, M. (2000) mRNA trans-splicing in the human parasitic cestode

Echinococcus multilocularis. Journal of Biological Chemistry 275, 38311–38318.
Brehm, K., Hubert, K., Sciutto, E., Garate, T. and Frosch, M. (2002) Characterization of a spliced leader gene

and of trans-spliced mRNAs from Taenia solium. Molecular and Biochemical Parasitology 122,
105–110.

Brindley, P.J., Lewis, F.A., McCutchan, T.F., Bueding, E. and Sher, A. (1989) A genomic change associated with
the development of resistance to hycanthone in Schistosoma mansoni. Molecular and Biochemical
Parasitology 36, 243–252.

Brindley, P.J., Heath, S., Waters, A.P., McCutchan, T.F. and Sher, A. (1991) Characterization of a programmed
alteration in an 18S ribosomal gene that accompanies the experimental induction of drug resistance in
Schistosoma mansoni. Proceedings of the National Academy of Sciences USA 88, 7754–7758.

Brindley, P.J., Laha, T., McManus, D.P. and Loukas, A. (2003) Mobile genetic elements colonizing the
genomes of metazoan parasites. Trends in Parasitology 19, 79–87.

Camacho, J.P.M. (2004) B Chromosomes in the Eukaryote Genome, 1st edn. Karger, Basel, Switzerland.
Camacho, J.P., Sharbel, T.F. and Beukeboom, L.W. (2000) B-chromosome evolution. Philosophical

Transactions of the Royal Society of London. Series B, Biological Sciences 355, 163–178.
Carranza, S., Baguna, J. and Riutort, M. (1997) Are the platyhelminthes a monophyletic primitive group? An

assessment using 18S rDNA sequences. Molecular Biology and Evolution 14, 485–497.
Carter, C.E., Wells, J.R. and MacInnis, A.J. (1972) DNA from anaerobic Ascaris lumbricoides and

Hymenolepis diminuta mitochondria isolated by zonal centrifugation. Biochimica et Biophysica Acta
262, 135–144.

Chapman, A., Vallejo, V., Mossie, K.G., Ortiz, D., Agabian, N. and Flisser, A. (1995) Isolation and character-
ization of species-specific DNA probes from Taenia solium and Taenia saginata and their use in an egg
detection assay. Journal of Clinical Microbiology 33, 1283–1288.

Chiu, J.K. (1967) Susceptibility of Oncomelania hupensis chiui to infection with Schistosoma japonicum.
Malacologia 6, 145–153.

Clough, K.A., Drew, A.C. and Brindley, P.J. (1996) Host-like sequences in the schistosome genome.
Parasitology Today 12, 283–286.



70 D.A. Johnston

Copeland, C.S., Brindley, P.J., Heyers, O., Michael, S.F., Johnston, D.A., Williams, D.L., Ivens, A.C. and
Kalinna, B.H. (2003) Boudicca, a retrovirus-like long terminal repeat retrotransposon from the genome
of the human blood fluke Schistosoma mansoni. Journal of Virology 77, 6153–6166.

Copeland, C.S., Heyers, O., Kalinna, B.H., Bachmair, A., Stadler, P.F., Hofacker, I.L. and Brindley, P.J. (2004)
Structural and evolutionary analysis of the transcribed sequence of Boudicca, a Schistosoma mansoni
retrotransposon. Gene 329, 103–114.

Copeland, C.S., Mann, V.H., Morales, M.E., Kalinna, B.H. and Brindley, P.J. (2005) The Sinbad retrotranspo-
son from the genome of the human blood fluke, Schistosoma mansoni, and the distribution of related
Pao-like elements. BioMed Central (BMC) Evolutionary Biology 5, 20.

Cox, G.S., Phares, C.K. and Schmidt, R.A. (1990) Molecular characterization of the Spirometra mansonoides
genome: renaturation kinetics, methylation, and hybridization to human cDNA probes. Biochimica et
Biophysica Acta 1049, 134–144.

Croft, J.A. and Jones, G.H. (1989) Meiosis in Mesostoma ehrenbergii ehrenbergii. iv. Recombination nodules
in spermatocytes and a test of the correspondence of late recombination nodules and chiasmata.
Genetics 121, 255–262.

Dame, J.B., Arnot, D.E., Bourke, P.F., Chakrabarti, D., Christodoulou, Z., Coppel, R.L., Cowman, A.F., Craig,
A.G., Fischer, K., Foster, J., Goodman, N., Hinterberg, K., Holder, A.A., Holt, D.C., Kemp, D.J., Lanzer,
M., Lim, A., Newbold, C.I., Ravetch, J.V., Reddy, G.R., Rubio, J., Schuster, S.M., Su, X.-Z., Thompson,
J.K., Vital, F., Wellems, T.E. and Werner, E.B (1996) Current status of the Plasmodium falciparum genome
project. Molecular and Biochemical Parasitology 79, 1–12.

Davis, G.M. (1980) Snail hosts of Asian Schistosoma infesting man: evolution and coevolution. Malacological
Reviews 2, 195–238.

Davis, G.M. (1992) Evolution of prosobranch snails transmitting Asian Schistosoma; coevolution with
Schistosoma: a review. Progress in Clinical Parasitology 3, 145–204.

Davis, R.E. (1997) Surprising diversity and distribution of spliced leader RNAs in flatworms. Molecular and
Biochemical Parasitology 87, 29–48.

Davis, R.E. and Hodgson, S. (1997) Gene linkage and steady state RNAs suggest trans-splicing may be associ-
ated with a polycistronic transcript in Schistosoma mansoni. Molecular and Biochemical Parasitology 89,
25–39.

Davis, R.E., Singh, H., Botka, C., Hardwick, C., Ashraf el Meanawy, M. and Villanueva, J. (1994) RNA trans-
splicing in Fasciola hepatica. Identification of a spliced leader (sl) RNA and sl sequences on mRNAs.
Journal of Biological Chemistry 269, 20026–20030.

Davis, R.E., Hardwick, C., Tavernier, P., Hodgson, S. and Singh, H. (1995) RNA trans-splicing in flatworms.
Analysis of trans-spliced mRNAs and genes in the human parasite, Schistosoma mansoni. Journal of
Biological Chemistry 270, 21813–21819.

DeMarco, R., Kowaltowski, A.T., Machado, A.A., Soares, M.B., Gargioni, C., Kawano, T., Rodrigues, V.,
Madeira, A.M., Wilson, R.A., Menck, C.F., Setubal, J.C., Dias Neto, E., Leite, L.C. and Verjovski-
Almeida, S. (2004) Saci-1, -2, and -3 and Perere, four novel retrotransposons with high transcriptional
activities from the human parasite Schistosoma mansoni. Journal of Virology 78, 2967–2978.

de Souza, S.J., Camargo, A.A., Briones, M.R., Costa, F.F., Nagai, M.A., Verjovski-Almeida, S., Zago, M.A.,
Andrade, L.E., Carrer, H., El-Dorry, H.F., Espreafico, E.M., Habr-Gama, A., Giannella-Neto, D.,
Goldman, G.H., Gruber, A., Hackel, C., Kimura, E.T., Maciel, R.M., Marie, S.K., Martins, E.A.,
Nobrega, M.P., Paco-Larson, M.L., Pardini, M.I., Pereira, G.G., Pesquero, J.B., Rodrigues, V., Rogatto,
S.R., da Silva, I.D., Sogayar, M.C., de Fatima Sonati, M., Tajara, E.H., Valentini, S.R., Acencio, M.,
Alberto, F.L., Amaral, M.E., Aneas, I., Bengtson, M.H., Carraro, D.M., Carvalho, A.F., Carvalho, L.H.,
Cerutti, J.M., Correa, M.L., Costa, M.C., Curcio, C., Gushiken, T., Ho, P.L., Kimura, E., Leite, L.C.,
Maia, G., Majumder, P., Marins, M., Matsukuma, A., Melo, A.S., Mestriner, C.A., Miracca, E.C.,
Miranda, D.C., Nascimento, A.N., Nobrega, F.G., Ojopi, E.P., Pandolfi, J.R., Pessoa, L.G., Rahal, P.,
Rainho, C.A., da Ros, N., de Sa, R.G., Sales, M.M., da Silva, N.P., Silva, T.C., da Silva, W., Simao,
D.F. Jr, Sousa, J.F., Stecconi, D., Tsukumo, F., Valente, V., Zalcbeg, H., Brentani, R.R., Reis, F.L., Dias
Neto, E. and Simpson, A.J. (2000) Identification of human chromosome 22 transcribed sequences
with ORF expressed sequence tags. Proceedings of the National Academy of Sciences USA 97,
12690–12693.

Despres, L., Imbert-Establet, D., Combes, C., Bonhomme, F. and Monnerot, M. (1991) Isolation and poly-
morphism in mitochondrial DNA from Schistosoma mansoni. Molecular and Biochemical Parasitology
47, 139–142.



Genomes and Genomics of Parasitic Flatworms 71

Despres, L., Imbert-Establet, D. and Monnerot, M. (1993) Molecular characterization of mitochondrial DNA
provides evidence for the recent introduction of Schistosoma mansoni into America. Molecular and
Biochemical Parasitology 60, 221–229.

Dias Neto, E., Rodrigues Santos, F., Pena, S.D.J. and Simpson, A.J.G. (1993) Sex determination by low strin-
gency PCR (ls-PCR). Nucleic Acids Research 21, 763–764.

Dias Neto, E., Harrop, R., Correa-Oliveira, R., Pena, S.D., Wilson, R.A. and Simpson, A.J. (1996) The schis-
tosome genome project: RNA arbitrarily primed PCR allows the accelerated generation of expressed
sequence tags. Memorias do Instituto Oswaldo Cruz 91, 655–657.

Dias Neto, E., Harrop, R., Correa-Oliveira, R., Wilson, R.A., Pena, S.D. and Simpson, A.J. (1997) Minilibraries
constructed from cDNA generated by arbitrarily primed rt-PCR: an alternative to normalized libraries
for the generation of ESTs from nanogram quantities of mRNA. Gene 186, 135–142.

Didyk, A.S. and Burt, M.D. (1998) Geographical, seasonal, and sex dynamics of Shipleya inermis (Cestoidea:
Dioecocestidae) in Limnodromus griseus gmelin (Aves: Charadriiformes). Journal of Parasitology 84,
931–934.

Drew, A.C. and Brindley, P.J. (1995) Female-specific sequences isolated from Schistosoma mansoni by rep-
resentational difference analysis. Molecular and Biochemical Parasitology 71, 173–181.

Drew, A.C. and Brindley, P.J. (1997) A retrotransposon of the non-long terminal repeat class from the human
blood fluke Schistosoma mansoni. Similarities to the chicken-repeat-1-like elements of vertebrates.
Molecular Biology and Evolution 14, 602–610.

Drew, A.C., Brindley, P.J., Lewis, F.A., Liang, Y.S. and Minchella, D.J. (1998) Tandemly repeated genomic
sequence demonstrates inter- and intrastrain genetic variation in Schistosoma japonicum. Tropical
Medicine and International Health 3, 373–380.

Drew, A.C., Minchella, D.J., King, L.T., Rollinson, D. and Brindley, P.J. (1999) Sr2 elements, non-long termi-
nal repeat retrotransposons of the RTE-1 lineage from the human blood fluke Schistosoma mansoni.
Molecular Biology and Evolution 16, 1256–1269.

D’Souza, T.G., Storhas, M., Schulenburg, H., Beukeboom, L.W. and Michiels, N.K. (2004) Occasional sex in
an ‘asexual’ polyploid hermaphrodite. Proceedings of the Royal Society of London. Series B, Biological
Sciences 271, 1001–1007.

Ellis, J.T. and Morrison, D.A. (1995) Schistosoma mansoni: patterns of codon use and bias. Parasitology 110,
53–60.

El-Sayed, N.M., Bartholomeu, D., Ivens, A., Johnston, D.A. and LoVerde, P.T. (2004) Advances in schistosome
genomics. Trends in Parasitology 20, 154–157.

Fan, J., Minchella, D.J., Day, S.R., McManus, D.P., Tiu, W.U. and Brindley, P.J. (1998) Generation, identifi-
cation, and evaluation of expressed sequence tags from different developmental stages of the Asian
blood fluke Schistosoma japonicum. Biochemical and Biophysical Research Communications 252,
348–356.

Fantappie, M.R., Gimba, E.R. and Rumjanek, F.D. (2001) Lack of DNA methylation in Schistosoma mansoni.
Experimental Parasitology 98, 162–166.

Fernandez, V., Zavala, A. and Musto, H. (2001) Evidence for translational selection in codon usage in
Echinococcus spp. Parasitology 123, 203–209.

Fernandez, C., Gregory, W.F., Loke, P. and Maizels, R.M. (2002) Full-length-enriched cDNA libraries from
Echinococcus granulosus contain separate populations of oligo-capped and trans-spliced transcripts and
a high level of predicted signal peptide sequences. Molecular and Biochemical Parasitology 122,
171–180.

Fitzpatrick, J.M., Johansen, M.V., Johnston, D.A., Dunne, D.W. and Hoffmann, K.F. (2004) Gender-associated
gene expression in two related strains of Schistosoma japonicum. Molecular and Biochemical
Parasitology 136, 191–209.

Fletcher, H.L., Hoey, E.M., Orr, N., Trudgett, A., Fairweather, I. and Robinson, M.W. (2004) The occurrence
and significance of triploidy in the liver fluke, Fasciola hepatica. Parasitology 128, 69–72.

Foster, J.M. and Johnston, D.A. (2002) Helminth genomics: from gene discovery to genome sequencing.
Trends in Parasitology 18, 241–242.

Franco, G.R., Adams, M.D., Soares, M.B., Simpson, A.J., Venter, J.C. and Pena, S.D. (1995) Identification of
new Schistosoma mansoni genes by the EST strategy using a directional cDNA library. Gene 152,
141–147.

Franco, G.R., Rabelo, E.M., Azevedo, V., Pena, H.B., Ortega, J.M., Santos, T.M., Meira, W.S., Rodrigues, N.A.,
Dias, C.M., Harrop, R., Wilson, A., Saber, M., Abdel-Hamid, H., Faria, M.S., Margutti, M.E., Parra, J.C.



72 D.A. Johnston

and Pena, S.D. (1997) Evaluation of cDNA libraries from different developmental stages of Schistosoma
mansoni for production of expressed sequence tags (ESTs). DNA Research 30, 231–240.

Franco, G.R., Valadao, A.F., Azevedo, V. and Rabelo, E.M. (2000) The Schistosoma gene discovery pro-
gramme: state of the art. International Journal for Parasitology 30, 453–463.

Furuya, K. (1991) An established cell line of larval Echinococcus multilocularis. International Journal for
Parasitology 21, 233–240.

Garcia, E.G. (1976) The biology of Schistosoma japonicum, Philippine strain: a review. Southeast Asian
Journal of Tropical Medicine and Public Health 7, 190–196.

Garcia-Fernandez, J., Bayascas-Ramirez, J.R., Marfany, G., Munoz-Marmol, A.M., Casali, A., Baguna, J. and
Salo, E. (1995) High copy number of highly similar Mariner-like transposons in planarian (platy-
helminthe): evidence for a trans-phyla horizontal transfer. Molecular Biology and Evolution 12,
421–431.

Garey, J.R. and Wolstenholme, D.R. (1989) Platyhelminth mitochondrial DNA: evidence for early evolution-
ary origin of a tRNA(ser AGN) that contains a dihydrouridine arm replacement loop, and of serine-
specifying AGA and AGG codons. Journal of Molecular Evolution 28, 374–387.

Gasser, R.B., Morahan, G. and Mitchell, G.F. (1991) Sexing single larval stages of Schistosoma mansoni by
polymerase chain reaction. Molecular and Biochemical Parasitology 47, 255–258.

Gonzalez, L.M., Montero, E., Sciutto, E., Harrison, L.J., Parkhouse, R.M. and Garate, T. (2002) Differential
diagnosis of Taenia saginata and Taenia solium infections: from DNA probes to polymerase chain reac-
tion. Transactions of the Royal Society of Tropical Medicine and Hygiene 96, S243–S250.

Gonzalez-Estevez, C., Momose, T., Gehring, W.J. and Salo, E. (2003) Transgenic planarian lines obtained by
electroporation using transposon-derived vectors and an eye-specific gfp marker. Proceedings of the
National Academy of Sciences USA 100, 14046–14051.

Gregory, T.R., Hebert, P.D. and Kolasa, J. (2000) Evolutionary implications of the relationship between
genome size and body size in flatworms and copepods. Heredity 84, 201–208.

Gremigni, V., Miceli, C. and Puccinelli, I. (1980) On the role of germ cells in planarian regeneration. I. A
karyological investigation. Journal of Embryology and Experimental Morphology 55, 53–63.

Gremigni, V., Nigro, M. and Puccinelli, I. (1982) Evidence of male germ cell redifferentiation into female
germ cells in planarian regeneration. Journal of Embryology and Experimental Morphology 70,
29–36.

Grevelding, C.G. (1995) The female-specific W1 sequence of the Puerto Rican strain of Schistosoma mansoni
occurs in both genders of a Liberian strain. Molecular and Biochemical Parasitology 71, 269–272.

Grevelding, C.G. (1999) Genomic instability in Schistosoma mansoni. Molecular and Biochemical
Parasitology 101, 207–216.

Grevelding, C.G., Kampkotter, A. and Kunz, W. (1997) Schistosoma mansoni: sexing cercariae by PCR with-
out DNA extraction. Experimental Parasitology 85, 99–100.

Grossman, A.I. and Cain, G.D. (1981) Karyotypes and chromosome morphologies of Megalodiscus temper-
atus and Philophthalamus gralli. Journal of Helminthology 55, 71–78.

Grossman, A.I., McKenzie, R. and Cain, G.D. (1980) Sex heterochromatin in Schistosoma mansoni. Journal
of Parasitology 66, 368–370.

Grossman, A.I., Short, R.B. and Cain, G.D. (1981a) Karyotype evolution and sex chromosome differentiation
in schistosomes (Trematoda, Schistosomatidae). Chromosoma 84, 413–430.

Grossman, A.I., Short, R.B. and Kuntz, R.E. (1981b) Somatic chromosomes of Schistosoma rodhaini, S.
mattheei, and S. intercalatum. Journal of Parasitology 67, 41–44.

Hamburger, J., Turetski, T., Kapeller, I. and Deresiewicz, R. (1991) Highly repeated short DNA sequences in
the genome of Schistosoma mansoni recognized by a species-specific probe. Molecular and
Biochemical Parasitology 44, 73–80.

Hamburger, J., He, N., Xin, X.Y., Ramzy, R.M., Jourdane, J. and Ruppel, A. (1998a) A polymerase chain reac-
tion assay for detecting snails infected with bilharzia parasites (Schistosoma mansoni) from very early
prepatency. American Journal of Tropical Medicine and Hygiene 59, 872–876.

Hamburger, J., Xu, Y.X., Ramzy, R.M., Jourdane, J. and Ruppel, A. (1998b) Development and laboratory eval-
uation of a polymerase chain reaction for monitoring Schistosoma mansoni infestation of water.
American Journal of Tropical Medicine and Hygiene 59, 468–473.

Hamburger, J., He, N., Abbasi, I., Ramzy, R.M., Jourdane, J. and Ruppel, A. (2001) Polymerase chain reac-
tion assay based on a highly repeated sequence of Schistosoma haematobium: a potential tool for
monitoring schistosome-infested water. American Journal of Tropical Medicine and Hygiene 65,
907–911.



Genomes and Genomics of Parasitic Flatworms 73

Hebert, P.D.N. and Beaton, M.J. (1990) Breeding system and genome size of the rhabdocoel turbellarian
Mesostoma ehrenbergii. Genome 33, 719–724.

Heussler, V., Kaufmann, H., Strahm, D., Liz, J. and Dobbelaere, D. (1993) DNA probes for the detection of
Fasciola hepatica in snails. Molecular and Cellular Probes 7, 261–267.

Heussler, V., Kaufmann, H., Glaser, I., Ducommun, D., Muller, C. and Dobbelaere, D. (1998) A DNA probe
for the detection of Dicrocoelium dendriticum in ants of Formica spp. and Lasius spp. Parasitology
Research 84, 505–508.

Hillyer, G.V. (1974) Buoyant density and thermal denaturation profiles of schistosome DNA. Journal of
Parasitology 60, 725–727.

Hirai, H. and LoVerde, P.T. (1989) Triploid cells found in intramolluscan stages of Schistosoma mansoni.
Journal of Parasitology 75, 800–802.

Hirai, H. and LoVerde, P.T. (1995) FISH techniques for constructing physical maps on schistosome chromo-
somes. Parasitology Today 11, 310–314.

Hirai, H. and LoVerde, P.T. (1996) Identification of the telomeres on Schistosoma mansoni chromosomes by
FISH. Journal of Parasitology 82, 511–512.

Hirai, H., Sakaguchi, Y., Habe, S. and Imai, H.T. (1985) C-banding analysis of six species of lung flukes,
Paragonimus spp. (Trematoda: Platyhelminthes), from Japan and Korea. Zeitschrift fur Parasitenkunde
71, 617–629.

Hirai, H., Spotila, L.D. and LoVerde, P.T. (1989) Schistosoma mansoni: chromosomal localization of DNA
repeat elements by in situ hybridization using biotinylated DNA probes. Experimental Parasitology 69,
175–188.

Hirai, H., Tanaka, M. and LoVerde, P.T. (1993) Schistosoma mansoni: chromosomal localization of female-
specific genes and a female-specific DNA element. Experimental Parasitology 76, 175–181.

Hirai, H., Hirata, M., Aoki, Y., Tanaka, M. and Imai, H.T. (1996) Chiasma analyses of the parasite flukes,
Schistosoma and Paragonimus (Trematoda), by using the chiasma distribution graph. Genes and Genetic
Systems 71, 181–188.

Hirai, H., Taguchi, T., Saitoh, Y., Kawanaka, M., Sugiyama, H., Habe, S., Okamoto, M., Hirata, M., Shimada,
M., Tiu, W.U., Lai, K., Upatham, E.S. and Agatsuma, T. (2000) Chromosomal differentiation of the
Schistosoma japonicum complex. International Journal for Parasitology 30, 441–452.

Hoffman, T.L. and Doms, R.W. (1999) HIV-1 envelope determinants for cell tropism and chemokine recep-
tor use. Molecular Membrane Biology 16, 57–65.

Hoffmann, K.F. and Dunne, D.W. (2003) Characterization of the Schistosoma transcriptome opens up the
world of helminth genomics. Genome Biology 5, 203.

Hoffmann, K.F., Johnston, D.A. and Dunne, D.W. (2002) Identification of Schistosoma mansoni gender-
associated gene transcripts by cDNA microarray profiling. Genome Biology 3, RESEARCH0041.

Hsu, H.F. and Hsu, S.Y.L. (1962) Schistosoma japonicum in Formosa: a critical review. Experimental
Parasitology 12, 459–462.

Hu, W., Yan, Q., Shen, D.K., Liu, F., Zhu, Z.D., Song, H.D., Xu, X.R., Wang, Z.J., Rong, Y.P., Zeng, L.C., Wu,
J., Zhang, X., Wang, J.J., Xu, X.N., Wang, S.Y., Fu, G., Zhang, X.L., Wang, Z.Q., Brindley, P.J., McManus,
D.P., Xue, C.L., Feng, Z., Chen, Z. and Han, Z.G. (2003) Evolutionary and biomedical implications of a
Schistosoma japonicum complementary DNA resource. Nature Genetics 35, 139–147.

Imai, H.T., Wada, M.Y., Hirai, H., Matsuda, Y. and Tsuchiya, K. (1999) Cytological, genetic and evolution-
ary functions of chiasmata based on chiasma graph analysis. Journal of Theoretical Biology 198,
239–257.

Imase, A., Kumagai, T., Ohmae, H., Irie, Y. and Iwamura, Y. (1999) Localization of mouse type 2 alu sequence
in schistosomes. Parasitology 119, 315–321.

Imase, A., Kobayashi, K., Ohmae, H., Irie, Y. and Iwamura, Y. (2000) Horizontal and vertical transfer of mouse
endogenous retroviral DNA sequences in schistosomes. Parasitology 121, 155–162.

Imase, A., Kobayashi, K., Ohmae, H., Matsuda, H. and Iwamura, Y. (2001) Horizontal and vertical transmis-
sion of mouse class 1 MHC sequence in Schistosoma mansoni. Parasitology 123, 163–168.

Imase, A., Matsuda, H., Irie, Y. and Iwamura, Y. (2003) Existence of host DNA sequences in schistosomes –
horizontal and vertical transmission. Parasitology International 52, 369–373.

Imase, A., Ohmae, H., Iwamura, Y., Kirinoki, M. and Matsuda, H. (2004) A comparative study on mouse MHC
class 1 sequences detected in Schistosoma japonicum recovered from balb/c (H-2d) and c57bl/6 (H-2b)
mice. Southeast Asian Journal of Tropical Medicine and Public Health 35, 10–18.

Irie, Y. and Iwamura, Y. (1993) Host-related DNA sequences are localized in the body of schistosome adults.
Parasitology 107, 519–528.



74 D.A. Johnston

Ivanchenko, M.G., Lerner, J.P., McCormick, R.S., Toumadje, A., Allen, B., Fischer, K., Hedstrom, O.,
Helmrich, A., Barnes, D.W. and Bayne, C.J. (1999) Continuous in vitro propagation and differentiation
of cultures of the intramolluscan stages of the human parasite Schistosoma mansoni. Proceedings of the
National Academy of Sciences USA 96, 4965–4970.

Ivens, A.C., Lewis, S.M., Bagherzadeh, A., Zhang, L., Chan, H.M. and Smith, D.F. (1998) A physical map of
the Leishmania major Friedlin genome. Genome Research 8, 135–145.

Ivics, Z., Hackett, P.B., Plasterk, R.H. and Izsvak, Z. (1997) Molecular reconstruction of sleeping beauty, a
TC1-like transposon from fish, and its transposition in human cells. Cell 91, 501–510.

Iwamura, Y., Irie, Y., Kominami, R., Nara, T. and Yasuraoka, K. (1991) Existence of host-related DNA
sequences in the schistosome genome. Parasitology 102, 397–403.

Iwamura, Y., Yonekawa, H. and Irie, Y. (1995) Detection of host DNA sequences including the H-2 locus of
the major histocompatibility complex in schistosomes. Parasitology 110, 163–170.

Jablonka, E. and Lamb, M.J. (1995) Epigenetic Inheritance and Evolution, 1st edn. Oxford University Press,
Oxford, UK.

Jablonka, E., Lachmann, M. and Lamb, M.J. (1992) Evidence, mechanisms and models for the inheritance of
acquired characters. Journal of Theoretical Biology 158, 245–268.

Jameson, D., Gibson, A.P., Hudelot, C. and Higgs, P.G. (2003) OGRe: a relational database for comparative
analysis of mitochondrial genomes. Nucleic Acids Research 31, 202–206.

Jannotti-Passos, L.K., Souza, C.P., Parra, J.C. and Simpson, A.J. (2001) Biparental mitochondrial DNA inheri-
tance in the parasitic trematode Schistosoma mansoni. Journal of Parasitology 87, 79–82.

Jansma, W.B., Rogers, S.H., Liu, C.L. and Bueding, E. (1977) Experimentally produced resistance of
Schistosoma mansoni to hycanthone. American Journal of Tropical Medicine and Hygiene 26,
926–936.

Joffe, B.I., Solovei, I.V. and Macgregor, H.C. (1996) Ends of chromosomes in Polycelis tenuis (Platyhelminthes)
have telomere repeat TTAGGG. Chromosome Research 4, 323–324.

Johnston, D.A., Blaxter, M.L., Degrave, W.M., Foster, J.M., Ivens, A.C. and Melville, S.E. (1999) Genomics and
the biology of parasites. Bioessays 21, 131–147.

Jondelius, U., Ruiz-Trillo, I., Baguna, J. and Riutort, M. (2002) The nemertodermatida are basal bilaterians
and not members of the Platyhelminthes. Zoologica Scripta 31, 201–215.

Kaguni, L.S. (2004) DNA polymerase gamma, the mitochondrial replicase. Annual Review of Biochemistry
73, 293–320.

Kaplan, R.M., Dame, J.B., Reddy, G.R. and Courtney, C.H. (1995) A repetitive DNA probe for the sensitive
detection of Fasciola hepatica infected snails. International Journal for Parasitology 25, 601–610.

Kramer, F. and Schnieder, T. (1998) Sequence heterogeneity in a repetitive DNA element of Fasciola.
International Journal for Parasitology 28, 1923–1929.

Laha, T., McManus, D.P., Loukas, A. and Brindley, P.J. (2000) Sj-alpha elements, short interspersed element-
like retroposons bearing a hammerhead ribozyme motif from the genome of the oriental blood fluke
Schistosoma japonicum. Biochimica et Biophysica Acta 1492, 477–482.

Laha, T., Loukas, A., Verity, C.K., McManus, D.P. and Brindley, P.J. (2001) Gulliver, a long terminal repeat
retrotransposon from the genome of the oriental blood fluke Schistosoma japonicum. Gene 264,
59–68.

Laha, T., Brindley, P.J., Smout, M.J., Verity, C.K., McManus, D.P. and Loukas, A. (2002a) Reverse transcriptase
activity and untranslated region sharing of a new RTE-like, non-long terminal repeat retrotransposon
from the human blood fluke, Schistosoma japonicum. International Journal for Parasitology 32,
1163–1174.

Laha, T., Brindley, P.J., Verity, C.K., McManus, D.P. and Loukas, A. (2002b) Pido, a non-long terminal repeat
retrotransposon of the chicken repeat 1 family from the genome of the oriental blood fluke, Schistosoma
japonicum. Gene 284, 149–159.

Laha, T., Loukas, A., Smyth, D.J., Copeland, C.S. and Brindley, P.J. (2004) The fugitive LTR retrotransposon
from the genome of the human blood fluke, Schistosoma mansoni. International Journal for Parasitology
34, 1365–1375.

Lamatsch, D.K., Sharbel, T.F., Martin, R. and Bock, C. (1998) A drop technique for flatworm chromosome
preparation for light microscopy and high-resolution scanning electron microscopy. Chromosome
Research 6, 654–656.

Le, T.H., Blair, D., Agatsuma, T., Humair, P.F., Campbell, N.J., Iwagami, M., Littlewood, D.T., Peacock, B.,
Johnston, D.A., Bartley, J., Rollinson, D., Herniou, E.A., Zarlenga, D.S. and McManus, D.P. (2000)



Genomes and Genomics of Parasitic Flatworms 75

Phylogenies inferred from mitochondrial gene orders – a cautionary tale from the parasitic flatworms.
Molecular Biology and Evolution 17, 1123–1125.

Le, T.H., Blair, D. and McManus, D.P. (2001a) Complete DNA sequence and gene organization of the mito-
chondrial genome of the liver fluke, Fasciola hepatica (Platyhelminthes; Trematoda). Parasitology 123,
609–621.

Le, T.H., Humair, P.F., Blair, D., Agatsuma, T., Littlewood, D.T. and McManus, D.P. (2001b) Mitochondrial
gene content, arrangement and composition compared in African and Asian schistosomes. Molecular
and Biochemical Parasitology 117, 61–71.

Le, T.H., Pearson, M.S., Blair, D., Dai, N., Zhang, L.H. and McManus, D.P. (2002) Complete mitochondrial
genomes confirm the distinctiveness of the horse–dog and sheep–dog strains of Echinococcus granulo-
sus. Parasitology 124, 97–112.

Le, T.H., McManus, D.P. and Blair, D. (2004) Codon usage and bias in mitochondrial genomes of parasitic
platyhelminthes. Korean Journal of Parasitology 42, 159–167.

Le Paslier, M.C., Pierce, R.J., Merlin, F., Hirai, H., Wu, W., Williams, D.L., Johnston, D., LoVerde, P.T. and
Le Paslier, D. (2000) Construction and characterization of a Schistosoma mansoni bacterial artificial
chromosome library. Genomics 65, 87–94.

Liberatos, J.D. and Short, R.B. (1983) Identification of sex of schistosome larval stages. Journal of Parasitology
69, 1084–1089.

Liu, J., Gu, H., Wang, A. and Chen, Y. (1998) Establishment of germinal cell line of Echinococcus granulosus.
Zhongguo Ji Sheng Chong Xue Yu Ji Sheng Chong Bing Za Zhi 16, 353–356.

Lockyer, A.E., Olson, P.D., Ostergaard, P., Rollinson, D., Johnston, D.A., Attwood, S.W., Southgate, V.R.,
Horak, P., Snyder, S.D., Le, T.H., Agatsuma, T., McManus, D.P., Carmichael, A.C., Naem, S. and
Littlewood, D.T. (2003) The phylogeny of the Schistosomatidae based on three genes with emphasis on
the interrelationships of Schistosoma Weinland, 1858. Parasitology 126, 203–224.

LoVerde, P.T., Hirai, H., Merrick, J.M., Lee, N.H. and El-Sayed, N. (2004) Schistosoma mansoni genome proj-
ect: an update. Parasitology International 53, 183–192.

Lowe, T.M. and Eddy, S.R. (1997) tRNAscan-Se: a program for improved detection of transfer RNA genes in
genomic sequence. Nucleic Acids Research 25, 955–964.

Marin, M., Garat, B., Pettersson, U. and Ehrlich, R. (1993) Isolation and characterization of a middle repeti-
tive DNA element from Echinococcus granulosus. Molecular and Biochemical Parasitology 59,
335–338.

Martens, P.M., Curini-Galletti, M.C. and Van Oostveldt, P. (1989) Polyploidy in Proseriata (Platyhelminthes)
and its phylogenetical implications. Evolution 43, 900–907.

Marx, K.A., Bizzaro, J.W., Blake, R.D., Hsien Tsai, M. and Feng Tao, L. (2000) Experimental DNA melting
behavior of the three major Schistosoma species. Molecular and Biochemical Parasitology 107,
303–307.

Marzuki, S., Watkins, L.C. and Choo, W.M. (1989) Mitochondrial H+-ATPase in mutants of Saccharomyces
cerevisiae with defective subunit 8 of the enzyme complex. Biochimica et Biophysica Acta 975,
222–230.

McCarter, J.P., Mitreva, M.D., Martin, J., Dante, M., Wylie, T., Rao, U., Pape, D., Bowers, Y., Theising, B.,
Murphy, C.V., Kloek, A.P., Chiapelli, B.J., Clifton, S.W., Bird, D.M. and Waterston, R.H. (2003) Analysis
and functional classification of transcripts from the nematode Meloidogyne incognita. Genome Biology
4, R26.

McManus, D.P., Hu, W., Brindley, P.J., Feng, Z. and Han, Z.G. (2004a) Schistosome transcriptome analysis at
the cutting edge. Trends in Parasitology 20, 301–304.

McManus, D.P., Le, T.H. and Blair, D. (2004b) Genomics of parasitic flatworms. International Journal for
Parasitology 34, 153–158.

Merrick, J.M., Osman, A., Tsai, J., Quackenbush, J., LoVerde, P.T. and Lee, N.H. (2003) The Schistosoma man-
soni gene index: gene discovery and biology by reconstruction and analysis of expressed gene
sequences. Journal of Parasitology 89, 261–269.

Minchella, D.J., Lewis, F.A., Sollenberger, K.M. and Williams, J.A. (1994) Genetic diversity of Schistosoma
mansoni: quantifying strain heterogeneity using a polymorphic DNA element. Molecular and
Biochemical Parasitology 68, 307–313.

Mineta, K., Nakazawa, M., Cebria, F., Ikeo, K., Agata, K. and Gojobori, T. (2003) Origin and evolutionary
process of the CNS elucidated by comparative genomics analysis of planarian ESTs. Proceedings of the
National Academy of Sciences USA 100, 7666–7671.



76 D.A. Johnston

Musto, H., Alvarez, F., Tort, J. and Maseda, H.R. (1994a) Dinucleotide biases in the platyhelminth
Schistosoma mansoni. International Journal for Parasitology 24, 277–283.

Musto, H., Rodriguez-Maseda, H., Alvarez, F. and Tort, J. (1994b) Possible implications of CpG avoidance in
the flatworm Schistosoma mansoni. Journal of Molecular Evolution 38, 36–40.

Musto, H., Rodriguez-Maseda, H. and Alvarez, F. (1995) Compositional correlations in the nuclear genes of
the flatworm Schistosoma mansoni. Journal of Molecular Evolution 40, 343–346.

Musto, H., Romero, H. and Rodriguez-Maseda, H. (1998) Heterogeneity in codon usage in the flatworm
Schistosoma mansoni. Journal of Molecular Evolution 46, 159–167.

Mutafova, T. and Kanev, I. (1996) Cytological study of Rubenstrema exasperatum (Trematoda:
Omphalometridae). International Journal for Parasitology 26, 1405–1406.

Nakao, M., Sako, Y., Yokoyama, N., Fukunaga, M. and Ito, A. (2000) Mitochondrial genetic code in cestodes.
Molecular and Biochemical Parasitology 111, 415–424.

Nakao, M., Yokoyama, N., Sako, Y., Fukunaga, M. and Ito, A. (2002) The complete mitochondrial DNA
sequence of the cestode Echinococcus multilocularis (Cyclophyllidea: Taeniidae). Mitochondrion 1,
497–509.

Nakao, M., Sako, Y. and Ito, A. (2003) The mitochondrial genome of the tapeworm Taenia solium: a finding
of the abbreviated stop codon U. Journal of Parasitology 89, 633–635.

Nakazawa, M., Cebria, F., Mineta, K., Ikeo, K., Agata, K. and Gojobori, T. (2003) Search for the evolutionary
origin of a brain: planarian brain characterized by microarray. Molecular Biology and Evolution 20,
784–791.

Nara, T., Iwamura, Y., Tanaka, M., Irie, Y. and Yasuraoka, K. (1990) Dynamic changes of DNA sequences in
Schistosoma mansoni in the course of development. Parasitology 100, 241–245.

Nishitan, S., Niimura, S., Ishida, S. and Teshirogi, W. (1998) Chromosomal polymorphism of a freshwater pla-
narian, Polycelis auriculata in Mt. Apoi and its adjacent area, Hokkaido. Zoological Science 15, 40.

Ohama, T., Osawa, S., Watanabe, K. and Jukes, T.H. (1990) Evolution of the mitochondrial genetic code. IV.
AAA as an asparagine codon in some animal mitochondria. Journal of Molecular Evolution 30,
329–332.

Oliveira, G. and Johnston, D.A. (2001) Mining the schistosome DNA sequence database. Trends in
Parasitology 17, 501–503.

Pala, M., Vacca, R.A., Casu, S. and Stocchino, G. (1995) The freshwater planarian Dugesia sicula Lepori from
Sardinia (Platyhelminthes, Tricladida). Hydrobiologia 310, 151–156.

Park, G.M., Im, K., Huh, S. and Yong, T.S. (2000) Chromosomes of the liver fluke, Clonorchis sinensis. Korean
Journal of Parasitology 38, 201–206.

Parsons, J.D. (1995) Miropeats: graphical DNA sequence comparisons. Computer Applications in the
Biosciences 11, 615–619.

Pellicciari, C., Redi, C.A. and Garagna, S. (1983) Genome size in the genus Dugesia. Archives D’Anatomie
Microscopique et de Morphologie Experimentale 72, 243.

Pena, H.B., de Souza, C.P., Simpson, A.J. and Pena, S.D. (1995) Intracellular promiscuity in Schistosoma man-
soni: nuclear transcribed DNA sequences are part of a mitochondrial minisatellite region. Proceedings
of the National Academy of Sciences USA 92, 915–919.

Penschow, J.D., Gasser, R.B., Darling, P.E. and Mitchell, G.F. (1993) Female-specific genomic PCR sequences
from Schistosoma mansoni as probes for hybridization histochemistry. International Journal for
Parasitology 23, 407–409.

Petkeviciute, R. (1996) A chromosome study in the progenetic cestode Cyathocephalus truncatus (Cestoda:
Spathebothriidea). International Journal for Parasitology 26, 1211–1216.

Prosdocimi, F., Faria-Campos, A.C., Peixoto, F.C., Pena, S.D., Ortega, J.M. and Franco, G.R. (2002) Clustering
of Schistosoma mansoni mRNA sequences and analysis of the most transcribed genes: implications in
metabolism and biology of different developmental stages. Memorias do Instituto Oswaldo Cruz 97,
61–69.

Qiu, C.P., Chris, S., Xia, M.Y., Chen, Q., Tong, X.M., Gong, X., Davis, G. and Feng, Z. (2002) Study on
genomic diversity among different isolates of Schistosoma japonicum in China. Zhongguo Ji Sheng
Chong Xue Yu Ji Sheng Chong Bing Za Zhi 20, 79–82.

Rabelo, E.M., Franco, G.R., Azevedo, V.A., Pena, H.B., Santos, T.M., Meira, W.S., Rodrigues, N.A., Ortega,
J.M. and Pena, S.D. (1997) Update of the gene discovery program in Schistosoma mansoni with the
expressed sequence tag approach. Memorias do Instituto Oswaldo Cruz 92, 625–629.

Raghunathan, L. and Bruckner, D. (1975) Identification of sex in Schistosoma mansoni cercariae. Journal of
Parasitology 61, 66–68.



Genomes and Genomics of Parasitic Flatworms 77

Rajkovic, A., Davis, R.E., Simonsen, J.N. and Rottman, F.M. (1990) A spliced leader is present on a subset of
mRNAs from the human parasite Schistosoma mansoni. Proceedings of the National Academy of
Sciences USA 87, 8879–8883.

Rausch, R.L. and Rausch, V.R. (1990) Reproductive anatomy and gametogenesis in Shipleya inermis (Cestoda:
Dioecocestidae). Annals de Parasitologie Humaine et Comparée 65, 229–237.

Rebrikov, D.V., Bogdanova, E.A., Bulina, M.E. and Luk’ianov, S.A. (2002) A new planarian extrachromoso-
mal virus-like element revealed by subtraction hybridization. Molekuliarnaia Genetika Mikrobiologia I
Virusologa (Moskva) 36, 1002–1011.

Regev, A., Lamb, M.J. and Jablonka, E. (1998) The role of DNA methylation in invertebrates: developmental
regulation or genome defense? Molecular Biology and Evolution 15, 880–891.

Rishi, A.K. and McManus, D.P. (1988) Molecular cloning of Taenia solium genomic DNA and characteriza-
tion of taeniid cestodes by DNA analysis. Parasitology 97, 161–176.

Roca, J.R., Ribas, M. and Baguna, J. (1992) Distribution, ecology, mode of reproduction and karyology of
freshwater planarians (Platyhelminthes, Turbellaria, Tricladida) in the springs of the Central Pyrenees.
Ecography 15, 373–384.

Rollinson, D. and Johnston, D.A. (1999) Genome analysis: helping to solve the molecular mysteries of
schistosomes. Helminthologia 36, 147–158.

Rosenzvit, M.C., Canova, S.G., Kamenetzky, L., Ledesma, B.A. and Guarnera, E.A. (1997) Echinococcus gran-
ulosus: cloning and characterization of a tandemly repeated DNA element. Experimental Parasitology
87, 65–68.

Rosenzvit, M.C., Canova, S.G., Kamenetzky, L. and Guarnera, E.A. (2001) Echinococcus granulosus: intra-
specific genetic variation assessed by a DNA repetitive element. Parasitology 123, 381–388.

Ruff, M.D., Davis, G.M. and Werner, J.K. (1973) Schistosoma japonicum: disc electrophoretic protein patterns
of the Japanese, Philippine, and Formosan strains. Experimental Parasitology 33, 437–446.

Ruiz-Trillo, I., Riutort, M., Littlewood, D.T., Herniou, E.A. and Baguna, J. (1999) Acoel flatworms: earliest
extant bilaterian metazoans, not members of platyhelminthes. Science 283, 1919–1923.

Ruiz-Trillo, I., Paps, J., Loukota, M., Ribera, C., Jondelius, U., Baguna, J. and Riutort, M. (2002) A phylo-
genetic analysis of myosin heavy chain type II sequences corroborates that Acoela and
Nemertodermatida are basal bilaterians. Proceedings of the National Academy of Sciences USA 99,
11246–11251.

Ruiz-Trillo, I., Riutort, M., Fourcade, H.M., Baguna, J. and Boore, J.L. (2004) Mitochondrial genome data sup-
port the basal position of Acoelomorpha and the polyphyly of the platyhelminthes. Molecular
Phylogenetics and Evolution 33, 321–332.

Ryzhikov, K.M. and Tolkacheva, L.M. (1981) Acoleata – Tapeworms of Birds, 1st edn. Nauka, Moscow.
Saccone, C., Gissi, C., Reyes, A., Larizza, A., Sbisa, E. and Pesole, G. (2002) Mitochondrial DNA in meta-

zoa: degree of freedom in a frozen event. Gene 286, 3–12.
Salzet, M., Capron, A. and Stefano, G.B. (2000) Molecular crosstalk in host–parasite relationship: schisto-

some– and leech–host interactions. Parasitology Today 16, 536–540.
Sanchez Alvarado, A., Newmark, P.A., Robb, S.M. and Juste, R. (2002) The Schmidtea mediterranea database

as a molecular resource for studying platyhelminthes, stem cells and regeneration. Development 129,
5659–5665.

Schmidt, G.D. (1969) Dioecotaenia cancellata (Linton, 1890) gen. et. comb. n. a dioeceous cestode
(Tetraphyllidea) from the cow-nosed ray Rhinopterabonasus (Mitchell) in Chesapeake Bay, with the pro-
posal of a new family, Dioecotaeniidae. Journal of Parasitology 55, 271–275.

Searcy, D.G. and MacInnis, A.J. (1970) Measurements by DNA renaturation of the genetic basis of parasite
reduction. Evolution 24, 796–806.

Sermswan, R., Mongkolsuk, S., Panyim, S. and Sirisinha, S. (1991a) Isolation and characterization of
Opisthorchis viverrini specific DNA probe. Molecular and Cellular Probes 5, 399–407.

Sermswan, R., Mongkolsuk, S. and Sirisinha, S. (1991b) Characterization of the Opisthorchis viverrini
genome. Journal of Helminthology 65, 51–54.

Short, R.B. (1948) Hermaphrodites in a Puerto Rican strain of Schistosoma mansoni. Journal of Parasitology
34, 240–242.

Short, R.B. (1951) Hermaphroditic female Schistosomatium douthitti (Trematoda: Schistosomatidae). Journal
of Parasitology 37, 547–555.

Short, R.B. (1983) Presidential address: sex and the single schistosome. Journal of Parasitology 69, 3–22.
Short, R.B. and Grossman, A.I. (1986) Chromosomes of Heterobilharzia americana (Digenea:

Schistosomatidae) from Texas. Journal of Parasitology 72, 807–809.



78 D.A. Johnston

Short, R.B. and Menzel, M.Y. (1959) Chromosomes in parthenogenetic miracidia and embryonic cercariae of
Schistosomatium douthitti. Experimental Parasitology 8, 249–264.

Short, R.B., Teehan, W.H. and Liberatos, J.D. (1987) Chromosomes of Heterobilharzia americana (Digenea:
Schistosomatidae), with ZWA sex determination, from Louisiana. Journal of Parasitology 73, 941–946.

Simpson, A.J.G. and Pena, S.D.J. (1991) Host-related DNA sequences in the schistosome genome?
Parasitology Today 7, 266.

Simpson, A.J., Sher, A. and McCutchan, T.F. (1982) The genome of Schistosoma mansoni: isolation of DNA,
its size, bases and repetitive sequences. Molecular and Biochemical Parasitology 6, 125–137.

Simpson, A.J., Singer, D., McCutchan, T.F., Sacks, D.L. and Sher, A. (1983) Evidence that schistosome MHC
antigens are not synthesized by the parasite but are acquired from the host as intact glycoproteins.
Journal of Immunology 131, 962–965.

Sluys, R., Ribas, M. and Baguna, J. (1995) Taxonomy, ecology, and karyology of a new species of Phagocata
from Spain, with a discussion on the phylogenetic systematics of the genus Phagocata Sl
(Platyhelminthes, Tricladida, Paludicola). Canadian Journal of Zoology 73, 557–568.

Smith, J.K., Esch, G.W. and Kuhn, R.E. (1972) Growth and development of larval Taenia crassiceps (Cestoda).
I. Aneuploidy in the anomalous ORF strain. International Journal for Parasitology 2, 261–263.

Snyder, S.D. and Loker, E.S. (2000) Evolutionary relationships among the Schistosomatidae (Platyhelminthes:
Digenea) and an Asian origin for Schistosoma. Journal of Parasitology 86, 283–288.

Sobhon, P., Koonchornboon, T., Yuan, H.C., Upatham, E.S., Saitongdee, P., Krautrachue, M., Bubphaniroj, P.
and Vongpayabal, P. (1986) Comparison of the surface morphology of adult Schistosoma japonicum
(Chinese, Philippine and Indonesian strains) by scanning electron microscopy. International Journal for
Parasitology 16, 205–216.

Spakulova, M., Horak, P. and Kral’ova, I. (1996) Karyotype of an avian schistosome Trichobilharzia szidati
(Digenea: Schistosomatidae). International Journal for Parasitology 26, 783–785.

Spakulova, M., Horak, P. and Muller, V. (1997) The karyotype of Trichobilharzia franki Muller et Kimmig,
1994 (Digenea: Schistosomatidae), a new European schistosome agent of swimmers’ itch. Parasite 4,
63–66.

Spakulova, M., Horak, P. and Dvorak, J. (2001) The karyotype of Trichobilharzia regenti Horak, Kolarova et
Dvorak, 1998 (Digenea: Schistosomatidae), a nasal avian schistome in Central Europe. Parasitology
Research 87, 479–483.

Spieth, J., Brooke, G., Kuersten, S., Lea, K. and Blumenthal, T. (1993) Operons in C. elegans: polycistronic
mRNA precursors are processed by trans-splicing of SL2 to downstream coding regions. Cell 73,
521–532.

Spotila, L.D., Rekosh, D.M., Boucher, J.M. and LoVerde, P.T. (1987) A cloned DNA probe identifies the sex
of Schistosoma mansoni cercariae. Molecular and Biochemical Parasitology 26, 17–20.

Spotila, L.D., Hirai, H., Rekosh, D.M. and Lo Verde, P.T. (1989) A retroposon-like short repetitive DNA ele-
ment in the genome of the human blood fluke, Schistosoma mansoni. Chromosoma 97, 421–428.

Spotila, L.D., Rekosh, D.M. and LoVerde, P.T. (1991) Polymorphic repeated DNA element in the genome of
Schistosoma mansoni. Molecular and Biochemical Parasitology 48, 117–120.

Staneviciute, G. and Kiseliene, V. (2001) Chromosome studies of Ichthyocotylurus platycephalus (Creplin,
1825) Odening 1969 with description of triploid variant and comparative karyology of the genus
Ichthyocotylurus. Parasite 8, 137–145.

Stocchino, G.A., Manconi, R., Corso, G. and Pala, M. (2004) Karyology and karyometric analysis of an
afrotropical freshwater planarian (Platyhelminthes, Tricladida). Italian Journal of Zoology 71, 89–93.

Stratford, R. and Shields, R. (1994) A trans-spliced leader RNA sequence in plant parasitic nematodes.
Molecular and Biochemical Parasitology 67, 147–155.

Tan, Q. and Li, D. (1990) Study on chromosome C-banding in Paragonimus westermani: comparison of the
diploid and triploid types. Zhongguo Ji Sheng Chong Xue Yu Ji Sheng Chong Bing Za Zhi 8, 35–37.

Tanaka, M., Iwamura, Y., Amanuma, H., Irie, Y., Watanabe, M., Watanabe, T., Uchiyama, Y. and Yasuraoka, K.
(1989) Integration and expression of murine retrovirus-related sequences in schistosomes. Parasitology
99, 31–38.

Tanaka, M., Hirai, H., LoVerde, P.T., Nagafuchi, S., Franco, G.R., Simpson, A.J. and Pena, S.D. (1995) Yeast
artificial chromosome (YAC)-based genome mapping of Schistosoma mansoni. Molecular and
Biochemical Parasitology 69, 41–51.

Tanaka, M., Tanaka, T., Inazawa, J., Nagafuchi, S., Mutsui, Y., Kaukas, A., Johnston, D.A. and Rollinson, D.
(1997) Proceedings of the schistosome genome project. Memorias do Instituto Oswaldo Cruz 92,
829–834.



Genomes and Genomics of Parasitic Flatworms 79

Telford, M.J., Herniou, E.A., Russell, R.B. and Littlewood, D.T. (2000) Changes in mitochondrial genetic
codes as phylogenetic characters: two examples from the flatworms. Proceedings of the National
Academy of Sciences USA 97, 11359–11364.

Telford, M.J., Lockyer, A.E., Cartwright-Finch, C. and Littlewood, D.T. (2003) Combined large and small sub-
unit ribosomal RNA phylogenies support a basal position of the acoelomorph flatworms. Proceedings
of the Royal Society of London. Series B, Biological Sciences 270, 1077–1083.

Terasaki, K., Habe, S., Ho, L., Jian, H., Agatsuma, T., Shibahara, T., Sugiyama, H. and Kawashima, K. (1995)
Tetraploids of the lung fluke Paragonimus westermani found in China. Parasitology Research 81,
627–630.

Terasaki, K., Shibahara, T., Noda, Y. and Kayano, H. (1996) The oocyte of triploid fluke receiving intrusion of
sperm from a diploid fluke – evidence for the origin of tetraploids in Paragonimus westermani. Journal
of Parasitology 82, 947–950.

Thompson, R.C., Lymbery, A.J. and Constantine, C.C. (1995) Variation in Echinococcus: towards a taxonomic
revision of the genus. Advances in Parasitology 35, 145–176.

Tielens, A.G., Horemans, A.M., Dunnewijk, R., van der Meer, P. and van den Bergh, S.G. (1992) The facul-
tative anaerobic energy metabolism of Schistosoma mansoni sporocysts. Molecular and Biochemical
Parasitology 56, 49–57.

Van der Linden, A.G. (1969) Chromosome number and ploidy level in a dutch population of Crenobia alpina
Dana (Planaria). Genetica 40, 61–64.

van Herwerden, L., Blair, D. and Agatsuma, T. (1998) Intra- and inter-specific variation in nuclear ribosomal
internal transcribed spacer 1 of the Schistosoma japonicum species complex. Parasitology 116,
311–317.

van Herwerden, L., Blair, D. and Agatsuma, T. (1999) Genetic diversity in parthenogenetic triploid
Paragonimus westermani. International Journal for Parasitology 29, 1477–1482.

van Oordt, B.E., van den Heuvel, J.M., Tielens, A.G. and van den Bergh, S.G. (1985) The energy production
of the adult Schistosoma mansoni is for a large part aerobic. Molecular and Biochemical Parasitology
16, 117–126.

Van Oordt, B.E., Tielens, A.G. and van den Bergh, S.G. (1989) Aerobic to anaerobic transition in the carbo-
hydrate metabolism of Schistosoma mansoni cercariae during transformation in vitro. Parasitology 98,
409–415.

Verjovski-Almeida, S., DeMarco, R., Martins, E.A., Guimaraes, P.E., Ojopi, E.P., Paquola, A.C., Piazza, J.P.,
Nishiyama, M.Y. Jr, Kitajima, J.P., Adamson, R.E., Ashton, P.D., Bonaldo, M.F., Coulson, P.S., Dillon,
G.P., Farias, L.P., Gregorio, S.P., Ho, P.L., Leite, R.A., Malaquias, L.C., Marques, R.C., Miyasato, P.A.,
Nascimento, A.L., Ohlweiler, F.P., Reis, E.M., Ribeiro, M.A., Sa, R.G., Stukart, G.C., Soares, M.B.,
Gargioni, C., Kawano, T., Rodrigues, V., Madeira, A.M., Wilson, R.A., Menck, C.F., Setubal, J.C., Leite,
L.C. and Dias Neto, E. (2003) Transcriptome analysis of the acoelomate human parasite Schistosoma
mansoni. Nature Genetics 35, 148–157.

von Nickisch-Rosenegk, M., Brown, W.M. and Boore, J.L. (2001) Complete sequence of the mitochondrial
genome of the tapeworm Hymenolepis diminuta: gene arrangements indicate that platyhelminths are
eutrochozoans. Molecular Biology and Evolution 18, 721–730.

Wada, M.Y. and Imai, H.T. (1995) Theoretical analysis of chiasmata using a novel chiasma graph method
applied to Chinese hamsters, mice, and dog. Japanese Journal of Genetics 70, 233–265.

Walker, T.K., Rollinson, D. and Simpson, A.J. (1989) A DNA probe from Schistosoma mansoni allows rapid
determination of the sex of larval parasites. Molecular and Biochemical Parasitology 33, 93–100.

Warren, K.S., Mahmoud, A.A., Cummings, P., Murphy, D.J. and Houser, H.B. (1974) Schistosomiasis mansoni
in Yemeni in California: duration of infection, presence of disease, therapeutic management. American
Journal of Tropical Medicine and Hygiene 23, 902–909.

Webster, P., Mansour, T.E. and Bieber, D. (1989) Isolation of a female-specific, highly repeated Schistosoma
mansoni DNA probe and its use in an assay of cercarial sex. Molecular and Biochemical Parasitology
36, 217–222.

Williams, S.A. and Johnston, D.A. (1999) Helminth genome analysis: the current status of the filarial and
schistosome genome projects. Parasitology 118, S19–S38.

Woodruff, D.S., Merenlender, A.M., Upatham, E.S. and Viyanant, V. (1987) Genetic variation and differenti-
ation of three Schistosoma species from the Philippines, Laos, and peninsular Malaysia. American
Journal of Tropical Medicine and Hygeine 36, 345–354.

Zamparo, D., Brooks, D.R., Hoberg, E.P. and McLennan, D.M. (2001) Phylogenetic analysis of the Rhabdocoela
(Platyhelminthes) with emphasis on the Neodermata and relatives. Zoologica Scripta 30, 59–77.



80 D.A. Johnston

Zouain, C.S., Azevedo, V.A., Franco, G.R., Pena, S.D. and Goes, A.M. (1998) Identification of genes encod-
ing Schistosoma mansoni antigens using an antigenic sequence tag strategy. Journal of Parasitology 84,
1307–1310.

Zurita, M., Bieber, D., Ringold, G. and Mansour, T.E. (1988) cDNA cloning and gene characterization of the
mitochondrial large subunit (LSU) rRNA from the liver fluke Fasciola hepatica. Evidence of heterogene-
ity in the fluke mitochondrial genome. Nucleic Acids Research 16, 7001–7012.



Introduction

Echinococcosis (hydatid disease) is a near-
cosmopolitan zoonosis caused by adult or lar-
val stages of dog cestodes belonging to the
genus Echinococcus (family Taeniidae). The two
major species of medical and public health
importance are Echinococcus granulosus and
E. multilocularis that, respectively, cause cystic
echinococcosis (CE) and alveolar echinococco-

sis (AE) (McManus et al., 2003). Both CE and AE
are serious and severe diseases, the latter espe-
cially so, with high fatality rates and poor prog-
nosis if managed incorrectly (McManus et al.,
2003). Hydatid cysts of E. granulosus develop
in internal organs (mainly liver and lungs) of
humans and other intermediate hosts as uniloc-
ular fluid-filled bladders. The cyst (metaces-
tode) of E. multilocularis is a tumour-like
infiltrating structure consisting of numerous
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small vesicles embedded in stroma of connec-
tive tissue. The metacestode mass usually con-
tains a semisolid matrix rather than fluid. The
initial phase of primary Echinococcus infection
is always asymptomatic. The incubation period
of CE is unclear but probably lasts for many
months to years. The infection may become
symptomatic if the cysts either rupture or exert
a mass-effect. Recurrence may occur following
surgery on primary cysts. CE has been reported
in subjects ranging in age from below 1 year to
more than 75 years old. The mortality rate is
estimated to be 0.2/100,000 with a fatality rate
of 2.2%. Over 90% of cysts occur in the liver,
lungs or both. Symptomatic cysts have been
reported occasionally in other organs.

AE typically presents later than CE. Cases
of AE are characterized by an initial asympto-
matic incubation period of 5–15 years duration
and a subsequent chronic course. Untreated or
inadequately managed cases have high fatality
rates. The peak age group for infection is from
50 to 70 years. The larval stage develops almost
exclusively in the liver (99% of cases). Parasite
lesions in the liver can vary from small foci of
a few millimetre in size to large (15–20 cm in
diameter) areas of infiltration. Early diagnosis of
CE and AE can provide significant improve-
ments in the quality of the management and
treatment of both diseases. The definitive diag-
nosis for most human cases of CE and AE is by
physical imaging methods such as ultrasonog-
raphy. Immunodiagnosis complements the clin-
ical picture while molecular techniques have
been recently developed and adapted to
advance laboratory diagnosis of AE and CE.
Molecular approaches are proving of value in
the study of both CE and AE, in particular for
investigating genetic variation in the causative
organisms, for the detection of parasite nucleic
acids in clinical samples, and in the identifica-
tion of Echinococcus eggs. Detecting minute
amounts of parasite DNA and mRNA, not
only to identify but also to characterize the bio-
logical status of parasite material, is becoming
recognized as a powerful identification
method.

Genetic Variation in Echinococcus

An important feature of the biology of E. granu-
losus is the fact that it comprises a number of

intraspecific variants or strains that exhibit con-
siderable variation at the genetic level
(Thompson and McManus, 2001, 2002). By
contrast, there appears to be very limited
genetic variation within E. multilocularis
(McManus and Bryant, 1995; Haag et al., 1997;
Rinder et al., 1997; Kedra et al., 2000). There are
no available data to indicate that either
Echinococcus vogeli or E. oligarthrus is variable.
The term strain is used here to describe variants
that differ from other groups of the same species
in gene frequencies or DNA sequences, and in
one or more characters of actual or potential
significance to the epidemiology and control of
echinococcosis (Thompson and Lymbery, 1990;
Bowles et al., 1995).

The extensive intraspecific variation in
nominal E. granulosus may be associated with
life-cycle patterns, host specificity, develop-
ment rate, antigenicity, transmission dynamics,
sensitivity to chemotherapeutic agents and
pathology (Thompson and Lymbery, 1990;
Thompson, 1995; Thompson and McManus,
2001, 2002). This may have important implica-
tions for the design and development of vac-
cines, diagnostic reagents and drugs impacting
on the epidemiology and control of echinococ-
cosis. For example, the adult parasite of the
cattle strain of E. granulosus exhibits a preco-
cious development in the definitive host with
a short pre-patent period of only 33–35 days,
nearly a week less than that of the common
sheep strain (Thompson, 1995). This compli-
cates control efforts where drug treatment of
definitive hosts is utilized as a means of break-
ing the cycle of transmission, as it necessitates
an increase in frequency of adult cestocidal
treatment.

A number of well-characterized strains are
now recognized (Table 3.1) that all appear to be
adapted to particular life-cycle patterns and host
assemblages (Thompson and McManus, 2001,
2002; McManus, 2002). Up to the time of the
publication by McManus (2002), molecular
studies, using mainly mitochondrial DNA
(mtDNA) sequences, had identified nine distinct
genetic types (genotypes (G) 1–9) within E. gran-
ulosus. This categorization followed very closely
the pattern of strain variation emerging based
on biological characteristics. Another genotypic
group (G10), named the Fennoscandian cervid
strain, was recently described infecting reindeer
and moose in northeastern Finland (Lavikainen
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Table 3.1. Genotypes/strains of Echinococcus granulosus categorized by DNA analysis with their
host and geographical range. (Modified from McManus and Thompson, 2003a.)

Genotype (strain) Host origin Geographic origin

G1 (common sheep strain) Sheep UK, Spain, China, Australian mainland, 
Tasmania, Kenya, Uruguay, Turkey, Jordan,
Lebanon, Italy, Argentina, Brazil, Iran, Nepal,
North Algeria, South Algeria, Bulgaria, Portugal

Cattle UK, Spain, Kenya, Tasmania, Jordan, China, 
North Algeria, Bulgaria, Australia

Human Australian mainland, Tasmania, Jordan, 
Lebanon, Holland, Kenya, China, Argentina,
Spain, Algeria, Austria

Goat Kenya, China, Nepal, Spain
Buffalo India, Nepal
Camel Kenya, China, Tunisia
Pig China, Kenya, Bulgaria
Wild boar Spain
Kangaroo Australian mainland
Dog (adult) Kenya
Dingo (adult) Australian mainland
Wolf (adult) Bulgaria
Jackal (adult) Bulgaria

G2 (Tasmanian sheep Sheep Tasmania, Argentina
strain) Human Argentina

G3 (buffalo strain?) Buffalo India
G4 (horse strain; Horse UK, Ireland, Switzerland, Spain

bEchinococcus equinus) Donkey Ireland
G5 (cattle strain; Sheep Nepal

bEchinococcus ortleppi ) Goat Nepal
Cattle Switzerland, Holland, Brazil, Sudan
Buffalo India, Nepal
Pig Kenya, Sudan
Human Holland, Argentina
Zebra Namibia

G6 (camel strain) Camel Kenya, Somalia, Kenya, Sudan, China, Iran, 
Mauritania, Egypt, South Algeria, Tunisia

Cattle China, Iran, Mauritania, Kenya, Sudan
Human Argentina, Nepal, Iran, Mauritania, Kenya, Egypt
Sheep Iran, Sudan
Goat Kenya

G7 (pig strain) Pig Poland, Slovakia, Ukraine, Argentina, Spain, 
Egypt (?), Kenya, Austria (G6/G7)

Wild boar Ukraine, Spain
Goat Spain
Beaver Poland
Cattle Slovakia
Human Poland, Slovakia, Austria (G6/G7)

G8 (cervid strain) Moose USA
Human USA

G9 Human Poland
G10 (Fennoscandian Moose, Northeast Finland

cervid strain) Reindeer

aAdditional references: Bardonnet et al. (2003), Lavikainen et al. (2003), Azab et al. (2004), Bart et al. (2004), Breyer
et al. (2004), Daniel-Mwambete et al. (2004), Dinkel et al. (2004), Haag et al. (2004), Lahmar et al. (2004) and
Obwaller et al. (2004)
bProposed in Thompson and McManus (2002).



et al., 2003). Recently, species status was sug-
gested for two of these strains as Echinococcus
equinus (horse–dog strain, G4) and Echinococ-
cus ortleppi (cattle–dog strain, G5), respectively
(Thompson and McManus, 2002) although for-
mal reinstatement of the names was not made.
The case for this revised taxonomy is further
explored later.

Identification of Echinococcus
Isolates using Molecular Genetic

Techniques

Genetic variation in Echinococcus has been
investigated using sequences from both the
nuclear and mitochondrial genomes. The
advent of the polymerase chain reaction (PCR)
has provided a highly sensitive approach that
is now widely used for Echinococcus identifi-
cation purposes, including discrimination of
eggs. The various techniques applied for studies
of this genetic variation have been described in
detail (McManus, 2002; McManus and
Thompson, 2003). A brief synopsis follows.

RFLP/RAPD analysis

Earlier studies of molecular genetic variation in
Echinococcus involved restriction fragment
length polymorphism (RFLP) analysis using
conventional Southern blotting. It was able to
distinguish between several distinct strains of
E. granulosus and extensive study showed that
RFLP patterns were stable within a particular
strain. The conventional RFLP procedure was
simplified, without loss of resolution or accu-
racy, by linking RFLP analysis with PCR target-
ing the nuclear ribosomal DNA (rDNA)
internal transcribed spacer 1 (ITS-1) region.
The random amplified polymorphic (RAPD)-
PCR (RAPD-PCR) has also been used under
carefully controlled conditions for distinguish-
ing the four recognized Echinococcus species
and genetically distinct forms of E. granulosus.
This technique was used recently to show that
human cases in Egypt were of the camel–dog
strain, and that camels are important hosts for
the transmission of human hydatidosis there
(Azab et al., 2004).

PCR-amplified DNA sequences

Direct comparison of the nucleotide sequences
of defined DNA segments between organisms
provides a highly diagnostic and sensitive
means of detecting genetic variation.
Mitochondrial sequences, particularly frag-
ments of the mitochondrial protein-coding
genes, cox1 and nad1, have proved invaluable
for E. granulosus strain identification. Recently,
Dinkel et al. (2004) have devised a specific and
sensitive PCR/semi-nested PCR system for the
rapid diagnosis of E. granulosus genotype G1,
E. granulosus genotype G6/7 and E. ortleppi
(G5). Diagnosis of G1 and the group G5/6/7 is
performed by a simple PCR, while discrimina-
tion between E. ortleppi (G5) and G6/7 involves
a subsequent semi-nested PCR step. The target
sequence for amplification is part of the mito-
chondrial 12S ribosomal RNA (rRNA) gene.
Specificity of the PCRs was 100% when evalu-
ated with isolates of 16 species of cestodes,
including E. multilocularis, E. equinus (G4),
E. ortleppi (G5) and three strains of E. granulo-
sus (G1, G6 and G7). This approach can be
readily applied for the screening of large num-
bers of samples in epidemiological surveys.
Preliminary epidemiological results obtained
with this PCR approach included the detection
of a camel strain (G6) infection for the first time
in a human patient from eastern Africa, and the
first reports of E. ortleppi (G5) in livestock from
Kenya and the Sudan. It is noteworthy that
human CE in Central Sudan appears to be rela-
tively rare and this may result from the absence
or limited distribution of the sheep–dog strain
there (Elmahdi et al., 2004), and/or the fact that
in Sudan, sheep and goats seem to harbour cal-
cified or infertile cysts of E. granulosus (Saad
and Magzoub, 1989; Elmahdi et al., 2004).

Daniel-Mwambete et al. (2004) analysed
cox1 and nad1 sequences in combination with
RAPD-PCR analysis to genotype isolates of
E. granulosus from a range of hosts from Spain.
Previously, three strains (sheep–dog, horse–dog
and pig–dog) of E. granulosus had been identi-
fied in Spain. The new study confirmed that the
Spanish ‘sheep’ strain corresponded to geno-
type 1 (G1), infecting sheep, cattle, goats, pigs,
wild boar and human; the ‘horse’ strain corre-
sponded to genotype 4 (G4), only infecting
horses; and the ‘pig’ strain corresponded with
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genotype 7 (G7), infecting goats, pigs and wild
boar. Goats, pigs and wild boar can be infected
by two genotypes, G1 and G7. The authors
pointed out that this circumstance, and espe-
cially the possibility of sylvatic intermediate
hosts serving as reservoirs of the G1 genotype of
the parasite, should be taken into consideration
by authorities to develop and evaluate effective
control programmes for echinococcosis.

Mutation scanning methods

Mutation scanning methods provide alterna-
tives to DNA sequencing for the high resolution
analysis of PCR-amplified fragments (Gasser
and Zhu, 1999). One such method is single
strand conformation polymorphism (SSCP) that
has been used to rapidly screen large numbers
of Echinococcus isolates. Another useful muta-
tion scanning method is dideoxy fingerprinting
(ddF), which is a hybrid between SSCP and
conventional dideoxysequencing. The tech-
nique has been used reproducibly for the direct
display of sequence variation in the cox1 gene
to type and differentiate all of the Echinococcus
genotypes examined.

Microsatellite markers

A virtually untapped area for studying diversity
in Echinococcus is the use of microsatellite
DNA. Some microsatellite markers are avail-
able for E. multilocularis, following the earlier
studies of Bretagne et al. (1996) who were
able to use microsatellite DNA to divide iso-
lates of E. multilocularis into three groups:
European, North American (Montana) and
Japanese. More recently Nakao et al. (2003)
isolated two microsatellite loci that were used
to demonstrate population-level polymor-
phisms in E. multilocularis adult worms derived
from wild red foxes collected from a limited
geographical area of Hokkaido, Japan.

Bartholomei-Santos et al. (2003) described
for the first time the isolation and characteriza-
tion of microsatellites from E. granulosus. This
group searched the E. granulosus genome for
microsatellites using eight different oligonu-
cleotides containing particular repeats as probes.

Southern blot experiments revealed that DNA
regions containing GT, CAA, CATA and CT
repeats are the most frequent in the E. granulosus
genome. Two loci containing CA/GT (Egmsca1
and Egmsca2) and 1 locus containing GA/CT
(Egmsga1) repeats were cloned and sequenced.
The locus Egmsca1 was analysed in 73 isolates
from Brazil and Argentina whose genotypes had
been characterized previously. Brazilian isolates
of the cattle strain and Argentinean isolates of the
camel strain were monomorphic and fixed for
the allele (CA)7. Argentinean isolates of sheep
and Tasmanian sheep strains shared two alleles
((CA)8 and (CA)10) with the Brazilian isolates of
sheep strain. The allele (CA)11 was found only in
Brazilian isolates of the sheep strain at a low fre-
quency. The Brazilian, but not the Argentinean,
sheep strain populations were in agreement with
the Hardy–Weinberg equilibrium. No polymor-
phism was found among individual protoscole-
ces from a single hydatid cyst, validating the
procedure of pooling protoscoleces from one
cyst, grouped as an isolate, in population stud-
ies. The availability of the current microsatellite
markers for E. granulosus and E. multilocularis,
and the identification of additional microsatel-
lites in the future, will provide exquisitely sensi-
tive tools for studying the population genetics
and transmission biology of Echinococcus
species.

Molecular Identification of
E. granulosus Strains

The various genotypes of E. granulosus that have
been identified using DNA analysis together
with their host range and geographical distribu-
tion are presented in Table 3.1. A brief descrip-
tion of the major findings only is presented here
as the area has been reviewed extensively in
Thompson and McManus (2001), McManus
(2002) and McManus and Thompson (2003).

Sheep–dog (Genotype 1) and horse–dog
(Genotype 4 – E. equinus) strains

Discrete horse–dog and sheep–dog forms of
E. granulosus occur that differ in a wide spec-
trum of biological criteria. Of public health
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significance is the fact that the sheep strain is
infective to humans but, probably, non-infec-
tive to horses. The horse strain appears to be
poorly infective to sheep and may be non-
infective to humans. This is borne out by
extensive DNA data as, to date, the horse
strain (G4) has not been reported in sheep or
humans, and the sheep strain (G1) has not
been identified in horses. Pairwise differences
among genes can give a measure of relative
levels of divergence among taxa. Complete
mitochondrial genomes for the sheep–dog and
horse–dog strains were recently obtained and
compared with those of E. multilocularis
and Taenia crassiceps (Le et al., 2002).
Comparisons of the concatenated nucleotide
sequences of the mitochondrial protein-
encoding genes, and of the two subunits
(small: rrnS and large: rrnL) of rRNA are
shown in Table 3.2. The data indicate that the
sheep and horse strains differ by 12.4%
(nucleotides (nt)), and 11.6% (amino acids
(aa)), a level similar to differences between
these two genotypes and E. multilocularis
(13–15% nt and 11.5–13.5% aa). As
expected, divergence was considerably higher
(26–30% nt and aa differences) when any
member of the genus Echinococcus was com-
pared with T. crassiceps. Sequences for the

variable genes atp6 and nad3 were obtained
from additional genotypes of E. granulosus,
from E. vogeli and E. oligarthrus. Again, pair-
wise comparisons showed the distinctiveness
of the G1 and G4 genotypes.

Another approach to investigating levels
of divergence is by means of phylogenetic
trees. Careful phylogenetic analysis of mito-
chondrial sequence data, in combination with
additional nuclear sequence data (Bowles
et al., 1995), formally demonstrated the evolu-
tionary distinctiveness of the sheep and horse
strains of E. granulosus. Additional phyloge-
netic analyses (Fig. 3.1) of concatenated atp6,
nad1 (partial) and cox1 (partial) genes from
E. multilocularis, E. vogeli, E. oligarthrus, five
genotypes of E. granulosus, and using T. crassi-
ceps as an outgroup, yielded the same results
(Le et al., 2002). Overall, the comparisons sug-
gested that the horse and sheep strains are
as distinct from each other as either is from
E. multilocularis. In addition, data have accu-
mulated from throughout the world demon-
strating the conserved nature of the horse
and sheep strains/genotypes of E. granulosus.
Furthermore, the fact that their genetic char-
acteristics are maintained in sympatry in
endemic areas such as UK or Spain where
the life cycles overlap, reinforces the argument
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Table 3.2. Divergence (%) in 12 mitochondrial protein-coding genes (nucleotide sequence (above
diagonal) and amino acid sequence (below diagonal)) and in nucleotide sequences of the mitochondrial
large (rrnL) (above diagonal) and small (rrnS) (below diagonal) ribosomal RNA (rRNA) subunits between
the sheep–dog (EgG1) and horse–dog (EgG4) strains of Echinococcus granulosus, E. multilocularis
(Em) and Taenia crassiceps (Tc). (After Le et al., 2002.)

EgG1 EgG4 Em Tc EgG1 EgG4 Em Tc

Protein-coding sequencesa rrnL and rrnS sequencesb

EgG1 12.37 14.97 27.01 8.76 11.05 23.73
EgG4 11.57 13.01 26.37 8.18 11.24 24.47
Em 13.67 11.53 25.73 11.20 10.24 25.41
Tc 30.60 30.78 29.58 22.45 22.56 22.25

aE. granulosus G1 differs from G4 by 12.4% (nucleotides (nt)) and 11.6% (amino acids (aa)), a level similar to
differences between these two genotypes and E. multilocularis (13–15% nt and 11.5–13.5% aa). As expected,
divergence is considerably higher when any member of the genus Echinococcus is compared with T. crassiceps
(26–30% nt and aa differences), suggesting that saturation has not been reached within Echinococcus.
bE. granulosus G1 and G4 differ by 11% from E. multilocularis and differ from each other by 8%. The differences
between the two E. granulosus genotypes are noteworthy as rRNAs are known to be conserved among related taxa.
Overall, the comparisons suggest that E. granulosus G1 and G4 are as distinct from each other as either is from
E. multilocularis.



that the two forms are separate species.
Accordingly, considering the new biological,
epidemiological and molecular evidence that
has accumulated since the original description
and subspecies taxonomic status given by
Williams and Sweatman (1963) for the form of
Echinococcus that uses horses as its intermedi-
ate host, Thompson and McManus (2002) have
suggested that the horse–dog strain of E. gran-
ulosus be recognized as a distinct species,
E. equinus.

It has been recognized for some time that
E. granulosus is maintained in two cycles of
transmission on mainland Australia. One prin-
cipally involves domestic sheep, while the
other involves numerous species of macropod
marsupials (kangaroos and wallabies). There is
interaction between these cycles through a
range of carnivores (domestic dogs, feral dogs,
dingoes and red foxes), which are definitive
hosts. Early evidence led to their proposed des-
ignation as distinct strains but subsequent
molecular analysis indicates that only the
common sheep strain is present. In biological,
epidemiological and molecular features the
common sheep strain can be regarded as
homogeneous except that in Tasmania, mor-
phological distinctiveness, a significantly

shortened pre-patency period and molecular
evidence has indicated that a variant of the
common E. granulosus G1 genotype (desig-
nated genotype G2) occurs. The G2 genotype
is also present in Argentina, possibly having
been introduced with Merino sheep exported
from Australia to Argentina (Rosenzvit et al.,
1999; Haag et al., 2004).

Cattle–dog strain (Genotype 5 – E. ortleppi )

Until the early 1990s, all surgically obtained
human isolates of E. granulosus examined by
isoenzyme and DNA analysis conformed to
the common domestic sheep strain. However,
a partly calcified hydatid cyst, removed from a
young Dutch patient and typed by PCR/RFLP
analysis and cox1 and nad1 sequences, was
shown to belong to the genetically distinct
bovine or cattle strain (G5 genotype) of E. gran-
ulosus. This strain has also been shown to
infect humans in Argentina (Kamenetzky et al.,
2002; Haag et al., 2004). Thus, in regions
where the bovine strain occurs, cattle may act
as reservoirs of human infection.

Cattle are commonly found to harbour
hydatid cysts throughout the world but the
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Fig. 3.1. Inferred relationships among species and genotypes of Echinococcus, using concatenated
sequences of the mitochondrial protein-encoding genes atp6, nad1 (partial) and cox1 (partial) and
Taenia crassiceps as an outgroup (modified from Le et al., 2002). EgG1, EgG4, EgG6, EgG7, EgG8
are different genotypes of Echinococcus granulosus (Table 3.1). Units on scale bar: changes per site.
(A) A distance matrix was constructed from the inferred amino acid sequences using a Poisson
correction for multiple hits and the tree constructed using the minimum evolution approach. Five hundred
bootstrap resamplings were carried out. Branches with bootstrap support values less than 50% are
indicated with an asterisk.



aetiological agent is usually the sheep strain of
E. granulosus, and infected cattle are an acci-
dental host with resultant cysts rarely fertile.
The form of Echinococcus, which is adapted to
cattle as its intermediate host is characterized
by the nature of its pulmonary metacestode
development with the production of predomi-
nantly fertile cysts, the unusual strobilar mor-
phology and rapid rate of development of the
adult worm. In addition, although the molecu-
lar data are not as rich as those available for
comparing the horse and sheep strains, there
is no question of its genetic distinctiveness as
clearly shown by pairwise distance matrix

and phylogenetic analysis using nuclear and
mitochondrial genes (Bowles et al., 1995). The
cattle-adapted form has a widespread geo-
graphical distribution that includes parts of
Central Europe, South Africa, India, Sri Lanka,
Nepal and possibly South America (Thompson
and McManus, 2001, 2002). As with
Echinococcus of horse origin, the cattle form
of Echinococcus was originally given specific
status as E. ortleppi (Lopez-Neyra and Soler
Planas, 1943) based on a re-evaluation of
an earlier description (Ortlepp, 1934) of
Echinococcus in South Africa where the cattle-
adapted form is now known to occur. The
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Fig. 3.1. (cont’d ) (B) A distance matrix was constructed from the nucleotide sequences using the Kimura
2-parameter correction for multiple hits and the unrooted tree constructed using the minimum evolution
approach. It is clear that EgG4, EgG1, Echinococcus vogeli and E. oligarthrus are almost equidistant
from each other in terms of mitochondrial sequences. Furthermore, the E. granulosus G1 and G4
genotypes are also almost equidistant from the G6–G8 genotype cluster, although there is some
structure in this latter group. Echinococcus multilocularis appears as basal within the genus.



validity of E. ortleppi as a separate species was
not accepted by Rausch and Nelson (1963) but
subsequent studies (Verster, 1965) showed that
previous taxonomic considerations were based
only on a limited appraisal of the morphologi-
cal features, which characterize this form of
Echinococcus. Accordingly, Thompson and
McManus (2002) suggested that E. ortleppi
should be reinstated and recognized as the cat-
tle-adapted form of Echinococcus. Recently,
genotype 5 was shown by cox1 and nad1
sequence analysis to infect a Namibian zebra
(Obwaller et al., 2004). There have been no
molecular genetic studies undertaken on
Echinococcus isolates from South African hosts
and clearly this would be a fruitful area for
future research.

Camel–dog strain (Genotype 6)

The camel–dog strain of E. granulosus has
been identified by molecular methods in East
Africa where it infects camels, goats, cattle
and pigs. DNA analysis has also shown that
the G6 genotype of E. granulosus occurs in
several other countries including Iran,
Argentina and China (Table 3.1). DNA studies
have indicated that the camel strain is infec-
tious to humans and circulates between inter-
mediate hosts including camels and cattle in
Mauritania; if the sheep strain is present
there, it is rarely found. As well as Mauritania,
molecular studies of E. granulosus from
Argentina, Iran, Egypt and Nepal have
reported the presence of the G6 genotype in
several human subjects; recently the camel
strain was reported for the first time in a
human patient from Kenya (Dinkel et al.,
2004). This has potentially important implica-
tions for public health and implementation of
echinococcosis control programmes where
the camel strain is involved in E. granulosus
transmission. The camel strain has a shorter
maturation time in dogs compared with the
common sheep strain, which is the form gen-
erally associated with human infection.
However, as is evident from scrutiny of
Table 3.1, DNA analysis indicates that the
majority of the characterized E. granulosus
genotypes (G1, G2, G5, G6, G7, G8 and G9)
have been shown to occur in humans.

Pig–dog strains (Genotypes 7 and 9)

Analysis of E. granulosus from Polish patients
indicated that they were not infected with the
common sheep strain (G1 genotype) of E. gran-
ulosus. Instead, the isolates shared similar DNA
sequence with the previously characterized
pig–dog strain (G7) genotype but exhibited
some clear differences. Accordingly, it was pro-
posed that these human isolates represented a
distinct E. granulosus genotype (designated G9)
(Scott et al., 1997). Subsequent studies of
human and pig isolates from Poland, Slovakia
and Ukraine failed to confirm the existence of
this genotype but have provided evidence for
the almost exclusive presence of the G7 geno-
type (Kedra et al., 1999; Pawlowski and
Stefaniak, 2003a). Confirmation of the existence
of the G9 genotype and identification of the
major reservoir(s) of human echinococcosis in
Poland (almost certainly pigs; Pawlowski and
Stefaniak, 2003b) and other countries in Central
and Eastern Europe remain to be resolved.

Cervid strains (Genotypes 8 and 10)

The northern biotype of E. granulosus occurs in
North America and northern Eurasia in life
cycles involving cervids (moose and reindeer)
with the wolf as the principal definitive host;
cycles involving sled dogs and domesticated
reindeer also occur. Based on its unique nad1
sequence and ITS-1 PCR-RFLP pattern, a cervid
strain obtained from Alaskan moose appeared
to represent a distinct genotype of E. granulosus,
which was designated G8 (Bowles et al., 1994).

Case-based data have suggested that the
course of sylvatic disease is less severe than
that of domestic disease, which led to the rec-
ommendation to treat CE patients in the Arctic,
presumed to be infected with the cervid strain,
by careful medical management rather than by
aggressive surgery. The first two documented
E. granulosus human cases in Alaska with
accompanying severe sequelae in the liver
were recently reported (Castrodale et al.,
2002). The results of molecular analysis of the
cyst material of one of the subjects supported
identification of the parasite as the sylvatic
(cervid) strain (G8) and not as the domestic
(common sheep) strain, which was initially

Genetic Discrimination of Echinococcus Species and Strains 89



thought to be implicated in these unusually
severe cases (McManus et al., 2002). The
adverse outcomes could have been rare com-
plications that are part of the clinical spectrum
of sylvatic CE, an indication that the sylvatic
form of E. granulosus, especially when affect-
ing the liver, has potential for severe clinical
consequences.

In a recent study, Lavikainen et al. (2003)
provided molecular evidence for the existence
of a new variant of the cervid strain. Five iso-
lates of E. granulosus were collected from four
reindeer and one moose in northeastern
Finland. DNA sequences within regions of the
cox1 and nad1 genes and the rDNA ITS-1 were
analysed. The mitochondrial nucleotide
sequences were identical in all isolates, but
high sequence variation was found in cloned
fragments of the ITS-1 region. Mitochondrial
and nuclear sequences of the Finnish cervid
E. granulosus and the camel strain (G6) of E. gran-
ulosus closely resembled each other. Phylo-
genetic analysis indicated the Finnish isolates
had close relationship also with the pig (G7)
and cattle (G5) strains. Although some similar-
ities were found with G8 cervid strain, partic-
ularly in the nad1 and some of the ITS-1 clones,
the Finnish E. granulosus form appeared to rep-
resent a distinct, previously undescribed geno-
type of E. granulosus, which the authors named
as the Fennoscandian cervid strain (G10). It is
important to evaluate the geographical distri-
bution of this new genotype and to determine
whether it is infective to humans as has been
shown for the G8 form.

Detection of Echinococcus Nucleic
Acids in Clinical Samples

Clinical findings require sophisticated investi-
gations to confirm echinococcosis. Usually
primary identification and characterization of
echinococcal lesions occur by imaging tech-
niques. However, the diagnostic potential of
such techniques is sometimes limited by the
atypical appearance of the visualized lesions
that may also be insufficient in providing infor-
mation about the involved species or about the
viability of the parasite. Immunodiagnosis is a
useful complementary diagnostic tool for the

identification of infection and disease (Zhang
et al., 2003). Recent efforts have been under-
taken to apply molecular identification meth-
ods for direct detection of parasite RNA or
DNA in clinical samples by Southern/Northern
blotting or PCR (Siles-Lucas and Gottstein,
2001). These molecular methods have mainly
been used in the clinical context for the pri-
mary diagnostic identification of parasite
materials in biological specimens resected or
biopsied from patients, and also for the assess-
ment of the viability of parasite samples after
chemotherapy or other treatment. Detection
of parasite nucleic acids in clinical samples
from AE or CE patients has been substantially
improved by the use of the PCR. Generation
of specific primers and their use in PCR and
reverse transcriptase (RT)-PCR (RT-PCR) allow
the detection of minute amounts of parasite
RNA/DNA collected during surgical removal
of cyst material or by fine needle aspiration
biopsy (FNAB) (Pawlowski and Stefaniak,
2003a).

These nucleic acid-based assays are
highly sensitive and can provide exquisite lev-
els of specificity for absolute and unambiguous
identification of alcohol-fixed and appropri-
ately stored Echinococcus samples. Such
assays incorporating appropriate PCR primers
could readily provide confirmation of the first
report of a human case of polycystic
echinococcosis due to E. vogeli from Peru
(Somocurcio et al., 2004), and whether two
cases of echinococcosis reported from India
were caused by E. oligarthrus (Kini et al., 1997;
Sahni et al., 2000) or E. granulosus as argued
by D’Alessandro and Rausch (2004).

DNA Detection of Infection in
Definitive and Intermediate Hosts

Two approaches for diagnosis of intestinal
Echinococcus infection, the detection of E. mul-
tilocularis-/E. granulosus-specific coproantigens
in enzyme-linked immunosorbent assay (ELISA)
and of copro-DNA by PCR, have been success-
fully implemented. These methods are valuable
for the post-mortem and the intravitam diagnosis
of Echinococcus infection in definitive hosts
(Dinkel et al., 1998; Cabrera et al., 2002; Mathis
and Deplazes, 2002; Abbasi et al., 2003;
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Deplazes et al., 2003; Stefanic et al., 2004). They
provide also the tools to study the transmis-
sion biology of E. multilocularis and E. granulo-
sus as they allow detection of an infection in
faecal samples collected in the environment.
Coproantigen detection is the diagnostic method
of choice as it is sensitive, fast and cheap. The
use of PCR for routine diagnostic or large-scale
purposes is hampered by the fact that DNA
extraction from faecal material is a very labori-
ous task (Deplazes et al., 2003). Nevertheless,
the copro-PCR is a valuable method for confir-
mation of positive coproantigen results by ELISA
and for diagnosis in individual animals. As
taeniid eggs cannot further be differentiated
morphologically, PCR is the method of choice
to identify Echinococcus infections in faecal or
environmental samples containing taeniid eggs.
The sensitivity of an E. granulosus G1-specific
coprodiagnostic PCR was recently shown to give
a positive result with a single egg (A. Dinkel,
University of Hohenheim, Stuttgart, Germany,
personal communication).

In intermediate rodent hosts, the PCR is
routinely used in epidemiological studies to
identify E. multilocularis from liver lesions,
which are often very small, atypical or calci-
fied. The PCR using proteinase K-digested
lesion material has been successfully employed
for monitoring the prevalence of E. multilocu-
laris in rodents (Dinkel et al., 1998; Gottstein
et al., 2001; Stieger et al., 2002).

PCR amplification/sequencing of mtDNA
sequences (cox1; cytb (cytochrome b)) has
been used to show that yaks (Bos grunniens)
seem inadequate and dead-end hosts for the
sheep–dog strain of E. granulosus, and also for
E. multilocularis in western Sichuan, PR China.
Both unilocular (E. granulosus in yaks, sheep
and goats) and multilocular (alveolar) (E. multi-
locularis in hares and rodents) hydatids are
common in this region. Humans and dogs are
equally infected with both species. Previous
studies had shown that many yaks harbour
unilocular (probably E. granulosus) and multi-
locular cysts that visually were deemed to be
E. multilocularis. However, two studies involv-
ing histological and PCR-based mitochondrial
genotyping of echinococcal lesions from the
infected yaks showed that they were actually
the G1 genotype of E. granulosus (Xiao et al.,
2003; Heath et al., 2005).

In the study by Heath et al. (2005) no
viable cysts were found in 125 necropsied yaks
taken from four townships of the Datangba
Flatlands, Ganzi County, Sichuan. The convo-
luted laminated membranes in the multilocular
cysts were lined on the inside by germinal
membrane, but showed no budding to the exte-
rior, and there were no protoscoleces present.
These multilocular cysts were probably a man-
ifestation of an immune response to E. granulo-
sus that walls off the developing cyst so that the
laminated and germinal membranes continue
to proliferate within a confined space. The
unilocular cysts also had no evidence of proto-
scoleces or developing brood capsules.

The results from these two studies have
important public health consequences and
implications for echinococcosis control. A
hydatid control and community health project
underway in Sichuan is intended to provide
guideline information for the development of
future hydatid control programmes in China,
and is focused on interrupting the life cycle of
the hydatid parasite by dosing dogs with praz-
iquantel and vaccinating intermediate hosts
(Heath et al., 2003). An understanding of the
tapeworm life cycle and how people can avoid
becoming infected with hydatid disease is
included as part of the community and health
education activities.

At the beginning of the project it was
thought that Datangba Flatlands yaks, sheep
and goats could all produce cysts that would
be able to reinfect dogs with the parasite.
Vaccination of all these animals would prevent
infections becoming established and reduce the
chances of dogs becoming reinfected by eating
animal organs containing hydatid cysts. Now
that it has been shown that this local Datangba
sheep strain of E. granulosus usually only pro-
duces protoscoleces in sheep and goats, and not
in yaks, the control of hydatid disease caused
by E. granulosus can concentrate there on sheep
and goats, while putting less emphasis on yaks.

Concluding Remarks

Nucleic acid-based approaches and the use of
microsatellites are proving of considerable
value for investigating genetic variation, the
molecular epidemiology and population
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genetics of Echinococcus taxa, and for identifi-
cation and discrimination of Echinococcus
eggs from those of other taeniid species in
definitive hosts. As well, the range of DNA
techniques now available for genetic discrimi-
nation of Echinococcus species and strains is
impressive and much valuable information on
the molecular categorization of the different
genotypes is now at hand. In many cases,
molecular techniques have validated the
genetic basis of important morphological and
other biological differences that can now be
used with confidence as a reliable and simple
means of identifying and differentiating
between Echinococcus taxa. The publication
of the complete sequences of the mitochondr-
ial genomes of the horse and sheep strains of
E. granulosus and E. multilocularis and the
availability of mtDNA sequences for a number
of other Echinococcus genotypes (Le et al.,
2002; Nakao et al., 2002) provide additional
genetic information that can be used for even

more in-depth strain characterization and phy-
logeny construction of Echinococcus spp. As
discussed earlier, the availability of this rich
genetic information has provided a solid
molecular basis for revising the taxonomy
of the genus Echinococcus (Thompson and
McManus, 2002).
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4 Ribosomal DNA Variation
in Parasitic Flatworms

D. Blair
School of Tropical Biology, James Cook University, Townsville, 

Queensland 4811, Australia

Introduction

Ribosomes, the intracellular particles on which
proteins are assembled, are highly complex
and dynamic entities. The structural framework
of ribosomes is provided by ribosomal RNA
(rRNA) molecules with which many proteins
are associated (summarized in Capowski and
Tracy, 2003). Homologous rRNA genes occur
in all prokaryotes and eukaryotes. The mito-
chondrial and chloroplast rRNA genes in
eukaryotes clearly have prokaryote affinities
(Pace et al., 1986). The genomic DNA from
which ribosomal genes are transcribed, along
with any associated spacers, is collectively
termed ribosomal DNA (rDNA). Sequences
and other data from rDNA and its products,

both nuclear and mitochondrial, have a long
history of use in phylogenetic, systematic and
related studies across all kingdoms of life (sum-
marized for parasitic flatworms in Table 4.1).
Most studies on rDNA of parasitic flatworms
(Neodermata – the trematodes, monogeneans
and cestodes) have had a focus on phylogeny
and/or systematics, a focus that will flavour this
review. They have also revealed that this region
of the genome is a dynamic and fascinating one.

Terminology applied to the rRNAs can be
confusing. Individual rRNAs are often referred
to according to their sedimentation coefficient
(S value). However, S values vary among orthol-
ogous genes according to the cellular location
(nucleus or mitochondrion in metazoans) and
taxon in which each is found. Thus, the bacterial
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Table 4.1. Summary of research areas for which ribosomal sequences and related data have been used. This is not comprehensive. Several studies tabulated
here could be listed in more than one category.

Research area Gene region Taxon and notes Reference

Broad-scale phylogeny nSSU Platyhelminthes Littlewood and Olson (2001)
of flatworms nSSU/LSU Platyhelminthes and Neodermata Lockyer et al. (2003a)

Molecular taxonomy and ITS Trematodes of marine fish Jousson et al. (2000)
discovery of cryptic species ITS2 and mtLSU Cryptic species of trematodes in marine gastropods Donald et al. (2004)

ITS1 Cryptic species of trematode in freshwater salmonids Criscione and Blouin (2004)
Identification of life-cycle stages ITS Matched cercariae and adults of mesometrids (Trematoda) Jousson et al. (1998)

ITS1 Opecoelids (Trematoda) in marine fish and snails Jousson and Bartoli (2000)
ITS2 Bivesiculids (Trematoda) have three-host life cycle Cribb et al. (1998)

Evaluation of morphological nSSU Affinities of Gyliauchenidae (Trematoda) Blair and Barker (1993)
features

Host specificity and speciation ITS Gyrodactylus species Zietara and Lumme (2002)
nSSU and ITS Gyrodactylus species Huyse et al. (2003)
nSSU and ITS1 Sympatric speciation in Dactylogyrus Simkova et al. (2004)
nLSU Polystomes in freshwater turtles Littlewood et al. (1997)

Coevolution nSSU Host–parasite cospeciation not typical in a monogenean/ Desdevises et al. (2002)
marine fish system

Biogeography ITS1 Cestodes of lemmings Haukisalmi et al. (2001)
nLSU and ITS Lung flukes of frogs Snyder and Tkach (2001)
nSSU/LSU and Asian Schistosoma species Attwood et al. (2002)

mtSSU
nSSU/LSU and ITS Schistosoma species Morgan et al. (2003a)

and mtLSU
nSSU/LSU Schistosoma species Lockyer et al. (2003b)

Host evolutionary history nLSU Polystomes (Monogenea) and early vertebrates Verneau et al. (2002)
Molecular diagnosis nSSU Hymenolepis nana formed cystic mass in AIDS patient Olson et al. (2003)

mtSSU Echinococcus granulosus strains Dinkel et al. (2004)



16S rRNA is orthologous with the mitochondr-
ial (mt) 12S and the nuclear (n) small subunit
(SSU) (nSSU) or 18S rRNAs in eukaryotes.
Similarly, the bacterial 23S rRNA is orthologous
with the mt16S and the nuclear (n) large subunit
(LSU) (nLSU) or 28S rRNAs of eukaryotes. Two
other small rRNAs transcribed from the eukary-
ote nuclear genome are universally referred to
as the 5S and 5.8S molecules. Both form a com-
plex with the nLSU, which is the scaffolding for
the LSU of the ribosome. The nSSU forms the
scaffolding for the SSU of the ribosome.

In this review, the organization and
genomic location of rDNA in both the nuclear
and mitochondrial genomes of neodermatans
will be discussed. There will be an emphasis
on the kinds and causes of variation in rDNA
and its products. Variation occurs at many lev-
els. Sequence differences may be due to point
mutations, insertions, deletions and transloca-
tions, and to repeated and inverted regions.
Variants can be specific to certain taxa within
the Neodermata. Variation may also occur
within a species, at the level of populations
and even within an individual. Variation in the
non-transcribed portion of the nuclear inter-
genic spacers (IGSs) can affect promoters and
other signals. Variation at the nucleotide level
can affect secondary and higher level struc-
tures of the rRNAs and their transcribed spac-
ers, and hence influence their function. It has
often been noted that secondary structure fea-
tures are far more conserved than the nucleotide
strings that interact to form such features (e.g.
Després et al., 1992). Consequently, secondary
structure features have often been used as an
aid to sequence alignment, and as a guide to
the ‘anatomy’ of rRNA molecules.

Nuclear Ribosomal Operons

The gene encoding the smallest structural RNA
component of the nuclear ribosome is the 5S
rRNA gene. This gene is not co-located with
the remaining nuclear rRNA genes. Neither
sequence nor chromosomal location of the 5S
gene is known for any neodermatan and it will
not be discussed further here.

The remaining three nuclear rRNA genes,
those for the nSSU, 5.8S and nLSU rRNAs, are
arranged in a linear manner within an operon.

This in turn forms an array of tandem repeats,
on one or more chromosomes, visible in chro-
mosome spreads as a ‘nucleolar organizer
region’. In the two neodermatans, both trema-
todes (the lung fluke, Paragonimus ohirai, and
the blood fluke, Schistosoma mansoni), for
which data are available, the array of operons
occurs only on the short arm of a single chro-
mosome (Hirai, 1988; Hirai et al., 1989).
Numbers of copies in the tandem array can be
considerable: about 100 per haploid genome
in S. mansoni (Simpson et al., 1984). In the ori-
ental liver fluke (Opisthorchis viverrini), ribo-
somal operons constitute about 6.1% of the
genome (Korbsrisate et al., 1992).

The structure of the operon seems very
similar in all metazoans and has been reviewed
for S. mansoni by Capowski and Tracy (2003).
Transcription from the chromosomal DNA by
RNA polymerase I initially produces a long
precursor RNA molecule in which the future
nSSU and 5.8S rRNAs are separated by the first
internal transcribed spacer (ITS)1 and the
future 5.8S and nLSU rRNAs are separated by
ITS2 (Fig. 4.1). External transcribed spacers
(ETSs) occur immediately 5′ of the nSSU gene
and 3′ of the nLSU gene (it is unclear whether
the latter is invariably present in neoder-
matans). Individual operons are separated by
the IGS, which comprises the ETSs and the
non-transcribed spacer (NTS) (terminology as
used by Collins and Cunningham, 2000).
Successive cleavages of the full-length precur-
sor eventually yield the mature rRNA mole-
cules. The process in schistosomes seems to be
similar to that in well-studied model organisms
such as yeast (Capowski and Tracy, 2003).

Early studies on neodermatans used restric-
tion mapping to estimate the size and general
structure of the nuclear ribosomal operon (e.g.
Walker et al., 1986 and Kaukas et al., 1994 –
Schistosoma species ≈10,000 bp; Blair and
McManus, 1989 – fasciolids ∼12,000–16,000
bp; Korbsrisate et al., 1992 – O. viverrini
∼13,000 bp; and Silva et al., 1991 – Echinococcus
granulosus, considerable length variation noted).
Subsequently, sequences spanning the entire
operon have been assembled for the trematode
S. mansoni and the monogenean Gyrodactylus
salaris (see below and also Fig. 4.1).

In addition to the tandem repetition of the
operon, diverse repeats of varying length often
occur within each operon, mostly within spacers.
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Long tracts of tandemly repeated sequences,
such as ribosomal operons are expected to
undergo concerted evolution (reviewed by
Elder and Turner, 1995) whereby sequences
are homogenized among repeats. That is, every
sequence in a tandem array is more similar to all
others than would be expected by chance. The
same process should homogenize sequences
among members of a population. Mechanisms
responsible for concerted evolution are still
somewhat mysterious. Biased gene conversion
and unequal crossing over have been impli-
cated (Hillis et al., 1991; Elder and Turner,
1995), both phenomena that work best where
repeat sequences are abundant, as they are in
ribosomal operons.

Concerted evolution apparently operates
among neodermatan ribosomal operons
(Collins and Cunningham, 2000). However,
intraspecific and intra-individual variation is
common in neodermatans and other eukary-
otes, especially in spacers, and indicates that
the force of concerted evolution cannot com-
pletely overcome contrary influences. Such
influences include the effects of replication
slippage and unequal crossing over, both of
which can occur in regions of ‘simple’
sequence, which is abundant in eukaryotic

genomes (Tautz and Renz, 1984). Simple
sequence is often biased in nucleotide compo-
sition and includes runs of short, tandem
repeats (typically no longer than tetranu-
cleotides), or non-tandem repetitions of such
motifs in close proximity to one another (‘cryp-
tic simplicity’ – Tautz et al., 1986), to a far
greater extent than would be expected at
random. Cryptic simplicity is common in
sequences of ribosomal spacers and the most
variable portions of rRNA molecules.
Identical short motifs throughout a spacer
can be generated again and again conver-
gently in an individual (Dover and Tautz,
1986; Hancock and Vogler, 2000) and pre-
sumably also in different individuals and
species. Such regions appear to have
escaped some of the homogenizing effects of
concerted evolution. Regions of cryptic sim-
plicity, where replication slippage and
unequal crossing over generate variety, are
usually those varying within and among indi-
viduals (Gerbi, 1996). By contrast, in con-
served portions of the operon, point
mutations may be the main source of varia-
tion (Hancock and Vogler, 2000).

Most of the studies reported here used the
polymerase chain reaction (PCR) to amplify
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neodermatans. Mature rRNA molecules are shown as shaded boxes. Literature sources are listed.
Lengths of some nSSU and nLSU are slightly underestimated because conserved primer sites at each
end are not always included in the GenBank accessions.



portions of the ribosomal operon for subse-
quent manipulation, usually sequencing. The
PCR has the potential to generate artefacts,
especially if the template DNA contains repeats
(e.g. Vartapetian, 1994). Although acknowl-
edged as a problem in some of the reviewed
papers (e.g. Kane and Rollinson, 1998), there
have been few attempts to rule out the possi-
bility of PCR artefacts. This should be remem-
bered when reading what follows.

Intergenic spacers (IGSs)

The IGS region is the least conserved in the
operon (although it may be rivalled by the ITS1
in some taxa). For example, Cunningham et al.
(2003) found intra- and inter-individual
sequence variation in the IGS among taxa that
had identical sequences at other variable
regions of the operon, such as the V4 region of
the nSSU rRNA gene and the ITS. Intra- and
inter-individual variation in the IGS was noted
in the early restriction-mapping studies (Walker
et al., 1986 for Schistosoma margrebowiei;
Blair and McManus, 1989 for fasciolids;
and Korbsrisate et al., 1992 for O. viverrini).
Subsequent sequencing studies have provided
further information. Complete IGS sequences
are available for the monogenean G. salaris
(see Collins and Cunningham, 2000) and three
species of the trematode genus Schistosoma

(see Kane and Rollinson, 1998). Partial
sequence has been obtained for additional
species of Gyrodactylus (see Cunningham
et al., 2003) and for the cestode E. granulosus
(see Silva et al., 1991; Picón et al., 1996).

PCR amplification of the IGS region of
Schistosoma intercalatum and S. haemato-
bium, followed by cloning of PCR products,
yielded two size variants in each case (Kane
and Rollinson, 1998). Similarly, three bands
were obtained for the monogenean G. salaris
(Collins and Cunningham, 2000). Analyses
reported by these authors were mostly based
on the largest sequenced products. The IGSs of
these Schistosoma species and of E. granulosus
resembled one another in containing many
repeats and AT-rich tracts. In Schistosoma
species, diverse repeats (19–379 bp long) were
scattered throughout the IGS and copies could
be direct or inverted. Sequences of the entire
IGS region from three species of Schistosoma
could be aligned with each other with reason-
able ease, provided gaps were inserted to
accommodate species-specific repeats and
insertions (Kane and Rollinson, 1998) (Fig. 4.2).
Differences among species were due to differ-
ences in numbers and types of identifiable
repeats, as well as to insertions/deletions and
sequence variation within non-repetitive
regions (Fig. 4.2). The smaller sequenced PCR
product from S. intercalatum lacked a large
repeat present in the larger product, and dif-
fered somewhat in sequence. In the case of
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Fig. 4.2. Schematic diagram of the components of the IGSs for three species of Schistosoma, after
Kane and Rollinson (1998). Major repeats are shown as open boxes, with an arrowhead indicating
whether each is direct or inverted. Repeats coded by the same letter are similar in sequence. The
AT rich region (present in Schistosoma intercalatum and S. haematobium) is shown as a filled box.
Breaks in the horizontal line indicate large alignment gaps.



S. haematobium, the smaller product was very
short and surmised to be a non-functional relic
or a PCR artefact. Intra-individual variation
was apparently present in the AT-rich regions
occurring near the 5′ end of the IGS (Kane and
Rollinson, 1998).

In the case of G. salaris, repeats were con-
centrated in two tandem arrays somewhat 3′ of
the middle of the spacer (Fig. 4.3). The arrays
were separated by 81 bp of unique sequence
and an AT-rich region occurred just before and
after each. Each repeat was 23 bp in length,
and those within a single cluster were similar
to one another but not necessarily identical.
Cloned PCR products spanning the portion
of the IGS containing these clusters were
sequenced from numerous Gyrodactylus spec-
imens from several fish species (Cunningham
et al., 2003). Although the pattern was similar
to that seen in the original IGS characterized
from G. salaris, sequence variation in individ-
ual repeats was found within and among indi-
viduals as well as among nominal species.

AT-rich regions, such as those flanking the
arrays of repeats in the IGS of G. salaris, and
those lying near the 5′ end of the IGS in

S. intercalatum and S. haematobium, but not
found in S. mansoni, might represent DNA
unwinding elements (DUEs). Such regions,
typically ranging in length from 30 to 100 bp,
are associated with origins of DNA replication
in both prokaryotes and eukaryotes (discussed
in Kane and Rollinson, 1998).

Other motifs and repeats, suspected to be
functional in a number of model organisms,
have been found in IGSs of eukaryotes (e.g.
Fujiwara and Ishikawa, 1987; Safrany and
Hidvegi, 1989). Similar motifs have been
noted in all neodermatan IGS regions that have
been sequenced to date. However, no experi-
mental work has been done to demonstrate
whether these are truly functional or simply
represent random assortments of bases. Putative
functional motifs identified include chi-like
sites, transcription start and termination signals
and transcription factor binding sites
(tabulated and summarized in Collins and
Cunningham, 2000). One problem in seeking
functional motifs in ribosomal operons is that
promoters for RNA polymerase I are unusually
variable, even differing among closely related
taxa (summarized in Picón et al., 1996). Chi-
like sites resemble motifs experimentally deter-
mined to be recombination hot spots in
prokaryotes, and a similar function has been
assumed in some eukaryotes (Kane et al., 1996).
Recombination, especially unequal crossing
over, mediated by these and other motifs might
be a source of repeats and may partly drive IGS
variation within and among individuals and
species.

The length to which transcription extends
3′ of the nLSU and 5′ of the nSSU is uncertain
for Schistosoma species and for G. salaris.
More definite information is available for the
5′ ETS of the cestode E. granulosus. The region
of the IGS immediately upstream of the nSSU
gene in this species was investigated by Picón
et al. (1996). These workers used experimental
methods to place the transcription start point at
1100 bp upstream of the 5′ end of the nSSU
gene. Regions close to this contained a variety
of interesting motifs, notably a poly-T tract and
short inverted repeats. Copies of a 12 bp repeat
were scattered in the remainder of the ETS
closer to the nSSU gene. The availability of this
sequence data should make it possible to
explore variation in sequence and patterns of
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Fig. 4.3. Dotplot of the IGS of Gyrodactylus
salaris (AJ276032 – 2619 bp) to show locations of
repeats. This was made using the resource at
http://arbl.cvmbs.colostate.edu/molkit/dnadot/.
A moving window of 11 and a mismatch limit of
2 were specified. Two blocks of repeats are
indicated – see text for details.

http://arbl.cvmbs.colostate.edu/molkit/dnadot/


repeats in the 3′ end of the IGS of other
Echinococcus species.

Internal transcribed spacers (ITSs)

Conserved sequences at the 3′ end of the nSSU
gene and the 5′ end of the nLSU gene have
made it easy to design primers to span the ITS
region (Fig. 4.1). The conserved 5.8S gene lies
between the two spacers and can also be used
as a target for PCR primers. The spacers them-
selves are poorly conserved (in both sequence
and length) and can rarely be aligned at or
above the level of family. ITS1 is generally
the more variable in sequence and length
(e.g. Luton et al., 1992; Morgan and Blair,
1995; Bell et al., 2001; and Galazzo et al.,
2002 for the trematode genera Dolichosaccus,
Echinostoma, Diplostomum and Ichthyocoty-
lurus, respectively and Cunningham et al., 2000
for the monogenean genus Gyrodactylus).
However, León-Règagnon et al. (1999) found
ITS2 to be the more variable spacer in
Haematoloechus species and Luo et al. (2002)
and Olson et al. (2002) found the same for the
cestode genera Bothriocephalus and Ligula,
respectively. Figure 4.4 shows an edited screen
shot of the result from a BLAST search in
GenBank. The ITS sequence (including parts of
the flanking nSSU and nLSU genes) of the het-

erophyid trematode Haplorchis taichui was
submitted to BLAST using default parameters
and is shown as the first ‘hit’ in the figure. Solid
lines, indicating highly conserved regions, are
shown for all ‘hits’ in the conserved nSSU,
5.8S and nLSU rRNA sequences. The second,
third and fourth hits represent other genera of
heterophyids and show that the portions of
ITS1 and ITS2 flanking the 5.8S are more con-
served (relative to the first hit) than the remain-
der of these spacers. Finally, sequences 5–7 are
from more distantly related trematodes and
demonstrate the low sequence conservation in
the spacers beyond the level of family.

The first cleavage of the primary rRNA
transcript occurs within ITS1 (Capowski and
Tracy, 2003). Possibly associated with this, ITS1
contains features reminiscent of the IGS;
repeats, simple-sequence tracts and possible
promoter sites and recombination hot spots.
Secondary structure models for the ITS1 are
tentative. The ITS2, on the other hand, func-
tionally resembles the expansion segments
found within the rRNA genes (Gerbi, 1996). It
folds so as to bring the 3′ end of the 5.8S rRNA
and the 5′ end of the nLSU rRNA together to
facilitate their base pairing in a conserved sec-
ondary structure. The ITS2 differs from almost
all expansion segments in neodermatan rRNA
genes, however, in that it is excised from the
ribosomal transcript (i.e. it could be regarded as
a processed expansion segment  (Gerbi, 1996)).
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Fig. 4.4. Edited screen shot of results of a BLAST search (default parameters) in GenBank using as the
query a portion of the rDNA of Haplorchis taichui (AY245705)(fam. Heterophyidae) spanning the ITS
region and including the 3′ 60 bp of the nSSU and 5′ 50 bases of the nLSU genes. All ‘hits’ not spanning
the entire ITS region have been edited out. Regions of relatively high similarity are shown as a solid line,
those of lower similarity as a broken line. 1, Haplorchis taichui; 2, Centrocestus sp. (AY245699)(fam.
Heterophyidae); 3, Pygidiopsis genata (AY245710)(fam. Heterophyidae); 4, Haplorchis pumilio
(AY245706)(fam. Heterophyidae); 5, Zoogonus rubellus (AJ241804)(fam. Zoogonidae); 6, Cainocreadium
labracis (AJ241795)(fam. Opecoelidae); 7, Nicolla elongata (AJ241792)(fam. Opecoelidae).



Intra-individual variation and repeat
sequences

Repeats are infrequently reported from ITS2.
A tract of 50 bp was repeated once in the ITS2 of
a number of Echinostoma species (Morgan and
Blair, 1995). Morgan and Blair (1998) noted
a tract of 35–45 bp occurring three times in the
ITS2 of G. salaris. Intra-individual variation in
this region seems not to have been reported,
even among species in which such variation
occurs in ITS1 (e.g. Paragonimus species and
Schistosoma japonicum; see below).

Intra-individual variation in ITS1 is com-
mon and is often due to the presence of differ-
ing numbers of repeat regions. Other differences
can be due to sequence variation, including
insertions and deletions, outside the repeats.
Differences between individuals can also have
such a basis, and mention of this will be made
in this section.

The first published digenean ITS1 sequen-
ces were from Dolichosaccus symmetrus
(GenBank accession L01631) and Dolichosaccus
helocirrus (L01630) (Luton et al., 1992). Cloned
PCR products were sequenced. Respective
lengths of the ITS1 were 525 and 868 bp, with
almost all of the difference in length being due
to the presence of a number of repeats close to
the 5′ end of the ITS1 in D. helocirrus of which
only a single example appeared in D. sym-
metrus (Fig. 4.5). Each repeat consisted of two

sequence tracts, each about 50 bp long, here
arbitrarily designated as a and b. In D. helocir-
rus, the repeats occurred tandemly as (a,b)4a
and in D. symmetrus as b,a only. Sequences of
a and b were not obviously similar and differ-
ent copies of a or b were not 100% identical.
Some geographical variation in sequence was
noted.

A similar pattern of repeats has been
found near the 5′ end of ITS1 in other trema-
todes unrelated to Dolichosaccus: a b tract
is flanked on either side by an a tract (van
Herwerden et al., 1998). Sequences of a and
b within a species are not similar. Apart from
close congeners, neither a nor b regions are
similar among species. In the lung fluke,
Paragonimus westermani, the longest sequence
derived from a cloned PCR product had the
pattern of repeats (a,b)2a. In this species, a was
82 bp long and b 38. Shorter sequences con-
taining fewer repeats were also obtained from
PCR products from the same individual worm
(van Herwerden et al., 1999). Similarly, in blood
flukes of the S. japonicum group, variable
numbers of near-identical repeats are present
within and among individuals. The repeats are
again bipartite – a (about 90 bp) and b (15–53 bp
depending on the species) (van Herwerden
et al., 1998). Cloned and sequenced PCR
products from a single S. japonicum specimen
yielded variants with a single a, with (a,b)a and
with (a,b)2a. In neither of these examples did the
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A. (D. symmetrus
L01631 523 bp)

B. (D. helocirrus
L01630 868 bp)

C. (D. helocirrus
L01630 868 bp)

Fig. 4.5. Dotplots (constructed as for Fig. 4.3) to show repeats in the ITS1 of Dolichosaccus helocirrus
and Dolichosaccus symmetrus. In panels A and C, the sequence on the y-axis is that of D. symmetrus. In
panel B, the sequence on the y-axis is that of D. helocirrus. Identity of the sequence on the x-axis is
indicated on the figure in each case.



sequenced PCR products represent all the vari-
ants present. By probing Southern blots of
genomic digests using a radiolabelled ITS frag-
ment, van Herwerden et al. (1999) demonstrated
that most variants of ITS1 in P. westermani
individuals were much longer than the longest
cloned PCR product. Patterns on autoradi-
ographs were very different for each individual
of P. westermani from different localities.
Other species in the genus were relatively
monomorphic. A similar approach applied to
S. japonicum suggested that some copies of the
ITS1 might contain as many as (a,b)7a and that,
at least in Chinese populations of this parasite,
most copies of the ITS1 had (a,b)4a or more.
Copies of a at the same position share more
similarity across clones than they do within
a given clone (van Herwerden et al., 1998).

The pattern of repeats in ITS1 found in
members of the S. japonicum group and among
some unrelated trematodes is not, however,
seen in remaining members of the genus
Schistosoma investigated to date. In the phylo-
genetic tree of Morgan et al. (2003a), one
major lineage in Schistosoma includes the
S. japonicum group and Schistosoma sinensium
found only in Asia. The remaining members of
the genus are here referred to as the African
lineage – even though some members occur in
Asia – because the basal species in this lineage
occur in Africa. These basal African species
(Schistosoma hippopotami, a form thought to
represent Schistosoma edwardiense and an

unidentified species) lack repeat elements at
the 5′ end of the ITS1 whereas at least some of
the more derived species in this lineage pos-
sess them (Kane and Rollinson, 1994; Kane
et al., 1996). S. mansoni, S. intercalatum and
S. haematobium all have two copies of a 70–80
bp tract. These repeats are not bipartite in the
manner described above, but each does con-
tain three copies of a 9 bp subrepeat. Nor are
the repeats arranged in tandem in the species
listed above: one copy occurs near each end of
the ITS1. S. margrebowiei has four copies and
Schistosoma mattheei has four or five copies
(depending on geographical origin). In the last
two species, one copy occurs near the 3′ end
of ITS1 and the remaining copies are in tan-
dem near the 5′ end. In Schistosoma spindale
from Sri Lanka, there are seven copies of the
repeat near the 5′ end of ITS1, but sequence is
not available for the 3′ end (Kane and
Rollinson, 1994; Kane et al., 1996). Sequences
of each copy are similar, occasionally identical,
among species, but they cannot be aligned with
repeats in the S. japonicum group (van
Herwerden et al., 1998). Interestingly, dotplots
reveal (D. Blair, unpublished data) that the copy
of the repeat at the 3′ end of ITS1 in the African
lineage can also be recognized in a similar loca-
tion in members of the S. japonicum group and
even in species of a distantly related schisto-
some genus Trichobilharzia (Fig. 4.6). Repeats
have apparently evolved independently in the
African lineage and the S. japonicum group,
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A. (S. mansoni
AF029309 458 bp)

B. (S. malayensis
U82283 490 bp)

C. (Trichobilharzia szidati
AF263828 745 bp)

Fig. 4.6. Dotplots (constructed as for Fig. 4.3) to show the presence of a tract near the 3′ end of ITS1 in
Schistosoma and Trichobilharzia species that has been repeated near the 5′ end of ITS1 in many
members of the African lineage of Schistosoma. In each case the sequence on the y-axis is that of
Schistosoma mansoni (AF029309). Identity of the sequence on the x-axis is indicated on the figure in
each case.



with the African lineage using a tract common
to ITS1 of schistosomes as the template for
repeats. Intra-individual and intraspecific varia-
tion in ITS1, including numbers of repeats, is
very limited in members of the African lineage
relative to the S. japonicum group.

Not all trematodes possess repeats in the
ITS1. They are absent from members of the
Echinostomatidae (see Morgan and Blair, 1995)
and the genus Diplostomum (e.g. Galazzo
et al., 2002). Similarly, large repeats have not
been reported from the ITS1 of monogeneans
and cestodes, but it must be noted that a
search for repeats has not always been men-
tioned in published work.

Non-repetitive regions of ITS1 of trema-
todes, especially towards the 3′ end of the
spacer, have been investigated for phylogenetic
utility. von der Schulenburg et al. (1999)
reported no intra-individual variation among a
range of species and contended that the 3′
region of ITS1 could be aligned at considerable
phylogenetic depths and be used to determine
relationships among trematode families. They
aided alignment by use of a secondary structure
model (see section on ‘Secondary Structure’).
By contrast, van Herwerden et al. (1999) found
intra-individual variation in the 3′ portion (post-
repeat) of the ITS1 in members of the P. west-
ermani species complex that was sufficient to
obscure phylogenetic relationships in this com-
plex. However, intra-individual variation was
not noted in members of the P. ohirai species
group (van Herwerden et al., 1999).

Intra-individual variation in ITS1 is absent
or slight in monogeneans (e.g. Zietara et al.,
2002) and most cestodes (e.g. Hancock et al.,
2001 who noted variation in Taenia solium due
to differing numbers of a tetranucleotide
repeat). A striking exception to this rule is
among members of the cestode genus
Echinococcus. Many sequence variants can be
found within a single isolate, especially in the
case of E. granulosus, a species in which mul-
tiple strains are known, each with a degree of
mammalian-host specificity (McManus et al.,
2003). In Echinococcus species, numerous
small (typically di- and trinucleotide) repeats
occur, in short tandem tracts as well as scattered
throughout the ITS1 (van Herwerden et al.,
2000). These sequences therefore exhibit sim-
plicity and cryptic simplicity. Variant sequences

are generally not markedly different from one
another. Phylogenies constructed from these
sequences frequently show a number of clus-
ters, each containing one or more ITS1 variants
from each isolate investigated (Bowles et al.,
1995; Kedra et al., 1999; van Herwerden et al.,
2000; Lavikainen et al., 2003). At least two of
the species (E. granulosus and Echinococcus
multilocularis) were paraphyletic for ITS1 (van
Herwerden et al., 2000). This variability is illus-
trated graphically in Fig. 4.7. Most available
ITS1 sequences from Echinococcus species
(four short variant sequences were omitted)
were aligned and a tree constructed in MEGA
v3 (Kumar et al., 2004) using the minimum evo-
lution method and complete deletion (any col-
umn containing a gap in any sequence was
omitted). The locations on the tree of sequences
from certain isolates are indicated. Note that
unambiguous alignment of cryptically simple
sequences with many insertions/deletions can
be difficult. Inferred trees may vary according
to choice of alignment parameters, decisions
concerning inclusion of sites with gaps and
the method of tree construction. However, any
tree will demonstrate the variability of
sequences from individual isolates. Intraspecific
and intra-individual variation occurs in other
Echinococcus species (Bowles et al., 1995), but
is not always extensive (e.g. see Rinder et al.,
1997 for E. multilocularis).

Explanations for the sequence hetero-
geneity observed in E. granulosus fall into sev-
eral non-exclusive categories. It might be that
arrays of rRNA operons occur on more than
one chromosome (a possibility mentioned by
van Herwerden et al., 2000). If so, concerted
evolution may not homogenize sequences
among arrays, or this process may only occur
slowly. A second class of explanation involves
hybridization (e.g. Bowles et al., 1995; van
Herwerden et al., 2000). The presence of
sequences from different phylogenetic clusters
in a single isolate/sample of E. granulosus sug-
gests this. If so, then these events might have
taken place relatively recently, and concerted
evolution has not had time to homogenize the
array(s). Another possibility is suggested by
visual inspection of an alignment of available
sequences (D. Blair, unpublished data). The ITS1
region of Echinococcus species is obviously one
of simple and cryptically simple sequence with
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G7PigAJ237837 Is 174Cl 1

ManPI AJ245928 Is EG13.2 CI1

G7PigAJ237833 Is 41CI 4

G7PigAJ237821 Is 33CI 1 γ
G7PigAJ237826 Is 33CI 8 γ
G10CervidAY185189 Is b CI b2 α

ManPI AJ245930 Is EG13.2 CI3

ManPI AJ245929 Is EG13.2 CI2

G7PigAJ237831 Is 33CI 13 γ

G7PigAJ237825 Is 33CI 5 γ
CamelG6AJ237776 SB

G8Cervid 3 AJ237783 ε
SheepFalklAF132697 CloneEgDSFIb δ

SheepFalklAF132699 CloneEgDSFIk δ
SheepFalklAF1322701 CloneEgPLFIg

SheepFalklandsAF132695CloneEgDSF1-4 δ
CamelG1AJ237777 SB

SheepFalkelandsAF132696 CloneEgDSF12-2 δ
SheepFalkeAF132700 CloneEgPLFIf

G8Cervid 4 AJ237784 ε
G7PigAJ237830 Is 33CI 12 γ
G7PigAJ237822 Is 33CI 2 γ

G7PigAJ237832 Is 41CI 3

G7PigAJ237829 Is 33CI 11 γ
G7PigAJ237823 Is 33CI 3 γ
G7PigAJ237828 Is 174CI 3

G7PigAJ237834 Is 44CI 1

G8cervid 1 AJ237781 ε
G7PigAJ237827 Is 33CI 9 γ

G7PigAJ237824 Is 33CI 4 γ
G7PigAJ237828 Is 33CI 10 γ

G10CervidAY185190 Is d CI d1 β
HorseUKAJ237773

EmManAJ237778 LB

EoAJ237779 LB

EvAJ237780

CattleG5AJ237774

G10VervidAC185197 Is e CI e1

G10CervidAY185193 Is e CI c1

G10CervidAY185191 Is d CI d2 β
G10CervidAY185192 Is d CI d3 β

G10CervidAY185198 Is e CI e2

G10CervidAY185199 Is e CI e3

G10CervidAY185195 Is e CI c3

G10CervidAY185196 Is c CI c4

G10CervidAY185194 Is c CI c2

CamelG6LBAJ237775

G10CervidAY185188 Is b CI b1 α
UKsheepAF132692 Clone Eg6-ε

SheepFalkIAF132698 CloneEgDSFIb δ
SheepAF132694

G7PigAJ237836 Is 7CI 15

G8Cervid 2 AJ237782 ε
G7PigAJ237835 Is 7CI 3

0.02

Fig. 4.7. Phylogenetic tree of most available ITS1 sequences from Echinococcus species. Minimum
evolution tree found in MEGAv3 as described in the text. Identical Greek letters indicate sequences of
cloned PCR products from the same isolate. α and β – Lavikainen et al. (2003); γ – Kedra et al. (1999);
δ – van Herwerden et al. (2000); ε – Bowles et al. (1995).



trinucleotide motifs being particularly com-
mon. Simplicity is confirmed using the SIMPLE
v 3.0 algorithm (Hancock and Armstrong,
1994) (available at: http://www.biochem.ucl.
ac.uk/bsm/SIMPLE/index.html). Score parame-
ters were set at 1 for dinucleotide repeats, 3 for
tri- and 3 for tetranucleotides. A relative sim-
plicity factor (RSF) score of 1.42 was obtained
for a typical E. granulosus ITS1 sequence
(AF132697) – a significant departure from ran-
dom expectation based on the scores for ten
permuted sequences with the same base com-
position as the test sequence. For comparison,
the nSSU sequence for E. granulosus (U27015)
had an RSF score of 1.18 using the same
parameters. This score was also significant but
implies a lower degree of simplicity. Hancock
and Vogler (2000) investigated sequence evo-
lution within an expansion segment (V4) of
the nSSU rRNA in tiger beetles. Like ITS
sequences, expansion segments often consist
of simple and cryptically simple sequences
(Gerbi, 1996). Hancock and Vogler (2000)
concluded that replication slippage often pro-
duced similar sequence motifs in different lin-
eages – a parallelism rendering questionable
the use of such regions for phylogeny. ITS1
sequences in Echinococcus species could well
be experiencing slippage at a rate that out-
runs concerted evolution. The result is exten-
sive microheterogeneity within individuals
and sequence convergence/parallelism among
copies, limiting the value of ITS for molecular
taxonomy in this genus (Kedra et al., 1999).

Intra- and interspecific variation

ITS sequences of neodermatans are generally
regarded as difficult or impossible to align
beyond the level of genus or family (Morgan
and Blair, 1998). However, phylogenetic
depths at which alignment is possible vary.
Desdevises et al. (2000) noted that ITS1
sequences were difficult to align among mem-
bers of the monogenean genus Lamellodiscus.
Similarly, Matejusova et al. (2003) found it dif-
ficult to align some portions of the ITS region,
especially the 5′ end of ITS1, among species of
Gyrodactylus and related genera. However,
ITS1 sequences of Dactylogyrus species were
apparently easy to align but could not be
aligned outside the genus with other dactylo-

gyrids (Simkova et al., 2004). Morgan and Blair
(1998) found that only about the first 130
bases of ITS2 could be aligned with any confi-
dence across several families of trematodes.

The relatively high rates of evolutionary
change in the ITS region have made this the
target of choice for many taxonomic studies.
In some neodermatans, intra-individual and
intraspecific variation, especially in ITS1, is
too great to permit such uses (see above).
However, in many others, intraspecific or intra-
individual variation is limited: sequences from
either or both of the spacers have been used
for investigating relationships among closely
related species and to aid recognition of syn-
onyms and of cryptic species. Problems of
interpretation must be acknowledged. When
ITS sequences of different nominal species are
identical, can this be taken as evidence that
the species are synonymous? Lack of variation
in ITS was used by Morgan and Blair (1995) to
propose that three species of the trematode
genus Echinostoma from widely separated
parts of Africa were synonymous. In this case,
there was other evidence to support this view
(Morgan and Blair, 1995). A contrasting exam-
ple was reported by Niewiadomska and
Laskowski (2002) who found identical partial
ITS1 sequences in the trematodes Diplostomum
spathaceum and D. parviventosum, species
that are morphologically distinguishable at all
major stages of the life cycle.

Where there is little doubt concerning the
identity of a species, intraspecific differences in
ITS sequences are generally few, even across
considerable geographic distances. Cable et al.
(1999 – note added in proof) found identical
ITS2 sequences in specimens of Gyrodactylus
kobayashii from Europe and Australia. Huyse
and Volckaert (2002) found no differences in
ITS1 and ITS2 sequences of specimens of
Gyrodactylus rugiensis and related species from
France, Norway, Belgium and the Netherlands.
Lo et al. (2001) found no differences in ITS2
sequences from digenean species inhabiting
fish from sites 6000 km apart in the Pacific.
Differences were few in ITS2 of Dolichosaccus
species from localities 340 km apart in north-
ern Australia (Luton et al., 1992). ITS2
sequences of Fasciola hepatica from Australia,
Hungary and New Zealand were identical
(Adlard et al., 1993) and differed from
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a sequence from a Mexican specimen by a sin-
gle transition. Some variation in ITS2 was
noted from several samples of Fasciola gigan-
tica from Zambia and between these and south-
ern Asian specimens (Itagaki and Tsutsumi,
1998). Sorensen et al. (1998) found differences
at six sites in ITS sequences between two sam-
ples of Echinostoma trivolvis from the same
pond in Indiana.

Variation in ITS sequences has sometimes
been used as evidence for the existence of
cryptic species, especially if variants differ in
host specificity or other biological attributes.
For example, geographic strains of P. wester-
mani differ in ITS2 sequence, consistent with
evidence from other sources that some strains
are distinct at the level of species (Iwagami
et al., 2000). Although Morgan and Blair
(1995) found no differences in ITS sequences
of Echinostoma revolutum specimens from
Germany and Indonesia, Sorensen et al. (1998)
did detect an apparent variant sequence in
North America. Subsequent study led to the
conclusion that E. revolutum of Morgan and
Blair (1995) in fact represented a different
species (Kostadinova et al., 2003). Among ces-
todes, Bothriocephalus acheilognathi from
freshwater fish on several continents exhibited
limited variation (<2%) in the ITS region, but
this variation was correlated both with geogra-
phy and host species (Luo et al., 2002). Olson
et al. (2002) found host-correlated ITS
sequence variation in Ligula intestinalis plero-
cercoids within the same lake, consistent with
proposals that two strains or species might be
present. Jousson and Bartoli (2001) used a
combination of ITS sequences and morphome-
tric approaches to characterize cryptic species
in the trematode genus Cainocreadium from
marine fish. Huyse and Volckaert (2002) used
a similar approach to characterize cryptic
species of Gyrodactylus inhabiting gobies in
northern Europe.

Functional motifs

Putative functional motifs are commonly
reported in ITS1 sequences of neodermatans.
In processing motifs such as chi-like sites (pos-
sible hot spots for recombination), the
ITS1 resembles the IGS. Chi-like sites were
first noted by Kane et al. (1996) in ITS1 of

Schistosoma species (African lineage) in which
they are associated with repeats. Dvorák et al.
(2002) found similar sites within repeats in
avian blood flukes of the genus Trichobilharzia
and they have also been noted in ITS1 of other
trematodes, but not associated with repeats
(Kane et al., 1996). Perhaps surprisingly, chi-
like sites are absent from ITS1 of the S. japon-
icum group (van Herwerden et al., 1998).
These authors speculated that the greater
degree of intra-individual variation in ITS1 in
the S. japonicum group relative to the African
lineage of Schistosoma might be due to differ-
ences in rates of recombination. The chiasma
frequency in S. japonicum is only a fifth of that
which is seen in S. mansoni (see Hirai et al.,
1996). Lower rates of recombination/gene
conversion are likely to lead to slower homog-
enization within the ribosomal array.

van Herwerden et al. (2003) examined ITS1
sequence data from 18 species of trematodes
and cestodes for motifs associated with tran-
scription, such as TATAAT, CCAAT and GC
boxes. One or (usually) more of these was
found in each species. Simple statistical tests
demonstrated that these motifs occurred signif-
icantly more frequently in many species than
might be expected by random assortment of
bases. Although this suggests that these motifs
might be maintained by selection pressure, it
remains important to emphasize that there is as
yet no experimental evidence that they are
actually functional in ITS1.

van Herwerden et al. (1998) noted AT-rich
regions, reminiscent of those seen in the IGS of
other Schistosoma species, in some variant
ITS1 sequences from S. japonicum. The possi-
bility of functional motifs occurring in the ITS2
of neodermatans has not been investigated.

Secondary structure

Phylogenetic and functional studies require
alignments where there is high confidence in
positional homology of bases. Secondary
structural features of rRNA can provide refer-
ence points to assist alignment (e.g. Morgan
and Blair, 1998; Zietara et al., 2002). Secondary
structural features can also be used as phylo-
genetic characters in their own right (Caetano-
Anollés, 2002). The only attempts at developing
a secondary structural model for the ITS1 of
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a neodermatan are for the monogenean
G. salaris by Cunningham et al. (2000) and by
von der Schulenburg et al. (1999) for a portion
of the ITS1 in a range of digeneans. Among
three species of Gyrodactylus many differ-
ences were found in ITS sequence, primarily in
the 5′ half (Cunningham et al., 2000), and
many different secondary structures of similar
free-energy values could be inferred. von der
Schulenburg et al. (1999) aligned the 3′ por-
tions of most ITS1 sequences from digeneans
then available, refining their alignment using
inferred secondary structures. They postulated
the existence of seven helices in this region,
and could produce phylogenetic trees from
their alignment that recovered monophyly of
each family for which multiple sequences
were available.

It increasingly appears that transcribed
ITS2 forms a similar secondary structure in
many – perhaps all – eukaryotes (Joseph et al.,
1999; Coleman, 2003), the function of which
is to juxtapose the 5.8S and nLSU rRNAs, after
which the spacer is excised. Researchers are
increasingly converging on the view that the
ITS2 contains four domains/helices (Coleman,
2003). Secondary structure models for ITS2 of
neodermatans have been proposed by Michot
et al. (1993), Morgan and Blair (1998) and
Cunningham et al. (2000). The first two studies
used sequences from trematodes and the last,
monogeneans. All models are similar, resem-
bling the ‘ring’ model proposed for yeast by
Joseph et al. (1999). The repeats in ITS2 of
G. salaris are each capable of forming a short
helix, adding to the total number of helices in
that structure (Cunningham et al., 2000). Semi-
conserved sequence tracts were found in all
neodermatan taxa investigated by Morgan and
Blair (1998) (Fig. 4.8). The first of these, in
domain B, appears to represent a processing
site identified in yeast and rat (Morgan and
Blair, 1998). Sequences could be aligned
across trematode families for domains A and B,
but not beyond this (Morgan and Blair, 1998).

Small and Large Subunit Genes

The nLSU rRNA and the nSSU rRNA are by far
the most studied portions of the ribosomal

operon across all domains of life. There are
about 347 complete or near-complete neoder-
matan nSSU and about 50 nLSU in the public
databases (February 2005). When partial
sequences are included, the numbers are
much greater (Table 4.2). The nSSU sequences
(typically ∼ 2000 bp) were among the first to
be used in phylogenetic studies, probing the
earliest divergences of life and the relation-
ships among major kingdoms (e.g. Pace et al.,
1986). They have also been used to infer phy-
logenies of metazoans, asking, for example,
where the Platyhelminthes nest within the
metazoans (Ruiz-Trillo et al., 1999), whether
the phylum is monophyletic (e.g. Telford et al.,
2003) and to explore the interrelationships of
the main groups of Platyhelminthes (Littlewood
and Olson, 2001). The nLSU has been less
used in phylogenetic studies, partly because its
greater length (3200–5500 bp in flatworms –
Fig. 4.1) has been an impediment to obtaining
full-length sequences. However, partial nLSU
sequences are now accumulating in the data-
bases at an increasing rate (Table 4.2). The two
subunits have been combined for analysis in
some recent phylogenetic studies (Mallatt and
Winchell, 2002 for metazoans; Lockyer et al.,
2003a for neodermatans).

Like the ribosomal transcription unit itself,
nSSU and nLSU rRNAs are a patchwork of
variable and conserved domains. The former
can vary in length as well as sequence and are
often termed expansion segments. By contrast,
the conserved regions of the molecules form
universal helices (Wuyts et al., 2001b) recog-
nizable across all domains of life (some absent
in mt rRNAs). In mature ribosomes, these por-
tions of the rRNA genes are found near the
centre of the ribosomal particle, and variable
regions are peripheral (Wuyts et al., 2001b)
where they form distinct helices at least some
of which have the capacity to interact to form
tertiary structures (Alkemar and Nygård,
2004), implying that they are functional.
Schematic diagrams of the secondary struc-
tures of the nSSU and nLSU of neodermatans,
indicating conserved and variable regions, are
shown in Figs 4.9 and 4.10 (modified from
Wuyts et al., 2001b and based on a figure kindly
provided by Dr Jan Wuyts). Note that both
nSSU and nLSU rRNAs in cestodes are much
longer than in trematodes and monogeneans
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Fig. 4.8. ITS2 folding of Schistosoma mansoni (U22168) based largely on Morgan and Blair (1998) and
showing the four domains, A–D. Bases conserved in domains A and B across all 42 sequences from
trematodes of eight families studied by Morgan and Blair (1998) are indicated (white letters on black
circles). Lines along parts of domains B and C indicate the position of semi-conserved sequence tracts
(see text).

Table 4.2. Numbers of nSSU and nLSU sequences for neodermatans found on 28 February 2005 by
submitting a series of queries to GenBank modelled on this example: ‘18S rRNA gene AND
Trematoda[Orgn]’. This recovers all relevant accessions including partial sequences and multiple
accessions for the same species.

Trematoda Cestoda Monogenea

nSSU 402 476 260
nLSU 625 380 176
mtSSU 70 27 0
mtLSU 107 66 11



(Fig. 4.1). Secondary structure models for the
neodermatan nSSU have been published by
Omer Ali et al. (1991) – Schistosoma; Johnston
et al. (1993) – Schistosoma; Picón et al. (1996) –
Echinococcus; Liu et al. (1997) – Spirometra;
and for the nLSU by Matejusova and
Cunningham (2004) – Gyrodactylus. A model
for the nSSU of the trematode Calicophoron
calicophorum is available at http://www.psb.
ugent.be/rRNA/secmodel/Ccal_SSU.html

Intraspecific variation is slight or non-
existent in the nSSU and nLSU genes.
Sequences from the conserved helices can be
aligned among all flatworms and indeed many
portions can be aligned at far greater phyloge-
netic depths than that. Lockyer et al. (2003a)
have explored variation in these genes among
neodermatans and flatworms in general. They
found that, across the Platyhelminthes, the
genes had probably not experienced substitu-
tion saturation and could therefore be used with
confidence for phylogenetic studies. However, a
large proportion of sites in both genes could
not be aligned with confidence across the
Platyhelminthes and were omitted from analyses.

These variable regions (presumably largely in
expansion segments, although this was not
stated explicitly) had accumulated substitutions
at such a rate that their alignment remained a
problem even when only sequences from the
Trematoda were considered. Figure 4.2 in
Lockyer et al. (2003a) shows this clearly. Thus,
sequences from expansion segments are diffi-
cult to use in phylogenetic studies across, e.g.
the trematodes (but see below).

Matejusova and Cunningham (2004)
reported primary and secondary structures
of the nLSU rRNA in the monogenean
G. salaris. Like Lockyer et al. (2003a), they
considered that the LSU gene may be useful
in phylogenetic analysis of the Monogenea
or Platyhelminthes and comparisons with
other eukaryotes. They suggested that the
variable domains C and H (terminology of
Wuyts et al., 2001a) may be the most suit-
able for this purpose.

Variable regions have been termed ‘expan-
sion segments’ (insertions relative to the
sequence in Escherichia coli), ‘variable domains’
and ‘divergent domains’ by different workers
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Fig. 4.9. Diagrammatic representations of the secondary structures of the nSSU (left) and mtSSU
(right) rRNAs. ‘Universal’ helices are shown in solid black. Helices present in eukaryotic expansion
segments of neodermatans are not shaded. Expansion segments are numbered as V1 to V9, following
De Rijk et al. (1992). The equivalent numbering scheme used by Gerbi (1996) is indicated in
parentheses. Note that the V7 region adjacent to helix 43 might have a different, as yet unknown,
structure in cestodes. The mtSSU rRNA structure is based on that for Fasciola hepatica
(Le et al., 2001). Diagram modified from one supplied by Dr Jan Wuyts.
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Fig. 4.10. Diagrammatic representations of the secondary structures of the nLSU and mtLSU rRNAs.
The latter is shown in the centre of the figure. ‘Universal’ helices are shown in solid black. Helices
present in eukaryotic expansion segments of neodermatans are not shaded. The mtLSU rRNA structure
is based on that for Fasciola hepatica in Le et al. (2001). Diagram modified from one supplied by 
Dr Jan Wuyts.



(reviewed in Gerbi, 1996). Similarly, different
numbering schemes for helices in both con-
served and variable regions have been pro-
posed. Gerbi (1996) has tried to reconcile
these for expansion segments. In the nSSU
Gerbi (1996) recognized 12 expansion seg-
ments, not all of which are present in neoder-
matans. The two largest in the nSSU of most
neodermatans are ES6 of Gerbi (1996) (= V4 of
De Rijk et al., 1992) and ES9 of Gerbi (1996)
(= V7). Cestodes have much longer expansion
segments than other neodermatans (Fig. 4.1;
Table 4.3) and additional, as yet undetermined,
helices may be present in these.

Gerbi (1996) recognized 41 expansion
segments in nLSU sequences. There has been
little analysis of secondary structures and
expansion segments in nLSU from neoder-
matans. The only published secondary struc-
ture model is that for G. salaris published by
Matejusova and Cunningham (2004). Attempts
to fit nLSU sequence of S. mansoni to this
model met difficulties (D. Blair, unpublished
data) and a revised model for domains B and
D (terminology of Wuyts et al., 2001a (broadly
equivalent to D1-D3 of Michot et al., 1984)),
based on the general model for eukaryotes
(Wuyts et al., 2001a), is presented in Fig. 4.11.
Although secondary structures can be deduced

for domain C using programs such as MFOLD
(Zuker, 2000) this region is so variable that
comparative methods (Gutell et al., 2002) are
also required before we can be confident as to
which helices occur in neodermatans. Most of
the numerous available partial nLSU sequences
for neodermatans (Table 4.2) span domains 
B-D, including the highly variable domain C.

Expansion segments accumulate muta-
tions at 5–20 times the rate for the conserved
core (reviewed in Gerbi, 1996 and see com-
ments in Wuyts et al., 2001b) and have there-
fore been a target for systematic studies on
neodermatans at shallow phylogenetic levels.
For example, Barker and Blair (1996), Kaukas
and Rollinson (1997) and Blair et al. (1998)
have used the nSSU V4 region in such studies
on trematodes. Huyse et al. (2003) used this
region for a species-level phylogeny within
Gyrodactylus. The comments by Hancock and
Vogler (2000), mentioned earlier, cautioning
against unreserved use of such regions for phy-
logenetic work, need to be considered.
However, at shallow taxonomic levels, such as
among members of a family or order, expan-
sion segments can be aligned with relative
ease and will contain most of the variable and
phylogenetically informative sites within the
molecule. Blair and Barker (1993) pointed this

Ribosomal DNA Variation in Parasitic Flatworms 113

Table 4.3. Range of lengths of the nSSU of neodermatans and V4 and V7 expansion segments found
in the molecule. Lengths of some nSSU rRNAs are slightly underestimated because conserved primer
sites at each end are not always included in the GenBank accessions.

Total length Length Length GenBank 
of nSSU of V4 of V7 accession

Trematoda: Aspidobothrea
Aspidogaster conchicola 1957 326 122 AJ287478
Lobatostoma manteri 1976 316 122 L16911

Trematoda: Digenea
Opisthorchis viverrini 1992 324 116 X55357
Tetracerasta blepta 1973 316 117 L06670

Monogenea
Gyrodactylus salaries 1965 335 100 Z26942

Cestoda
Schizochoerus linguloideus a 2382 585 352 AF124454
Gigantolina magna 2873 474 845 AJ243681
Echinococcus granulosus 2394 560 222 U27015
Echinobothrium fautleyi a 1844 372 181 AF124464
Gyrocotyle rugosa a 2209 455 174 AF124455

aData from Olson and Caira (1999).



out for an alignment of SSU sequences from
eight trematodes belonging to both subclasses
(Digenea and Aspidobothrea). In an alignment
of 1970 bp, 1107 bp were located in con-
served core sites and of these only 104 were
variable. The eight expansion segments com-
bined contributed 863 sites of which 331 were
variable.

Alignment of expansion segment sequences
can be aided by knowledge of their secondary
structures. Blair et al. (1998) investigated rela-
tionships among hemiuroid trematodes using
sequences from the V4 region (ES6 of Gerbi,
1996). The secondary structure of this region is
similar among all neodermatans and is shown
for a monogenean and a cestode in Fig. 4.12.
Although the V4 of the cestode E. granulosus
has the same numbers of helices as that of the

monogenean G. salaris, the lengths of these,
and especially E23-1/2, differ considerably
(Fig. 4.12). Among digeneans, almost all of the
sequence variation occurs in the stems at the
5′ end of the region; the 3′ end, including two
pseudoknots (Wuyts et al., 2000), is almost
invariant at this level. Blair et al. (1998)
included the bases of stems E23-1/2, E23-5
and E23-6 in their alignment, but not the distal
portions of these stems that were very variable
in both sequence and length.

One of the expansion segments in the
nLSU of at least some neodermatans is removed
from the transcript before the mature rRNA
molecules have been formed (Mertz et al.,
1991; Korbsrisate et al., 1992). This short ‘gap’
region, located midway along the gene, varies
in length (54–67 bp) among members of the
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Fig. 4.11. Secondary structure model for the 5′ half of the nLSU of Schistosoma mansoni. This is based
on the conservation diagram for yeast, Saccharomyces cerevisiae in Ben Ali et al. (1999) and the helix
numbering of Wuyts et al. (2001a).



genus Schistosoma (Mertz et al., 1991). This is
the only ‘processed expansion segment’ (Gerbi,
1996) seen in neodermatan rRNA although, as
mentioned earlier, ITS2 could also be inter-
preted as one (Gerbi, 1996).

Mitochondrial Ribosomal Genes

Sequences of the entire coding portions of mito-
chondrial genomes are known for 12 species of

trematodes and cestodes (McManus et al.,
2004). In all of these, the mtSSU and mtLSU
genes are transcribed in the same direction and
are separated only by a single tRNA gene.

Mitochondrial ribosomal genes are much
smaller than even their bacterial homologues.
Expansion segments found in nuclear ortho-
logues are, of course, absent. Gerbi (1996)
referred to ‘contraction segments’ as features
found in the bacterium E. coli that are absent
from other rRNAs, particularly mt rRNAs. The
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Fig. 4.12. Secondary structures for the nSSU V4 region of a cestode, Echinococcus granulosus (A),
and a monogenean, Gyrodactylus salaris (B), showing the considerable differences in lengths of the
helices in the 5′ half of the region. The figure for G. salaris is based partly on Cunningham et al. (2000).



SSU rRNA of E. coli is 1522 bp long and the LSU
is 2904 bp. The mitochondrial equivalents in
neodermatans are ∼750 bp and ∼1000 bp,
respectively (Le et al., 2001). The mt rRNAs of
cestodes are similar in length to those of
trematodes despite the considerable lengths of
cestode nuclear rRNAs. Many of the ‘universal’
helices found in both prokaryotes and eukary-
otes are absent or shorter than in bacteria or
eukaryotes. Particularly in the case of the
mtLSU rRNA, missing helices are among those
identified as the most variable in bacterial LSU
genes (Van de Peer et al., 1996) (Figs 4.9 and
4.10). Despite the absence of the expansion
segments that are so variable in their nuclear
orthologs, the mt rRNAs exhibit plenty of vari-
ability. Inspection of an alignment of available
complete mtSSU genes shows that a variability
map of this gene in neodermatans would
closely resemble that published for bacteria by
Van de Peer et al. (1996) (latest version avail-
able at: http://www.psb.ugent.be/rRNA/varmaps/
index.html). Le et al. (2001) presented a sec-
ondary structure for the mtLSU of F. hepatica.
On this, they highlighted nucleotides also con-
served in at least 90% of available molluscan
mtLSU rRNAs (study by Lydeard et al., 2000).
Nucleotides conserved among 90% or more
of available neodermatan mtLSU rRNAs map
to almost exactly the same positions (D. Blair,
unpublished data): there are only a few
more sites conserved among neodermatans
than are conserved between neodermatans
and molluscs. Neodermatan-wide conserved
nucleotides cluster mostly in helices D11, D19,
E24, E25 and parts of G2 and G16 (Fig. 4.10).

Relatively few phylogenetic studies on
neodermatans have used mt rRNA genes. The
earliest study was by Després et al. (1992) who
determined the sequence from the 3′ end of
the mtLSU rRNA (3′ side of E22 through to
G18) for several Schistosoma species. They
estimated the rate of divergence of the partial
mtLSU gene to be three times that of the nuclear
ITS2 region. They also noted some intraspecific
variation in S. mansoni and Schistosoma bovis.
Morgan et al. (2003a) sequenced the same
region for a larger number of Schistosoma
species, but did not report results in detail. This
region was also used by Donald et al. (2004)
who noted up to 17.5% sequence difference
between samples of a single cercarial morpho-

type from marine snails in New Zealand and
Australia, suggesting the presence of cryptic
species.

The mtSSU rRNA gene has also been used
in a few phylogenetic studies. von Nickisch-
Rosenegk et al. (1999) sequenced a portion of
this gene from 21 species of cestodes spanning
the 3′ side of helix 27 through to helix 48. As
was the case with the mtLSU gene, some intra-
specific variation was noted. Between samples
of Taenia taeniaeformis the degree of differ-
ence was consistent with the presence of cryp-
tic species. Variation in the same portion of the
mtSSU gene among species and strains of
Echinococcus was sufficient to enable Dinkel
et al. (2004) to design PCR-based diagnostic
tests for several species and strains. Attwood
et al. (2002) also used the same region of
the mtSSU gene in a phylogenetic study on
Schistosoma species. They found the mtSSU
sequences to be much more variable than the
orthologous nSSU sequences. However, they did
not compare the same regions of the orthologs,
so interpretation should be cautious.

Hybrids

Hybridization plays a role in evolution and
speciation (Arnold, 1997) and is known to
occur in some neodermatans (e.g. Schistosoma
spp. – reviewed in Rollinson et al., 1990). In
the F1 generation, ribosomal operons from
each parent species should be represented.
Rollinson et al. (1990) demonstrated this
experimentally for various crosses of pairs of
Schistosoma species: bands on Southern blots
of genomic DNA from hybrids included those
expected from both parent species. With
the passing of generations, the processes of
concerted evolution might be expected to
homogenize the ribosomal operons, obscuring
the patterns seen in the F1 generation (e.g.
Hillis et al., 1991 – parthenogenetic lizards).
Nevertheless, there are several reports of neo-
dermatans apparently bearing ribosomal
sequences derived from two species.
Parthenogenetic diploid and triploid forms of
Fasciola in Japan and adjacent regions have
long presented taxonomic difficulties (reviewed
in Blair and McManus, 1989; Terasaki et al.,
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2000). Early genetic studies suggested identity
with F. gigantica (Blair and McManus, 1989;
Adlard et al., 1993; Hashimoto et al., 1997).
However, Itagaki and Tsutsumi (1998) found
ITS2 sequences typical of both F. gigantica and
F. hepatica in Japanese triploid worms, but not
co-occurring in the same individual. They sug-
gested a hybrid origin for Japanese worms.
Agatsuma et al. (2000) sequenced ITS2 and a
portion of the nLSU, as well as portions of
mitochondrial protein-coding genes, from five
individual worms from Korea. All had mito-
chondrial sequences typical of F. gigantica.
However, for both ribosomal sequences, two
worms were close to F. gigantica, one was
close to F. hepatica and two had sequences of
both types. Similarly, Huang et al. (2004)
found both types of sequence present in indi-
vidual fasciolids from NE China. The most
likely explanation of these findings is
hybridization between the two Fasciola
species.

Patterns of repeats in the IGS region of a
G. salaris strain specific to rainbow trout sug-
gested to Cunningham et al. (2003) that this
form might represent a hybrid between G.
salaris and Gyrodactylus thymalli, although
other explanations were also considered by
Cunningham et al. (2003).

Morgan et al. (2003b) found evidence of
natural hybridization between S. mansoni and
Schistosoma rodhaini. The mtSSU and mtLSU
sequences matched those of the former species
whereas ITS1 and ITS2 sequences matched
those of the latter. As ITS sequences of both
parents were not present in the hybrid, this is

probably not an F1 but rather a result of back-
crossing of a hybrid form with S. rodhaini.

Concluding Remarks

Ribosomal operons contain genes with pri-
mary responsibility for one of the most funda-
mental processes within the cell: protein
synthesis. They are, therefore, inevitably a
source of fascination for biologists. Our knowl-
edge of rDNA variation in neodermatans has
come a long way since the first sequences
were obtained about 20 years ago by Qu et al.
(1986). This increased knowledge has been in
step with information on the structure of the
nuclear operon from other realms of life.
Various, often antagonistic, forces such as nat-
ural selection, concerted evolution, gene con-
version, unequal crossing over and replication
slippage have forged a complex, dynamic and
fascinating region that we are still very far from
fully understanding. In particular, detection of
the presence and appreciation of the nature of
functional motifs in spacers present a chal-
lenge for the future. The roles, if any, of repeated
sequences also await clarification. Portions of
the operon, especially the nSSU and nLSU will
continue to be used for taxonomic and phylo-
genetic work, as will the mitochondrial homo-
logues of these genes. Increased understanding
of their evolution and secondary (and higher-
level) structure will substantially assist such
work in the future. But we have come a long
way in 20 years.
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5 Genetic Studies on Monogeneans with
Emphasis on Gyrodactylus

C.O. Cunningham and I. Matějusová
FRS Marine Laboratory, PO Box 101, 375 Victoria Road, 

Aberdeen AB11 9DB, UK

Introduction

Our knowledge of the molecular biology of
monogeneans is currently lagging some way
behind that of digeneans or cestodes,
described in other chapters in this volume.
Nevertheless, this group presents a number
of characteristics that make them attractive
candidates for molecular study. No doubt
we shall see significant developments in our
knowledge of the immunology, physiology
and biochemistry of monogeneans in the near
future. Many of the studies on the biology of
other flatworms will guide the experiments
required to analyse monogeneans, as the

molecular studies carried out to date have
been enhanced by previous work on other
platyhelminths.

The first studies on the molecular biology
of monogeneans could be said to be the deter-
mination of partial small subunit (SSU) riboso-
mal RNA (rRNA) genes, or 18S genes, from
Dictyocotyle coeliaca, Diclidophora merlangi
and Anoplodiscus cirrusspiralis by Baverstock
et al. (1991). These sequences were obtained
and used in phylogenetic analysis of a range of
parasitic platyhelminths. Sequences for use in
phylogenetic analysis form the majority of the
over 700 monogenean nucleotide sequences
available in GenBank at the time of writing.



The genetic characterization of monoge-
neans began in earnest in the 1990s with the
search for molecular markers of species. This
work continues with a variety of monogenean
families and now encompasses a wide range of
techniques and target regions of the genome.
This chapter provides a brief overview of the
development of molecular characterization of
monogeneans, notable successes and some
current work. Many of the techniques applied
have been used with other classes or phyla.
Molecular research on Monogenea has been
dominated by a focus on the Gyrodactylidae,
and therefore this chapter necessarily con-
centrates on the genus Gyrodactylus. Many
of the methods used in molecular studies of
Monogenea have been described by Gasser
(2001) in another book in this series, so here,
only their current and future applications are
included.

The first intensive molecular genetic study
of monogenean species began in 1991 with
the aim of developing novel and objective
methods of identifying Gyrodactylus salaris
Malmberg, 1957. G. salaris had caused serious
losses of wild Atlantic salmon in Norway since
its introduction to that country in the 1970s
(Mo, 1994). It was listed in the Office Inter-
national des Epizooties (OIE) diseases of fish
and European Community (EC) Fish Health
legislation. To operate systems such as the EC
regulations effectively and protect fish health
while not unnecessarily impeding trade, unam-
biguous methods of diagnosing pathogens are
required. The identification of some monoge-
nea is notoriously difficult. Malmberg (1970)
proposed the use of the excretory system and
the hard parts of the attachment apparatus
located on the haptor for Gyrodactylus species
discrimination (see Fig. 5.1A). However, diffi-
culties have been experienced with some
closely related species, particularly those
found on salmonid fish. For example, G. salaris
exhibits an extremely wide range of morphol-
ogy and measurements within the haptoral
hard parts, related mainly to seasonal changes
in water temperature (Malmberg, 1987; Mo,
1991a,b,c; Malmberg and Malmberg, 1993).
Moreover, this species is very difficult to dis-
criminate from Gyrodactylus thymalli Zitnan,
1960 on the basis of the shape and size of hap-
toral hard parts, and for these reasons work

was instigated to develop alternative methods
of identifying G. salaris.

Difficulties in Molecular Studies
of Monogenea

The generally small size of monogenea is not in
itself a major problem for molecular tech-
niques. After all, polymerase chain reaction
(PCR) can amplify DNA from tiny amounts of
starting material. It has proven possible to
amplify sufficient DNA from even partial gyro-
dactylids. However, the small size of speci-
mens does present some complications. Many
studies of genetic characteristics of monogenea
are currently producing molecular markers for
species previously identified by morphological
characteristics. In order to connect sequence
and morphology definitively in a single
description, the ideal situation is to have micro-
scopic and molecular examination of the same
specimen. This is possible via dissection or
digestion of the monogenean (Cunningham
et al., 1995b; Harris et al., 1999), but the addi-
tional manipulations increase the risk of con-
taminating or losing what may be precious
specimens.

Contamination may also arise from host
tissue within or attached to the specimen. Host
DNA may be amplified alongside that from the
monogenean in reactions such as random
amplified polymorphic DNA (RAPD) and can
complicate interpretation of results, particularly
if only very small amounts of monogenean
material are available and the proportion of host
nucleic acid in the sample is therefore rather
large. This problem is of course greatly reduced
when methods with greater stringency are
applied, using primers or probes with specificity
for at least the phylum Platyhelminthes.

Combined molecular and morphological
analysis involves compromise, usually in the
preservative solution used. Molecular analyses
perform best on ethanol-preserved material,
but the alcohol renders the specimens rather
hard and suboptimal for microscopic examina-
tion. The use of solutions that assist subsequent
microscopic examinations, such as formalin,
can result in specimens that are difficult or
impossible to use for molecular work, so the
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compromise in favour of nucleic acid preser-
vation is necessary.

Difficulties in the morphological identifi-
cation of parasites from other monogenean
groups are expected because recent preserva-
tion methods favour molecular analyses.
Alcohol preservation of larger monogeneans
such as diplozoids increases the difficulty in
species identification because the attachment
clamps used for species discrimination of such
preserved individuals are deeply embedded in
parasite tissue and the accuracy of species
identification is reduced.

Molecular Markers for
Monogenean Species

The rRNA genes and spacers

The region of the genome encoding rRNA
genes and spacers has a common arrangement
in eukaryotes (Long and Dawid, 1980) and the
genes and RNA occur at high abundance in
cells (Waters and McCutchan, 1990). Within
the rRNA there are conserved regions that con-
tain very similar nucleotide sequences in all
the eukaryotes studied, interspersed with
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Fig. 5.1. Hard parts of the opisthaptor of Gyrodactylus species viewed under phase contrast
microscopy (A) and agarose gel electrophoresis of ribosomal RNA (rRNA) gene internal transcribed
spacer 1 (ITS1) (B) from: 1, Gyrodactylus carassii; 2, G. sp.1; 3, G. elegans; 4, G. gobiensis; 5, G. gobii;
6, G. gracilihamatus; 7, G. gurleyi; 8, G. hronosus; 9, G. katharineri; 10, G. kobayashii; 11, G. laevis; 12,
G. lomi; 13, G. longoacuminatus; 14, G. sp.2; 15, G. macronychus; 16, G. markakulensis; 17, G. rhodei;
18, G. sp.3; 19, G. rutilensis; 20, G. vimbi (M-100 bp DNA ladder), illustrating the diversity in
morphological and genetic features used in species discrimination.
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regions that show considerable sequence vari-
ation, even between closely related organisms
(Gerbi et al., 1982; Hillis and Dixon, 1991).
The rRNA genes are suitable for the purposes
of species probe or primer development from
organisms that have not previously been char-
acterized at the molecular level.

The SSU (18S) rRNA gene

As mentioned above, partial 18S rRNA gene
sequences were obtained from some monoge-
neans by Baverstock et al. (1991) in phylogenetic
analysis of platyhelminths. Molecular investiga-
tions of monogeneans specifically began with
the PCR amplification of the SSU, or 18S, rRNA
gene from DNA extracted from a pool of many
G. salaris specimens. At that time, this gene had
been used to develop methods of identifying
other parasite groups (Cameron et al., 1988;
Blair and McManus, 1989; Rollinson et al.,
1990). The 18S gene sequence from G. salaris
was determined and was used to examine the
phylogenetic relationship of this species to other
platyhelminths (Cunningham et al., 1995a). As
this 18S sequence was being completed, work
on the most closely related organism to
Gyrodactylus that had been studied in any detail
using molecular methods (i.e. Schistosoma spp.)
showed that one region of the 18S gene, V4, was
more variable than others (Johnston et al., 1993).
The conservation of sequence in regions of the
18S gene enabled the use of alignments of the
nucleotide sequences to identify the homolo-
gous V4 region of the 18S gene to be identified
in G. salaris. Methods were developed to amplify
and analyse this region from even single speci-
mens of Gyrodactylus and sequences were
obtained from Gyrodactylus truttae and G. der-
javini, two other species commonly recorded on
salmonids in Europe. These sequences did
indeed show species variation and the V4 region
was used in restriction fragment length polymor-
phism (RFLP), oligonucleotide probe and DNA
sequence methods of distinguishing these three
species (Cunningham et al., 1995b,c). Later, the
probes were shown to produce potentially con-
fusing results, with cross reaction of the probe
designed to detect G. salarisV4 DNA with the V4
of Gyrodactylus teuchis (Cunningham et al.,
2001).

More recently, the complete 18S genes
have been determined from Gyrodactylus
gobiensis, G. rhodei, G. rutilensis, G. carassi,
G. sedelnikovi, Gyrodactyloides bychowskii
and Macrogyrodactylus polypteri. They were
used to identify the sister group to
Gyrodactylus, and found that G. bychowskii
was resolved as the sister group to Gyrodactylus
and Macrogyrodactylus (Matějusová et al.,
2003) (Fig. 5.2). The 18S sequences have also
been used in phylogenetic analysis of other
Monogenea (Littlewood et al., 1998; Desdevises,
2001; Littlewood and Olson, 2001; Verneau
et al., 2002; Bentz et al., 2003; Simková et al.,
2003, 2004).

The rRNA internal transcribed
spacer (ITS)

Although the variable region V4 of the 18S
rRNA gene proved useful for distinguishing
G. salaris, G. derjavini and G. truttae, it was not
suitable for separating G. salaris and G. thy-
malli, which have the same nucleotide sequence
in this region of the gene. Therefore work
began to analyse a more variable part of
the rRNA gene operon, the ITS, including the
5.8S gene. The ITS also proved useful for iden-
tifying G. salaris, G. derjavini and G. truttae
by way of RFLP or sequence, but again
sequences from G. salaris and G. thymalli were
identical (Cunningham, 1997; Cunningham
et al., 2000).

The development of molecular markers
that could be used to distinguish Gyrodactylus
species more objectively than by microscopic
examination has been the aim of a large num-
ber of studies (Harris and Cable, 2000; Ziętara
et al., 2000, 2002; Cunningham et al., 2001;
Matějusová et al., 2001a; Huyse and Volckaert,
2002; Ziętara and Lumme, 2002, 2003; Huyse
et al., 2003, 2004; Huyse and Malmberg,
2004). This work has diverged from members of
the genus Gyrodactylus only, and ITS sequences
from Diplozoinae (Matějusová et al., 2001b,
2004), Gyrdicotylus (Cable et al., 1999b) and
Gyrodactyloides (Bruno et al., 2001) have also
become available through their application as
species markers.

Experience in analysis of many specimens
of Gyrodactylus from various host species,

Genetic Studies on Monogeneans 127



varied locations and sampling times, has shown
that the ITS is a stable region of the genome,
with intra-specific variation of less than five
nucleotides. This variation is of the same order as
expected between different sequencing method-
ologies or laboratories. Thus, ITS sequence
appears to be a robust species marker.
Sequencing this region of the genome is speci-
fied, in preference to analysis by RFLP with sin-
gle restriction enzyme or probe hybridization.
This is in the light of experience with application
of short DNA probes to the 18S rRNA of
Gyrodactylus. A probe designed to hybridize to

DNA of G. salaris also binds to the same region
of G. teuchis DNA and this cross reaction could
lead to erroneous identification (Cunningham
et al., 2001). The ITS, with greater length and
variability of sequence than the 18S V4 region,
presents less opportunity for misidentification in
sequence analysis. The inclusion of ITS sequence
along with morphological analysis is a useful
addition to new Gyrodactylus species descrip-
tions (Cunningham et al., 2001; Ziętara and
Lumme, 2003; Huyse and Malmberg, 2004).

The ITS region is useful to reveal
species differences (Fig. 5.1B) but in the case
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of sequencing being the diagnostic tool, it
becomes costly as additional sequencing reac-
tions with internal primers are usually neces-
sary to ensure clear overlap between forward
and reverse reactions. Thus, only partial ITS
sequences, the second ITS (ITS2) rDNA, were
used to differentiate species of another group
of monogeneans, members of the Diplozoinae.
Molecular markers based on the ITS2 region
only were developed for eight species of diplo-
zoids from three genera: Diplozoon,
Eudiplozoon and Paradiplozoon (Matějusová
et al., 2001b, 2004). However in this case,
RFLP with multiple enzymes has to be applied
for species identification, as the ITS2 region is
relatively conserved and it becomes more dif-
ficult to obtain species-specific restriction pat-
terns for closely related species.

RFLP can also be used to differentiate the
variant of G. salaris described by Lindenstrøm
et al. (2003b). Interestingly, this variant dis-
played heterogeneity in the ITS of the rRNA
genes, varying at three positions compared to
G. salaris sensu Malmberg, 1957.

There is still the possibility that confusion
could arise if oligonucleotide probes or RFLP
are the only techniques applied, as these meth-
ods only examine a very small portion of the
ITS. Therefore, nucleotide sequencing of the ITS
is at present the most reliable molecular marker
of monogenean species.

To date, the ITS is the most commonly
sequenced part of the monogenean genome.
In addition to the application of ITS sequences
to develop species markers, there are an
increasing number of studies where the ITS is
used to infer phylogeny. This region has been
proven valuable within Gyrodactylus (Cable
et al., 1999b; Ziętara and Lumme, 2002, 2003;
Ziętara et al., 2002; Kritsky and Boeger, 2003;
Matějusová et al., 2003) and has demonstrated
the potential to resolve the phylogeny of other
monogenean groups such as diplozoids
(Sicard et al., 2001, 2002; Matějusová et al.,
2004) or polystomes (Bentz et al., 2001).

The rRNA intergenic spacer (IGS)

The intergenic spacer includes both non-tran-
scribed and external transcribed spacers of

rRNA. Compared to the ITS region, the IGS is
poorly characterized within the Platyhelminthes
and the only known IGS of monogeneans is
that of G. salaris (Collins and Cunningham,
2000). Characterization of the G. salaris inter-
genic spacer revealed the presence of repeti-
tive DNA resembling minisatellites. Within
these repetitive regions, variations in sequence
were found that distinguish G. salaris and
G. thymalli (Sterud et al., 2002). Length het-
erogeneity in the IGS has been commonly
observed for other parasite groups (Kane and
Rollinson, 1998) and various free-living organ-
isms (Morales-Hojas et al., 2002), and further
IGS data from other species may reveal if this
also occurs in monogeneans.

Large subunit (LSU) (28S) rRNA gene

The LSU rRNA gene of G. salaris has now been
characterized, and together with the regions of
rRNA discussed above, provides the first com-
plete sequence of the rRNA operon for the
Monogenea (Matějusová and Cunningham,
2004). As there are no other 28S gene sequences
available from species of Gyrodactylus at pres-
ent, the potential use of this region for species
molecular markers within this genus is only
suggested based on the experience from other
platyhelminth groups. The 28S gene has
mainly been studied to infer phylogeny of var-
ious parasitic groups, and for this purpose par-
tial sequences of this gene are sufficient. The
D1-D3 regions are most frequently used to
infer phylogeny, and these regions correspond
to the B, C and D domains of the 28S defined
for Saccharomyces cerevisiae (Wuyts et al.,
2001). This region of the 28S gene has been
sequenced from members of the families
Ancyrocephalidae, Dactylogyridae, Pseudo-
dactylogyridae and Tetraonchidae (I.
Matějusová, FRS Marine Laboratory, 2004,
unpublished data). When the secondary struc-
ture of G. salaris and S. cerevisiae 28S genes
were compared, domains C and H were
revealed to be variable regions and therefore
could potentially be used in phylogenetic
analyses and also for the development of
molecular markers for closely related species
(Matějusová and Cunningham, 2004).
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The 28S gene, often a partial sequence,
has been widely used in phylogenetic analysis
within the Monogenea (Mollaret et al., 1997,
2000a,b; Litvaitis and Rohde, 1999; Chisholm
et al., 2001; Jovelin and Justine, 2001; Justine
et al., 2002; Olson and Littlewood, 2002;
Lockyer et al., 2003; Whittington et al., 2004).

Other Regions of the Monogenean
Genome

Other regions of the monogenean genome
are poorly studied compared to the genome
of some human parasite groups. The main
driving force to study other genes has so far
been the search for molecular species mark-
ers or regions suitable for phylogenetic analy-
sis. The elongation factor 1-α gene of
Neomicrocotyle pacifica was sequenced for
use in phylogenetic analysis (Littlewood
et al., 2001) but has not yet been used as a
species marker.

The β-tubulin gene of G. salaris has been
examined (Collins et al., 2004). This gene has
previously been described as a molecular
species marker in Echinococcus, Babesia and
Theileria (Brehm et al., 2000; Cacciò et al.,
2000; Robinson et al., 2001). As this gene has
only been sequenced from G. salaris to date,
its potential as a species marker for monoge-
neans is not yet known, but the sequence of
this gene is thought to be less variable than
regions of the ribosomal genes or spacers.
Interesting questions remain regarding the role
of the β-tubulin gene as a tool for monitoring
anthelminthic resistance and its potential role
in this resistance has still to be studied (see
‘Concluding Remarks’).

The cytochrome oxidase subunit I (COI)
gene of the mitochondrial genome has been iso-
lated and sequenced from G. salaris and G. thy-
malli (Meinilä et al., 2002; Hansen et al., 2003).
The COI gene was proven to be polymorphic
and different haplotypes were found in both
species. Monophyletic origins of the COI vari-
ants for G. salaris and G. thymalli were not con-
firmed. This gene has also been used to study
the population genetics of G. salaris (see section
on ‘Molecular Analysis within Monogenean
Species’).

Mitochondrial COI and 16S rRNA
sequences have been used in phylogenetic
analysis (Littlewood et al., 1997; Telford et al.,
2000; Plaisance et al., 2005).

A project aimed at sequencing the
remainder of the mitochondrial genome of
the genus Gyrodactylus and determining vari-
able regions for further intraspecific analyses is
underway (D.T.J. Littlewood, Natural History
Museum, London, personal communication).

Monogenean Species Concept
and Species Complexes

Monogenean species descriptions have hitherto
relied upon information on the host, geographi-
cal sampling location and microscopic exami-
nation and comparison with drawings from
other authors. Because of this, and the diversity
of morphological characters found in G. salaris,
it was expected that molecular investigation
might result in the synonymization of forms pre-
viously described as separate species. To our
surprise, the converse has occurred. Based on
sequence of the V4 region of the 18S rRNA gene
and the ITS, G. teuchis was separated from
G. salaris (Cunningham et al., 2001) although
initial morphological examination considered
them the same species.

The traditional species concept is based
on differences in morphological or life-history
characteristics. However, the existence of so-
called cryptic species is common and can be
resolved by several genetic or molecular biol-
ogy methods. Allozyme electrophoresis has
been used but largely superseded by faster and
more accurate approaches based on differ-
ences in various regions of the ribosomal or
mitochondrial DNA to detect cryptic species in
parasitic groups (Chilton et al., 1995;
Overstreet et al., 2002). The use of nucleic acid
techniques rather than allozymes is an obvious
advantage in analysis of monogeneans, when
their small size often prevents allozyme analy-
sis of individual specimens. The monogenean
parasites are no exception to the occurrence
of cryptic species, as illustrated in the exis-
tence of G. teuchis mentioned above. With
recent extensive sampling and sequencing of
Gyrodactylus parasites from a wide range of
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fish, this could become a serious problem. Even
species with apparently clear morphological
characteristics have caused difficulties when
sequences have been obtained following mor-
phological identification of species. The discov-
ery of more than one distinctly different
sequence from specimens that are extremely
similar in morphology reveals the existence of
more cryptic species. This has been found in
Gyrodactylus macronychus-like, Gyrodactylus
longoacuminatus-like and Gyrodactylus jiroveci-
like species groups (Ziętara and Lumme, 2002,
2003; I. Matějusová, FRS Marine Laboratory,
Aberdeen, 2004, unpublished data).

It is apparent that the application of
molecular biology to species redescriptions or
to complement descriptions based on mor-
phology is not always straightforward. Ziętara
and Lumme (2002) proposed ‘DNA tag prior-
ity’ and a guide of 1% variation in ITS sequence
to separate Gyrodactylus species. They also
suggested that sequences obtained from the
type locality should take priority. These sug-
gestions are unique and have not been widely
adopted in any field of parasitology, let alone
the study of Monogenea. Gyrodactylus species,
for example, can be notoriously difficult to
separate or identify on the basis of morphol-
ogy, and several species can occur in the same
locality or even on the same host as shown for
G. teuchis (Cunningham et al., 2001). Therefore,
redescriptions, new descriptions and assigning
DNA sequences to species should as far as
possible take a holistic approach, involving as
much information as possible on the location,
host identity, range and preference and thor-
ough morphological and molecular analysis.
In the study of monogeneans, when morpho-
logical analysis can throw up many examples
of sibling or cryptic species, and the species
concept is itself a matter for debate, the addi-
tion of DNA sequence data can often create
more difficulties than it solves. Each study
should use as much data as possible and it is
perhaps too early in the molecular analysis of
Monogenea to be able to lay down rules or
guidelines on the degree of sequence variation
that occurs between species.

One of the possible solutions for the time
being is to include new ‘species’, determined
solely on the basis of DNA sequence variation,
into species groups or complexes as suggested

by Malmberg (1970), who grouped Gyrodacty-
lus spp. on the basis of morphological features.
These species groups, e.g. the Gyrodactylus
wageneri or Gyrodactylus elegans groups,
were constructed consisting of species with
haptoral hard parts of similar morphology.
This species-group approach could prevent
the premature description of new species
before detailed morphological study of all
related Gyrodactylus species from all related
hosts is performed, considering even those
parasites recorded on the hosts not typical for
the locality or geographical region studied.
However, such extensive comparative studies
cannot be accomplished without collabora-
tion and exchange of material between
research groups.

Molecular Analysis within
Monogenean Species

Increasing attention is being paid to the analy-
sis of relationships of monogeneans within
a species. These sub-species groups may be
cryptic species, strains or different specimens,
e.g. from different locations. Again, this work
stems from the G. salaris problem. Initially, the
question of separating G. salaris, which is path-
ogenic to Atlantic salmon, from G. thymalli,
which is not pathogenic, arose. The two species
are very similar morphologically and their
validity as separate species has been ques-
tioned. Host preference, pathogenicity and
rRNA intergenic spacer DNA analysis has pro-
vided good evidence that G. salaris and G. thy-
malli are valid species (Sterud et al., 2002).

Within the species, molecular analysis of
G. salaris strains or populations is of interest
in addressing the questions of whether differ-
ent strains have differing pathogenicity and
whether population genetics can provide epi-
demiological information or inform knowledge
of reproductive systems. Lindenstrøm et al.
(2003b) described a variant of G. salaris that
exhibited unusual preference for rainbow trout
(Oncorhynchus mykiss) rather than Atlantic
salmon (Salmo salar). This variant was less vir-
ulent to Atlantic salmon than other forms, such
as those that have caused salmon mortality in
Norway. The variant form differs from G. salaris
sensu Malmberg, 1957 at three positions in the
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ITS. As the ITS sequence has been found to be
very stable in specimens from very different
geographical locations or sampling times, the
variation found raises some questions regard-
ing the species status of this form. Both the
morphology and DNA sequence results place
this variant clearly in the same species group
as G. salaris and yet its pathogenicity may be
very different. It will be interesting to see if this
variant is found elsewhere or if its distribution
is very restricted.

Mitochondrial COI sequences seem to be
useful in providing epidemiological evidence
for introduction of G. salaris to Norway
(Hansen et al., 2003), but are probably too con-
served to provide detailed information on the
spread of the parasite within a country.
Nevertheless, Meinilä et al. (2004) used COI
sequences in phylogenetic analysis of G. salaris
and G. thymalli from Norway, Sweden, Finland,
Russia and Latvia, concentrating on hypotheses
of taxonomy and speciation.

The rRNA intergenic spacer region was
also found to be difficult to use for detailed
epidemiological analysis (Cunningham et al.,
2003). The RAPD and the related amplified
fragment length polymorphism (AFLP) have
also been applied to G. salaris (Cunningham
and Mo, 1997; Cable et al., 1999a). Large
numbers of DNA fragments were revealed by
these studies but the fragments have not been
characterized. These methods have the poten-
tial to yield intraspecific differences but the
application of the technique to gyrodactylid
samples creates difficulty in analysis and inter-
pretation and the methods have not been
widely used.

Microsatellite DNA appears at present to
be the best choice for revealing population
differences within monogenean species. Work
is underway to isolate suitable microsatellites
by different groups and using different meth-
ods (J. Cable, University of Cardiff, 2004, per-
sonal communication; C.M. Collins, Fisheries
Research Services, 2004, personal communi-
cation). It is hoped that suitable markers may
be discovered in the near future, opening up
a large field of population genetics study.
Microsatellite DNA markers were also consid-
ered for screening populations of diplozoid
species (Diplozoinae). Members of this

subgenus usually show high host specificity
and most of the species parasitize only one
host species. The notable exception is
Paradiplozoon homoion, which has been
recorded from more than 15 species of
cyprinid fish in Europe. Molecular study of
diplozoids carried out to date has included
sequencing the ITS2 rDNA and morphological
analysis of P. homoion specimens from the
gills of ten cyprinid species. This did not pro-
vide any proof of differences between speci-
mens of P. homoion collected from different
hosts (Matějusová et al., 2002). Polymorphic
microsatellite DNA markers might be useful
tools to screen for possible variation between
specimens collected from different hosts.

Other Genetic Studies 
in Monogenea

Although not studying monogenean genetics
directly, work has begun to examine the
genetic response of the host to monogenean
parasite infection. Differential display reverse
transcription PCR and suppressive subtractive
hybridization are being used to examine dif-
ferences in gene expression between infected
and uninfected fish and between fish of dif-
fering susceptibility to G. salaris infection
(Gilbey et al., 2003). The expression of some
genes related to the host immune response
are also being studied, by screening compli-
mentary DNA (cDNA) libraries of infected
and uninfected fish using PCR with primers
for these genes (Lindenstrøm et al., 2003a).
These studies may reveal which monogenean
genes are important in stimulating host
response and the same molecular techniques
of differential display of gene expression that
are being applied to host material could indi-
cate variations in gene expression between
monogeneans that may be related to differ-
ences in pathogenicity. Although the same
problems of sample size and purity that can
complicate other molecular studies also
apply to this work, molecular and gene iden-
tification techniques are improving so fast
that it cannot be long before the genes
expressed by these tiny animals are uncov-
ered and studied.
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Concluding Remarks

The reproduction and developmental biology
of some monogeneans, such as gyrodactylids or
diplozoons, is one area that will derive enor-
mous benefit from developments in the study
of the genetics of these organisms. Cable and
Harris (2002) pointed out the value of analysing
hox gene expression in pattern formation dur-
ing development. Fingerprinting-type exam-
inations could shed some light on the relative
contribution of sexual and asexual reproduc-
tion in different reproductive modes of gyro-
dactylids (Harris, 1993, 1998; Harris et al.,
1994), or the relative contribution of each
individual in diplozoon reproduction.

The host–parasite interaction is another
area where molecular biology can be applied
to great advantage. Analysis of proteins and
expression profiles of both proteins and nucleic
acids can be used to determine the nature of
molecules used in adhesion of the parasite
to the host, their expression and induction.
Discovery and analysis of the host molecules
towards which monogeneans are attracted to
or used as cues, as well as the parasite mole-
cules that trigger immune responses in the

host, will also be important areas for further
application of molecular biology.

The farming of species new to such culture
offers ideal opportunities for the emergence of
pathogens that are not serious problems in
wild populations. This is particularly true in
aquaculture, where monogeneans can pose
serious difficulties (Mo and Lile, 1998; Ogawa,
2002). The use of anthelminthic treatment
can be complicated by the development of
resistance. Resistance to benzimidazole has
already been identified in Pseudodactylogyrus
in eel farms (Waller and Buchmann, 2001).
Benzimidazole and derivatives target β-tubulin
and mutations in the β-tubulin gene are asso-
ciated with resistance to these drugs. Analysis
of the β-tubulin gene, or any other gene found
to be associated with resistance to these drugs
in nematodes, offers a means of monitoring
potential resistance problems in monogeneans
(Collins et al., 2004). Differential display of
gene expression in resistant and susceptible
types offers a means of discovering more about
the pathways and genes involved in the mech-
anisms of anthelminthic resistance, and will
inform future selection or development of con-
trol treatments.
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Introduction

Schistosomes are one of the most complex par-
asites infecting humans, being dioecious mul-
ticellular platyhelminths. They present a life
cycle with a phase of asexual reproduction in
the intermediate host (snail) and a phase of sex-
ual reproduction in the definitive host (human).
There are also two intermediate aquatic free-
living phases (cercaria and miracidium) with
a short lifespan linking the two phases of repro-
duction, thus completing the life cycle. The
parasite is subjected to a significant amount of
stress, which is triggered by the defence sys-
tems of the hosts or the external environment

of the free-living stages. The significant differ-
ences in morphology and physiology that are
displayed by the parasite during its life cycle
probably reflect a constant adaptation to the
different environments in which the parasite
resides (Hoffmann and Dunne, 2003).

Different species of Schistosoma such as
S. mansoni, S. japonicum and S. haematobium
infect the human host (Hoffmann and Dunne,
2003). The adult stage of Schistosoma is
adapted to life in human blood vessels, being
capable of surviving for years in the host despite
a significant immune response (Pearce and
MacDonald, 2002). The ability of Schistosoma
to foil host defences depends on a series of



mechanisms such as modulation of the immune
system of the host by either interference in
cytokine synthesis (Angeli et al., 2001) or by
the induction of defence cell apoptosis
(Carneiro-Santos et al., 2000; Chen et al.,
2002). The intimate interaction between
Schistosoma and the human immune system is
also stressed by modulation of Schistosoma
development and reproduction by signals from
the host immune system (Amiri et al., 1992;
Davies and McKerrow, 2003). Additionally,
endocrine signals from the host have been
shown to influence Schistosoma development
and viability (de Mendonca et al., 2000;
Davies and McKerrow, 2003), suggesting
molecular cross-talk between host and para-
site. These facts demonstrate a highly sophisti-
cated level of interaction and adaptation such
that the schistosome would be expected to
possess a large transcriptome with complex and
intricate protein expression patterns through
the various life stages.

The Transcriptome Projects

For years, efforts to generate expressed sequence
tags (ESTs) of Schistosoma have resulted in the
production of a modest repository of approxi-
mately 16,000 sequences, mostly from the
adult stage (Franco et al., 2000; Fietto et al.,
2002; Fung et al., 2002), which along with the
few hundred full-length sequences deposited
in the public databases by several groups of
investigators allowed a partial description of
the Schistosoma transcriptome, with an esti-
mated coverage of 15–20% of the gene com-
plement for S. mansoni (Franco et al., 2000). In
the beginning of this decade, two major inde-
pendent efforts were initiated, aiming to obtain
a more extensive sequencing of the tran-
scriptome from two species, S. mansoni and
S. japonicum. These efforts were launched
concomitantly by a Brazilian and a Chinese
sequencing consortium, respectively. Both
projects were able to produce a significant
amount of data, which have been publicly
released, and two articles were published in
the same issue of Nature Genetics by late 2003.
The Chinese project generated 43,707 ESTs,
focused on the transcriptome of the adult (either
males and females separately, or mixed sam-
ples) and egg stages of S. japonicum (Fig. 6.1)

using poly-dT primed cDNA libraries gener-
ated from these two stages (Hu et al., 2003).
The Brazilian effort used material from six dif-
ferent stages of the parasite life cycle, namely
adults, cercariae, miracidia, germ balls, schis-
tosomula and eggs (Fig. 6.1), for the generation
of 163,586 ESTs of S. mansoni (Verjovski-
Almeida et al., 2003); 151,684 of the ESTs
were produced with the ORESTES technique
(Dias-Neto et al., 2000) from the six stages,
and 11,902 ESTs were generated from a nor-
malized poly-dT primed library (Soares et al.,
1994) derived from adult worms. Additional
contributions to the EST repository are expected
to include ESTs of S. mansoni generated by the
Genome Network of State of Minas Gerais
and 15,000 ESTs of S. hematobium that the
Welcome Trust Sanger Institute is planning to
produce (McManus et al., 2004).

Transcriptome Comparisons

The analysis resulting from both studies indicated
that the sequenced ESTs effectively sampled
the majority of messages from the transcrip-
tome of these organisms. The Brazilian study
estimated a 92% sampling of messages and
obtained 395 novel ortholog genes with their
entire coding region sequenced. A gene com-
plement of 14,000 genes was estimated for the
six stages of the S. mansoni life cycle using two
independent methods (Verjovski-Almeida
et al., 2003). The first was a clustering method
with an additional analysis to eliminate redun-
dancy due to alternate splicing, bad clustering
of sequences due to low sequencing quality
and sequencing of different non-overlapped
portions of the same message; the second
method called for determining the total num-
ber of non-redundant bases acquired in the
project followed by computing the extrapo-
lated maximal number of non-redundant bases
and dividing it by the mean gene size of S.
mansoni, estimated as 2063 bp (Verjovski-
Almeida et al., 2003). The estimated number of
14,000 genes in S. mansoni (Verjovski-
Almeida et al., 2003) is comparable to the
14,000–19,000 predicted genes from other
fully sequenced invertebrates, such as
Caenorhabditis elegans (The C. elegans
Sequencing Consortium, 1998) and Ciona
intestinalis (Dehal et al., 2002). In contrast, the
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Chinese work estimated that approximately
13,000 gene clusters were expressed in adults
and eggs, which would correspond to the
majority of the estimated gene complement and
indicate that most of the transcripts of S. japon-
icum are present in just these two stages (Hu
et al., 2003; McManus et al., 2004). We believe
that this is probably an overestimation, as the
analysis consisted of a simple counting of the
total number of gene clusters generated by the
assembly of ESTs and did not account for redun-
dancy that originated from alternate splicing,
bad clustering of sequences due to low
sequencing quality and sequencing of different
non-overlapped portions of the same message.
In fact, an independent experimental determi-
nation of the number of genes expressed in S.
mansoni was obtained (Verjovski-Almeida et al.,
2003), using serial analysis of gene expression
(SAGE) and counting the tags from a SAGE

library constructed with S. mansoni adult stage
mRNA. Counting reached a plateau with
approximately 7200 tags, indicating that only
half of the S. mansoni genes are expressed in the
adult stage (Verjovski-Almeida et al., 2003), giv-
ing a very different picture to that proposed for
S. japonicum. Moreover, several of the new
genes identified either in S. japonicum or in
S. mansoni were seen to have a stage or gender-
specific variation in their expression levels,
indicating a possible role of these genes in
adaptation and differentiation of the parasite
(Hu et al., 2003; Verjovski-Almeida et al., 2003).
These facts indicate that several of the schisto-
some genes are transiently expressed during the
parasite life cycle such that it is unlikely
that sequencing of adult and egg messages only
would permit sampling of the entire parasite
transcriptome. It seems unlikely that such
closely related organisms would present such
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Fig. 6.1. Summary data for the large-scale expressed sequence tag (EST) sequencing projects for
Schistosoma mansoni and S. japonicum. Numbers refer to ESTs obtained for each of the six stages of
the parasite’s life cycle.



an overwhelming difference in the number of
expressed genes in a given stage of their life
cycle – further analysis is warranted to explain
this discrepancy.

Evolutionary Implications

As a platyhelminth, schistosomes diverged from
other eubilaterian metazoa at the early stages
in bilaterian evolution, more than a billion years
ago (Hausdorf, 2000). Recent analysis utilizing
novel schistosome genes such as actin, cathep-
sin, XPA protein and polymerase delta confirmed
this placement (Hu et al., 2003; Verjovski-
Almeida et al., 2003). Currently, S. mansoni
and S. japonicum are the only two platy-
helminths whose transcriptomes have been
extensively sequenced, and the nucleotide
sequences for these two organisms represent
92% of the platyhelminth nucleotides
deposited in GenBank. Therefore they are
unique examples of well-described transcrip-
tomes from an evolutionary branch long
diverged from other organisms for which the
full genome or transcriptome have been
described. Moreover, Schistosoma has a long
evolutionary history of parasitism, its ancestor
probably parasitized fishes and reptilians
before migrating to vertebrate hosts such as
mammals and birds (Lenzi et al., 1997;
Rollinson et al., 1997). Schistosomes parasitize
a wide range of snails within the Gastropoda
(Blair et al., 2001) and it is hypothesized that
the two-host life cycle of the schistosome is a
truncation of the three-host cycle of the typical
digenean trematodes (Poulin and Cribb, 2002).
It would be expected that such an early diverg-
ing organism, with a long history of co-evolu-
tion with several different hosts and diverse
environments that exert distinct evolutionary
pressures, must present several unique mecha-
nisms of adaptation that evolved along with
the organism.

Novel Transcripts

In fact, comparison of EST-translated sequences
with all other gene sequences from other species
available in the public databases showed that

70% and 55% of the clusters obtained from
S. japonicum and S. mansoni, respectively, did
not display significant similarity and were
unique (using an expected value significance
cut-off of E ≤ 10−10 in the Blastx comparisons)
(Hu et al., 2003; Verjovski-Almeida et al.,
2003). This difference between the numbers of
clusters with no similarity to any other data-
base entries in the two organisms probably
reflects the different methodologies used to
sample sequences in the two studies, namely
the use of either poly-dT primed cDNA
libraries or ORESTES libraries. In the former
method, the non-coding 3′-end of messages is
preferentially cloned and sequenced. In the
latter method, two low-stringency, arbitrarily
primed events, namely reverse transcription
and polymerase chain reaction (PCR), are
sequentially combined, resulting in the statisti-
cally determined preferential sampling of the
central, protein-coding portion of genes (Dias-
Neto et al., 2000). Nonetheless, it is possible to
state that a considerable portion of the schisto-
some transcriptome codes for proteins with
primary structures that are unrelated to those
seen in other well-described organisms such as
C. elegans and Drosophila melanogaster. It is a
major challenge to determine the exact func-
tion of these novel proteins and unravelling
their mechanisms of action in schistosomes
will require a tremendous amount of effort,
especially because homology-based screens
provide no clues to their function.

Several of the transcript fragments described
in these new sets of Schistosoma genes could
have their function inferred by similarity with
known proteins. The overall view of the schis-
tosome obtained by analysis of these data is of
a complex organism, sharing several sophisti-
cated mechanisms with other distantly related
organisms. Approximately 1443 S. mansoni
genes are conserved among all fully sequenced
eukaryotes, including the multicellular eukary-
otes Homo sapiens, D. melanogaster, C. elegans
and C. intestinalis, and the unicellular eukary-
otes Saccharomyces cerevisiae and Plasmodium
falciparum, probably representing proteins
with basic cellular or ‘housekeeping’ functions
(Verjovski-Almeida et al., 2003). Approximately
645 genes appear to be conserved only among
metazoans. The metazoa-specific protein set
reveals a noticeable enrichment of protein
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functions essential for the establishment of a
complex multicellular organism compared to
the eukarya-conserved protein set, indicating
that several cellular and physiological systems
of higher animals were established before
the divergence of platyhelminths (Verjovski-
Almeida et al., 2003).

Receptors and Host–Parasite
Interaction

The description of schistosome receptors is of
particular interest as they play an essential role
in the process of parasite development and dif-
ferentiation. Additionally, they could partici-
pate in the complex interaction of the parasite
and host (de Mendonca et al., 2000) and in the
molecular cross-talk between adult males and
females (Kunz, 2001) that are known to influ-
ence parasite development; parasites lacking
either of these stimuli remain sexually imma-
ture (Davies et al., 2001; Kunz, 2001).
Previous studies have detected the presence of
nuclear receptors of the COUP-TF, RXR and
FTZ-F1 families in Schistosoma, with the char-
acterization of cDNA clones for RXR and FTZ-
F1 receptors (Escriva et al., 1997), and a
possible implication of the RXR receptors for
female-specific gene expression in vitelline
cells (Fantappie et al., 2001). Another receptor
that may play a significant role in the host–par-
asite relationship is SMTβR-I, which was
shown to be activated by human TGFβ (Beall
and Pearce, 2001) and to be present on the
surface of the parasite (Davies et al., 1998). The
identification of fragments of additional schis-
tosome proteins that have homology to host
endocrine signalling system receptors (e.g.
a progesterone receptor component, thyroid-
associated proteins and insulin receptors)
suggests that the parasite could use these com-
ponents as sensors for host signals that could
ultimately regulate cell proliferation and devel-
opment (Hu et al., 2003; Verjovski-Almeida
et al., 2003). The discovery of components
with homology to host receptors opens up the
field for novel studies to further characterize
the host–parasite interaction, and for possible
treatments to revert the parasite adaptation
capability. Some of these components might

be part of an endogenous endocrine system
of the parasite, in which diffusion may be facil-
itated by the syncytial nature of most schistosome
tissues (Kunz, 2001). However, the physiologi-
cal architecture of the schistosome, as an
acoelomate, limits the distribution of signalling
molecules such that such factors may only act
over short distances or through the neuroen-
docrine system (Verjovski-Almeida et al.,
2003). Taken together, these data reveal that
the schistosome transcriptome encodes com-
ponents of multiple signalling pathways that
are likely to form a highly evolved system for
the intricate regulation of Schistosoma cell
functions.

Immune Evasion

Several mechanisms of schistosome evasion
from the human immune system such as anti-
genic variation, antigen mimicry and modifi-
cation of the host immune response have been
proposed (Salzet et al., 2000). Analysis of the
schistosome transcriptome data supports this
notion and indicates that mechanisms of inter-
ference with the host immune system are likely
to be present. Indeed, homologues of proteins
that are known to be involved in the control of
immune processes have been described both
in S. japonicum and S. mansoni. The activities
of these parasite-secreted proteins appear to
include: (i) the modulation of host immune
responses; (ii) the simple inhibition of host
immune responses; and (iii) mimicking of the
host antigen presentation system. The presence
of proteins such as Phospholipase A2-activat-
ing protein, tumour necrosis factor-associated
protein and B-cell receptor-associated protein
suggests the production of, and sensitivity for,
host immune system signals (Hu et al., 2003;
Verjovski-Almeida et al., 2003). Additionally,
expression of tropomyosin presenting immuno-
logical cross reactivity and the high similarity
in amino acid primary sequence to the
Biomphalaria glabrata tropomyosins suggests
molecular mimicry (Dissous and Capron, 1995).
Highly variable gene families, which offer one
possible mechanism that could be used to
generate antigenic variation, were not detected
in the S. mansoni transcriptome. However, the
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presence of several paralogues of a number of
genes suggests that parasite evolution may
have favoured the presence of multiple
enzyme paralogues with redundant functions
in similar pathways, a mechanism that may
have enabled the parasite to evade some host
defences (Verjovski-Almeida et al., 2003).

Sex Differences

The Schistosomatidae is the only family within
the trematodes to be dioecious; as such it rep-
resents a unique example of this adaptation
within this class of organisms. It is known that
permanent and intimate contact between male
and female is necessary for reproduction to
occur. Females that mature in the absence of
males are considerably smaller and do not
produce eggs (Kunz, 2001). This is likely due to
molecular cross-talk between male and female
and it is known that differential expression of
some genes is dependent on contact between
male and female worms (Grevelding et al.,
1997). As expected, males and females have
several genes that are differentially expressed
between the sexes, some of them involved in
reproductive functions, such as the production
of eggs (Franco et al., 2000; Boag et al., 2001).
In fact, recent experiments using a 576-
element cDNA microarray identified 12 new
female-associated and 4 new male-associated
gene transcripts in adult worms (Hoffmann
et al., 2002) and semi-quantitative RT-PCR also
revealed several genes with different expres-
sion levels between the sexes (Hu et al., 2003).
Analysis of schistosome ESTs allowed the
description of fragments from sex determina-
tion pathway proteins (fox-1, mog-1, mog-4,
tra-2 and fem-1) and 19 proteins characteristic
of sexual chromosomes (Hu et al., 2003;
Verjovski-Almeida et al., 2003), indicating
mechanisms that could impact sexual differen-
tiation. The presence of such proteins points to
a shared ancient origin of mechanisms of sex-
ual determination.

Genome Data

Schistosoma has a large genome of approxi-
mately 2.7 × 108 base pairs and it is composed

of 4–8% highly repetitive sequences and 40%
of middle repetitive sequences (Simpson et al.,
1982). This genome is organized in eight pairs
of chromosomes and heteromorphic sexual
chromosomes. It is significantly larger than
most human pathogens and only one-tenth the
size of the human genome, reflecting the com-
plexity of this organism. Recently, the comple-
tion of a 7.5-fold coverage of the S. mansoni
genome by whole genome shotgun sequenc-
ing has been announced (El-Sayed et al.,
2004). Based on Lander–Waterman model this
sequencing would achieve 99.5% coverage of
the S. mansoni genome and it is expected that
a draft of the genome will be released soon.
A four- to fivefold coverage sequencing of the
S. japonicum genome will also be available
soon (El-Sayed et al., 2004). With completion
of the S. mansoni and S. japonicum genomes it
will be possible to analyse the gene content of
these genomes, a task known to be difficult
and prone to misinterpretation in complex
organisms. Although the use of computer algo-
rithms in gene prediction in a genome is wide-
spread, it is known that they are still prone to
make inaccurate gene predictions with over-
predictions and false negatives. The mapping
of sequences generated from mRNAs is still the
best way to identify genes in complex eukary-
ote genomes, as it is based upon physical evi-
dence (Dunham et al., 1999). In this context,
the existing schistosome ESTs can be useful to
help map the genomic locus of thousands of
genes, although they unveil only part of the
structure of each gene in the genome.
Computer programs may be trained using the
existing data set of expressed sequences to
make more accurate predictions of gene struc-
ture in platyhelminth genomes.

Novel Drug Targets

The use of new transcriptome information for
discovery of novel drug candidates is desir-
able, as the control of schistosomiasis relies
mostly on the use of a single drug, praziquan-
tel, a heterocyclic pyrazino-isoquinolone. This
drug exerts multiple effects, such as damage to
the tegumental membrane, changes in calcium
flux and muscular contractions in the parasite
by a mechanism or mechanisms that are not
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fully understood (Hagan et al., 2004). There
are reports of treatment failure in Senegal and
Egypt, where verification of isolates with
reduced susceptibility to praziquantel in the
schistosome population raised concern about
the development of resistance (Hagan et al.,
2004). However, evidence of drug resistance is
considered to be limited and the expansion of
the use of praziquantel has been proposed due
to the relative success of control programmes
in Egypt, China, Brazil and Morocco (Fenwick
et al., 2003; Hagan et al., 2004). Nonetheless,
the lack of knowledge of the mechanism of
action of praziquantel limits the analysis of the
mechanisms of resistance. It is not known if the
drug acts on a single or multiple targets, and if
multiple targets are involved analysis of the
heritability of resistance would be complex
(Hagan et al., 2004). These facts create an
uncertainty regarding the probability of the
emergence and spread of novel resistant
strains. In this context, novel drug target candi-
dates, mostly novel receptors of neurotransmit-
ters and ion channels, have been identified
using the recent database of protein fragments
of S. mansoni (Verjovski-Almeida et al., 2003).
It is expected that further trawls for ‘druggable’
targets would improve selection of the most
appropriate candidates and subsequent
screens for specific agonists/antagonists would
uncover novel anti-schistosome drugs. In fact,
one novel nicotinic acetylcholine receptor has
been identified and located on the surface of
the parasite – a convenient location for drug
intervention (Bentley et al., 2004). Several
novel fragments of proteins of the multi-drug
resistance (MDR) family of ABC transporters
have been described, revealing potential
effectors of drug resistance in the parasite
(Verjovski-Almeida et al., 2003). Additional
studies of the substrate specificity and the
identification of possible inhibitors of such
transporters may contribute to a more rational
design of drugs. Although the discovery, vali-
dation and development of novel classes of
schistomicidal agents will be a long and slow
process, it is imperative that efforts are made
to improve the current drug arsenal and so
ensure the long-term control of schistosome
parasites of man. The transcriptome provides a
rich and untapped resource for novel drug
targets.

Vaccines

One of the most prized goals in schistosomiasis
research is the development of an effective vac-
cine. An effective vaccine would enable the
protection of a large proportion of exposed
populations with only a single or a few treat-
ments and, importantly, would prevent their re-
infection; this would negate the need for
continuous re-treatment that is seen with
chemotherapeutics that require constant redis-
tribution (Hagan et al., 2000). The concept of
protection against schistosomiasis is different
from the sterile protection commonly associ-
ated with vaccines. A putative vaccine that pro-
tects against the accumulation of eggs in the
body or a vaccine conferring a reduction on the
worm burden could have a useful application
(Bergquist et al., 2002). Although there is still
significant controversy over the feasibility of
developing an effective vaccine against schisto-
somiasis using the currently available technol-
ogy (Gryseels, 2000; Hagan et al., 2000), the
efficacy of irradiated cercariae in immunization
tests provides ‘proof-of-principle’ that an effi-
cient vaccine is achievable (Hagan et al.,
2000). Recently, six vaccine candidate pro-
teins, namely paramyosin, IrV-5, triose phos-
phate isomerase, glutathione-S-transferase and
Sm14, were chosen for further development
based on protective capability, experience and
availability (Bergquist et al., 2002). The clinical
trials using these candidates have been disap-
pointing, particularly because none of the anti-
gens achieved a protection of at least 40%
against challenge infection such that currently
the vaccine effort is stalled (Hagan and Sharaf,
2003). The description of a large set of novel
genes allowed the proposition of novel vaccine
candidates, namely characteristic surface
exposed and exported proteins expressed in the
inter-mammalian stages (Verjovski-Almeida
et al., 2003). Despite the speculative nature of
such candidates, it offers the opportunity for
large-scale trials to discover a few novel effec-
tive formulations for further experimentation,
providing new hopes for the development of a
vaccine. Additionally, proteomic analyses uti-
lizing the transcriptome information will permit
the identification of novel secreted proteins that
would be strong vaccine candidates (Verjovski-
Almeida et al., 2004).
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Trans-splicing

A subset of mRNA sequences of S. mansoni has
been shown to possess a splice leader sequence.
Apparently, the RNA processing mechanisms
involved in trans-splicing are similar to those
described in trypanosomatid protozoa and
nematodes. In trypanosomatids trans-splicing
is associated with the maturation of constituent
genes in polycistronic products and provides
a 5′ cap for mature RNA species; in nematodes
and schistosomes, the biological significance
of splice-leader trans-splicing remains
unknown (Davis and Hodgson, 1997). Splice-
leader trans-splicing has a sporadic evolution-
ary occurrence and it is not known if this
process arose on multiple occasions or origi-
nated once and was subsequently lost in mul-
tiple lineages (Nilsen, 2001). In this respect,
the presence of conserved splice-leader
sequence elements in flatworms suggests that
they are an ancestral feature within the phylum
(Davis and Hodgson, 1997). The messages pre-
senting the splice-leader appear to be
restricted to less than 10% of the cDNA tran-
scripts (Williams and Johnston, 1999), although
there are reports that suggest a higher propor-
tion of splice-leader-led transcripts in the
schistosome transcriptome (Hamdan et al.,
2002). Nonetheless, addition of the splice-
leader sequence to immature mRNAs is not a
general mechanism in schistosome transcrip-
tion, and the extent of its influence to adapta-
tion and development of Schistosoma remains
to be determined.

Retrotransposable Elements

The expression of several retrotransposable
elements has been described in S. mansoni
and S. japonicum, indicating that these ele-
ments are part of the transcriptome ecology of
these parasites. Most of them belong to non-
LTR retrotransposon families CR1 and RTE and
to the LTR retrotransposon family Ty3/Gypsy,
although there is also a member of the BEL
family described (Brindley et al., 2003;
Copeland et al., 2003; DeMarco et al., 2004).
The detection of expressed retrotransposons
with high transcriptional activity and evidence
for their insertion into active genes suggests

that retrotransposition may represent a remark-
able driving force in the Schistosoma genome
(DeMarco et al., 2004). Apparently, the dynam-
ics of these elements in the schistosome genome
is complex with different elements presenting
very distinct strategies in the colonization of
the genome (DeMarco et al., 2004). It is not
obvious which retrotransposons are still active,
but reports of reverse transcriptase activity in
S. mansoni extracts (Ivanchenko et al., 1999)
suggest that there still are transposition events
in the schistosome genome. New insights of
retrotransposon biology will improve under-
standing of its dynamics and possible new
synergic mechanisms between the retroele-
ments and the parasite that may improve the
capacity for adaptations to a parasitic lifestyle.
Description of retrotransposons is also a valu-
able resource that should help genome assem-
bly and annotation, especially as it is estimated
that 15–55% of the schistosome genome has
mobile genetic elements (Brindley et al., 2003).
It is expected that a considerable fraction of
these mobile elements must be of retrotrans-
posons. A new superfamily of DNA trans-
posons, called Merlin-IS1016, which is common
in many eubacterial and animal genomes, has
been identified (Feschotte, 2004). There is evi-
dence that these transposons have been
recently active in several animal species, par-
ticularly in S. mansoni, where Merlin is also
the first described DNA transposon family
(Feschotte, 2004).

Functional Genomics

The prospects for exploitation of these new
sequences for functional genomics studies in
schistosomes are exciting. It is expected that
results from large-scale experiments using the
new repositories of schistosome genetic infor-
mation should emerge soon, as several
groups are initiating efforts in this area
(Verjovski-Almeida et al., 2004). Microarray
studies of gene expression should provide
additional information about the different
transcriptome profiles throughout the para-
site life cycle and the differential activation of
genes by diverse environmental stimuli.
These studies should highlight genes involved
in several processes of adaptation and
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development of the parasite during its life
cycle. The microarray technique may also be
used to obtain a more detailed view of para-
site responses to future vaccine and novel
drug treatments. The use of RNA interference
(RNAi) technique for large-scale studies is
feasible because recently this technique has
been successfully used to manipulate gene
expression in sporocysts (Boyle et al., 2003).
Accumulation of EST information is also use-
ful for proteomic analyses, as mRNA
sequence information can be linked to the
information obtained from peptide mass fin-
gerprints (Ashton et al., 2001). In this way, the
transcriptome data will help to provide a
more complete description of the protein
content of the parasite during its various
stages and, in particular, will aid characteri-
zation of the secreted protein complement;
correlation between protein and RNA mes-
sage levels may provide additional insight
into the rate of protein turnover and the rate

of translation among the various schistosome
proteins.

Concluding Remarks

The enormous potential for further experimen-
tal analyses that has been uncovered using the
schistosome transcriptome data is overwhelm-
ing. It seems highly probable that much more
rapid progress will be made in molecular-
based studies of schistosomes. Furthermore,
the forthcoming data from transcriptome,
genome, post-genomic and proteomic analy-
ses will permit a more integrated approach to
the molecular biology of schistosomes.
Comparative studies of the S. mansoni and S.
japonicum transcriptomes and genomes will
also provide new information on their evolu-
tion. All these analyses should permit the evo-
lution of novel approaches in efforts to design
more effective treatments for schistosomiasis.
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Introduction

Flatworms (platyhelminthes) represent a phylum
that includes the classes Turbellaria (planarians),
Trematoda (flukes) and Cestoda (tapeworms).
The Turbellaria consist of mostly free-living
aquatic flatworms with some insignificant par-
asitic forms. The Trematoda, in contrast, com-
prise platyhelminths that are exclusively
adapted to parasitism. Within the trematodes,
the Monogenea consist of ectoparasites with
a rapid life cycle that involves a single host,
whereas the Digenea represent endoparasites
with a complex life cycle including more than
one host. The latter feature also characterizes
members of the Cestoda, which are obligate
parasites.

For various reasons, flatworms have come
into the focus of scientific interest. They occupy
a key position in the evolution of metazoans

and are widely acknowledged as being among
the simplest organisms possessing three tissue
layers (triploblasts), bilateral symmetry, cephal-
ization and complex organ systems (Brusca and
Brusca, 2002). Furthermore, flatworms exhibit
remarkable features, some of which are unique
in nature as will be discussed later on.

Along with the major advances in DNA
technology, methods for gene discovery and
their functional characterization have been
developed in model organisms during the last
decades. These methods have also been applied
to non-model organisms such as parasites
(Prichard and Tait, 2001; Ellis et al., 2003;
Ersfeld, 2003). Among these, the protozoa reg-
ister greatest progress with established in vitro
culture systems permitting experimental manip-
ulations, genomic and expressed sequence tag
(EST) databases and transgenic systems for the
purposes of functional gene analyses. Gene



insertion and knockout strategies can be
applied to parasitic protozoa as well as gene
silencing by RNA interference (RNAi) (Kelly,
1997; Clayton, 1999; Beverly, 2003; Kim and
Weiss, 2004). In contrast, research on parasitic
and non-parasitic flatworms, as with other par-
asitic helminths, has lagged well behind the
protozoa because in vitro culture systems have
not been established for whole life cycles, cell
lines are not available and no transformation
systems exist that enable genetic modification
of the worm of interest. Cell lines are still miss-
ing for most flatworms (Bayne, 1998), although
for planarians and schistosomes the first
approaches to isolate and maintain cells have
been reported (Hobbs et al., 1993; Asami,
et al., 2002; Dong et al., 2003). Furthermore,
in vitro culture systems have been developed
for specific life stages of trematodes (Basch,
1981a,b, 1984; Nollen, 1990; Grevelding et al.,
1997; Kook et al., 1997; Ivanchenko et al.,
1999; Laursen and Yoshino, 1999; Coustau
and Yoshino, 2000; Chaithong et al., 2001;
Fried and Robert, 2002; Gorbushin and
Shaposhnikova, 2002; Stewart et al., 2003) and
cestodes (Hemphill et al., 2002; Siles-Lucas and
Hemphill, 2002; Spiliotis et al., 2004). Beyond
this, remarkable progress has been made in
the field of genomics. In view of the increas-
ing amount of sequence information available
for flatworms (Foster and Johnston, 2002;
McManus et al., 2004; Verjovski-Almeida et al.,
2004), it is crucial now to develop methods for
post-genomic analyses in these organisms to
allow functional genomic studies. This chapter
concentrates on recent progress towards the
establishment of transgenesis systems for flat-
worms. These new tools have the potential to
help flatworm research catch up with the proto-
zoan research and to facilitate progress in both
basic and applied research, especially concern-
ing the development of novel strategies to con-
trol parasitic flatworms.

The Planarian Model

Within the Turbellaria the freshwater planari-
ans have long been known to possess remark-
able regenerative abilities. As far back as 1898
Morgan (1898) demonstrated that a very small
planarian fragment, corresponding to only

1/279th of the intact organism, was capable
of regenerating a complete individual. Such
a striking regenerative capacity has attracted
generations of biologists to investigate this phe-
nomenon (Salo and Baguna, 2002). The most
peculiar cell type in planarians is the totipotent
stem cells, called neoblasts. These cells pos-
sess an extraordinary morphological plasticity
as well as the potential to divide and to differ-
entiate into all cell types, and to regulate body
size in the adult organism (Baguna, 1998).

Despite their attractiveness as a model
system, studies of planarians in the past have
mainly been descriptive or phenomenological.
In the recent decade, examinations were also
performed at the molecular level (Newmark
and Sanchez Alvarado, 2002; Sanchez
Alvarado, 2003). Different efforts have been
made to unravel the genetic programme of
regeneration. However, functional analyses
were hampered by the fact that a transforma-
tion system was not available. Towards this
end, remarkable progress has been made using
planarians. Sanchez Alvarado and Newmark
(1999) reported the successful application of
RNAi, a technique that allows the abrogation
of gene function at the post-transcriptional level.
This method was originally developed for
Caenorhabditis elegans (Fire et al., 1998) and
was subsequently shown to be applicable for a
variety of invertebrates and vertebrates. The
introduction of double-stranded RNA (dsRNA)
specifically inhibits the expression of the gene
that codes for the same sequence, leading to
a loss-of-function phenotype. Patrick Skelly
discusses details of this technique in Chapter
22 of this volume. The approach used for pla-
narians comprised the in vitro synthesis of
dsRNA and its microinjection into planarian
fragments of 1–2 mm. At different time points
after microinjection, gene-silencing effects
were observed, which proved the applicability
of the RNAi principle in this organism.
Injection into either the gut or the parenchyma
produced defects in other parts of the pla-
narian body. This indicated the existence of
dsRNA-transport mechanisms, as had been
reported for C. elegans (Timmons et al., 2003).
Here, the site of dsRNA injection may also dif-
fer from the site of action. Injection into the gut
of this nematode produced germ-line defects,
and injection into the gonads led to somatic
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defects (Fire et al., 1998). In addition to RNAi,
it is also possible to stably transform planarians
with vector–DNA constructs leading to gain-
of-function phenotypes. Gonzalez-Estevez
et al. (2003) recently introduced a method based
on mobile genetic elements to shuttle reporter-
gene constructs into the genome of this organ-
ism. The authors made use of the transposable
elements mariner, Hermes or piggyBac, genome
vagabonds that exhibit distinct insertion speci-
ficities in a variety of organisms. A classical
two-component strategy for insertional muta-
genesis was performed using truncated ver-
sions of these transposons and separate helper
plasmids containing the transposase functions
of the appropriate transposable elements. The
truncated versions, still capable to be mobi-
lized in trans, were combined with green fluo-
rescent protein (GFP) reporter-gene constructs
and cloned into plasmid–DNA backbones.
To transform planarians, both the transposon
reporter-gene constructs and the helper plas-
mids were simultaneously introduced by
microinjection into adults or, alternatively, into
posterior or anterior regenerating individuals.
In both cases, microinjection was followed by
electroporation. Supported by the transposase
function on the helper plasmids, the transpo-
son reporter-gene constructs were mobilized
and integrated into the genome. Subsequent
analyses demonstrated that Hermes and
piggyBac vectors transposed at a high frequency
and integrated stably into chromosomes
(Fig. 7.1), whereas mariner constructs were
less stable. This was explained by the presence
of endogenous mariner-type transposons in the
planarian genome that may interfere with the
exogenously applied copies.

With the transposon-based gain-of-func-
tion system and the RNAi-based loss-of-function
system, powerful tools now exist for the molec-
ular analyses of developmental mechanisms in
planarians such as regeneration, one of the old-
est unresolved phenomena of this organism.

Trematodes and Cestodes

The increasing interest in flukes and tape-
worms is based upon their impact on public
health (Graczyk and Fried, 1998; Blair et al.,
1999; Deplazes and Eckert, 2001; Carpio,

2002; Hoberg, 2002; Ross et al., 2002; Craig,
2003; Gonzalez et al., 2003; McManus et al.,
2003; Savioli et al., 2004). Beyond their med-
ical importance for humans, parasitic flat-
worms are also of economical and ecological
significance affecting livestock and wild ani-
mals (DeBont and Vercruysse, 1998; Hurtrez-
Bousses et al., 2001; Horak et al., 2002;
Otranto and Traversa, 2002). Tapeworms are
endoparasitic organisms that successively
infect intermediate and definitive hosts
through oral ingestion of eggs or larvae.
Serious diseases of humans or other mam-
malian hosts are mainly caused by larval
stages. Echinococcosis, for example, is a
zoonosis caused by larval stages of a dog tape-
worm of the genus Echinococcosus. It is a
major public health problem in many parts of
the world (Jenkins and Macpherson, 2003).
Echinococcosus multilocularis is the causative
agent of alveolar echinococcosis, which is one
of the most dangerous helminth infections of
man (Rausch, 1995). The larval stage of the pork
tapeworm (Taenia solium) causes neurocysticer-
cosis in infected human, a widespread disease
affecting the nervous system (Garcia et al.,
2003). Due to their relevance, Echinococcus
spp. and indeed Taenia spp. have been well
investigated. Besides these, Hymenolepis spp.
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Fig. 7.1. A planarian individual of a line
transformed with a Hermes transposon-derived
vector 12 months after microinjection and
subsequent electroporation. Besides the
transposon part, the vector contained the
E(enhanced)GFP reporter gene under the control
of an artificial promoter that responds to the
transcription factor Pax6 (Gonzalez-Estevez
et al., 2003). Binding sites for this transcription
factor are found in rhodopsin and other
photoreceptor-specific genes. Reporter-gene
activity was found in the eyes (arrows) of
transformed individuals or in regenerated heads
as a mosaic of EGFP-positive photoreceptor
cells. Figure courtesy of Dr E. Salo.



and Mesocestoides spp. parasites have been
studied, although infections are rare in humans.
But these species can be easily maintained
in the laboratory (Siles-Lucas and Hemphill,
2002).

Although the biology of these parasites
has been well studied, they still keep many
secrets that enable these organisms to thrive in
the face of remarkable efforts to eradicate
them. During evolution, parasites have been
equipped with impressive qualities that allow
these animals to conquer their hosts and to
modify the host’s environment in their interest.
One example of such remarkable features is
the ability of schistosomes to live for decades
in the blood system of their vertebrate defini-
tive host, surviving the attacks of the immune
system. The consequence of this parasitism is
schistosomiasis, one of the most prevalent par-
asitic infections affecting millions of people in
the tropics and subtropics (Rollinson and
Simpson, 1987; Ross et al., 2002; Savioli et al.,
2004). Because of the worldwide significance
of this disease, programmes have been estab-
lished to control the spread of schistosomes.
Based on the classical knowledge of the life
cycle of this digenean trematode, ecological
programmes have been undertaken to eradi-
cate the intermediate snail host with mollusci-
cides (Ohmae et al., 2003; Blas et al., 2004).
These approaches are expensive and question-
able considering geography, climate, hydro-
graphic conditions and ecological and
biological consequences (Sturrock, 2001;
Kiesecker, 2002). The safe and effective drug
praziquantel is commonly used to fight schis-
tosomes pharmacologically, but drug treat-
ment does not prevent reinfection. Beyond
that, the introduction of mass treatment pro-
grammes has provided the first evidence of
drug resistance (Doenhoff et al., 2002; Cioli
and Pica-Mattoccia, 2003), leading to an
acknowledged need for novel drugs or prophy-
lactics. There have been considerable advances
in vaccine discovery, but the current model
vaccines are not perceived to be sufficiently
protective (Bergquist et al., 2002; Bergquist,
2004; Lebens et al., 2004), and there is a con-
tinuing search for additional candidate mole-
cules (Fenwick et al., 2003; Pearce, 2003). Up
to now, drug and vaccine discovery have been
dependent on empirical approaches, largely

because of the lack of substantial genomic and
biological information. To identify novel tar-
gets with control implications, sequencing proj-
ects have been initiated, supported by the World
Health Organization, governmental institu-
tions or private companies. Towards this end,
much progress has been made during the last
decade (Foster and Johnson, 2002; Hoffmann
and Dunne, 2003; LoVerde et al., 2004a),
and first data-sets of the transcriptomes of
Schistosoma mansoni and S. japonicum were
recently published (Hu et al., 2003; Verjovski-
Almeida et al., 2003). These transcript data,
which probably represent >90% of the protein-
coding part of the genome, are being supple-
mented by genomic data generated at the
Sanger and TIGR institutes. Details of these
studies are summarized in Chapters 2 and 6 of
this volume. Besides the enormous sequencing
efforts, diverse molecular approaches of the pre-
genomic sequencing era did lead to the identi-
fication of genes that may play important roles
during the development of this parasite or dur-
ing the host–parasite interaction (Ramachandran
et al., 1996; Davies et al., 1998; Mastro-
berardino et al., 1998; Skelly and Shoemaker,
1998; De Mendonca et al., 2000; Inal and Sim,
2000; Rao and Ramaswamy, 2000; Fantappie
et al., 2001; Osman et al., 2001; Caffrey et al.,
2002; Hoffmann et al., 2002; Knobloch
et al., 2002; Schramm et al., 2003; Vicogne et al.,
2003; Kapp et al., 2004).

With the increasing amount of sequence
information, there is now a pressing need to
develop methods that enable exploitation of
the genome data, and investigation of the func-
tion of genes of interest. However, schisto-
somes as well as other multicellular parasites
are, for several reasons, not ideal organisms for
laboratory work. Among these are the relatively
low numbers of parasites that can be generated.
Furthermore, life cycles have to be maintained
in intermediate and definitive hosts such that
access to appropriate life stages is limited. In
vitro cultivation methods that allow maintain-
ing life cycles completely in vitro have not yet
been established. This complicates classical
genetic approaches to identify genes such as
the induction of mutations and the subsequent
screening for interesting phenotypes that could
be characterized by genetic hybridization and
molecular methods. Due to these obstacles, the
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development of reverse genetic approaches
appears to be the only possible way to study
genes in these organisms. However, a prerequi-
site for such approaches is the availability of
transformation systems that allow the introduc-
tion of transgenes into the appropriate parasite.
In this respect, some progress has been made
for trematodes in recent years.

Transformation Techniques
for Schistosomes

For transformation experiments in general, bio-
chemical or physical methods such as microin-
jection, electroporation or lipofection are
available. These methods have been success-
fully applied for a variety of organisms includ-
ing protozoan parasites (Clayton, 1999; De
Koning-Ward et al., 2000) and were conse-
quently tested for their ability to generate tran-
siently transformed schistosomes by different
laboratories.

With GFP reporter-gene constructs, lipo-
fection experiments were performed with
adults or sporocysts cultured in vitro using
different commercially available reagents.
However, reporter-gene activity could be
detected in neither case (Kapp, 2000). This was
not due to the vector construct as it later turned
out to be functional. In a parallel approach flu-
orescently labelled reagents for lipofection
revealed signals at the schistosome surface
after treatment, but there was no indication of
the uptake of these compounds into subtegu-
mental areas (J. Kusel, Glasgow, 1999, personal
communication).

Electroporation was tested with miracidia,
the first free-living larval stage. But, depending
on the conditions, miracidia either did not sur-
vive, or they were biologically inactive after
treatment (Kapp, 2000). However, the latest
studies support the use of this technique for the
introduction of RNA into schistosomula
(Correnti and Pearce, 2004). This life stage rep-
resents a pre-adult form that develops from
cercariae shortly after they penetrate the final
host. Schistosomula can be generated from
cercariae in vitro by chemically or physically
induced transformation processes (Salafsky
et al., 1988). Correnti and Pearce (2004) used
schistosomula for electroporation experiments

and luciferase mRNA. Enzyme activity assays
showed that electroporation targeted the major-
ity of the schistosomula. Immunolocalization
studies indicated that the RNA was delivered
to tegumental and subtegumental tissues.
However, the RNA was unstable, and luciferase
activity declined 24 h post-electroporation and
was not detectable at 72 h. Nevertheless, the
results may open the perspective to test electro-
poration for dsRNA delivery to schistosomula
for RNA-silencing experiments. Furthermore,
DNA delivery can be envisaged for gain-of-
function studies. The biological effect of such
approaches could be studied in two ways:
(i) in vitro, because schistosomula can be cul-
tured for several weeks (Basch, 1981a) and
(ii) as schistosomula can be intravenously
injected into a final host to complete the life
cycle (Stirewalt, 1974; James and Taylor,
1976), it is possible to investigate long-term
effects.

Microinjection was found to be difficult
due to the soft structure of the surface tegu-
ment. Tests with adults and sporocysts demon-
strated the potential of microinjection using
selected dyes, which diffused through the body
after treatment (L. Gohr, Düsseldorf, 1995,
PhD thesis at the University of Düsseldorf;
Wippersteg, unpublished). However, only a
very low number of individuals could be suc-
cessfully manipulated within 1 day, and most
of these did not survive in culture afterwards.

Finally, we tested the particle bombard-
ment method, a biolistic approach that was
shown before to work when other approaches
have failed. In particular, particle bombardment
has allowed the generation of transgenic plants
such as crop species, which are not susceptible
to Agrobacterium tumefaciens or cannot be
regenerated from protoplasts. Furthermore, par-
ticle bombardment has facilitated organelle
transformation in intact cells and the genetic
modification of cultured cells that were not
accessible to other transfection techniques.

Particle bombardment

The basic principle of this technology is to use
DNA-coated microparticles that are acceler-
ated by gas pressure to velocities that enable
these particles to penetrate cell layers in order
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to introduce the genetic material into cells
(Yang and Christou, 1994). Gold or tungsten
particles are commonly used as carriers for the
DNA. Researches at the Cornell University
were the first to show that accelerated tungsten
particles (1–4 µm) are able to penetrate mem-
branes and cell layers (Sanford et al., 1987). It
was recognized that biological substances
such as proteins, synthetic macromolecules,
stains and genetic material could be trans-
ported into cells by particle bombardment.
Work in subsequent years achieved the tran-
sient expression of reporter genes in epidermal
cells of onions and the stable transformation of
maize, soybean and tobacco (Klein et al.,
1990). This opened the door for biolistic
approaches with other plant species.
Motivated by the success for plant systems, the
repertoire of target organisms was enlarged,
and particle bombardment protocols were
developed for algae, animals, bacteria, cells,
fungi, yeast and other organisms (Klein et al.,
1992).

Particle bombardment includes a sequence
of physical, chemical and biolistic interactions
involving accelerated microprojectiles, DNA
and living target tissues. The frequency of cells
transiently expressing reporter genes after
bombardment is influenced by different factors,
the composition and size of the microprojec-
tiles, the DNA-coating of the microprojectiles
before bombardment, the velocity of the
coated particles and the degree of tissue dam-
age following bombardment. Considering the
small diameter of a cell, preferred sizes of
microprojectiles are in the range of 0.6–1.6 µm.
The microprojectiles should be chemically
inert to avoid reactivity with DNA or toxic
effects in cells after penetration. Tungsten and
gold particles meet these requirements and
have been widely used. However, there is evi-
dence that tungsten may have toxic effects
reducing the recovery of transformants in some
species (Russel et al., 1992). The optimal size
and velocity of the microprojectiles depend on
the properties of the target cell such as size,
penetrability and resilience. A study investigat-
ing the relationships of particle diameter,
velocity, vacuum, target distances and transfor-
mation frequencies was published by Klein
et al. (1992). It was demonstrated that large
particles, small target distances and high

vacuum conditions generate high particle
velocities. Slightly different DNA-coating pro-
tocols have been developed that are probably
universally applicable to all cell types regard-
less of other bombardment conditions. After
the first attempts to precipitate DNA on to gold
particles have been performed by ethanol,
modified protocols were established that
included polyethylene glycol (PEG) precipita-
tion and CaCl2/spermidine coprecipitation fol-
lowed by an ethanol wash (Yang and Christou,
1994). Tungsten particles, in contrast, are
loaded with DNA by CaCl2/spermidine copre-
cipitation only. Although these protocols are
accepted as standard, the importance of a con-
sistent protocol to precipitate DNA on to the
appropriate microprojectiles, the preparation
of the DNA-coated particles, and the loading
of the acceleration apparatus have consider-
able influence on the efficiency of the gene
transfer. The generation of reproducible data
depends on parameters such as oxidation,
aggregation or settling of particles before DNA
precipitation, purity and concentration of the
DNA, altered precipitation kinetics with vary-
ing temperatures during precipitation, aggrega-
tion of particles following the precipitation
process, degradation of DNA or loss of DNA
from the coated particles by post-precipitation
treatments such as sonication to disperse parti-
cle aggregates. Besides these parameters, the
pressure used to accelerate the particles has a
decisive influence on the transformation suc-
cess. Size and velocity determine the deepness
of the penetration of particles into the target
organism (Sanford et al., 1993).

Bombardment with microprojectiles is a
physical trauma for target cells. Although bom-
barded cells have the ability to repair damage,
e.g. membranes, some bombardment condi-
tions may lead to the disruption of tissues and
cell death, e.g. during gold particle prepara-
tion aggregates can form that act as macropro-
jectiles damaging the target tissue. This may
result in a central area of tissue damage, which
is surrounded by an area of unaffected, trans-
gene-expressing cells. Aggregate formation
can be prevented by a short sonication step
before loading the DNA on to a macrocarrier.

Although not proven, it is assumed that
following bombardment, gold particles enter
the cytoplasm of a cell and release the vector
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DNA, which is actively transported into the
nucleus to be transcribed. In some cases, the
nucleus may be a target of the microprojectile,
but due to the size proportions, the nucleus
may be destroyed by the impact of the micro-
projectile.

The PDS-1000/He particle
bombardment system

This vacuum-based system has been devel-
oped by the BioRad Laboratories and uses gas
to accelerate microparticles (see Fig. 7.2).  By
helium gas pressure a shock wave is generated,
first passing a plastic disc (rupture disc) that
closes the end of an acceleration tube. The
rupture disc bursts at a defined pressure
(optionally between 450 and 2200 psi) and
releases the gas into the lower part of the tube,
which is sealed by a second plastic disc carry-
ing DNA-coated gold or tungsten particles
(macrocarrier). This carrier sheet is propelled a
short distance and immediately stops at a
metal grid serving as a stopping screen that
retains the plastic disc, but allows the DNA-
coated microcarriers to move on through the

pores of the grid. Accelerated by the energy of
the shock wave, the microparticles finally
reach their targets, which reside in Petri dishes
at variable positions below the stopping screen
area. The target distance determines the spread
of the particles over the targets. During the
procedure, rupture disc, macrocarrier and
stopping screen are subjected to violent forces
and therefore are replaced by new ones for the
next experiment.

Based on previously used protocols
(Wippersteg et al., 2002a), the following
slightly modified parameters are actually used
in our laboratory to bombard schistosomes:
(i) gold sizes of 0.6–1.6 µm; (ii) pressures of
1350–1800 psi; (iii) vacuum of 15 in Hg;
(iv) target distance stage 1 (3 cm); and (v)
5–7 µg DNA/600 ng gold. An excellent disper-
sion of gold particles for optimal loading on to
the macrocarrier sheet is accomplished by a
short sonication step for 10 s at 50 kHz. These
parameters allow a good dispersion of the par-
ticles on the macrocarrier, which leads to a
wide distribution of particles during bombard-
ment. Small gold particles and/or lower pres-
sures lead to an accumulation of particles
within the tegumental area and the
parenchyma. Big microprojectiles and/or high
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Fig. 7.2. Diagram of the PDS-1000/He, a stationary particle bombardment machine that is connected to
a helium gas container. Controlled by adjustable valves, the gas stream (He) terminates in an
acceleration tube, which is mounted on the top of a target chamber. This chamber is closed by a door
and set under vacuum shortly before bombardment. When gas flows into the acceleration tube, the
rupture disc bursts releasing the shock wave into the lower part of the tube. The gas pressure then
accelerates the macrocarrier sheet containing the microprojectiles on its lower surface. The net-like
stopping screen holds the macrocarrier sheet back and serves to block the shock wave, while the
microprojectiles slip through the pores of the grid and continue on towards their final target.



pressures are needed to reach deeper tissue
areas. Sections of bombarded worms revealed
gold particles from the tegument to the gastro-
dermis, indicating that under these conditions
nearly every tissue is hit. For schistosomes,
bombardment under vacuum was found to be
the only suitable way to introduce transgenes
without damaging the worm too much. Using
non-vacuum particle bombardment systems
such as the gene gun, which works under nor-
mal atmospheric conditions, caused severe
damages on schistosomes that probably
resulted from the combination of (i) the air/gas
blast used to accelerate the microprojectiles
and (ii) the soft structure of the tegument sur-
rounding the worm (Wippersteg et al., 2002b).
In contrast, the cuticle of filarial parasites, such
as Litosomoides sigmodontis, resisted physical
stress allowing bombardment experiments
with the gene gun without damaging the
worms significantly (Jackstadt et al., 1999). In
the meantime, the PDS-1000 system was suc-
cessfully used for bombardment experiments
with the parasites Leishmania tarantolae
(Sbicego et al., 1998), Brugia malayi (Higazi
et al., 2002), Trypanosoma brucei (Hara et al.,
2002) and with the free-living nematode
C. elegans (Wilm et al., 1999; Berezikov et al.,
2004). Compared to the microinjection tech-
nique commonly used for this model nema-
tode, the biolistic approach allows the
manipulation of a higher amount of individu-
als in a significantly shorter time period.
Furthermore, it even allows the design of gene
knockout approaches using substitution vec-
tors that are designed for homologous recom-
bination (Berezikov et al., 2004).

Reporter-gene activity in
bombarded schistosomes

When we started to elaborate the particle
bombardment technique for S. mansoni, two
questions were asked. First, is it generally pos-
sible to use the biolistic approach to geneti-
cally modify schistosomes? Second, if yes,
does the method allow the generation of reli-
able and reproducible results? To approach
these questions, we first designed test vectors
for transformation experiments. These vectors

should fulfil two different criteria. First, they
should contain reporter genes whose expres-
sion can be satisfactorily demonstrated. Second,
regulatory regions of genes that had already
been identified and characterized in schisto-
somes should control the expression of the
reporter genes. Thus, we wanted to confirm the
reliability of the results obtained.

Parallel to our study Davies et al. (1999)
started a similar approach with the PDS-1000
system to transform parasitic helminths. For
initial experiments, a marked spliced leader
(SL) RNA gene was biolistically introduced into
32- or 64-cell Ascaris embryos and was shown
to be expressed accurately. Subsequently, vec-
tors were used containing the luciferase
reporter gene under the control of the regula-
tory elements from different genes such as
a translation elongation factor, fert-I, rRNA or
the SL-RNA promoter. In transformed Ascaris,
the fert-I and SL-RNA promoters were able
to significantly elevate luciferase activity up to
200-fold, whereas the rRNA promoter pro-
duced low levels similar to the promoter-less
control. In addition, it was tested whether
luciferase RNA instead of DNA can be intro-
duced to Ascaris embryos and expressed fol-
lowing particle bombardment. Lyophilized on
to gold particles, the biolistically introduced
RNA led to significant levels of luciferase activ-
ity in a dose- and time-dependent manner.
Besides Ascaris embryos, schistosomes were
also chosen as targets for particle bombard-
ment using DNA- or RNA-coated projectiles
and pressures between 1500 and 2000 psi.
With a DNA-construct containing the luciferase
gene and the S. mansoni SL-RNA promoter,
luciferase activity was found to be elevated
20-fold in adults after particle bombardment,
indicating that the transgene is expressed in
this organism. However, neither for Ascaris nor
for S. mansoni were molecular or microscopi-
cal data provided, demonstrating the level
of transgene expression or the quality of the
worms after bombardment, or the distribution
of the gold particles/constructs within the
worms.

In our experiments a slightly modified
form of the GFP gene from the jellyfish
Aequorea victoria (Reichel et al., 1996) and the
β-glucoronidase (GUS) gene from Escherichia
coli ( Jefferson et al., 1986) were chosen as
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reporter genes. GFP was selected because its
expression generates strong visible biolumi-
nescence that can be easily detected by fluo-
rescent microscopy (Chalfie et al., 1994;
Kendall and Badminton, 1998). GUS is a
hydrolase that catalyses the cleavage of a wide
variety of β-glucoronides, many of which are
available commercially as spectrophotometric,
fluorometric or histochemical substrates pro-
viding alternative means for monitoring reporter-
gene activity. Similar to the well-known
β-galactosidase (β-Gal) system with X-Gal as a
substrate, GUS activity can be microscopically
visualized using the substrate X-Gluc (p-nitro-
phenyl β-D-glucoronide). In addition, 4-methyl
umbelliferyl glucoronide (MUG) or p-nitro-
phenyl-β-D-galactopyranoside (PNPG) can be
used as a substrate to determine values of GUS
activity by spectrophotometric analyses. The
classical β-Gal system was not considered as a
reporter as there is an endogenous β-Gal activ-
ity in schistosomes that has been localized in
the tegument by azo-dye substrates during
immunolocalization experiments (W. Kunz,
Düsseldorf, 1996, personal communication).
Recently, schistosome β-Gal homologues were
identified in S. mansoni (Franco et al., 1997;
Parra, Genbank Accession # AA525623) and in
S. japonicum (Hu et al., 2003). Preliminary
experiments with the X-Gluc substrate on liv-
ing worms or worm extracts indicated no
endogenous GUS activity in schistosomes
(C.G. Grevelding, unpublished data).

As regulatory elements to control
reporter-gene activity, we used promoter and
terminator regions of a variety of known genes.
Among these was the heat-shock (HS) protein
(Hsp) gene Hsp70, which was originally iden-
tified in a Puerto Rican strain of S. mansoni and
carefully characterized. Expression studies
demonstrated that the schistosome Hsp70
gene is developmentally regulated and stress
inducible (Neumann et al., 1993). Promoter
and terminator regions of the Hsp70 gene were
cloned by polymerase chain reaction (PCR)
from a Liberian schistosome isolate and fused
to the GFP reporter gene. As Hsp70 is highly
conserved in nature, we first tested the
Hsp70–GFP construct in an established cell
culture system to confirm the functionality of
the construct. The transfection results demon-
strated HS-dependent expression of GFP, and

thus confirmed the predicted promoter activity.
As a next step, adult male schistosomes were
used for particle bombardment experiments
with this vector using pressure of 1550–1800
psi. Molecular analyses demonstrated the pres-
ence of the Hsp70–GFP vector, its transcription
and translation (Wippersteg et al., 2002b).
Confocal microscopy finally confirmed the
correct folding of the GFP protein because flu-
orescing signals were detected. In adults, sig-
nals were obtained following HS corresponding
to published data. Neumann et al. (1993) had
shown that there is a weak basal level of
Hsp70 transcriptional activity that was ele-
vated sevenfold following HS. In our experi-
ments, this basal activity was not detectable
with the GFP constructs at the microscopic
level in non-stressed worms. However, in sub-
sequent experiments some basal transcription
of the GFP transgene was found by RT-PCR in
bombarded adults (V. Wippersteg, Düsseldorf,
2002, unpublished data). But this basal level of
activity was probably not sufficient to detect
GFP fluorescence by confocal microscopy. In
heat-shocked worms, GFP signals predomi-
nantly concentrated in the tegument including
the tubercles (Fig. 7.3A). This was not a conse-
quence of a technical problem such as the
insufficient penetrance of gold particles into
deeper tissue areas because previous histo-
chemical analyses by methylene-blue staining
of 5 µm sections indicated the presence of
gold particles in nearly all tissues of bom-
barded worms.

There is supportive evidence for the
assumption that the tegumental dominance of
GFP may indicate a biological function of
Hsp70 in this part of the worm following HS.
First, Hsp70 represents a major immunogen in
schistosomes (Hedstrom et al., 1987; Moser
et al., 1990; F. Mutapi and R. Maizels,
Edinburgh, 2004, personal communication)
indicating that it may be present at the surface
area of adults, or that it may be secreted.
Second, immunohistochemical studies in S.
japonicum showed the tegumental expression
of the Hsp70 ortholog (Scallon et al., 1987).
Finally, to provide additive evidence for the
tegumental expression pattern in S. mansoni, we
performed immunohistochemical analyses with
adult males. After HS for 4 h at 42˚C, sections
were prepared and incubated with an antibody
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against S. mansoni Hsp70 (Moser et al., 1990),
which was kindly provided by Mo Klinkert
(Bernhard-Nocht-Institut, Hamburg). As shown
in Fig. 7.3B, Hsp70 is predominantly expressed
in the tegument of stressed worms after HS.
These data correspond to the results obtained in
S. japonicum and provide further supportive evi-
dence for the reliability of the particle bom-
bardment results with transgenic S. mansoni,
although the role of Hsp70 in the schistosome
tegument after HS still remains elusive.

As the biolistic approach worked well with
adults, we also tried to perform bombardment
experiments with larval schistosomes. As tar-
gets, we used sporocysts, which develop in vivo
within the intermediate snail host following
infection by the miracidium, the first free-living
larval stages hatching from the egg. With the
Biomphalaria glabrata embryonic cell (Bge-cell)
co-cultivation method developed by Coustau
et al. (1997) it is possible to transform miracidia
into sporocysts in vitro and to maintain this
developmental stage in culture for some time.
Groups of 2000–4000 sporocysts were gener-
ated this way and used for bombardment

experiments. Due to the more sensitive nature
of these larvae, lower pressures (900 or 1350 psi)
were applied that guaranteed the survival of
the individuals after bombardment. The pres-
ence and the transcription of the Hsp70–GFP
vector after bombardment were confirmed by
PCR and RT-PCR analyses. Transcripts were
detected in sporocysts without HS induction.
This again corresponded to previous findings
as Northern blot analyses had demonstrated
that Hsp70 is constitutively active within the
larval stages of schistosomes (Neumann et al.,
1993). In addition to the transcriptional data,
we detected fluorescing signals by confocal
microscopy in different tissues except the tegu-
ment. This indicated a more ubiquitous activity
in sporocysts. Although the obviously different
roles of Hsp70 during schistosome develop-
ment are not clear yet, the results of these
gene-transfer experiments demonstrated the
possibility of transient transformation of differ-
ent schistosome stages, and the expression of
GFP reporter-gene constructs in this organism.
Furthermore, data were obtained, which corre-
sponded to previous findings.

A second test vector consisted of GFP
fused to the regulatory elements of the ER60
gene, which codes for a cysteine protease in
schistosomes (Finken-Eigen and Kunz, 1997).
Proteases play important roles in all develop-
mental stages of schistosomes (Trap and
Boireau, 2000). In eggs, proteases are pro-
duced as excretory/secretory (ES) molecules
that allow tissue migration. In miracidia, these
enzymes are important for the penetration
process into the intermediate snail hosts and
the transformation to mother sporocysts. The
ability of cercariae to penetrate the skin of a
final host is also mediated by proteases. In
adults, finally, proteases, among other tasks,
manage digestion and nutrient uptake. Due to
their essential functions for the biology of par-
asites, these enzymes are regarded as promis-
ing targets for the development of antiparasitic
drugs or vaccines (Sajid and McKerrow, 2002).
Database analyses classified ER60 as a mem-
ber of the protein disulfide isomerases, and it
was hypothesized that the enzyme has a func-
tion within the endoplasmic reticulum (ER).
The ER60 gene is gender-independently tran-
scribed, and localization experiments in adults
demonstrated its expression in ES tissues such
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Fig. 7.3. A. Confocal laser scanning micrograph
of a male schistosome bombarded with the
Hsp70–GFP construct after heat-shock (HS)
showing signals along the tegument (t) including
the head sucker (hs) (partly reprinted from
Wippersteg et al., 2002b with permission from
Elsevier). B. Bright-field microscope image of a
5 µm section of a wild-type male worm after HS.
A section of the dorsal part is shown
(p = parenchyma; t = tegument). Immunolocalization
was performed with an antibody against
Schistosoma mansoni Hsp70 (Moser et al., 1990).
Detection was performed using an alkaline-
phosphatase conjugated secondary antibody,
naphthol–AS–phosphate and Fast Red TR (Finken
et al., 1994).



as the gastrodermis or the protonephridia
(Finken-Eigen and Kunz, 1997). For particle
bombardment experiments, part of the 5′
untranslated region (UTR) and the 3′ UTR of
the ER60 gene were cloned and fused to GFP.
Transfection experiments with COS-7 cells
confirmed the functionality of the promoter,
although only 276 bp of the 5′ UTR of ER60
were used. After transformation of adult schis-
tosomes with an ER60–GFP vector, significant
GFP signals were detected in the gastrodermis.
In addition, fluorescence was also observed as
stripe-like structures within the parenchyma
(Wippersteg et al., 2003). Due to the tissue-
preferential expression in the gastrodermis of
schistosomes and the activity in COS-7 cells, it
was concluded that the used 5′ UTR contained
most of the elements important for mediating
tissue specificity. Within this short fragment, a
TATA box occurs and in addition one S8
homeodomain-binding site followed by an
inverted GATA element, a tandem element that
was identified later (Rossi et al., 2003). The
homeobox protein S8 belongs to the paired
homeodomain subfamily, which includes
S. mansoni homologues (Webster and Mansour,
1992), while Cys4 zinc finger factors bind to
GATA elements (Patient and McGhee, 2002).
The S8 and GATA sequence motifs occur in the
promoter regions of tissue-specifically and
developmentally expressed genes. To find out
whether the stripe-like activity represented
expression in the protonephridial system, a
colocalization approach was undertaken
(Wippersteg et al., 2003). For this, we made
use of Texas Red-BSA (TxR-BSA), a fluorescent
dye that enters the ES system, especially the
excretory tubules (Tan et al., 2003). These
tubules are part of the well-structured pro-
tonephridium. They are widely distributed
along the worm and ramify in most tissues. For
colocalization experiments, adult male schis-
tosomes were first bombarded with the
ER60–GFP construct and subsequently stained
with TxR-BSA. Confocal laser scanning
microscopy was done using the excitation
wavelengths for GFP (488 nm) and TxR-BSA
(568 nm). GFP-signals were detected in several
tubular structures between the gut and the sur-
face area. In the same structures, TxR-BSA-
derived red fluorescence was identified
(Fig. 7.4). The merged image of these areas

revealed yellow signals, which confirmed the
occurrence of GFP and TxR-BSA in the same
tissue (Wippersteg et al., 2003). These results
indicated that the cysteine protease ER60 is
also expressed in the excretory tubules, which
are part of the protonephridia of adult schisto-
somes. The obtained tissue-specific expression
pattern of GFP under the control of the regula-
tory elements of the ER60 gene within the ES
system corresponded to the expectation.

Because no data existed on ER60 expres-
sion in larval stages at this time point, the analy-
sis was extended. Following RT-PCR analyses,
which indicated that ER60 is transcribed in
miracidia, mother sporocysts and cercariae,
bombardment experiments were performed
with mother sporocysts generated from
miracidia in vitro. As the ES tissues of these lar-
val stages are well known, it was expected to
identify ER60 promoter-induced GFP activity
here. After bombardment, bright field
microscopy showed a wide distribution of gold
particles inside the larvae. Molecular analyses
confirmed that GFP is transcribed and trans-
lated. By confocal laser scanning microscopy,
fluorescence was specifically observed in ES
tissues, while the neural mass or the germ cells
did not show fluorescence. Most significantly,
two parallel structures at the anterior part
exhibited clear signals (Fig. 7.5). According to
ultrastructural data, these structures represent
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Fig. 7.4. Confocal laser scanning microscopy of
parts of male schistosomes that were first
bombarded with ER60–GFP and then stained with
TxR-BSA. The upper and lower lanes show close-
ups of different excretory tubules embedded within
the parenchyma. Wavelengths of 488 nm for
excitation of GFP and 568 nm for excitation of
TxR-BSA were used (partly reprinted from
Wippersteg et al., 2003 with permission from
Elsevier).



the lateral gland cells flanking the apical gland
(Pan, 1980). These cells contain ES products,
which are supposed to be important for the
penetration of miracidia into the snail. In addi-
tion to these cells, GFP activity was identified
in the median and posterior part of the sporo-
cysts where the ridge cytons, interstitial cytons,
the cytons of the common excretory tubule
and the protonephridia are located (Pan,
1980). These tissues belong to the ES system of
larvae. From these data it was concluded that
in miracidia/sporocysts ER60 also functions tis-
sue-specifically in cells of the ES system.

The colocalization experiments using fluo-
rescent molecules expanded the possibilities to
characterize tissue-specific gene activity in living
adults. The usefulness of TxR-BSA to specifically
determine reporter-gene activity in the ES sys-
tem was subsequently used to characterize the
tissue-specific expression of the calcineurin
(CN) gene from schistosomes. CN is a cal-
cium/calmodulin-dependent serine–threonine
protein phosphatase that is composed of a cat-
alytic A subunit (CNA) and a regulatory B sub-
unit (CNB). Homologues of both CN subunits
were isolated from S. mansoni, and CNA pro-
tein was localized by immunofluorescence in
the tegument, the excretory tubules and in the
flame cells of all life cycle stages (Mecozzi
et al., 2000). Therefore, it was speculated that
CN has a role in ES processes in schistosomes.
As a first step to characterize gene regulation
by the colocalization approach, the 5′- and
3′-regions of the SmCNA gene were cloned

and ligated to the GFP gene. The resulting vec-
tor was used for particle bombardment of adult
worms, which were analysed by confocal
microscopy after the additional TxR-BSA stain-
ing. GFP expression was observed in the tegu-
ment and in the ES system. Similar to the
results obtained for ER60–GFP, green fluoresc-
ing signals and TxR-BSA-derived red signals
colocalized in the same Y-shaped tubules of
the ES system (Rossi et al., 2003). Besides the
coinciding tubular expression observed for
ER60- or CNA-induced GFP activity, com-
puter-based sequence analyses of the cloned
5′ regions of the CNA or ER60 genes revealed
another interesting congruence. Among the
identified elements in the CNA promoter
region is the tandem S8 homeodomain/GATA
binding site that is also present in the ER60
promoter. Because these elements were
thought to be involved in the regulation of tis-
sue specificity, their corresponding occurrence
in the promoter regions of both genes may
indicate a common regulatory pathway lead-
ing to tissue specificity in the ES system. To elu-
cidate the hypothesized function of these
elements, deletion variants of the appropriate
promoter sequences have to be generated and
fused with appropriate reporter genes such as
GFP, GUS, or luciferase to determine their
function in more detail.

In addition to these transformation vec-
tors, further constructs were designed for bom-
bardment experiments to characterize gene
activity by fusing the regulatory elements of a
gene of interest with the GFP reporter gene.
Among these is an Actin–GFP vector consisting
of the 5′- and 3′-regions of a schistosome actin
gene fused to GFP. Confocal microscopy
demonstrated GFP activity specifically in the
muscles, parenchyma, the tegument and the
tubercles of bombarded male schistosomes
(Wippersteg et al., 2004). This pattern perfectly
corresponded to immunolocalization results
obtained with an anti-S. mansoni actin anti-
body (MacGregor and Shore, 1990). In a simi-
lar approach with the promoters of the genes
for cathepsin L or cathepsin B2 from S. man-
soni regulating GFP activity, fluorescence was
detected exclusively in the gut or the tegument
(Wippersteg et al., 2005). Again, the specific
activities corresponded to the expectations as
previous immunolocalization studies demon-
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Fig. 7.5. Bright field (left side) and confocal laser
scanning microscopy (middle part) of a sporocyst
bombarded with ER60–GFP. The black lines
indicate the lateral gland cells (N), which flank the
medium gland cell (M) in the anterior part of the
sporocyst as indicated by the morphological
overview (right side; partly reprinted from Pan,
1980 and Wippersteg et al., 2002c with
permission from Elsevier).



strated activity in exactly these tissues (Brady
et al., 1999; Caffrey et al., 2002). The interpre-
tation of the specificity of the results is assisted
by light microscopical analyses, which indi-
cated a wide distribution of gold particles in
the schistosomes used for these experiments.

The data obtained so far confirmed that the
method employed was able to generate repro-
ducible data. Therefore, particle bombardment
is at present the method of choice to genetically
modify schistosomes, although there are a cou-
ple of obstacles. Among these are two forms of
auto-fluorescence that occur at two different
levels. First, worms cultured in vitro sometimes
show a pale fluorescence within the gut lumen
after bombardment (Fig. 7.6A). This auto-fluo-
rescence occurs over a wide spectrum of wave-
lengths (488/520 nm and 568/590 nm). As 568
nm is not suitable to induce GFP fluorescence,
this wavelength can help to distinguish
between non-specific background and GFP-
specific fluorescence. The second handicap is
the strong auto-fluorescence within the vitellar-
ium of mature females (Fig. 7.6B), which is
detectable over a wide spectrum. In schisto-
somes, as in other plathyhelminths, the female
gonad is divided into the ovary and the vitellar-
ium (reviewed in Kunz, 2001). The ovary pro-
duces oocytes and the vitellarium produces
vitelline cells that have a nurse-cell character
providing vitelline and a variety of other sub-
stances for embryonic development and
eggshell precursor proteins (Schüßler et al.,
1995). The ovary and vitellarium are needed to
make up a composite egg consisting of one
oocyte and 30–40 vitelline cells. To accomplish
the daily egg production of about 300 eggs,
more than 10,000 vitelline cells are generated.
Due to this tremendous requirement the vitel-
larium is the largest organ in schistosome adults
representing about two-thirds of the body of a
mature female. Eggshell precursor proteins are
synthesized within vitelline cells and stored as
proteinaceous granules, which are exocytosed
from vitelline cells to become crosslinked for
eggshell formation (Smith and Clegg, 1959).
During crosslinking, tyrosine-rich precursor
proteins are oxidized, a reaction that is accom-
panied by auto-fluorescence (Cordingly, 1987).
The emergence of auto-fluorescence in schisto-
some females is probably due to a premature
oxidation of eggshell precursor proteins within

vitelline cells under in vitro culture conditions.
This assumption is supported by the observa-
tion that auto-fluorescence is not observed in
mature females freshly isolated from a final host
(W. Kunz, Düsseldorf, 1994, personal commu-
nication).

With respect to sexual maturation, schis-
tosomes are unique in nature because a con-
tinuous pairing-contact with a male is essential
for the development of the reproductive organs
of the female (Popiel and Basch, 1984; Basch,
1997; Kunz, 2001; Grevelding, 2004; LoVerde
et al., 2004a,b). Only after pairing, mitoses and
differentiation processes are initiated in the
female, leading to the differentiation of the
reproductive organs, especially the vitellarium
(Den Hollander and Erasmus, 1984). In
females that have not been paired with a male,
only undifferentiated precursor vitelline cells
occur that have not yet started eggshell precur-
sor protein synthesis. Therefore, the strong
form of auto-fluorescence is not observed in
virgin-like, immature females, which can be
used for transformation experiments with GFP
reporter-gene constructs to monitor gene
expression.

Due to the auto-fluorescence of mature
females, other reporter genes should be envis-
aged for transformation experiments in this
gender such as luciferase whose applicability for
schistosomes had already been demonstrated
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Fig. 7.6. A and B. Confocal laser scanning
microscographs of schistosome adults showing
auto-fluorescence; 488 nm was used for excitation
and 520 nm for emission. A. Mid-body of a male
schistosome with the focus on the lumen of the
bipartite gut (g). In bombarded worms, a pale
auto-fluorescence sometimes occurs under
in vitro culture conditions. This auto-fluorescence
occurs over a wide spectrum of wavelengths.
B. Upper part of a female schistosome; auto-
fluorescence can be observed over a wide
spectrum within the vitellarium (v), the vitelloduct
(vd) and the egg (e). C. Bright-field image of the
female part shown in B.



(Davies et al., 1999; Correnti and Pearce, 2004),
or GUS whose applicability for parasites was
shown for Leishmania (Sbicego et al., 1998).
In our laboratory, preliminary bombardment
experiments have been performed using GUS
reporter-gene constructs under the control of
the regulatory elements of the ER60 promoter
(Kapp, 2000). With X-Gluc as the substrate, in
living worms only a faint blue staining was
observed by bright field microscopy, which
was not sufficient for a detailed characteriza-
tion. In contrast to organisms like C. elegans,
schistosomes are not translucent, and their
pigmented structure impedes these kinds of
analysis. However, the weak microscopical
indication of GUS activity was confirmed
by RT-PCR analyses demonstrating that
the reporter gene was transcribed. Although
X-Gluc staining is not the way of choice to
monitor GUS activity, this reporter gene still
can be used because of the wide variety of
potential substrates that allow GUS activity to
be monitored. With MUG or PNPG, for exam-
ple, a spectroscopical determination of GUS
activity can be performed, which allows stud-
ies such as promoter activity assays.

Stable transformation

Recent results demonstrate the feasibility of
transgene introduction and expression in
schistosomes. So far, adult worms have been
the main targets for transformation experi-
ments because they can be easily harvested
from their final hosts and cultured in vitro for
several weeks providing enough time for post-
bombardment analyses. Reporter-gene con-
structs were based on plasmid backbones, not
specifically designed for genome integration.
Therefore, it has been assumed that the
genetic modification is temporary and thus
designated transient transformation. Although
unexamined, the plasmid constructs probably
reside as episomes in the nuclei of transfected
cells. This kind of extrachromosomal coexis-
tence was shown for plasmid transformation
vectors in transgenic C. elegans. Following
microinjection the plasmids occur as extra-
chromosomal concatemers in target cells
(Mello and Fire, 1995).

In some publications the term transfection
is used to describe the genetic modification of

multicellular parasites such as schistosomes.
Classically, transfection means the genetic
modification of cultured eukaryotic cells by
introducing DNA. The term transfection has
also been used for the genetic modification of
protozoa, which have a single cell character.
For schistosomes as for other multicellular par-
asites, it would seem more appropriate to use
the term transient transformation because fol-
lowing particle bombardment many cells or
even tissue complexes exhibit the genetic
modification contributing to a change of the
phenotype of the multicellular organism.

To stably transform schistosomes, the used
vectors must integrate into the chromosomes
of germ cells. This is the prerequisite for the
transmission of the transgenes to the progeny
in a Mendelian fashion. Although considered
to be unlikely, it cannot be excluded that the
plasmid constructs are transferred to germ cells
of adults during bombardment, and that they
are integrated into chromosomes by recombi-
nation events. However, due to limitations of
the in vitro culture system, it has not yet been
possible to obtain miracidia from bombarded
schistosomes in culture to investigate the first
generation (F1) after transformation. Due to
these obstacles, alternative approaches for sta-
ble transformation have to be envisaged.

Among these is the use of schistosome life
stages that are rich in germ cells and suitable
for in vitro cultivation. This condition is met by
the first two larval stages, miracidia and sporo-
cysts. Miracidia can be maintained in culture
after they have been harvested in large amounts
from eggs isolated from livers of infected hosts.
In their posterior part, miracidia contain about
20 germinal cells, each with a diameter of
5 µm and a large nucleus of 3 µm. Following
penetration in the intermediate host, each
miracidium transforms into a mother sporocyst,
which produces between 200 and 400 germ
balls by asexual multiplication (Pan, 1980).
The germ balls develop to daughter sporocysts
generating cercariae, which are released from
the daughter sporocysts to leave the snail. As
it is possible to produce sporocysts from
miracidia in vitro and to maintain this stage for
some time in culture, another source for germ-
cell-rich schistosome material is available,
which may serve as a target for transformation
approaches. To return to the life cycle, in vitro
generated sporocysts can be transplanted
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into snails (Kapp et al., 2003). Due to the asex-
ual multiplication steps within the snail, it is
theoretically possible to obtain hundreds of
clonal cercariae from a single sporocyst. The
technique for transplantation is based on pre-
vious work demonstrating that mother sporo-
cysts (Chernin, 1966) or daughter sporocysts
(DiConza and Hansen, 1972; Jourdane and
Theron, 1980) can be recovered from donor
snails and introduced into recipient snails. This
technique allows the cloning of schistosomes
to maintain strains or genotypes for unlimited
time periods (reviewed in Jourdane, 1990).
However, the technique is laborious, and it
requires self-made glass equipment, manual
skills and experience. Although high numbers
of sporocysts can be generated in vitro, the
number of transplantations, which can be con-
ducted in 1 day, is limited (about 50 in our
hands). Furthermore, the infection efficiencies
vary significantly (16–43%) depending on the
in vitro culture conditions applied to generate
and maintain sporocysts (Kapp et al., 2003).

An alternative to this approach is to use
miracidia. Recently conducted experiments
showed that miracidia are suitable for biolistics
under low-pressure conditions (Wippersteg
et al., 2004). In spite of the significant physical
influence, miracidia, which had been bom-
barded immediately after hatching from the
egg, were still able to move and to penetrate
the intermediate snail host. This finding reveals
the potential of this first larval stage as a target
for transformation experiments and subsequent
reintroduction into the life cycle by its natural
capacity for infection. Compared to the sporo-
cyst approach, miracidia require less technical
input, and a higher number of individuals can
be generated.

With miracidia as targets we performed
the first biolistic experiments towards a germ-
line transformation using the reporter-gene
construct ER60–GFP in circular or linearized
forms, with pressure settings between 900 and
1350 psi and 1.6 µm gold particles. After bom-
bardment, miracidia were used for intermedi-
ate-host infection, and cercariae were obtained
from several snails. From a batch of the cer-
cariae, DNA was extracted and used for PCR
analyses that confirmed the presence of the
vector. As germ cells are the only continuous
cell line in the life cycle, the PCR result indi-
rectly proved the presence of the transgenes

within these cells. This demonstrated the possi-
bility of penetrating the germ line of this organ-
ism (Wippersteg et al., 2004). Furthermore, the
result indicated that the germ cell tolerates
gold particles whose size corresponds to
approximately one-third of the size of this cell.
This assumption was confirmed by an inde-
pendent approach of Heyers et al. (2004) who
biolistically transformed miracidia with an
Hsp70-E(enhanced)–GFP reporter-gene con-
struct and subsequently infected snails with
the bombarded larvae. Two weeks post-
infection, sections of snail tissue were histo-
chemically analysed. Gold particles were
identified within the sporocyst tissue in close
proximity to the germ cells. In addition, EGFP
gene transcription was confirmed by RT-PCR
using total RNA from infected snails. However,
neither the resulting cercariae nor adults were
analysed.

To extend the analyses of the germ-line
transformation approach in our laboratory,
another batch of the putatively transformed
cercariae were used for final-host infection to
generate transgenic adults. Molecular analyses
demonstrated the presence of the constructs in
this life stage and, beyond that, even in adults
of second generation after transformation. The
microscopic analyses, however, revealed two
unexpected findings. First, only a fraction of
the worms showed reporter-gene activity.
Second, in putatively transformed individuals,
distinct fluorescing areas were detected, like
tesseras of a mosaic, only in parts of the gas-
trodermis but not in all cells that belong to the
ES system. Biological processes during larval
development can explain the first finding. After
penetration into the snail host, each of the
20 germ cells of a miracidium is able to transform
into a mother sporocyst, which produces sev-
eral ranks of daughter-sporocyst generations as
a normal mode of asexual, larval multiplication
(Jourdane et al., 1980). Each rank of daughter
sporocysts is able to continue sporocystogene-
sis or to enter cercariogenesis (Jourdane and
Theron, 1987). This results in multiple genera-
tions of cercariae, which differ in their germ-
cell origin and in their time of maturation.
If only one or a few germ cells of a miracidium
are hit during bombardment, a mosaic popula-
tion of genetically modified and wild-type
germ cells is present. Consequently, transformed
and non-transformed mother and daughter
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sporocysts coexist in infected snails, which can
be of monomiracidial or polymiracidial origin.
Finally, a mixed population of cercariae is
obtained and forms the basis for final-host
infection and adult generation, some of these
contain the transgenes and others do not. The
second finding, the occurrence of distinct flu-
orescing areas, can be explained by an extra-
chromosomal maintenance of the plasmid
constructs. If these would have been integrated
following bombardment, every cell should
contain and express the transgenes depending
on the control regions – in the case of ER60–
GFP, all cells of the ES system. If the plasmids
occur extrachromosomally, some cells may
maintain and express the plasmids, whereas
other cells would lose them during develop-
ment. This explains the distinct signal patterns
observed by microscopy.

Taken together, these results demonstrate
the feasibility of using particle bombardment
to facilitate entry into the germ line and to
enable the expression of reporter-gene con-
structs in developmental stages that are distinct
from the stage of transformation. Although this
is a significant step forward, it is still not the
absolute breakthrough because a stable inte-
gration into the genome has not been achieved
yet. To attain this final goal, new strategies for
the design of transformation vectors should be
developed. One possibility is to use linearized
vector molecules that contain a higher amount
of homologous sequences that may serve as
better substrates for recombination events. If
homologous recombination is envisaged, the
portion of homologous DNA sequences within
a transformation vector is a critical parameter.
It was shown for C. elegans that 4.4 kb of
homologous sequences were sufficient to
achieve homologous recombination (Berezikov
et al., 2004), whereas 14 kb of homology are
necessary for efficient gene targeting in murine
embryonic stem cells (Deng and Capecchi,
1992). In our experiments, the lengths of
homologous sequences varied between 1 and
1.3 kb, and these may not be sufficient to bring
about integration events. A self-evident modifi-
cation of transformation vectors for schisto-
somes is the addition of sequences from mobile
genetic elements known to support genome
integration. Recently, there have been many
studies aimed at the identification and charac-

terization of mobile genetic elements from
schistosomes. A number of LTR and non-LTR
retrotransposable elements were isolated, and
their sequences analysed (Drew et al., 1999;
Laha et al., 2001, 2002a,b; Copeland et al.,
2003; DeMarco et al., 2004). One possibility
would be to use this sequence information for
the modification of vector constructs to
enhance the probability of integration. In
schistosomes, a DNA transposon has not yet
been identified, which would be the favoured
tool to shuttle transgenes into the genome. But
it should be feasible to use well-characterized
heterologous DNA-transposon systems that are
known to work in a variety of organisms.
Examples are mariner, Hermes, or piggyBac that
have successfully been used to shuttle trans-
genes into planarians (Gonzalez-Estevez et al.,
2003). Besides heterologous transposons,
pantropic retroviruses can also be envisaged as
potential vectors for integration (Yee et al.,
1994). These viruses are able to randomly inte-
grate into the genome of dividing cells of vari-
ous vertebrates and invertebrates. Similar to
other mobile genetic elements such as trans-
posons, these viruses can be used as vehicles
for the stable integration of DNA constructs.
With these tools, strategies can be conceived
to ectopically express genes to investigate
gain-of-function effects, or to express dsRNA
hairpin structures, which lead to loss-of-
function effects. Both approaches facilitate
the functional characterization of interesting
genes. As recent studies confirmed the appli-
cability of RNAi technology to schistosomes,
albeit only for larvae or schistosomula (Boyle
et al., 2003; Skelly et al., 2003), silencing
approaches seem to be feasible for this
organism.

Cestodes, on the Way
to Transgenesis

Because of their significance for human or ani-
mal health, cestode worms have been intensively
studied. The complexity of the host–parasite
interaction, however, makes it difficult to
investigate factors that regulate the differentia-
tion of specific life stages. To overcome this
problem, protocols have been developed to
easily maintain tapeworms in the laboratory.
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This is achieved by life cycling in suitable ani-
mal hosts or by in vitro culture techniques.
Hymenolepis spp. and Mesocestoides spp.,
for example, have been used as models
because their life-cycle stages can be main-
tained in animal hosts and some life stages
can additionally be maintained in vitro,
thereby allowing ex vivo studies of aspects of
cestode biology (Siles-Lucas and Hemphill,
2002). For Echinococcus protocols have been
developed to maintain metacestodes in the
laboratory by serial transplantation passages
into susceptible gerbils, enabling the parasite
to proliferate asexually. In addition, in vitro
culture techniques have been established that
allow the long-term cultivation of metaces-
todes under low oxygen conditions, and even
the differentiation to protoscoleces in the
presence of host factors (Spiliotis et al.,
2004). Today, these culture models are used
to study various aspects of Echinococcus biol-
ogy such as (i) metacestode in vitro prolifera-
tion and differentiation; (ii) the ultrastructural
analysis of the acellular laminated layer, a
structure that represents the physical interface
between parasite and host tissues; and (iii)
immunological characteristics (reviewed in
Hemphill et al., 2002).

Although in vitro culture systems exist,
not much has been done at the genomic or
post-genomic levels to analyse gene function
in cestodes. Some molecular approaches
have been performed to isolate (i) immuno-
logically relevant genes by screening of
expression libraries with sera from patients
(Ortona et al., 2003) or by characterizing
gene expression products from eggs
(Lightowlers et al., 2003), or (ii) genes with
putative functions during development by
homology-based identification methods
(Brehm et al., 2003; Konrad et al., 2003;
Spiliotis et al., 2003). But the functional
analysis of candidate genes is still in its
infancy. First attempts have been made to
genetically modify metacestodes cultured
in vitro by particle bombardment using
reporter-gene constructs. However, the frag-
ile metacestodes did not survive biolistics
(K. Brehm, Würzburg, 2004, personal com-
munication). Further approaches are planned
to test lipofection or virus-based systems as
alternative transformation methods.

Concluding Remarks

Recent years have seen a revolutionary change
in the study of organisms at the molecular
level. Catalysed by the improvement of auto-
mated sequencing technologies, comprehen-
sive genome information has been generated
for various organisms including parasites.
Today, we mark the beginning of the post-
genomic era, which necessitates interpretation
and exploitation of the sequence data. In this
context it is crucial to develop technologies
to perform functional genetics, i.e. to study
a gene of interest within its natural genomic
environment. To overcome existing limitations,
heterologous expression systems such as
C. elegans, or mammalian cell lines, or frog
oocytes have been used to characterize para-
site genes (Britton et al., 1999; Hashmi et al.,
2001; Brooks and Isaac, 2002; Boyle and
Yoshino, 2003). Although interesting aspects
of gene regulation and function were
obtained by these approaches, heterologous
systems may not always allow conclusions on
the function of a gene in the homologous
system. Therefore, it is inescapable to estab-
lish transformation protocols for non-model
organisms, too.

For planarians and trematodes, but not yet
for cestodes, transformation protocols have
been developed that demonstrate the possibil-
ity of generating genetically modified flat-
worms. The methods employed are largely
based on existing techniques with some organ-
ism-specific modifications. In principle these
methods can be applied to other flatworms too
as well as to any other organism of interest,
provided that in vitro culture systems are avail-
able. However, organism-specific features may
complicate the applicability of some of these
techniques. The results obtained for the devel-
opment of transgenic planarians are outstand-
ing and strengthen their position as model
organisms for the class Turbellaria. The
progress with transiently transformed schisto-
somes is not yet comparable to that of planari-
ans, but encouraging results were obtained
showing that post-genomic analyses towards
gene regulation are possible. Although this is
an important step forward, the final break-
through of stable germ-line integration has not
yet been achieved. Due to the many advantages
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of the schistosome system, however, such as
the existence of in vitro culture protocols for
larval and adult life stages, the transplantation
techniques for the reintegration of larval stages
or schistosomula into the natural life cycle, or
an established transformation procedure that
allows germ-line entry, it may be only a matter
of time before this goal is realized. A few
remaining obstacles remain to be overcome:

1. Protocols have to be established that
allow the integration of transgenes into the
germ line.
2. Strategies should be developed to effec-
tively select transformants by drug treatment.
3. In vitro culture techniques should be
improved to keep different life stages for
unlimited time in culture and to have an
immediate access to all developmental stages.

If this succeeds, schistosomes may be
close to becoming a model for parasitic trema-
todes. This would allow researchers to further
develop and optimize techniques for the
genetic modification of other parasitic flat-
worms of medical or economic relevance. The
combination of modern molecular approaches
such as genomics, proteomics and transgenics,
with classical disciplines such as systematics,

cytology and physiology will lead to a more
fundamental understanding of biological
processes within these parasites and to the
development of novel control strategies.
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8 Immunobiology of Schistosomes
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Introduction

Flatworm parasites are well recognized for
their ability to live for decades in environments
where they are in contact with potentially dam-
aging immune factors. This adaptability reflects
the fact that these parasites have evolved
mechanisms to evade immune effector mecha-
nisms, and more remarkably, to sense and uti-
lize components of the host immune system
for their own development. Schistosomes,
digenetic trematodes, are undoubtedly the
most well-studied parasitic flatworms. These
parasites infect over 200 million people in
tropical and subtropical zones, and cause
severe disease in approximately 5% of those
infected. Of immunological interest is the fact
that pathology in schistosome-infected individ-
uals is caused largely by the immune response

to tissue-trapped parasite eggs. Despite the fact
that schistosomes induce strong host immune
responses and cause extensive pathology, they
can live for years within the host, continuously
depositing eggs into the external environment
for subsequent infections. Here, we discuss
the nature of schistosome-induced immune
responses and the mechanisms utilized by these
parasites to evade, regulate, and take advan-
tage of, the host immune system. Our primary
focus will be on Schistosoma mansoni, since
this is the most well-studied organism within
the genus. We begin this chapter by discussing
host–parasite molecular interactions and emerg-
ing evidence suggesting that schistosomes are
able to respond to host immune factors, and
then move into a more detailed discussion of
immune evasion mechanisms, immunopathol-
ogy and immunotherapy; thorough reviews on



each of these areas have been published previ-
ously (Pearce and Sher, 1987; Brindley et al.,
1989; Capron et al., 2002; Davies and
McKerrow, 2003; Wynn et al., 2004). Although
of great inherent interest, the ultimate goal of
studies of the immunobiology of schistosomes
has to be the rational development of immuno-
therapeutics, with an anti-infection vaccine
foremost on the list.

Host–Parasite Molecular 
Interactions

Schistosomes are dioecious parasitic flatworms
(having male and female reproductive organs
in separate individuals). Like all sexual dige-
neans, there is an alteration of generations with
asexual reproduction occurring in a snail inter-
mediate host and sexual reproduction in the
definitive (mammalian) host. To infect the defin-
itive host schistosomes emerge from freshwater
snails as free-swimming cercariae. Cercariae
locate and burrow into the skin of the mam-
malian host and transform into schistosomula.
The schistosomula migrate through the skin
layer into the vasculature en route to the hepatic
portal vein where they mature into male or
female adult parasites. There is no evidence for
immune clearance of adult S. mansoni worms
from the infected mammalian host (Agnew
et al., 1993), and available data indicate that if
the immune response is to stop infection, it has
to act on vulnerable pre-adult stages (Wilson,
1987). Approximately half of the eggs that are
released by each female cross the endothelium
and basement membrane of the vein, traverse
the intervening tissue, basement membrane
and epithelium of the intestine, and are subse-
quently passed to the lumen and out to the
external environment, where they hatch to
release miracidia which infect the intermediate
snail host. Asexual reproduction within the
snail gives rise to cercariae.

Importantly for our discussion, successful
completion of the mammalian part of the life
cycle appears to require immunological com-
ponents. This is demonstrated clearly by the
observations that schistosome fecundity and/or
the excretion of parasite eggs is reduced in
mice with severe combined immunodeficiency

(SCID), and in nude mice and T-cell depleted
mice (Harrison and Doenhoff, 1983; Amiri
et al., 1992). In part, this appears to be due to
the necessity for T-cell mediated inflammation
within the intestine to allow the passage of
eggs through to the lumen, but a more inter-
esting finding to emerge from these experi-
ments is that reproductive processes in
schistosomes are in some way triggered by
T cells. Careful examination of the development
of schistosomes in RAG−/− mice (which are
B-as well as T-cell deficient) revealed a marked
delay in growth and development that was
linked to reduced fecundity (Davies et al.,
2001; Hernandez et al., 2004). The type of
lymphocyte that is important for schistosome
development was identified as a previously
unrecognized population of hepatic CD4+
T cells that, unusually, exists in major histocom-
patibility complex class II (MHC II)-deficient
mice (Davies et al., 2001). How this specific
subset of T cells influences schistosome devel-
opment is unknown. One suggestion based on
the fact that the delayed development pheno-
type had also been reported for schistosomes
growing in mice deficient in the cytokine inter-
leukin-7 (IL-7) (Wolowczuk et al., 1999a), is
that T hepatic CD4+ cells are an important
source of, or are capable of stimulating the
production of, this cytokine (Davies et al.,
2001). The importance of IL-7 in schistosome
development is underscored by the fact that in
IL-7−/− mice, fewer parasites make it to the
hepatic portal vein compared to in wild-type
mice (Wolowczuk et al., 1999b). IL-7, there-
fore not only influences schistosome develop-
ment, but may also function as a signal used by
parasites to migrate properly through the host.
Another cytokine that has been shown to affect
parasite biology is tumour necrosis factor-α
(TNF-α). TNF-α influences egg production in
female parasites (Amiri et al., 1992; Cheever
et al., 1999) and helps maintain schistosome
viability in the hepatic portal system
(Wolowczuk et al., 1999b). Together, these stud-
ies suggest that schistosomes receive crucial
developmental signals from host cytokines.

The evidence that schistosome biology is
modulated by host-derived immune factors has
fuelled interest in the actual parasite receptors
that can interact with such molecules. The sur-
face of schistosomes consists of a tegument,
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which is composed of two closely apposed
lipid bilayers overlying a syncytial cytoplasmic
layer (Hockley, 1973; Hockley and McLaren,
1973). It has been widely speculated that this
unusual surface may contain receptors that
could bind to host-derived molecules. Our
group has discovered two transmembrane
receptor serine threonine kinases, SmRK1
(Davies et al., 1998) and SmRK2 (Forrester
et al., 2004), which appear to be expressed at
the tegumental surface membrane. SmRK1and
SmRK2 are members of the transforming
growth factor-β (TGF-β) receptor superfamily
and experimental studies in which SmRK1 and
SmRK2 have been expressed in mammalian
cells indicate that these receptors are capable
of signalling in response to host TGF-β super-
family cytokines (Beall and Pearce, 2001; S.G.
Forrester and E.J. Pearce, unpublished observa-
tions). In other systems, TGF-β receptors con-
trol a variety of cellular processes including
proliferation, recognition, differentiation and
apoptosis as well the specification of develop-
mental fate. Using information that has
emerged recently from the identification of key
components of a schistosome TGF-β signalling
system and knowledge of well-established
pathways from mammals, we now have good
evidence that such a system exists in schisto-
somes. Aside from the discovery of SmRK1 and
SmRK2, other components of this pathway,
specifically the transcriptional components
Smad1, 2, 4 (Beall et al., 2000; Osman et al.,
2004) and 8, and Medea and SARA (Verjovski-
Almeida et al., 2003), have been identified.
Using heterologous expression systems to
characterize these various schistosome sig-
nalling proteins, our group has found that
SmRK1, when expressed with Smad2 and a
mammalian type II TGF-β receptor, can signal
in response to human TGF-β (Beall and Pearce,
2001). A recent report revealed that the co-
Smad, Smad4, interacts with Smad2 to propa-
gate the downstream signal initiated by TGF-β
(Osman et al., 2004). There is currently no
information on the function of SmRK2, but
based on its localization to the schistosome
surface, it could function as a partner for
SmRK1 to bind host ligands and initiate sig-
nalling. Intriguingly, transcriptome analyses
have failed to identify a schistosome TGF-β
superfamily ligand (Verjovski-Almeida et al.,

2003), indicating that the likely ligand for
SmRK1 and SmRK2 is host-derived. These
reports therefore demonstrate that schisto-
somes possess the components required for a
receptor-based signalling system to sense
immunologic components in the environment.

How Schistosomes Evade 
the Host Immune System

Once schistosome cercariae penetrate the skin
of their host, they can remain in this environ-
ment as schistosomula for up to 5 days before
entering the vasculature and beginning their
migration to the lungs and, subsequently, the
hepatic portal vein (Wilson, 1987). During
this journey, which may take 3 weeks (Wilson,
1987), and thereafter, schistosome parasites must
contend with an assortment of host immune
factors. Yet, as is well known, these parasites
are able to complete the journey to their final
destination and live for years. Research has
shown that schistosomes have adapted a vari-
ety of mechanisms that enable them to evade
a strong and potentially lethal host immune
response.

Skin stage parasites

Cercariae are highly adapted to find and rap-
idly penetrate the skin of the definitive host as
well as to evade initial immune responses. Part
of the requirement for successful skin penetra-
tion and migration into the vasculature is the
hydrolysis of host proteins via the release of
proteases from the cercarial acetabular glands
(McKerrow and Salter, 2002). One such pro-
tease of key importance for invasion is elas-
tase, which degrades dermal elastin (Salter
et al., 2002), thus allowing migration through
the epidermal layer. Upon penetrating the
host, cercariae transform into schistosomula by
shedding their glycocalyx, a thick layer of car-
bohydrate-rich material that overlies the tegu-
mental surface membrane, and which
presumably plays a role in parasite survival in
water. Loss of this layer appears to be achieved
by the shedding of the cercarial tegumental
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membrane and its replacement with a new
membrane structure that consists of two
closely apposed membranes (Hockley, 1973;
Hockley and McLaren, 1973); amongst trema-
todes, this double lipid bilayer is unique to
blood-dwelling parasites (McLaren and
Hockley, 1977). Since the glycocalyx is a
potent activator of the host complement sys-
tem, this transformation is the first step towards
allowing the parasites to survive within mam-
malian hosts (Samuelson and Caulfield, 1986;
Marikovsky et al., 1990).

In the epidermial layer of the mammalian
host, schistosomula encounter a variety of cells
whose function it is to eliminate foreign
pathogens. Epidermal cells such as keratinocytes
and Langerhans cells (LC, a subset of dendritic
cells) are able to respond to pathogens by pro-
ducing a variety of cytokines (Uchi et al.,
2000). During the host response to penetrating
schistosomula, significant levels of a variety of
chemokines/cytokines, including MIP-1α,
IL-1β, IL-6, IL-10 and IL-12p40 are produced
in the skin within 2 days (Ramaswamy et al.,
2000; Hogg et al., 2003; Mountford and
Trottein, 2004), indicating that there is a rapid
innate response to infection. At least some of
these mediators are made by keratinocytes,
which are able to secrete cytokines in vitro in
response to schistosomula excretory/secretory
products (Ramaswamy et al., 1995). Macro-
phages and dendritic cells (DCs), probably LC,
also contribute to the early production of
cytokines in the skin during infection with
schistosomes (Hogg et al., 2003). Moreover,
since LC are specialized antigen presenting
cells (APC), they would be expected to acquire
schistosomula antigens and carry them to the
lymph nodes (LN) draining the site of infection,
wherein they would meet and activate specific
CD4+ T helper (Th) lymphocytes, and in this
manner initiate the adaptive immune response.

Cytokines and chemokines made by cells
such as keratinocytes, macrophages and LC
might be expected to recruit and activate
leukocytes, which have the potential to kill
schistosomula before the development of
any adaptive immunity. In vitro, schistoso-
mula have been shown to be susceptible to
a wide array of immune effector mechanisms
mediated by eosinophils and neutrophils
(Butterworth, 1984; Capron and Capron,

1992), macrophages (James and Nacy, 1993)
and platelets (Joseph et al., 1983). In the case
of eosinophils and neutrophils, cytotoxicity
requires targeting of the cells to the parasites
by parasite-specific antibodies and/or comple-
ment component C3, deposited on the surface
of the parasites as a result of alternative or clas-
sical complement activation (Butterworth,
1984). Consequently, these effector mecha-
nisms might be expected to work most effi-
ciently in animals that have already responded
immunologically to the parasites as a result of
earlier exposure. Macrophage-mediated killing
of schistosomula is somewhat different how-
ever, in that it can work in the absence of
either antibody or complement, and is medi-
ated by the toxic gas nitric oxide, NO, which is
released from macrophages following activa-
tion by IFN-γ and additional stimuli (James and
Nacy, 1993).

How schistosomula deal with the immune
system has been of key interest in the study of
schistosome biology. Available data indicate
that these stages are able to manipulate the ini-
tiation of immune responses, and that as they
develop and migrate to the lungs they addi-
tionally acquire the ability to evade recogni-
tion by antigen-specific components of the
immune response. It has been shown experi-
mentally that schistosomula can produce
prostaglandin D2 (PGD2) which interferes
with the migration of LC to the draining LN
(Angeli et al., 2001b); schistosome glutathione-
S-transferase (Sm28GST) has been implicated
in the production of PGD2 (Herve et al.,
2003). In addition to PGD2, schistosomula
produce PGE2 and induce the production of
PGE2 and IL-10 in both human and mouse
keratinocytes (Ramaswamy et al., 1995). An
increased level of PGE2 in the skin of infected
mice appears to lead to higher production of
IL-10, which might be important for immune
evasion. In fact, in infected IL-10−/− mice,
some reports have indicated that fewer schisto-
somula make it out of the skin and that a
prominent cellular reaction occurs around par-
asites in this tissue (Ramaswamy et al., 2000).
IL-10, in this case, is likely limiting leukocyte
infiltration by downregulating the production
of pro-inflammatory cytokines and chemo-
kines at the site of infection (Moore et al.,
2001). Independently of any effects on IL-10
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production, prostaglandins themselves can
directly exert potent anti-inflammatory effects
that may promote schistosome survival within
the skin (Hata and Breyer, 2004; Trottein et al.,
2004).

Skin stage schistosomula also secrete mol-
ecules that interfere with T cell responses.
Chen et al. (2002) found evidence that schisto-
somula secrete a 23-kDa protein that is pro-
apoptotic for skin T lymphocytes. This effect
would essentially allow the parasite to regulate
the host immune response by inactivating the
T cells that are important in initiating immune
responses to foreign pathogens.

Lung stage parasites

Following infection, it takes 4–7 days for schis-
tosomula to reach the lungs. At this point, the
parasite begins to change shape and becomes
elongated without increasing in volume, a
change presumably associated with a require-
ment to pass through the capillary beds of the
lungs. The evidence suggests that this phase of
migration is most strenuous and it is at this
point that schistosomula appear to be at great-
est risk of immune-mediated damage (Wilson,
1987). Cellular infiltrates around parasites at
this stage can disrupt migration and, at the
most extreme, cause the schistosomula to take
a one-way trip from the vasculature into the
alveolar spaces (Crabtree and Wilson, 1987;
Coulson and Wilson, 1988). In the lung capil-
laries, parasites are in close association with
endothelial cells. PGE2 secretion by schistoso-
mula has been reported to induce IL-6 produc-
tion by endothelial cells (Angeli et al., 2001a).
It is thought that IL-6 diminishes inflammation
in the lungs and favours successful migration
of the parasites through this tissue. In the
absence of IL-6, eotaxin and IL-5 production in
the infected lungs is reportedly increased, and
the resultant increase in infiltrating eosinophils
has been associated with increased parasite
mortality. It seems, therefore, that the IL-6
induced by the parasite may keep the local
immune response in check, and help allow the
successful migration of schistosomula through
the lungs (Angeli et al., 2001a). Thus in schis-
tosomiasis, unlike in many other situations
(Kopf et al., 1995), IL-6 may play an anti-,

rather than pro-inflammatory role. In addition
to inducing IL-6 production, lung stage schis-
tosomula minimize local cellular infiltration by
secreting molecules that can downregulate the
expression of endothelial adhesion molecules
such as E-selectin and VCAM-1, which have
been shown to play a role in the binding and
transmigration of leukocytes to sites of inflam-
mation (Trottein et al., 1999).

By the time they have reached the lungs,
schistosomula are innately resistant to immune
effector mechanisms that are capable of killing
schistosomula newly transformed from cer-
cariae. In part, this is a reflection of the fact that
growing schistosomula develop the ability to
avoid activating complement and to evade
recognition by antibodies (see below), and
therefore are no longer susceptible to antibody
or complement-mediated cellular cytotoxicity.
However, studies in which these evasion mech-
anisms have been experimentally bypassed
have revealed underlying resistance to immune
effector molecules (Moser et al., 1980); the basis
of this resistance is unknown.

Adult parasites

The immune evasion mechanisms used by
adult schistosomes are perhaps the most
intriguing. Adult parasites live for many years
in the portal vasculature where they are in
constant contact with immune cells, antibod-
ies and complement proteins. Several mecha-
nisms of adult-stage immune evasion have
been postulated. Early hypotheses, particularly
those by Damian (1967), and Smithers et al.
(1969), suggested that the parasites protect
themselves from immune recognition by coat-
ing their surfaces with host antigens, as a form
of concealment. These early studies demon-
strated that worms grown to maturity in mice
and then transferred sequentially to monkeys
immunized against mouse tissue were rapidly
destroyed by an antibody-mediated response
directed against the surface of the worm
(Smithers et al., 1969). This finding was of great
importance since it indicated that, unlike lung
stage schistosomula (Moser et al., 1980), adult
parasites are not resistant to immune attack
per se, but rather avoid immune-mediated
damage by evading recognition. The idea that
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evasion was the result of the acquisition of host
molecules has been circumstantially supported
by findings that anti-schistosome antisera that
bind strongly to surface-exposed antigens on
very young schistosomula, fail to bind to para-
sites that have been recovered from the skin
after 24 h or more of infection, or to lung or
adult stage parasites, and that this reduction in
binding is reciprocally linked to an increased
ability of antisera specific for host components
to recognize the parasites (McLaren et al.,
1975). Whether parasite antigens are directly
masked by host molecules remains unclear,
and other mechanisms for evasion, such as
antigen-shedding, have been postulated
(Pearce et al., 1986). Regardless, it is clear that
the schistosome surface is highly adapted to
allow ‘expression without exposure’ of mole-
cules such as the glucose transporters (Jiang
et al., 1996) that require localization at the sur-
face of the parasite to function appropriately. It
is tempting to believe that the unusual second
surface membrane plays a pivotal role in this
process.

More recent work has suggested that the
coating of host molecules to the parasite sur-
face may have more specific immune evasion
functions. For example, one of the molecules
acquired from the host is decay-accelerating
factor (DAF) (Pearce et al., 1990; Horta et al.,
1991). DAF is expressed on most mammalian
cells and prevents complement-mediated
autolysis by accelerating the decay of the C3
convertase that continuously forms on mem-
branes and which, unregulated, catalyses the
process that leads to formation of the comple-
ment membrane attack complex (MAC) and
cell lysis. Parasites that are unable to acquire
DAF become susceptible to complement-
mediated killing in vitro. The importance of
evading complement is emphasized by the
fact that schistosomes also synthesize at least
two complement regulatory proteins. One of
these, schistosome complement inhibitory
protein (SCIP-1) is capable of inhibiting MAC,
probably by binding to C8 and C9 of the com-
plement terminal pathway (Parizade et al.,
1994). Later findings revealed that SCIP-1 is
actually a surface exposed form of paramyosin
(Deng et al., 2003). In addition to SCIP-1,
adult schistosomes express a protein called
complement C2 receptor inhibitory trispan-

ning (CRIT) (Inal and Sim, 2000; Deng et al.,
2003) that binds to the complement protein
C2 from human serum and, like paramyosin,
in experimental settings is able to inhibit clas-
sical pathway-mediated haemolysis of sheep
erythrocytes.

Host Immune Response
to Schistosome Infection 

(Th1 versus Th2)

The host immune response during infection
with schistosomes ironically both protects the
host, by allowing the walling off of tissue-
trapped eggs within granulomatous lesions,
and thereby preventing potentially lethal egg-
derived hepatotoxins from reaching the liver
tissue (Doenhoff et al., 1981; Dunne et al.,
1991), and simultaneously causes the major
pathological changes that lead to severe dis-
ease (Cheever and Yap, 1997). In this section,
we provide an overview of the host immune
response during schistosome infection, with a
particular emphasis on the importance of a Th1
(T helper 1) to Th2 immune response shift that
occurs during a critical stage of infection and
which is of great importance for survival of both
the host and parasite. Both Th1 and Th2 cells
can mediate granuloma formation, but the
associated pathologies that accompany granu-
lomatous inflammation when responses are
polarized in either direction differ considerably.
Reviews of this area have been published
recently (Hoffmann et al., 2002; Pearce and
MacDonald, 2002; Wynn et al., 2004). Th1 and
Th2 cells are subsets of CD4+ T lymphocytes
cells that are defined functionally based on the
discrete panels of cytokines that they produce
(Mosmann and Coffman, 1989). Th1 cells typi-
cally produce IFN-γ and lymphotoxin and usu-
ally provide protection against intracellular
pathogens. Th2 cells, on the other hand, gener-
ally produce IL-4, IL-5, IL-10 and IL-13, and are
important for immunity to helminth parasites.
Inappropriate Th2 responses are associated
with allergies and asthma, and discreet autoim-
munities associated with self-reactive Th1 or
Th2 responses are well documented.

During infection with S. mansoni, there is
initially a pro-inflammatory response that in
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mice is apparent as the production of the Th1
cytokine IFN-γ, and in people experiencing
their first infection, as the production of TNF-α,
IL-1 and IL-6 (Grzych et al., 1991; de Jesus
et al., 2002). However, in humans and mice
there is a major shift in the Th response, from
pro-inflammatory/Th1 to Th2, at about the time
that parasites begin producing eggs (Grzych
et al., 1991; Pearce et al., 1991; Wynn et al.,
1993; Araujo et al., 1996). It has become clear
that this shift can be crucial for host (and there-
fore parasite) survival. Th2 response develop-
ment is dependent upon IL-4, a cytokine made
by Th2 cells themselves, but also by basophils,
eosinophils and additional cell types (Sabin
et al., 1996; Min et al., 2004; Voehringer et al.,
2004). In mice lacking IL-4, infection proceeds
normally until approximately week 6, but after
this time an acute lethal disease develops in
which the host becomes cachectic and rapidly
succumbs (Brunet et al., 1997; Fallon et al.,
2000). The function of IL-4 in this setting
appears to be to regulate macrophage activa-
tion, promoting the expression of arginase
rather than inducible nitric oxide synthase by
these cells and thereby limiting the production
of NO and the downstream products formed
when this mediator interacts with products of
the respiratory burst (La Flamme et al., 2001a;
Herbert et al., 2004).

In the absence of IL-4, the Th1 response
established during the period of infection
before egg production persists, and continues
to promote classical macrophage activation
and NO production (Brunet et al., 1999; La
Flamme et al., 2001a). This type of immune
response is apparently incompatible with the
ongoing insult to the liver caused by egg dep-
osition, and in combination these factors lead
to severe hepatic damage and death. It is
important to note that severe disease in IL-4
deficient mice and in other animals that can-
not make Th2 responses, is not associated with
an increased parasite burden but rather is the
result of immune-mediated damage (Brunet
et al., 1997).

IL-10, a cytokine made by Th2 cells but
also by macrophages, DCs and regulatory
(CD25+) CD4+ T cells also plays an important
role in host survival during infection. IL-10 is
a potent suppressor of inflammatory responses,
serving to inhibit classical macrophage activa-

tion and to inhibit the production of the Th1-
response promoting cytokine IL-12 by DCs and
macrophages. In the absence of IL-10, infected
mice fare much less well, developing a disease
with some of the hallmarks of that seen in IL-4
deficient mice (Wynn et al., 1998). Not sur-
prisingly perhaps, IL-4/IL-10 double deficient
mice are particularly susceptible to infection
with S. mansoni. These mice develop a highly
polarized and enhanced infection-specific Th1
response, a lethal acute wasting condition and
increased hepatotoxicity, all more severe than
observed in mice deficient in IL-4 alone
(Hoffmann et al., 2000).

IL-10 has been heavily implicated in the
Th1 to Th2 switch that occurs as egg produc-
tion begins, and has been shown by some
though not all studies to play a significant role
in the overall downregulation of T cell respon-
siveness that occurs during later stages of
schistosomiasis (Wynn et al., 1998; Stadecker,
1999; Hoffmann et al., 2002; Sadler et al.,
2003). Strikingly, mice lacking IL-10 develop
schistosome egg antigen-specific Th1 in addi-
tion to Th2 responses during infection (Wynn
et al., 1998; McKee and Pearce, 2004). This is
directly the result of unregulated IL-12 produc-
tion, since mice deficient for IL-12 and IL-10
fail to develop Th1 responses but rather
develop excessively Th2-skewed responses
(Hoffmann et al., 2000). Recent work has
focused on identifying the cellular source of
the IL-10 that is important in this context, and
it seems likely at this juncture that CD25+CD4+
regulatory T cells are playing an important role
in the production of this cytokine (Hesse et al.,
2004; McKee and Pearce, 2004), although
there is additional evidence from these recent
studies for IL-10 being produced by macro-
phages within granulomas themselves (Hesse
et al., 2004).

IL-12 and IFN-γ-deficient mice fail to
show any unusual susceptibility to schistoso-
miasis (La Flamme et al., 2001b; Patton et al.,
2001), findings that suggest that the Th1
response that develops during the prepatent
period of infection serves no essential host-
beneficial function. However, as mentioned
above, IL-12/IL-10−/− mice develop a severe
form of schistosomiasis that is related to the
development of excessively strong and polar-
ized Th2 responses (Hoffmann et al., 2000).
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These animals display marked mortality during
the chronic stages of infection associated with
increased granuloma size and hepatic fibrosis.
These findings illustrate two points: first, IL-10
plays a role in regulating Th2 as well as Th1
responses, and second, Th2 responses during
schistosomiasis have a downside associated
with their ability to promote tissue fibrosis.
Indeed, there is a clear inverse relationship
between Th1 polarization of the egg antigens’
specific response during infection and hepatic
fibrosis. This was first noted in mice that were
immunized with egg antigens plus IL-12 (as a
Th1-response inducing adjuvant) before infec-
tion. Animals immunized in this way devel-
oped significantly less granuloma-associated
fibrosis during subsequent infection (Wynn
et al., 1995). This effect is primarily linked to
the diminution in IL-13 levels that accompa-
nies the suppression of the Th2 response; IL-13
is the major mediator of Th2 cell-driven fibro-
sis in schistosomiasis and there have been
exciting recent advances in the use of soluble
IL-13Rα2 as an antagonist of fibrosis during
infection (Chiaramonte et al., 1999a,b; Fallon
et al., 2000; Wynn, 2003; Wynn et al., 2004).
The finding that immunization to alter Th
response polarization can have significant
effects on the outcome of subsequent infection
without altering susceptibility to infection
per se has raised the interesting possibility of
developing anti-pathology vaccines for schis-
tosomiasis (Wynn, 1999).

The relationship between severe (fibrotic)
schistosomiasis and Th2 responses is also indi-
cated by studies in human populations living
in schistosome-endemic areas. These studies
have shown that protection against hepatic
fibrosis is controlled by a major genetic locus
that is located on 6q23, near the gene encod-
ing the IFN-γ receptor chain, and that muta-
tions that modulate the transcription of the
IFN-γ gene are associated with different sus-
ceptibility to disease (Dessein et al., 1999,
2004). The presence of periportal fibrosis has
been further associated with a poor ability of
cells in whole blood cultures from afflicted
patients to make IFN-γ in response to schisto-
some antigens (Booth et al., 2004). The role
of IFN-γ is considered to be in the counter-
regulation of Th2 responses and the effector
functions of IL-13.

The fact that immunization of mice with
soluble egg antigens plus IL-12 is able to
induce an immunologic state in which, upon
infection, mice exhibit antigen-specific Th1
responses and yet survive the acute phase of
infection and enter the chronic phase with sig-
nificantly diminished hepatic fibrosis contrasts
dramatically with the situation in IL-4−/− or
IL-4/IL-10−/− mice which develop severe lethal
disease associated with Th1-related pro-
inflammatory cytokine production. At present,
the reasons for this difference in outcome is
unclear. Interestingly, mice immunized with
egg antigens plus complete Freund’s adjuvant
(CFA) develop an immune response that is
superficially similar to that measured in mice
immunized with eggs plus IL-12 and yet are
acutely sensitive to subsequent infection,
dying during the acute phase with signs of
severe liver disease (Rutitzky et al., 2001). One
possibility to account for these observed differ-
ences is that IL-12 but not CFA, promotes the
production of sufficiently high levels of IL-10
(Morris et al., 1994; Wynn et al., 1994)
to protect against potentially lethal pro-
inflammatory mechanisms. The complexity of
the relative importance of Th1 versus Th2
responses in disease during infection is further
illustrated by the finding that severe liver dis-
ease without an excessive fibrotic component
has been linked to strong Th1 like responses in
patients with schistosomiasis and concurrent
malaria (Mwatha et al., 1998, 2003). The
immunopathology associated with Th1-polar-
ized responses in schistosomiasis has been
reviewed recently (Hoffmann et al., 2002;
Stadecker et al., 2004).

Potential Players in Th2 Response
Induction during a Schistosome

Infection

There is a tight correlation during infection
between the deposition of parasite eggs and
the development of the Th2 response. This is
due to the inherent ability of schistosome eggs
to induce Th2 responses, a characteristic that
has been demonstrated repeatedly in mice
injected via intravenous, subcutaneous or
intraperitoneal routes with isolated eggs and/or
soluble egg antigens (Pearce and MacDonald,
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2002). Egg antigens are highly immunogenic
in the absence of added adjuvant and there is
reason to believe that this may be due to sig-
nature carbohydrate motifs such as the poly-
lactosamine sugar, lacto-N-fucopentaose III
(LNFPIII), that are represented on multiple
schistosome glycoproteins. Deglycosylated
eggs fail to induce Th2 response and non-
schistosome proteins modified with LNFPII
acquire the ability to induce Th2 responses
(Okano et al., 1999, 2001; Williams et al.,
2001). These studies, therefore, suggest that
sugars present on egg antigens may bind spe-
cific receptors that are crucial for Th2 induc-
tion. Recent work has indicated that the lectin
DC-SIGN, which is expressed on DCs can
bind LNFPIII, and is thus a good candidate for
such a receptor (Van Die et al., 2003). Lipids in
eggs also may play key roles in promoting Th2
polarization. A novel lyso-phosphatidylserine
from schistosome eggs has been shown to pro-
gram DCs to induce CD4+ T cells to acquire a
regulatory phenotype and produce IL-10 (van
der Kleij et al., 2002), which, as discussed
above, plays a significant role in suppressing
IFN-γ production during infection and thereby
allowing polarization of the response in a Th2
direction.

Recent research into Th2 response induc-
tion by eggs has focused on the interactions of
egg antigens with DCs. DCs are generally
found throughout the organs of the body,
where, by virtue of the fact that they express
panels of pattern recognition receptors, they
are able to monitor for the presence of foreign
molecules that possess molecular motifs char-
acteristic of pathogenic/non-self organisms
(bacterial lipopolysaccharide, LPS, is a typical
example of a such a molecular motif) (Mellman
and Steinman, 2001; Akira and Takeda, 2004).
Using differentially expressed chemokine
receptors DCs are able to leave tissue sites and
migrate via the lymphatics to draining LN. DCs
are specialized for processing and presenting
peptide antigens to T cells. Among the cadre of
cell types that express major histocompatibility
class II (MHCII) molecules (macrophages,
B cells and DCs), DCs are most capable of
activating naïve T cells that have not previously
encountered the peptide for which their anti-
gen receptor is specific (Mellman et al., 1998).
This activation step occurs when DCs meet

T cells in the LN. Thus DCs are generally cred-
ited with initiating T cell responses and more-
over of playing a crucial role in dictating the
nature, Th1 or Th2, of the ensuing response.
DCs were first attributed the latter quality
when it was realized that they are potent pro-
ducers of IL-12, the key cytokine responsible
for promoting Th1 response polarization
(Trinchieri, 2003). In the schistosome system, it
has been found that murine DCs pulsed with
soluble egg antigens in vitro are able to induce
antigen-specific Th2 responses when injected
into mice (MacDonald et al., 2001).

It is now well understood that Toll-like
receptors (TLR) play an important role in the
recognition of viral, bacterial, fungal and pro-
tozoal organisms by DCs, and in the ability of
DCs to induce Th1 responses to these
pathogens (Akira and Takeda, 2004). Ligation
of TLRs induces DC activation and maturation,
a multifaceted process involving the regulation
of expression of hundreds of genes, including
those for receptors made by chemokines
secreted by LN, and those for IL-12 and a
number of surface membrane molecules
that are important for DC–T cell interactions.
Interestingly, unlike most microbial pathogens,
helminth antigens including those from schis-
tosomes do not induce the classical form of
DC activation and maturation, and do not
induce the production of IL-12 by DC in cul-
ture (Whelan et al., 2000; MacDonald et al.,
2001). During infection, DCs from the spleen
and mesenteric LN appear to be only mini-
mally activated and the available data indicate
that this is due to immune system intrinsic mat-
uration signals provided by the ligation of
CD40 on DCs (MacDonald et al., 2002a,b;
Straw et al., 2003). Moreover, it appears that
a major role for IL-10 in allowing Th2 polar-
ization during infection is to prevent excessive
DC maturation (McKee and Pearce, 2004).

Current research is focused on character-
izing in detail the effect of helminth antigens
on DCs in an effort to more clearly understand
how these antigens are able to ‘program’ this
important cell type to induce Th2 responses.
It is now clear that Th2 response initiation
does not require MyD88 (Jankovic et al., 2002;
Kaisho et al., 2002), a key component of the
major TLR-initiated signal transduction path-
way (Akira and Takeda, 2004). However, 
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TLR-dependent MyD88-independent sig-
nalling pathways exist (Akira and Takeda,
2004), and it is feasible that these may be
important for the DC response to schistosome
egg antigens (Agrawal et al., 2003; Thomas
et al., 2003; Thomas and Harn, 2004).

A possibility argued by some is that it is
simply the absence of IL-12 production by DCs
that have been exposed to helminth antigens
that allows them to induce Th2 responses
(Jankovic et al., 2001; Barton and Medzhitov,
2002). Recent findings indicate that egg anti-
gens not only fail to induce the production of
IL-12 production by DCs, but also inhibit their
ability to make IL-12 in response to classical
TLR ligands such as LPS (Zaccone et al., 2003;
Cervi et al., 2004). The mechanism of this sup-
pression is unknown but may result from the
ability of egg antigens in concert with LPS and
other TLR-ligands to induce the production of
IL-10, a cytokine that attenuates IL-12 produc-
tion (Kane et al., 2004). However, soluble egg
antigens also inhibit IL-12 production in IL-
10−/− DCs, indicating that there is an IL-10
independent mechanism of IL-12 suppression
(Kane et al., 2004). A candidate for this mech-
anism is the soluble egg antigen-induced
expression of the transcription factor, c-Fos,
which has been linked to suppression of IL-12
production (Agrawal et al., 2003). The impor-
tance of pathways which suppress Th1
response development and may favour the
development of immune responses where T
cells make IL-4 and IL-10, which can have
potent anti-inflammatory effects, is attested
to not only by their crucial role in the sur-
vival of schistosome-infected hosts but also
in the ability of schistosomes and other
helminths and their antigens to ameliorate Th1
response-mediated autoimmune pathologies
(La Flamme et al., 2003; Sewell et al., 2003;
Summers et al., 2003; David et al., 2004); this
is an area of growing interest (Wilson and
Maizels, 2004).

Molecules expressed by DC that may be
instrumental in the induction of Th2 responses
include CD80 and CD86, the ligands for T cell
CD28. For instance, mice deficient in both
CD80 and CD86 fail to develop a Th2
response when infected, and exhibit impaired
granuloma formation (Hernandez et al.,
1999). Much of this defect is apparent in mice

lacking CD86 but not CD80, suggesting a
more important role for CD86 in Th2 develop-
ment during schistosome infection
(Hernandez et al., 1999). Consistent with this,
treatment of infected mice with anti-CD86
antibodies reduces the expression of IL-4, IL-5
and IL-13 (Th2 cytokines) whereas anti-CD80
antibodies have no effect on IL-4 or IL-5
expression (Subramanian et al., 1997). It is as
well to note that CD86 is also expressed by B
lymphocytes, and these cells have also been
implicated in Th2 cell development since
infected JhD mice, which have a total lack of
B cells, fail to develop Th2 responses
(Hernandez et al., 1997). Interestingly, µMT
mice, which also lack B cells but as the result
of a different induced mutation than that in
JhD mice, do develop Th2 responses when
infected with schistosomes, but exhibit more
severe chronic disease than is usual when B
cells are present (Jankovic et al., 1998). Severe
disease in this model is associated with a fail-
ure to modulate granulomatous inflammation,
a process that usually occurs over time in
infected wild-type mice. Thus more work is
needed to clarify the role of B cells in schisto-
somiasis.

Chemotherapy – An Integral Role
for the Immune Response

The only internationally used drug effective for
treating schistosomiasis is praziquantel. This
drug induces a rapid influx into the worms of
surrounding Ca2+, a process that leads to paral-
ysis (Martin, 1997), and changes in the surface
membrane architecture that lead to the expo-
sure of worm antigens that are normally cryp-
tic (Brindley and Sher, 1987). Parasites affected
in this way become susceptible to antibody-
mediated immune attack and are killed as a
result of the synergistic actions of chemother-
apy and the immune response (Doenhoff et al.,
1987; Brindley et al., 1989).

Immunotherapy

As highlighted above, work on the basic
immunology of granuloma formation in schis-
tosomiasis has led to the development of

Immunobiology of Schistosomes 183



experimental anti-pathology vaccines and
potent experimental immunotherapies to pre-
vent fibrosis. The latter, based on the neutral-
ization of IL-13, hold great additional promise
for the treatment of diseases in addition to
schistosomiasis in which fibrosis is a major fac-
tor (Wynn, 2003).

The development of a vaccine that pre-
vents infection with schistosomes has long
been recognized as the ideal way to control
schistosomiasis. Studies of individuals living
in endemic areas have revealed that immunity
to superinfection, and to reinfection following
drug-treatment, can develop over time. This
type of naturally developing immunity in peo-
ple is linked to the production of the Th2-
dependent IgE isotype of antibody against
parasite antigens (Hagan et al., 1991; Dunne
et al., 1992; Rihet et al., 1992), and is under
the control of a major genetic locus located
near the Th2 cytokine locus on chromosome
5q31–q33 (Marquet et al., 1996; Dessein
et al., 2004). Thus there is strong evidence for
a Th2-dependent, naturally acquired immu-
nity in people.

Amongst various experimental vaccines,
defined and complex, that have been studied
(Pearce, 2003), the radiation-attenuated cer-
carial vaccine has been examined in greatest
detail, and has been shown to induce good
(although not sterile) immunity through the
induction of multiple effector mechanisms that
each have more or less significance depending
on the number of repeat booster vaccinations
an individual mouse receives (Wilson et al.,
1999; Wynn and Hoffmann, 2000). The
immune response induced by one exposure to
this type of vaccine is Th1-like, and the resist-
ance to infection is mediated by IFN-γ-depend-
ent mechanisms including the production of
NO by classically activated macrophages; NO
is toxic to larval schistosomes (Oswald et al.,
1994; Wilson et al., 1996; Jankovic et al.,
1999; Street et al., 1999). However, additional
boosting leads to an immune response in which
cytokines typical of Th1 and Th2 cells are pro-
duced and in which anti-schistosome antibody
titres rise and antibodies play an important role
in protection (Mangold and Dean, 1992;
Jankovic et al., 1999). IL-12 and bacterial CpG
motifs (which induce IL-12 production by DCs

and macrophages that express appropriate
TLRs) have been shown to act as adjuvants to
boost the Th1 component of irradiated cer-
cariae-induced immunity (Wynn et al., 1996;
Mountford et al., 1998; Chiaramonte et al.,
2000). It is important to note that vaccinated
IL-10−/− mice develop exaggerated immune
responses with Th1 and Th2 components, and
are almost entirely resistant to challenge infec-
tion (Hoffmann et al., 1999). It appears, there-
fore, that in order for a schistosome vaccine to
be successful, it must generate a broad, non-
polarized, high-magnitude immune response.

Concluding Remarks

Despite our knowledge of the immunity
induced by irradiated cercariae, there is little
interest in developing an attenuated vaccine
for use in people. Moreover, despite the emer-
gence over the last two decades of several
candidate vaccines including glutathione-
S-transferase (p28/GST), paramyosin, (Sm97),
triose phosphate isomerase (TPI), Sm23, IrV-5
and Sm14, there appears to be little of great
promise in terms of a usable defined vaccine
against schistosomiasis (Pearce, 2003), and
despite the importance and feasibility of devel-
oping a vaccine against this important disease
(Todd and Colley, 2002), research towards this
goal has, for a variety of reasons, reached a
nadir (Pearce, 2003). However, with the near
completion of the S. mansoni genome, the
recent publications of the transcriptomes of
S. mansoni (Verjovski-Almeida et al., 2003) and
S. japonicum (Hu et al., 2003), and the emer-
gence of techniques for experimentally manip-
ulating gene expression in schistosomes (Boyle
et al., 2003; Skelly et al., 2003; Correnti and
Pearce, 2004), there is now great potential for
understanding the biology of these important
parasites in a way that, heretofore, has been
impossible. Thus it seems feasible that the
near future will see the identification of schis-
tosome genes that are essential for successful
parasitism and which encode proteins that
are susceptible to immunologic targeting.
Hopefully then, vaccine-centred research on
schistosomiasis will soon experience a resur-
gence of interest.
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Introduction

At the outset of any consideration of the host
immune response to cestode infection, the first
question is ‘why should we be interested in the
immune response to cestodes?’ The view could
be advanced that the availability of effective
anthelminthics and appropriate food prepara-
tion methods has reduced the impact of ces-
tode infection on humans to almost an historical
oddity. Not so. Tapeworm infection of humans

and their domestic stock is an age-old problem
that continues to exert a significant socio-
economic impact by reducing livestock pro-
ductivity and human well-being. Indeed,
tapeworm infection may be a re-emerging
threat to human health, particularly in non-
Western societies where meat (i.e. tainted
meat) is becoming a more frequent addition to
traditional agrarian diets. For instance, neuro-
cysticercosis, a consequence of Taenia solium
infection, is increasingly diagnosed in northern



Indian populations and Echinococcus hydatid
disease is not uncommon in central and north-
ern Africa (Rajshekhar et al., 2003). Moreover,
the expansion of international travel would
suggest that cestode infections will increase in
Western Europe and North America. So rather
than trivializing the impact of cestode infec-
tions, a cogent argument can be made for the
need for greater awareness of these infections
and the development of a comprehensive
knowledge of cestode–host interactions, which
in the authors’ opinion, regrettably lags behind
the appreciation of parasitic nematode or
trematode (particularly Schistosome spp.)
interactions with human hosts.

A complete review of cestode taxonomy
and the immunological crosstalk between
cestodes and their vertebrate, never mind
their invertebrate, hosts is beyond the scope of
this commentary. Thus, we will consider nei-
ther the tetraphyllidea or trypanorhyncha
tapeworms nor the interaction of pseudo-
phyllidean worms with their piscine or avian
hosts, but rather restrict our review to
that of some cyclophyllideans (Taeniids and
Hymenolepidids) with their mammalian hosts.
The eloquently stated ‘Red Queen Hypothesis’

(Castrodeza, 1979) draws one’s attention to the
evolutionary game of ‘leapfrog’ that parasites
play with their hosts. Thus, evaluation of the
host response to cestode infection must be bal-
anced by a consideration of how the success-
ful tapeworm evades or subverts either
immunological recognition by the host or host
events aimed at destroying /eradicating the
offending invader.

Cestode Parasites

The cestodes are a large and diverse group of
platyhelminths that share two common features:
as adults, they have an elongate body and they
lack an alimentary canal. Consequently, they
must reside in an elongate, nutrient-rich envi-
ronment. Thus, adult tapeworms are almost
invariably found in the definitive hosts’ intes-
tine where they absorb nutrients directly
across their tegument. The cestode life cycle,
with the notable exception of Hymenolepis
nana (Fig. 9.1), is indirect and involves at
least one intermediate host. Unlike adult tape-
worms, the juvenile forms are morphologi-
cally quite diverse and can be found in almost
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any organ of their invertebrate or vertebrate
hosts (Smyth, 1994): clearly, this presents a
number of different immunological challenges.
Confining our comments to the Cyclophyllidea,
these organisms are characterized by a scolex
bearing four suckers (or acetabula) that is
typically armed with an array of hooks (an
exception being Hymenolepis diminuta).
Intermediate hosts can be invertebrate (mostly
arthropod) or warm-blooded (typically mam-
mals) and the definite host mammalian or
avian. The three most common juvenile forms
that develop from the hatched oncoshpere are
shown in Fig. 9.1, with the less common juve-
nile stobilocercus form (e.g. Taenia taeniae-
formis) being omitted from the figure.
A number of hymenolepidid species (H. dimin-
uta, H. nana, Hymenolepis microstoma) are
common laboratory models for assessing tape-
worm infection, whereas the taeniids (Taenia
spp., Echinococcus spp.) are the most relevant
from a medical and veterinary perspective.
With hymenolepidid infections, the ingested
larvae pass through the stomach, excyst and
attach to, and develop in, the small intestine.
Thus, being a lumen-dwelling parasite in
the definite host, it is effectively outside of the
body (i.e. separated from the mucosa by
the enteric epithelial barrier) and so presents a
series of immunological challenges in terms of
detection. The same is true for adult taeniids in
their definitive hosts. In addition, larval forms
of taeniids can encyst in the muscle of the
intermediate host (e.g. the cysticercus of
T. solium) or, in the case of hydatid disease,
the oncosphere can penetrate the intestinal
mucosa and via the draining circulation be
deposited in the liver or other viscera where it
develops into the hydatid cyst. These modifica-
tions to the life cycle represent different
antigenic presentations and hence different
challenges to the immune system, i.e. how
does the mammalian host respond to a tissue
dwelling juvenile form of a tapeworm com-
pared to the lumen-dwelling adult form?

Immunology – The Basics

The mammalian immune system is divided into
innate and adaptive immune responses. Innate
or non-learned events aim to block the entry of

potentially noxious antigen and invading
pathogens and mobilize a very rapid response
if/when the barrier elements are breached. For
example, acid production in the stomach,
mucus production by the gastrointestinal tract,
sloughing of the dead keratinized layers of the
skin and the continuous, rapidly renewing
epithelial lining of mucosal surfaces are all
barrier components of the innate immune sys-
tem. Cellular elements of the innate immune
system, such as dendritic cells, macrophages
and neutrophils, have evolved to recognize and
respond to conserved structures of bacterial
and other pathogens, such as lipopolysaccha-
ride, flagellin and CpG-rich DNA – i.e. pathogen-
associated molecular patterns (PAMPs). These
molecules bind to pattern recognition recep-
tors (PRRs), such as the Toll-like receptors (TLRs),
and evoke generalized immune responses
characterized by increased phagocytosis and
the production of destructive reactive oxygen
and nitrogen metabolites, pro-inflammatory
cytokines (e.g. tumour necrosis factor alpha
(TNFα)) and chemotactic molecules that will
recruit additional immune cells to the site of
injury or infection. Moreover, the response to
PAMPs up-regulates dendritic cell and macro-
phage expression of cytokines/chemokines,
adhesion molecules, B7 (an important second
signal for naïve T cells) and their antigen-
presenting function. So while the cellular com-
ponents of the innate immune system provide
a rapid deployment defence they are also crit-
ical in driving and optimizing subsequent adap-
tive immune responses and the generation of
antigen-specific immunological memory.

The adaptive arm of the immune response
relies on the ability of T and B cells to identify
specific antigen via the T cell receptor (TcR) and
B cell receptor (or immunoglobulin (Ig)). The
T cells only recognize peptide that is processed
and presented by antigen presenting cells
(APCs) (e.g. dendritic cells) in the context of
major histocompatibility class (MHC) I or II
antigens. Protein antigen derived from the
cytosol or intracellular pathogens is presented
in MHC I to CD8+ cytotoxic T cells, whereas
extracellular antigen taken in by phagocytosis
(e.g. that from helminths) will be presented in
MHC II to CD4+ T helper (Th) cells. Cytotoxic
CD8+ cells kill infected or abnormal cells by
inducing apoptosis via perforin–granzyme

Cestode Infection 195



release, Fas–Fas ligand interaction or the
release of cytotoxic cytokines (e.g. TNFα, lym-
photoxin). The primary role of CD4+ T cells is
orchestration of immune events and the regu-
lation of humoral immunity. The Th cells have
been subdivided into types 1 (Th1) and 2 (Th2)
and a variety of regulatory types (i.e. Th3,
Thregulatory, CD4+CD25+) (Mittrucker and
Kaufmann, 2004). Upon stimulation Th1 cells
release interferon-γ (IFNγ), TNFα and inter-
leukin (IL)-2 and will activate phagocytes to
enhance cell-mediated immunity. In contrast,
IL-4, IL-5, IL-6, IL-10 and IL-13 from Th2 cells
are the keys in humoral immune reactions,
directing B cell activity and influencing anti-
body (AB) production and isotype switching
from low-affinity IgM to high-affinity IgA, IgE
and IgG. Following T cell–B cell interactions,
B cells give rise to terminally differentiated
plasma cells that produce large amounts of
high-affinity Ig that enters the circulation (or
gut lumen) and will neutralize antigen, opsonize

metazoan pathogens for subsequent attack by
macrophages and granulocytes or allow for
complement fixation and lysis of the parasite.
Importantly, IFNγ can inhibit Th2 events
and IL-4 and IL-10 diminish Th1 responses,
and so polarization towards either Th1- or Th2-
dominated events has the capacity to block the
reciprocal Th cell reactions (Fig. 9.2). Thus, the
source of the antigen and the nature of the T
cell reaction are critical determinants in mobi-
lizing appropriate immune responses: when
challenged by a tapeworm a pure CD8+ T cell
event will not effectively combat the worm
infection.

While the tradition in biomedical science
has been to pigeon-hole cells or events into dis-
crete systems, nowhere is the folly of this sim-
plistic approach better illustrated than in the
immune system where the vanguard must be
connectedness. For example, dendritic cells are
key players in innate and adaptive immune
responses, humoral immunity involves both
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soluble (i.e. AB, complement) and cellular (e.g.
mast cells, eosinophils) elements, CD8+ cells
are a source of cytokines as are regulatory B
cells, and both CD8+ and CD4+ T cells respond
to viral infection. Thus, the efficient immune
response that results in pathogen recognition
and eradication in the face of minimal immuno-
pathology is dependent on the interaction and
coordination of innate and adaptive immune
responses. It is also important to appreciate
that immune events must be placed in an
immunophysiological context where non-
classical immune cells such as epithelial cells,
stromal cells (i.e. fibroblasts) and nerves have all
been shown to have the potential to modulate
immune responses (Perdue and McKay, 1994).

The Intestine and Immune
Responses

The intestinal lumen is an ideal location for
a parasite, affording protection from the exter-
nal elements and providing a nutrient-rich
milieu. Moreover, the lumen is distinct from
the body proper and thus with the exception of
any abrasive contact points (i.e. hooked scoli-
cies) the cestodes are effectively separated
from many of the active immune components
by the continuous epithelial cell layer lining
the gastrointestinal tract. Indeed, it is impera-
tive that the host maintains the integrity of this
epithelial barrier and thus minimizes the entry
of antigens and microbes into the mucosa.
By selecting the mammalian intestinal lumen
as its residence of choice the adult tapeworm
avoids contact with the majority of the cellu-
lar components of the immune system.
Nonetheless, it is equally clear that in non-
permissive systems the worms are immuno-
logically eradicated from the host.

The intestinal immune response, or
more appropriately the immunophysiological
response, to tapeworms can be considered in
two categories: (i) creation of an inhospitable
environment and (ii) active humoral events
aimed at destruction of the tegument, destro-
bilization and scolex detachment. We provide
a brief overview of the response to cestodes,
with pertinent species-specific and life-cycle
stage-specific events given in the following
section.

Create an inhospitable environment

The protective outer layers of the infective lar-
val stages should ensure safe passage through
the gastric acid. Once lodged in the small intes-
tine a series of host responses are geared to dis-
lodge and expel the worm: a washer/sweeper
event, increased mucus production and a
mast-cell response that is the major effector
mechanism for the ‘leak hypothesis’. Damage
to the tegument by gastric acid remains a
threat but some hymenolepidids by a circadian
migratory pattern move into the duodenum
and proximal jejunum shortly after the host
commences feeding where the concentrations
of acid are highest but potentially destructive
intestinal digestive enzymes are inhibited.
Increased peristalsis creates a propulsive force
to move the worm burden caudally, while
increased luminally directed electrogenic Cl−

and Na+ transport provides the driving force for
water movement into the lumen to aid flushing
of intestinal contents – the washer/sweeper
phenomenon (Wood, 1991). Tapeworm infec-
tion is accompanied by goblet cell hyperplasia
and the increased mucus production would
coat the tegument interfering with worm nutri-
ent absorption, entrap the worms and along
with a lubricant function facilitate the caudal
movement of dislodged worms.

Mast cell and eosinophil hyperplasia are
hallmarks of enteric helminth infection, partic-
ularly with nematodes but also cestodes.
However, the mast cells and eosinophils may
not be activated to secrete their anti-helminth
products. When activated, mast cells release a
plethora of preformed (e.g. histamine), rapidly
synthesized (e.g. prostaglandins (PGs)) and
more slowly synthesized (e.g. ILs) mediators.
Similarly activated eosinophils release many
products including major basic protein and
peroxidase. These molecules acting individu-
ally or synergistically exert numerous effects
including: (i) increasing epithelial electrolyte
transport; (ii) increasing endothelial and
epithelial permeability to enhance white blood
cell extravazation from the vasculature and
movement into the surrounding tissue and ease
the movement of anti-worm antibodies into the
gut lumen; and (iii) increasing inflammatory
cell recruitment and modulation of the activity
of the resident and recruited immune cells.
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Effects of the same spectrum of mediators on
nerve and muscle function highlight immuno-
physiological reactions as a coordinated series
of host events in response to infection
(Fig. 9.3).

Mast cells can be activated by a variety of
stimuli, such as neuropeptides and anaphylo-
toxin. In the context of helminth infection,
mast-cell activation is accomplished by anti-
gen cross-linkage of IgE bound to the high-
affinity FcεI receptor. However, antigen-specific
IgE production takes 8–10 days after initial
antigen exposure and is dependent on T cell–B
cell interaction – an adaptive immune
response.

Mobilize an active immune response

As extracellular metazoan parasites, cestode
attack and expulsion depend on a humoral
immune response that will be driven princi-
pally by Th2-type cytokines. Following antigen
processing and presentation and the interac-
tion of CD4+ T cells with B cells, plasma cells

develop that produce large amounts of high-
affinity AB: IgG (and subtypes thereof), IgE and
in the gut, IgA. The anti-worm AB works in
three main ways. First, AB can absorb and
neutralize any free antigen; a principal mode
of action for the dimeric secretory IgA that
enters the gut lumen. Second, by binding to
the surface of the cestode (i.e. opsinization)
AB (mainly IgG, but also IgE and IgA) allows
for attachment of eosinophils and macro-
phages via receptors for the AB Fc region
and subsequent release of lysozymes and
other cytotoxic mediators that damage the sur-
face of the parasite – i.e. AB-dependent cell-
mediated cytotoxicity (ADCC). Third, AB
coating the surface of the tapeworm can fix
the initial components of complement result-
ing in activation of the complement cascade
that punches holes in the tegument. In addi-
tion, activated complement is chemotactic for
inflammatory cells and can also activate mast
cells, which in turn, and along with IgE acti-
vation, contribute to the inflammatory processes
and an immunophysiological response to the
worm (Fig. 9.4).
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Specifics of the Host Response to
Cestode Infection

Parenteral infections of cestodes

Oncospheres of many cestode species pene-
trate and develop into metacestodes within
cysts (cysticerci, hydatid, multilocular) in the
soft tissues of their rodent, ruminant or human
hosts. Thus, species such as Echinococcus
granulosus, E. multilocularis, Taenia multiceps,
T. ovis, T. saginata and T. solium are of eco-
nomic and medical importance. Such soft tis-
sue invasion elicits a host immune response to
resist the helminths. However, although some
cysts may be destroyed as evidenced by invo-
lution or calcification, the host response is
often ‘too little – too late’ to eliminate the
invaders. The susceptibility of the host to inva-
sion is often due to successful evasive strategies

mounted by the tapeworm (see section on
‘Evasion and Subversion of Host Response’).

Host response to the oncosphere

Oncospheres, released from eggs after passage
into the small intestine, become active and
penetrate the mucosa to gain access to blood
vessels and are swept away to the liver, skele-
tal muscles, brain or other tissues. However,
oncospheres may pass completely through the
intestinal wall into the abdominal cavity.
Within a few days the oncosphere begins its
transformation with the tegument microvilli
being replaced by microtriches. During oncos-
phere migration and transformation, proteins
associated with the surface, the excretory and
the penetration gland ducts and the hooks
stimulate an immune response that can result
in protective AB against subsequent invasion
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(Benitez et al., 1996). However, by the time the
AB titre rises sufficiently in the host, the oncos-
pheres in the first wave of invasion have under-
gone transformation to evade this immune
response (Rickard and Williams, 1982).
Antibodies, primarily of the IgG2α isotype,
binding to the surface of the oncosphere acti-
vate complement, leading to lysis of the oncos-
pheral membranes. In contrast, AB raised against
T. taeniaeformis metacestode antigens appears
to offer little or no protection against subse-
quent oncosphere infections (Bogh et al.,
1990). Although there has been a suggestion of
an intestinal barrier in challenged T. taeniae-
formis infected mice, Heath and Pavloff (1975)
found that oncospheres in passively immu-
nized mice were able to penetrate the gut
mucosa and travel to the liver where they were
subsequently killed. Additionally, resistance to
T. taeniaeformis in naïve rats was provided by
the adoptive transfer of spleen cells from rats
infected with eggs (Asano et al., 1994) where
the data suggested that the most vulnerable
stages were the oncospheres and the post-
oncospheral stages in the liver.

Although sheep are not well protected
against T. ovis oncospheral invasion by passive
transfer of AB in colostrum, mice were pro-
tected against T. taeniaeformis by the oral
administration of colostral IgA and IgG (Lloyd
and Soulsby, 1978) or serum IgG (Musoke and
Williams, 1975) from infected animals.

In murine E. granulosus oncospheral
infections, the primary AB response associated
with protection against a re-infection was IgG1
(Zhang et al., 2003). Elevated IgG1 is associ-
ated with Th2 reactions, yet most tissue inva-
sive cestodes seem to produce an initial Th1 or
mixed Th1/Th2 response (Cortes et al., 2003;
Vuitton, 2003).

Immunization with the monoclonal AB
reactive against the 18 kDa major surface pro-
tein in the oncosphere of T. saginata, HP6,
confers protection in cattle (Harrison and
Parkhouse, 1986). The HP6-encoding gene of
T. saginata has been cloned and transfected
into normal rat kidney cells. Localization stud-
ies revealed HP6 in the endoplasmic reticu-
lum, the Golgi apparatus and at the cell
surface (Bonay et al., 2002). The deduced
amino acid sequence of HP6 was similar to the
mammalian extracellular matrix protein,

fibronectin type III. Moreover, the transfected
cells are bound to each other and this was
blocked by HP6 monoclonal AB (Bonay et al.,
2002), suggesting that elaboration of HP6 by
the oncosphere could interfere with the bind-
ing of immunocompetent cells by binding
other host cells, and thereby contribute to eva-
sion of the immune response.

Resistance to parenteral metacestodes

After oncosphere transformation to a metaces-
tode, the parasite evades any initial antigen-
specific host immunity. However, the host
does mount an immune response to the grow-
ing metacestode (which may be undergoing
asexual multiplication), as evidenced by the
presence of anti-worm AB that specifically
binds metacestode antigens, although comple-
ment is not activated. There is also a complex
sequalae of cellular events that include elabo-
ration of cytokines, chemokines and granu-
loma formation. Moreover, the former practise
of providing liver transplants to humans
infected with E. multilocularis showed how
well the parasite is controlled by the immune
response; patients experienced rapid growth of
cysts in areas such as the brain due to immuno-
suppression required for survival of the trans-
plant (Vuitton, 2003).

One parenteral cestode that is widely
accepted as a model for cysticercosis caused
by T. solium in humans is Taenia crassiceps,
which is found as an adult in foxes and has a
rodent intermediate host. Larval T. crassiceps
reproduce by budding in the peritoneal cavity
of mice and can be serially transferred from
mouse to mouse. The immune response,
which controls larval growth, relies on T cell-
mediated immune mechanisms (Lopez-
Briones et al., 2001) and treatments resulting
in increased delayed type hypersensitivity led
to greater resistance, while AB production was
unaffected (Bojalil et al., 1993).

The initial response to T. crassiceps infec-
tion has been studied in BALB/c mice (Toenjes
and Kuhn, 2003) where by day 5 post-infection
(p.i.) soluble larval antigen preparations (SLAP)
induce a cytokine response. Ex vivo challenge
of spleen and mesenteric lymph node cells
(which do not drain the peritoneal cavity) and
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peritoneal exudate cells with SLAP resulted in
increased IL-4 and IL-10 production, and also
IFNγ release, indicating a mixed Th1/ Th2
response. However, while IL-10 production
was sustained at day 7 p.i., this was not the
case for IL-4 and IFNγ. SLAP-stimulated spleno-
cyte proliferation was observed at days 5 and
7 p.i. but this response waned in older infections
and was eventually replaced by suppression of
mitogen-induced T cell proliferation (Spolski
et al., 2002a). Generally, in early infections
where budding of cysticerci is occurring a
mixed Th1/Th2 response dominates (Toenjes
and Kuhn, 2003). In older infections, where
many of the cysticerci are encased in granulo-
mas and are dying/dead, there is polarization
towards a Th2 environment that nonetheless is
not effective in controlling parasite growth.
Similarly, the increased IFNγ accompanying
infections of E. granulosus appears to limit par-
asite growth (Dematteis et al., 2003) and
enhanced Th2 responses correlate with pro-
gression of E. multilocularis lesions (Vuitton,
2003). Brain granulomas in T. solium infections
are also associated with a mixed Th1/Th2 pro-
file (Restrepo et al., 2001).

One difficulty in interpreting responses in
older infections is that many stages of cysticerci
are found, from relatively young to those that
are dead and are being reabsorbed. Further,
the cellular response may be influenced by the
stage of each cyst, which is reflected in the
make-up of the cells in the granuloma around
the cyst. Assessment of cytokine-producing
cells in different cyst stages (1–4) of T. crassi-
ceps revealed an increase in IL-2 positive cells
in stage 2 cysts, diminution in stage 3 and
enhancement in stage 4 (Robinson et al., 1997).
The IFNγ-positive cells increased from stage 1
to 3 but decreased in stage 4 cysts, while IL-10
producing cells were elevated in cyst stages
2–4. The IL-4-positive cells were markedly
increased in stage 4 cysts. These data are con-
sistent with an initial Th1/Th2 response fol-
lowed by a skewing towards Th2 dominance in
involuting cysts. The changes in T. crassiceps
infections reflect those seen in human neuro-
cysticercosis. Additionally, as an infection of
T. crassiceps ages in the peritoneal cavity,
unusual parasite-derived mononucleated and
multinucleated cells appear. These ‘cells’ rap-
idly increase in the first 5 weeks p.i. and then

diminish, and probably contribute to the Th2
polarization (Padilla et al., 2001).

The role of the Th1/Th2 response is becom-
ing clearer. Infections of T. crassiceps in signal
transducer and activator of transcription (STAT)-
6 knockout (KO) or CD40 KO mice result in a
highly effective resistance to growth of cysts
compared to controls (Rodriguez-Sosa et al.,
2003a). Immune events that paralleled the inhi-
bition of cyst growth in the KO mice included:
(i) enhanced IL-12 and nitric oxide activity in
LPS-stimulated macrophages; (ii) reduced IgE
and IgG1; and (iii) diminution of IL-5 and IL-13
production by antigen-stimulated splenocytes.
Moreover, anti-CD3 activation of splenocytes
from CD40 KO resulted in less IL-4, IL-5 and
IL-13, but greater IFNγ production compared to
control (Rodriguez-Sosa et al., 2003a): evidence
supporting resistance as a consequence of a Th1
response.

The cellular response was investigated to
determine the involvement of lymphocytes and
cytokines regulating the site-specific response
to T. crassiceps in BALB/c mice. The percent-
age of γ/δ+ TcR and CD8+ T cells increased and
remained high for the first 40 days p.i., while
CD4+ T cells and B220+/CD5− B cells were
increased by 10 days p.i. and declined there-
after. In contrast B220+/CD5+ B cells decreased
threefold between 10 and 50 days p.i. (Toenjes
et al., 1999a). However, γ/δ+ TcR T cell KO
mice are no more susceptible to T. crassiceps
than normal mice, and the best correlation to
susceptibility was linked to IL-10 levels
(Toenjes et al., 1999b). Further CD8 KO mice
had no increased parasite load compared to
controls (Lopez-Briones et al., 2001), although
CD8+ T cells form the predominant cell type in
the pericystic adventitia of larger mature cysts
of E. granulosus (Sakamoto and Cabrera,
2003). However, CD4, TcRα, β or γ chain
and RAG1-deficient mice developed more
cysticerci of T. crassiceps and had a higher
mortality rate (Lopez-Briones et al., 2001).
Noteworthy was the observation of undimin-
ished IFNγ release from antigen-stimulated
spleen cells from CD4 KO animals that were
highly susceptible to T. crassiceps infection.
Given that specific proliferative spleen
responses, Th2 cytokine production or AB res-
ponses were not observed in the highly sus-
ceptible strains (CD4, TcRα, TcRβ, or RAG1
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KO), the data imply a pivotal role for
CD4+TcRα/β+ T cells in resistance to T. crassi-
ceps infection. There is also an increase in
eosinophil number throughout parenteral
T. crassiceps and T. solium infections (Londono
et al., 2002; Cortes et al., 2003), but neither
eosinophil numbers nor IgE levels correlate
with susceptibility (Rodriguez-Sosa et al.,
2003a).

The PGE2 is produced by T. taeniaeformis
infection, although whether or not it is of par-
asite origin is not clear. Its role has been inves-
tigated in mice infected with T. crassiceps
infections of long duration (2–4 months)
(Terrazas et al., 1999) where cyclooxygenase
inhibition (and hence PG synthesis) by
indomethacin resulted in fewer parasites,
while PGE2 treatment resulted in an increased
cyst yield. Indomethacin also enhanced
splenocyte-stimulated release of IL-2 and IFNγ,
and down-regulated IL-4, IL-6 and IL-10 syn-
thesis. It is feasible that PGE2, IL-4 and IL-10
from peritoneal macrophages regulate the pro-
duction of IL-2 and IFNγ by T cells as well as
IL-12 and TNFα from activated macrophages.

Understanding the role of antigen-pre-
senting peritoneal exudate cells (predomi-
nantly macrophages) in cestode infections has
developed rapidly. Macrophages generating
high levels of nitric oxide are associated with
resistance to T. crassiceps. Macrophages from
acute infections produce high levels of IL-12,
nitric oxide, low amounts of IL-6 and PGE2,
and promote a vigorous T cell response to non-
worm antigen. In contrast, macrophages from
chronic infections (8–12 weeks p.i.) display
opposite qualities and influence CD4+ T cells
to produce IL-4 (Rodriguez-Sosa et al., 2002).
This switch in macrophage phenotype occurs
around the time that parasite numbers increase
(~4 weeks p.i.). The alternatively activated
macrophages from chronic infections express
high levels of the low-affinity IgE receptor
(FcεII or CD23) and the chemokine CCR5
(CD195 binds, among others, macrophage
inflammatory protein (MIP)-1α and MIP-1β)
receptor, which is not true of macrophages
from acute infections or infected STAT-6 KO
mice where the numbers of parasites are effec-
tively controlled. Also, macrophage migration
inhibitory factor (MIF) seems to play a role in
T. crassiceps resistance because MIF KO mice

harbour greater parasite loads than control
mice (Rodriguez Sosa et al., 2003b). Neither
IgG1 titres nor IL-4 levels were significantly dif-
ferent between MIF KO and normal mice,
although IL-13 levels increased in the KO
mice. Levels of nitric oxide were very low in
MIF KO mice, correlating with reduced
macrophage infiltration. Collectively these
data support the hypothesis that murine sus-
ceptibility to T. crassiceps is due to diminished
macrophage activity rather than a reduced
Th1/IFNγ activity.

Lumenal Infections: The Immune
Response to Hymenolepidid

Cestodes

There is surprisingly little information on the
immune response to gut–lumen-dwelling adult
stages of taenids and echinococcid cestodes
(Moreno et al., 2004). Knowledge of the
immune response to hymenolepidids has been
mostly obtained from H. diminuta or H. nana
infection of rodents. The former model is par-
ticularly useful because H. diminuta is not
auto-infective and responses can be compared
in the non-permissive murine and permissive
rat hosts.

Primary infections of H. diminuta develop
normally in the mouse until ~5–6 days p.i.,
when progressively more severe tegumental
and parenchymal damage is observed until
~9–12 days p.i. when the worms are expelled.
There is already massive damage to the tegu-
ment 1 day after a secondary infection
(McCaigue and Halton, 1987). The rapidity of
this response indicates immunological mem-
ory: a hallmark of adaptive immunity. Indeed
participation of elements of the adaptive
immune system in murine spontaneous eradi-
cation of H. diminuta is supported by the fact
that the worms will develop to maturity in
mice immunosuppressed by daily hydrocorti-
sone treatments (McKay et al., 1990b) or in
STAT-6 KO mice (McKay and Khan, 2003), a key
signalling molecule in IL-4 and IL-13 driven
events. The latter observation is consistent with
in vitro analysis of mesenteric lymph node cells
from H. diminuta-infected mice that revealed
enhanced IL-3, IL-4 and IL-5 production
and significantly less IFNγ upon mitogenic
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stimulation (Palmas et al., 1997). Similarly iso-
lated lamina propria lymphocytes proliferate
when challenged with worm antigen, indicat-
ing the presence of effector or memory cells
in the previously infected mice. The data are
not extensive but are compatible with Th2-
dominated events underlying worm expul-
sion. Likewise the literature suggests that the
actual effector mechanisms are likely: (i) AB-
and complement-mediated damage of the
tegument (Andreassen et al., 1990); (ii) tar-
geted attack of the worm by eosinophils and
macrophages and release of their granule-
stored mediators/synthesis of reactive oxygen
species (ROS); and (iii) mast cell activation
and goblet cell hyperplasia that accompanies
both primary and secondary infections
(McKay et al., 1990b). Thus, the response to
H. diminuta fits the generalized pattern of
immune events following infection with a
lumen-dwelling helminth.

Additionally, we demonstrated increased
substance P and reduced vasoactive intestinal
polypeptide levels, and increased numbers of
serotonin-positive enteroendocrine cells that
correlated exactly with H. diminuta expulsion
following primary and secondary infections
(McKay et al., 1990a, 1991): whether these neu-
rohormonal changes are a cause or an effect of
worm rejection remains to be clarified. Indeed,
the role of the enteric nervous system needs to
be incorporated into the consideration of the
enteric response to cestode infection (McKay
and Fairweather, 1997).

H. nana infection has the complication
that ingested gravid eggs are infective and so
the worm presents an additional threat to the
host. In general the murine response to H. nana
parallels that of H. diminuta – there is a Th2
cytokine response and evidence of participa-
tion by mast cells and eosinophils, such that
mice that lack either cell type display signi-
ficantly slower rates of worm loss, yet impor-
tantly the rejection response is not absent
(Watanabe et al., 1994). Two additional points
are noteworthy. First, gut tissues from H. nana-
infected mice have increased ROS levels and
the eosinophils produce more ROS upon in
vitro stimulation (Niwa and Miyazato, 1996).
Second, the cytokine response to egg ingestion
is characterized by increased IFNγ (Asano and
Muramatsu, 1997), which would be expected

to mobilize macrophages to engulf and
destroy the eggs. The authors speculated that
the tissue phase (i.e. eggs) of H. nana infection
is combated by Th1 events, while the luminal
phase (strobilated worm) evoked Th2 cytokine
production.

Thus, for the Hymenolepidids the data
can be interpreted to fit the Th2 paradigm with
the involvement of the predicted immune/
physiological effector mechanisms: AB, com-
plement, mast cells, eosinophils and goblet
cells.

Finally, a similar spectrum of immune
events has been examined in H. diminuta-
infected rats and the situation is not unlike that
in mice. Infected rats, at least initially, can
develop mast cell, eosinophil, goblet cell and
IgG responses along with irregular peristalsis
(McKay et al., 1990b, 1991; Dwinell et al.,
1997). Despite these changes the worm per-
sists and the host, in terms of behaviour and
weight gain, seems oblivious of its companion.
However, there is a lack of consistency in tis-
sue mRNA cytokine levels that accompany
infection with 5, 10 or 50 cysticercoids (per-
sonal observation). One is left with the unsat-
isfactory realization that the reason H. diminuta
persists in the rat lies in the vagaries of a qual-
itatively or quantitatively different immune
response to the worm, and/or an ability of the
worm to block or overcome the immune
response.

Cestode Infections and the
Immune Response – Where

Do We Go from Here?

In comparing the response of the host to a par-
enteral or luminal infection, one is struck by
the effect of STAT-6 manipulation. STAT-6 KO
mice are Th2 cell-deficient, producing prima-
rily a Th1 response, lack trefoil factor-2 (TFF2),
a peptide involved in epithelial restitution and
mucosal secretion in the gastrointestinal tract
(Nikolaidis et al., 2003) and exhibit a reduced
goblet cell response to H. diminuta infection
(McKay and Khan, 2003). Thus, resistance to
lumen-dwelling helminths aligns with Th2
responses and resistance to parenteral infections
is more likely dependent on Th1 responses.
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However, STAT-4 KO mice, which produce pri-
marily a Th2 response (because they have
reduced IL-12 signalling), have not been used
in studies on cestode establishment and
growth. In addition, the use of either STAT-4 or
STAT-6 KO mice with adoptive transfer of spe-
cific cell types producing particular cytokines
will aid delineation of the host immune
response.

The use of spleen cells in analysing the
status of a parenteral cestode infection has not
produced consistent results, suggesting that
greater commonality might be observed if
local rather than systemic responses are exam-
ined (e.g. the spleen does not directly drain
the peritoneal cavity). Moreover, because
many cells of cestode origin are located in the
peritoneal cavity care needs to be taken when
isolating these cells to prevent contamination
with cestode tissue. However, ex vivo studies
on parenteral cestodes may allow more pre-
cise manipulation of host cell types and
cytokines to establish their role in retarding, or
enhancing, different stages of cyst growth. In
addition, there are many opportunities to
examine some of the features underlying the
ability of the cestode to evade the host
immune response, including mechanisms by
which T. crassiceps alters the endocrine milieu
of the host to favour cyst growth (Morales-
Montor et al., 2002).

Evasion and Subversion 
of the Host Response

Even a cursory review of the pertinent litera-
ture leaves the reader in little doubt that ces-
todes can subvert host immune responses by
mechanisms that vary from membrane fluidity
(i.e. membrane turnover) (Taylor et al., 1997)
to active immunomodulation that favours devel-
opment of immunosuppressive/immunoregula-
tory cells (Dai and Gottstein, 1999) and/or an
immune-suppressed environment. In this
respect the cestode is no different than other
helminth parasites. However, the data are frag-
mented, often quite vague and confused by the
specificity of the host–parasite interaction.
Therefore we have opted to provide the reader
with tabulated data on some of the main find-
ings illustrating cestode manipulation of their

mammalian host immune systems (Table 9.1).
Awareness of how tapeworms modulate the
immune system is more than an academic
pursuit, because it has the potential to lead to
the isolation and characterization of novel
molecules that could be the basis of new med-
icines.

The Beneficial Tapeworm

The immune system has evolved to combat the
threat of infectious organisms, mostly micro-
bial but also metazoans. The hygiene hypothe-
sis has recently been postulated to explain the
rise in allergic/atopic and autoimmune type
disorders in the latter half of the 20th century
in Westernized societies (Yazdanbakhsh et al.,
2002). Essentially, it is reasoned that the reduced
threat from microbial pathogens (due to
improved sanitation and hygiene, and proba-
bly widespread antibiotic use and vaccinations
also) increases the chance of T cells develop-
ing that are auto-reactive or responsive to aller-
gens. Thus, in a paradoxical manner low-grade
pathogens may in fact offer some benefit to the
host by protecting against autoimmune dis-
ease. Extrapolating from this, an appreciation
of how helminths impact host immunity
would, theoretically, allow use of helminths to
combat other diseases; the caveat being that
the consequences of the helminth infection
should not be more deleterious than the dis-
ease to be treated.

A number of investigators are pursuing
this strategy of immune distraction as a poten-
tial therapeutic modality. Conceptually,
because helminth infections typically result in
a host Th2 response, they could prevent or
reduce the severity of disorders that are char-
acterized by Th1 cytokines (noting that a
helminth-driven Th2 response is clear in mice
but the evidence is less convincing in humans).
The potential impact of helminth infection on
human Crohn’s disease (CD; a major type of
human inflammatory bowel disease) is an
intriguing example of this, which we reviewed
in detail elsewhere (Hunter and McKay, 2004).
CD is associated with Th1 cytokines and the
prevalence of CD is highest in North America,
western Europe and Japan, with much lower
incidence in developing areas of the globe
where helminth infections are pandemic.
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These epidemiological data support the para-
digm. Moreover, the disease severity and
symptomatology in murine models of Th1-
dominated colitis is significantly reduced if
the mice have been infected with either non-
permissive nematodes (Khan et al., 2002) or
cestodes (i.e. H. diminuta) (Reardon et al.,
2001), and preliminary data have been pre-
sented showing that CD patients can experi-
ence a therapeutic benefit following
consumption of viable Trichuris suis eggs
(Summers et al., 2003). The mechanism under-
lying these observations may well stem from
Th2 antagonism of Th1 events. However, the
potential involvement of regulatory T cells (or
mediators) or active participation of helminth-
derived factors in the amelioration of Th1-type
colitis should not be overlooked and need to
be the focus of future investigations.

We do not suggest that parasitic infection
per se is not a malevolent condition, but the

notion of a ‘beneficial or harmonious parasite’
is not unprecedented (Desowitz, 1981) and
should not be surprising in the light of the abil-
ity of parasites to manipulate host immune
reactions. Rather we suggest that there may be
a role for the ‘therapeutic helminth’ and that a
more tolerant view of analyses of host–helminth
interactions has the potential to reveal addi-
tional facets of the host immune response that
may lead to the development of novel ways to
treat both infectious and allergic/autoimmune
disorders.

Concluding Remarks

We hope to have convinced the reader of the
need for, and value of, continued analysis of
cestode–host interactions. While the cestodes
seem to lack the cachet of their trematode
and nematode cousins, the host response to
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Table 9.1. Cestode manipulation of some host immune/physiological responses.

Taenia cassiceps
Promotion of the development of macrophages with altered antigen presenting function (Rodriguez-

Sosa et al., 2002)
Induction of apoptosis in CD4+/CD19+ splenocytes (Lopez-Briones et al., 2003)
Production of an IFNγ analogue (Spolski et al., 2002b)

Taenia solium
Soluble factor blocks ConA-induced IL-2, IL-4 and IL-8 production and macrophage-derived TNFα

(Arechavaleta et al., 1998)
Taenia taeniaeformis

Blocks gastric acid production (Oku et al., 2002)
Echinococcus granulosus

E4 carbohydrate antigen blocks immune cell proliferation and IL-10 production (Dematteis et al., 2001)
Antigen B stimulation of PBMC IL-4 and IL-13 production and inhibition of IFNγ (Rigano et al., 2001)

Echinococcus multilocularis
Isolated cells from infected mice are less proliferative upon in-vitro activation and increase inducible 

nitric oxide synthase expression in peritoneal cells, yet splenocytes have normal cytokine 
responses to ConA (Dai and Gottstein, 1999)

Neutral glycosphingolipids block immune cell proliferation and IL-2 production evoked by exposure to 
pokeweed (a T cell mitogen) (Persat et al., 1996)

Protoscolices block immune cell proliferation via generation of a CD8+ ‘suppressive’ T cell (Kizaki 
et al., 1993)

Macrophages from infected mice secrete products that block ConA activation of lymphocytes 
(Rakha et al., 1991)

Hymenolepis diminuta
Significant membrane fluidity and turnover (Taylor et al., 1997)
Antigen inhibition of murine and human splenocyte and PBMC–ConA-induced proliferation 

and IL-2 production (Wang and McKay, 2005)
Production of an IL-12 p40 subunit analogue (Wang and McKay, 2005)

Abbreviations: CD, cluster designation (surface markers); ConA, concanavalin A (a T cell mitogen); IFNγ, interferon-
gamma; IL, interleukin; PBMC, peripheral blood mononuclear cells; TNFα, tumour necrosis factor-alpha.



cestode infection is for the most part consistent
with both Th1 (mostly with parenteral infec-
tions) and Th2-dominated (lumen-dwelling
stages) humoral responses and the creation
of an inhospitable environment. Certainly
some exceptions exist and one must resist the
temptation to generalize particularly when
considering responses to different stages of the
worms’ life cycle. Moreover, this view of
the immune response is a broad spectrum pic-
ture, encompassing a role for many cells and
mediators – and appropriately so, because this
is undoubtedly the in vivo reality. Recent years
have seen the introduction of new immuno-
logical tools, which can be used to provide
exquisite detailed knowledge on the host
immune response to cestodes. For example,
the variety of cytokine and signalling molecule
gene KO and transgenic mice allows for a role
for any particular mediator in the host rejec-
tion response to be unequivocally ruled in or

out. Also, chimeric or conditional KO mice
will permit assessment of the relative impor-
tance of different cellular sources of key medi-
ators. Knowledge of T cell subtypes and the
variety of cytokines/chemokines has increased
and can be used as the platform from which
future studies on the cestode–host immune
interactions can be launched. We suggest that
the stage is set for concerted efforts to provide
a comprehensive picture of the cestode–host
interaction.
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Introduction

Parasitic flatworms of the Phylum Platyhelmin-
thes represent an ancient and diverse group of
metazoan organisms comprised of two major
classes: Trematoda (aspidobothrids and flukes)
and Cercoeromorphae (monogeneans and
tapeworms) (Marquardt et al., 2000). Although
differing in specific details of body form, devel-
opmental stages, reproductive structures and
strategies, life histories and the like, parasitic
flatworms share in common many basic ‘neces-
sities of life’ to ensure their continued survival.
Essential among these necessities is their abil-
ity to communicate with their external envi-
ronment by reception of chemical cues or

signals from the host, the host’s environment
or other parasites (conspecifics) co-inhabiting
a given host. The major interface at which much
of the initial chemical communication between
these parasites and their hosts takes place is at
the surface of the outer body wall or tegument;
the site not only for acquisition of simple nutri-
ents such as sugars, amino acids or lipids, but
for binding external ‘signalling’ molecules
capable of initiating internal cellular, biochem-
ical or molecular events involved in numerous
parasite functions from host finding and tissue
tropism to triggering of developmental or meta-
bolic processes.

The tegument of parasitic platyhelminths
has been studied extensively and much is



known regarding its cell structure and role in
transporting a variety of host molecules. This
organ is comprised of a single cellular syn-
cytium that encompasses the entire parasite’s
body. It overlies a basement membrane through
which subtending nucleated cytons (perikarya)
connect with the tegumental syncytium via thin
cytoplasmic bridges or trabeculae (Hockley,
1973; Holy et al., 1991). In terms of function,
the molecules expressed at the surface of the
tegument serve in multiple capacities includ-
ing nutrient acquisition, especially the trans-
port of simple sugars, amino acids and lipids
through the tegumental membrane (reviewed
by Dalton et al., 2004), protection from attack
by the host’s immune system or entry into
harsh chemical environments and in the regu-
lation of cellular differentiation and develop-
ment. This latter area of receptor involvement
in platyhelminth development remains poorly
understood, although it is believed that signals
received from the host environment (or other
co-infecting parasites) at the tegumental surface
and transmitted through this syncytial barrier
are critically involved in this process. However,
to date, we are only beginning to identify the
tegumental receptors with putative roles in reg-
ulating tissue differentiation/development and,
as a consequence, have only a rudimentary
understanding of the molecular signalling
pathways by which ‘information’ is transmitted
from surface receptors, through the tegumental
syncytium and ultimately to target tissues
within the parasite’s body (Fig. 10.1).

The aim of this chapter is to review what
is known about the signal-transducing tegu-
mental receptors and their pathways potentially
mediating chemical communication at the
host–parasite interface in the Platyhelminthes.
As other chapters in this book include discus-
sions of the role of tegumental molecules in
the context of immunologic responses, neu-
ronal/sensory function and nutritional or ion
transport, we have focused our attention on the
cell signalling cascades initiated by tegumental
receptor–ligand interactions, potentially those
associated with parasite growth and develop-
ment. In this chapter, discussion of molecular
signalling in parasitic flatworms will be
divided into three areas including: (i) tegumen-
tal involvement in transducing external signals;
(ii) molecular conservation of putative signal
transduction molecules in parasitic flatworms;

and (iii) signal-transducing receptors of platy-
helminths and their signalling cascades. It
should be noted from the outset that we will be
focusing on those systems in which sufficient
information is available to begin to build a
more comprehensive picture of the molecules
involved in signal reception and transduction
through the tegumental syncytium. In this
regard we have restricted our discussion mainly
to the coverage of the digenean trematodes
and cestodes, where the greatest accumulation
of information on specific receptors and sig-
nalling molecules is currently available.

Tegumental Involvement in Signal
Transduction: Perception and Reality

The most extensive and intimate contact
between parasitic platyhelminths and their
host is at the tegumental surface, and this pro-
vides the greatest potential for molecular com-
munication between these organisms. However,
the molecular make-up of the tegument of par-
asitic flatworms is extremely complex, due in
part to a diversity of surface glycolipids and
glycoproteins. Therefore, relatively few surface
molecules known to be associated with cellu-
lar signalling systems, in particular those that
may be serving parasite development- or
growth-regulatory functions, have been identi-
fied and characterized. Maturation/growth-
promoting effects of exposure to host hormones
or cytokines in the schistosome blood flukes
(reviewed by de Mendonca et al., 2000;
Davies and McKerrow, 2003), and estrogen
exposure in Taenia tapeworms (Terrazas et al.,
1994) are suggestive of ligand–receptor-
mediated effects. However, because of the
potential complex interactions between
endocrine and immune constituents, it
remains unclear whether these host factors are
acting directly, through binding to parasite
receptors, or indirectly, by initiating specific
alterations in immune status or metabolic
state/pathways of the host, to favour parasite
survival (de Mendonca et al., 2000; Saule
et al., 2002; Davies and McKerrow, 2003). The
role of the adaptive immune system in regulat-
ing development of Schistosoma mansoni in
mice serves to illustrate this point.

Amiri et al. (1992) showed that exposure
of female S. mansoni in vivo (SCID mice) and
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in vitro to TNF-alpha induces egg production
in mature female worms, suggesting that direct
interaction of TNF may be responsible for
changes in female worm fecundity. However,
follow-up experiments, using TNF−/− knockout
mice showed that female worm development
and egg production were not linked directly to
TNF or TNF receptor deficiencies (data cited in
Davies et al., 2004). These authors reconcile
these apparently disparate observations by
hypothesizing that TNF may be exerting its
influence only after female worms have reached

maturity and not during the prepatent develop-
mental period (Davies et al., 2004). Furthermore,
they present evidence that an intact adaptive
immune system is required for normal
prepatent schistosome development (Davies
et al., 2001), especially of the male worm
(Hernandez et al., 2004). As mature male
worms have been suspected of providing as yet
unidentified molecular signals to stimulate
female sexual maturation at pairing (Basch,
1988, 1990), specifically vitellogenesis (Popiel
and Basch, 1984), Hernandez et al. (2004)
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Fig. 10.1. Hypothetical scheme of platyhelminth tegumental signal transduction. Signals emanating from
the host–parasite interface are transduced through the tegument by receptors at the surface and relayed
to sub-tegumental cytons or to nearby non-tegumental cells via their associated signal transduction
pathways. Surface receptors may exist as ‘free’ receptor–ligand complexes or as clusters within
tegumental membrane microdomains, where upon ligand binding they may redistribute in the
surrounding tegument surface to form receptor complexes. Receptor–ligand complexes may then be
internalized via receptor endocytosis and recycled, or the activated receptor may be translocated
through the tegument in order to signal to other target cells or tissues. N, nucleus; M, muscle.



hypothesize that the signals provided by the
adaptive immune system promote normal
male worm development, which in turn pro-
vides essential molecular cues to trigger egg
production in females. Clearly, the molecular
interactions involved in this parasite–host rela-
tionship are complex and little definitive is
known as to the identity of the host-signalling
molecules or parasite receptors responsible for
mediating the observed effects. Moreover, the
specific male ligand(s) and female ‘receptors’
involved in stimulating vitellogenesis in female
worms, and whether these receptor interactions
are coupled to tegumental signal transduction
systems, have yet to be explored. The molecular
interactions between male and female S. man-
soni recently have been reviewed by LoVerde
et al. (2004) and Fitzpatrick et al. (2005).

Conspecific parasite–parasite signalling,
similar to that proposed in blood flukes, has also
been speculated to occur in cestodes.
Hymenolepis developing under crowded condi-
tions within the gut of the rat host typically are
smaller (stunted) than lighter intensity infec-
tions, prompting speculation that ‘crowding fac-
tors’ elaborated from conspecifics may be
regulating worm growth (Roberts, 1961).
Subsequent experiments have shown that
cGMP, produced and secreted by ‘crowded’
worms, exerted an in vitro mitosis-inhibiting
effect in cells comprising the neck region
(proglottid generating region) of normal adult
worms (Zavras and Roberts, 1985), implicating
cGMP as a potential component of the crowd-
ing effect. How the exogenous cGMP mediates
its anti-mitotic signal across the tegument is not
known, although a process involving cGMP
receptor binding and/or vesicular transport can-
not be ruled out (Threadgold and Hopkins,
1981; J.A. Oaks, University of Wisconsin-
Madison, 2004, personal communication).

Many other examples of host–parasite or
parasite–parasite molecular interactions may
be cited. However, the central message carried
by the above examples is that parasitic platy-
helminths are constantly receiving a diversity
of chemical cues at the tegumental surface,
many of which require ‘transmission’ of spe-
cific signals through this syncytial layer to
other cellular systems comprising these meta-
zoan organisms. As stated earlier, we are
only beginning to identify and characterize

receptors (both tegumental and non-tegumen-
tal) that are known to be coupled to signalling
pathways. In the following sections we summa-
rize the conserved elements comprising known
signal transduction pathways in parasitic flat-
worms and provide an update of known signal-
coupled receptors and their associated
pathways in this group of helminths.

Elements of Platyhelminth Signal
Transduction Systems

Like all living organisms, parasites depend
on well-developed signalling systems; at
both the organismal level, sensing the sur-
rounding host milieu and also at the cellular
level, assessing the microenvironment encom-
passing each cell. This requires numerous
transmembrane receptors capable of binding
extracellular ligands, which in turn are cou-
pled to a diversity of intracellular signalling
molecules through which the signal is trans-
mitted. In a generalized signal-transduction
pathway, an extracellular signal traverses the
membrane via a receptor, and inside, the
‘message’ is relayed through a signalling cas-
cade by means of the sequential activation
and deactivation of signalling proteins, most
commonly involving phosphorylating (kinases)
and dephosphorylating (phosphatases) enyzmes.
Ultimately, successful signal transduction results
in modulation of gene transcription and/or
cell activity.

Molecular and EST data

Signal transduction in platyhelminths is still a
relatively unexplored area, encompassing only
a limited number of genera of parasitic flat-
worms, such as Schistosoma, Fasciola,
Hymenolepis and Echinococcus. If little is
known regarding signal transduction within
these more intensely studied platyhelminths,
one can appreciate the tremendous knowledge
gap that currently exists in our understanding
of the role of cellular communication in platy-
helminth biology.

Until recently, flatworm signal transduc-
tion studies were mostly restricted to those of
a functional nature, using inhibitory compounds
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and ligand-binding assays, and as a conse-
quence, knowledge at the molecular level has
been sparse. However, advances in biotech-
nology, especially in the areas of genomics
and proteomics, have dramatically trans-
formed this situation, allowing for platy-
helminth signalling components to be assessed
at the nucleotide and protein levels. Recent
EST projects have inundated the databases
with cDNA sequences, some of which display
homology to signal transduction molecules of
other organisms. To illustrate, a recent S. man-
soni transcriptome project generated a total
of approximately 31,000 assembled ESTs, of
which at least 900 sequences are categorized
as ‘cell communication’ molecules according
to Gene Ontology (GO) classifications
(Verjovski-Almeida et al., 2003). A large num-
ber of assembled ESTs (approximately 13,000
non-redundant assembled sequences) also
have been generated for S. japonicum (Hu
et al., 2003). It is estimated that 90% and 92%
of the transcribed genes in Schistosoma japon-
icum and S. mansoni, respectively, have been
sequenced, which presumably extrapolates to
approximately 90% of their signalling mole-
cules as well. Therefore the databases repre-
sent a rich and accessible resource, containing
the cDNA sequences to encode the majority of
schistosome signal transduction molecules.

Platyhelminth signalling proteins

One might expect the platyhelminths, as an
early emerging group within the metazoans, to
have an elementary set of signalling molecules
from which the mammalian families evolved
and expanded. However, the available data
suggest flatworms do not possess such a prim-
itive, ancestral version, and indeed, many of
the major signal transduction families known
in mammals appear to be represented within
the phylum Platyhelminthes (Table 10.1). In
fact, of the vertebrate signalling pathways that
have been thoroughly examined to the point of
their becoming exemplary or ‘classical path-
ways’ (Heldin and Purton, 1997), various com-
ponents comprising these classical pathways
can be found amongst the known flatworm sig-
nalling proteins. Consequently it is proposed

that the same or similar pathways should be
represented in platyhelminth-signalling net-
works. For example, in vertebrate systems,
many signal transduction proteins have
diverged, creating multiple types or isoforms,
and it appears that this molecular variation is
mirrored in flatworms. To illustrate, schisto-
some gene sequences similar to vertebrate pro-
tein kinase C (PKC) α, β, γ and ε isozymes
(GenBank Accession Numbers AI067349,
AI068067, AI975148, BU724154, BU798216,
CD062663), both Type I and Type II receptors
for activated PKC (RACK) (GenBank Accession
Numbers AF422164, BU722968, CD098497,
CD088499) and multiple forms of Gα subunits
Gαi, Gαo and Gαs (GenBank Accession num-
bers AAN59790, AI723358, CD178311,
AAN59791; Iltzsch et al.1992; Davis et al.,
1995) are present (Table 10.1). This indicates
complexity in the flatworm-signalling reper-
toire, suggesting that the divergence of many
ancestral signalling proteins occurred before
the emergence of the Platyhelminthes.

As pointed out, both receptors and intra-
cellular signalling proteins exist in parasitic
flatworms. However, in comparison with other
organisms, fewer transmembrane receptors
have been identified and annotated than one
might expect, with just five G protein-coupled
receptors (GPCRs), four receptor tyrosine
kinases (RTKs) and two receptor serine/threo-
nine kinases (RSTKs) (based on the NCBI EST
database; Table 10.1). Taking the schistosome
GPCR superfamily as an example, it includes
receptors for a wide range of ligands, such as
photons, lipids, peptides and biogenic amines,
and is presumed to be involved in regulating
a multitude of cellular activities. Yet only three
schistosome GPCR genes (GenBank Accession
Number AY354457; Hoffmann et al., 2001;
Hamdan et al., 2002) have been identified to
date. By comparison, at least 200 GPCRs have
been identified in Drosophila (Brody and
Cravchik, 2000), while Caenorhabditis elegans
(Bargmann, 1998) and humans possess exten-
sive GPCR superfamilies, numbering more
than 1000 (Bockaert and Pin, 1999). This
paucity of GPCRs might not be unexpected if
very little schistosome genomic information
was available, but as previously mentioned,
recent EST projects are thought to have covered
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Table 10.1. Summary of platyhelminth signalling proteins for which molecular evidence is available.

Cercoero-
Trematoda morphae Turbellaria References

GPCRs
Histamine Ca – – Hamdan et al. (2002)
Peptide C E C AY354457, AF329279
Serotonin Eb – C CV753613; Saitoh et al. (1997)
Rhodopsin C – – Hoffmann et al. (2001)
Other E – – CD079649.1; CN652751
RSTKs
TGF-β C C – Davies et al. (1998); Forrester et al.

(2004); AJ841786
RTK
EGF C/E C – Shoemaker et al. (1992); BU796257;

Spiliotis et al. (2003)
FGF C C C Cebria et al. (2002)
Other – – E Vicogne et al. (2003); Konrad et al.

(2003); BU275976; AY066388
Cell adhesion E – – CD064430.1

receptors
Orphan receptor C – – Inal (1999)
Carbohydrate/lipid E E E CD115089.1; CD119026.1;

receptors CD178551.1; BQ173114;
AY066690; AY068249

Nuclear receptors
RXR C – – Freebern et al. (1999a,b)
Serine/threonine 

kinases
PKC related C/E E E AY337620; BU798216; BQ173746;

AY067126; AY067127
MAPK related C/E C/E E AY594257; BU804196; Spiliotis et al.

(2005); CN653216; AY066128;
Other E C E BU802566; AJ785001; AY067132;

AY067150
Tyrosine kinases C/E – E Kapp et al. (2001); Knobloch et al.

(2002); CD167082.1; AY067121;
AY066962

Trimeric C/E – – Iltzsch et al. (1992); Davis et al.
G-proteins (1995); AF540396; AF540395;

AF540394; BU800660
G-proteins
Ras related C/E C/E Kampkotter et al. (1999);

CD080686.1; CD081865.1;
Spiliotis and Brehm (2004);
Spiliotis et al. (2005); CN649575

Rho related C/E Santos et al. (2002); Vermeire et al.
(2003)

Adaptor proteins
14-3-3 C Schechtman et al. (1995); Zhang 

et al. (2000); Siles-Lucas et al.
(1998); Nunes et al. (2004)

RACK C/E C AF422164; BU804503
continued



greater than 90% of expressed genes in
S. japonicum and S. mansoni. In addition,
GPCRs, by definition, couple with trimeric
G-proteins and nearly a full complement of these
subunits has already been identified in schisto-
somes (Table 10.1), suggesting an intact and
fully functional GPCR signalling system. Why,
therefore, have so few schistosome GPCRs
been identified? One explanation might lie in
the methods used to classify schistosome ESTs,
in that they are categorized based on similarity
with characterized proteins of other species.
On comparison with mammalian receptors,
annotated platyhelminth receptors share
20–25% identity at the amino acid level
(Table 10.2), so perhaps more GPCRs and
receptors in general are present within the
schistosome transcriptomes but have not yet
been classified as such due to their low homol-
ogy with receptors of other species. This notion
is supported by a similarly low percentage of
amino acid identity for flatworm homologues
of the human transforming growth factor
(TGF)-β (TGF-β) RTK and epidermal growth
factor (EGF) receptor families.

In contrast to receptors, intracellular sig-
nalling molecules have greater homology
between flatworms and humans, with identities
ranging from 30% to 77%, suggesting that these
proteins have been highly conserved through-
out evolution (Table 10.2). One explanation for

the difference in sequence conservation
between receptors vs intracellular signalling
molecules may be that functional specificity
(i.e. triggering of a specific cellular response)
is dictated by an initial receptor–
ligand interaction and, therefore, genes
encoding such receptors might be predicted to
be more dissimilar between different species
(i.e. more species specific). Whereas, once
a receptor has been appropriately bound by its
specific ligand (activated), the signal is trans-
duced through a common set of conserved
signalling molecules.

As summarized in Table 10.1, parasitic flat-
worms possess a substantial repertoire of genes
representing intracellular signal-transducing
molecules and their associated membrane
receptors; evidence of an extensive platy-
helminth-signalling system. Flatworm-signalling
proteins most likely regulate a plethora of cel-
lular functions involved in development,
reproduction, metabolism and behaviour. An
important and intriguing question, however, is
what role signal-transducing mechanisms
might play at the host–parasite interface. It is
assumed that the tegument is responsible, at
least in part, for communicating external
chemical signals to sub-tegumental tissues or
cells of the worm, although little is known of
what signalling proteins and pathways may be
involved.
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Table 10.1. Summary of platyhelminth signalling proteins for which molecular evidence is available. (cont’d )

Cercoero-
Trematoda morphae Turbellaria References

SH2/SH3 domain- C McGonigle et al. (2001b)
containing
proteins

Smads C C Beall et al. (2000); Zavala-Gongora 
et al. (2003); Osman et al.
(2004)

aRepresents complete coding sequence (cds).
bRepresents partial coding sequence and/or EST.
Note: Unpublished sequences (C,E) are referenced by accession number. EST sequences may have been listed as
examples of multiple ESTs in the database.
Abbreviations: GPCR = G-protein coupled receptor; RSTK = receptor serine/threonine kinase; TGF-β = transforming
growth factor; RTK = receptor tyrosine kinase; EGF = epidermal growth factor; FGF = fibroblast growth factor; RXR =
retinoid X receptor; PKC = protein kinase C; MAPK = mitogen-activated protein kinase; G-protein = guanine nucleotide-
binding protein; RACK = receptor for activated C kinase; SH2 = src homology.
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Table 10.2. Comparison of platyhelminth and human signalling proteins based on tBLASTn analyses and alignment against the human homologue with
greatest similarity.

Platyhelminth protein Accession number Human homologue Accession number % Identity % Similarity

Class Turbellaria
(R) Girardiaa GPCR AF329279 NPY receptor AY236540 26.6 37.5
(R) Girardiaa GPCR AB004540 5-HT receptor AF498978 27.9 38.5
(R) Girardiaa RTK (DjFGFR2) AB074426 FGF receptor NM_022969 22.4 36.6

Class Trematoda (flukes)
(R) Schistosoma GPCR AF031196 Adrenergic receptor α AY548167 22.3 33.5
(R) Schistosoma GPCR (RHO) AF155134 Melanopsin NM_033282 24.8 39
(R) Schistosoma GPCR (SmNPR1) AY354457 Neuropeptide Y2 receptor U42766 21.3 35.9
(R) Schistosoma RSTK (SmRK1) AF031557 TGF β receptor NM_004612 28.4 38.2
(R) Schistosoma RTK AF101194 RTK M10051 13.4 24.6
(R) Schistosoma RTK (SER) M86396 EGF receptor NM_005228 18.8 27.1
Schistosoma RXR AF094759 RXR α BC063827 3.2 7.2
Schistosoma RXR (RXR-2) AF129816 RXR α BC063827 18.2 25.2
Schistosoma MAPK AY594257 MAPK BC013992 61.1 71.8
Schistosoma RACK AF422164 RACK1 BC000214 69.9 79.9
Schistosoma Rho AF140785 Rho (rac) NM175744 52.1 61.9
Schistosoma Ras U53177 H-Ras AF493916.1 75.7 83.1
Schistosoma 14-3-3 ε AF375996 14-3-3 ε U28936 61.1 71.2
Schistosoma 14-3-3 (Sm14-3-3) U24281 14-3-3 U28964 58.6 67.6

Class Cercoeromorphae (tapeworms)
(R) Echinococcus RTK (EmER) AJ515524 EGF receptor NM_005228 21.1 29.3
Echinococcus Ras (EmRas) AJ785000 H-Ras AF493916.1 77.2 83.6
Echinococcus Raf (EmRaf) AJ785001 Raf NM_002880.2 30.9 42.3
Echinococcus 14-3-3 ε AF207904 14-3-3 NM_145690 54.1 63.1
Echinococcus 14-3-3 AF529418 14-3-3 U28964 56.6 65.1

aGirardia = Dugesia.
Abbreviations: GPCR = G protein coupled receptor; RXR = retinoid X receptor; RTK = receptor tyrosine kinase; RSTK = receptor serine/threonine kinase; RACK = receptor for
activated protein kinase C; MAPK = mitogen-activated protein kinase.
Note: Transmembrane receptors are preceded by (R).
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Platyhelminth Signal Transduction
Pathways: Tegument and Beyond

The tegument of parasitic platyhelminths,
although structurally similar in their syncytial
organization, is not homogenous in surface
architecture or protein composition. Adult
schistosomes, for example, have a double lipid
bilayer membrane that constantly undergoes
turnover by shedding of its surface membrane.
Cestodes, by contrast, possess a single bilay-
ered or unit membrane surface with apparently
little turnover. Despite these differences, both
of these flatworm groups face a similar task of
transducing signals received via surface recep-
tors through the tegumental syncytial cytoplasm
either to nuclei of the perikarya (sub-tegumental
cytons) or to other nearby non-tegumental
cells. Whether signalling-coupled receptors
occur randomly in the surface tegumental
membrane or within specialized structures still
remains an open question, although both rep-
resent equally likely possibilities. In schisto-
somes, for example, it has been hypothesized
that receptors and functional surface mole-
cules exist in tegumental microdomains (Kunz,
2001), yet this remains relatively unexplored.
Using indirect immunofluorescence microscopy
the SmRK-1 receptor has been localized to
anterior dorsal tubercles of adult male worms
(Davies et al., 1998). Moreover, caveolae-like
structures in these tubercles of the tegument of
adult male S. mansoni have been speculated to
be foci of signal-transducing molecules
(Rocoonin et al., 1999). These specialized
regions on the tegumental surface could 
maintain a complement of receptors and other
signal-transducing molecules utilized by the
parasite to receive stimuli from the surround-
ing environment. Electron microscopic studies
have put putative photoreceptors in close
physical proximity to structures located on the
surface of the tegument (Short and Gagne,
1975) as well as in subtegumentary ‘cilium-
containing chambers’ (Hoffmann et al., 2001).
In this case, a tegumental surface receptor may
not be required as rhodopsin is presumed to be
directly activated by light.

As alluded to above, because the even-
tual consequence of tegumental signal recep-
tion and transduction will likely be the
triggering of molecular or biochemical path-
ways in non-tegumentary cells or tissues, the

issue of intercellular transfer of transducing
signals must be addressed. As Kunz (2001)
points out, platyhelminths, being acoelo-
mates, lack a fluid-filled (pseudo)coelomic
cavity, precluding the transfer of chemical
messages between cell/organs via the
(pseudo)coelomic fluid. However, the syncy-
tial nature not only of the tegument, but other
tissues of flatwoms, provides the opportunity
for different tissue types to be in intimate prox-
imity to the proximal (inner) tegumental mem-
brane or that of the subtegumentary perikarya,
thus providing for cell–cell contact and poten-
tial molecular interaction (Kunz, 2001; Dalton
et al., 2004; LoVerde et al., 2004). One might
imagine that intercellular signalling through
vesicular exocytosis of second messengers,
membrane electrocoupling or perhaps
gaseous signalling (nitric oxide), may then
serve in the transfer of chemical signals to the
eventual target tissues (Fig. 10.1).

What do we know about receptor-mediated
signalling pathways in parasitic platyhelminths?
Unfortunately, as a larger taxonomic group, we
know very little. In-depth studies of the human
blood fluke, S. mansoni, have provided some of
the most complete information on receptor-
mediated signal transduction, and are summa-
rized in the section on ‘Transforming Growth
Factor Receptor (TGFR) Pathway’.

Transforming growth factor receptor
(TGFR) pathway

The TGF-β superfamily of cytokines consists
of a wide range of proteins that regulate 
various physiological processes, including
embryonic development, homeostasis,
wound healing, chemotaxis and cell cycle
control (Leask and Abraham, 2004). In mam-
malian cells, the classical TGFR pathway is
initiated by ligand binding at the cell surface
to the TGF-β type II receptor, which in turn
triggers the recruitment of the TGF-β type I
RSTK (Fig. 10.2B). The type I receptor kinase
is subsequently activated via phosphorylation
within its GS domain by the ligand-type II
receptor complex. This activation of the type I
receptor kinase allows for the transduction of
the signal into the cell via recruitment and
phosphorylation of receptor-regulated Smad
(R-Smad) proteins (Leask and Abraham,



2004). The R-Smad proteins interact with type
I receptor and co-regulatory Smad (co-Smad)
proteins in the signal cascade by virtue of
conserved MH1 and MH2 domains at their
N- and C-termini, which are separated by a
variable, non-conserved region. These
domains possess DNA binding and transcrip-
tional activation functions, respectively. The
inactive MH1 domain interacts with the
MH2 domain in an auto-inhibitory manner.
However, once C-terminal phosphorylation
by the type I receptor occurs, this inhibitory
association is alleviated and the R-Smad
is then able to interact with its appropriate
co-Smad. The phosphorylated R-Smad/co-
Smad complex is capable of translocation to
the cell nucleus where, in coordination with
nuclear factors, it is able to exert its transcrip-
tional activation function.

TGF-β receptor signalling in schistosomes

The TGF-β signalling pathway in S. mansoni
has been studied in detail by incorporating a
combination of molecular and functional
assays, and at present it is the best character-
ized of signalling pathways among the platy-
helminths. Davies et al. (1998) were the first
to identify and characterize the TGF-β type I
receptor (SmRK1) and subsequently found that
it was capable of interacting with mammalian
TGF-β type II receptor in transfected COS7
cells when bound by ligand (TGF-β) (Beall and
Pearce, 2001). In this heterologous expression
system, TGF-β ligand-binding to dimerized
type I and II receptors also was capable of com-
plexing with schistosome Smad2, a downstream
signalling protein. This demonstrates not only
a structural conservation of schistosome type I
TGF-β receptor with its mammalian counter-
part, but a functional conservation, with its
ability to bind components of the downstream
signalling cascade. Further studies identified
a type II TGF-β receptor homologue (SmRK2;
Forrester et al., 2004), providing additional
support for a fully functional TGF-β receptor in
the schistosome tegument.

In addition, a number of SmRK1-interacting
proteins associated with activated TGF-β
receptor signalling have recently been identi-
fied in S. mansoni (Fig. 10.2B). These include
Smad (Smad1, Smad2; Beall et al., 2000;
Osman et al., 2001) and co-Smad (Smad4;
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Osman et al., 2004) homologues, which have
been localized in the schistosome nucleus.
Furthermore, using yeast two-hybrid assays
employing human type I TGF-β receptor as
bait, the adaptor protein 14-3-3ε (McGonigle
et al., 2001a), SmRK1 interacting protein (SIP)
(McGonigle et al., 2001b) and eukaryotic initi-
ation factor subunit 2 α (eIF2α) (McGonigle
et al., 2002) also have been found. In func-
tional assays, 14-3-3ε and eIF2α were shown
to interact both with each other and also with
SmRK1 (McGonigle et al., 2002). Perhaps one
of the most enlightening patterns to emerge
from the above studies is that schistosome
receptors and signalling molecules associated
with the TGF-β receptor family can function-
ally interact with those of mammalian systems,
again demonstrating a high level of functional
conservation for this cellular signal transduc-
ing system. Recent cloning of Smad homo-
logues in Echinococcus (Zavala-Gongora et al.,
2003) further suggests that similar TGF-β sig-
nalling pathways likely occur throughout the
Platyhelminthes.

Given the extensive body of accumulated
findings, there is strong evidence for a TGF-β
signalling network in the tegument of adult
schistosomes. A major question still exists as to
its specific function in the biology of these par-
asites. Receptor localization at the tegumental
surface would imply a potentially important
role for TGF-β signalling in establishing and/or
maintaining a compatible host–parasite rela-
tionship. Alternatively, as Osman et al. (2004)
have speculated, TGF-β-like molecules and
their receptors may also be involved in male
worm-induced maturation of females during
pairing (reviewed by LoVerde et al., 2004).
Clearly, additional work that incorporates rap-
idly developing transgenic technologies (Davis
et al., 1999; Boyle and Yoshino, 2003; Correnti
and Pearce, 2004) is needed to begin address-
ing questions of receptor functionality in para-
sitic flatworms.

Epidermal growth factor receptor 
(EGFR) pathway

As shown in Fig. 10.2A, the classical EGFR
pathway in mammalian cells, as reviewed by
Wong and Guillard (2004), is initiated upon

ligand binding of EGFR resulting in dimeriza-
tion and activation of its own tyrosine kinase
domain by auto-phosphorylation of specific
tyrosine residues in its cytoplasmic tail. These
residues are targets of PKC phosphorylation
and allow for the binding of src homology 2
(SH2) domain-containing proteins including
among others: phospholipase Cγ (PLCγ), Ras-
GTPase-activating protein (Ras-GAP), Grb2
and Shc. Adaptor proteins like Grb2 and Shc
serve as intermediates between receptor tyro-
sine kinases (RTKs) and downstream signal
cascades by linking activated EGFR to the Ras
signalling pathway. At the plasma membrane,
Ras, activated via GDP to GTP exchange,
induces a kinase cascade including Raf
(Mek kinase), mitogen-activated protein (MAP)
kinase kinase (MAPKK or Mek) and MAP kinase
(MAPK). Activated MAPK typically translocates
to the nucleus, where it can phosphorylate and
activate transcription factors such as Elk-1
and c-Myc (Wong and Guillard, 2004). PLCγ
activation also may occur when it is phospho-
rylated on specific tyrosine residues upon
binding to an activated EGFR. PLCγ hydrolysis
of the membrane phospholipid phosphatidyli-
nositol-4,5-bisphosphate generates the second
messengers diacylglycerol (DAG) and inositol
1,4,5-trisphosphate (IP-3). At the membrane
DAG activates PKC, a serine/threonine protein
kinase involved in a diverse array of cellular
processes (Newton, 1995). IP-3 induces Ca2+

release from intracellular stores, affecting a
variety of Ca2+-dependent chemical reactions
in the cell.

EGFR signalling: roles in the host–parasite
relationship

The RTK genes with homology to members of
the EGFR family have been identified in the
cestode Echinococcus multilocularis (EmER;
Spiliotis et al., 2003) as well as in the blood
flukes S. mansoni (SER; Shoemaker et al.,
1992) and S. japonicum (Hu et al., 2003)
(Fig. 10.2A). The E. multilocularis EGFR homo-
logue, EmER, was the first molecule of its kind
to be identified in a cestode. This receptor was
shown to be expressed in the metacestode and
to a greater extent, the protoscolex larval stages
of E. multilocularis. EmER showed greatest over-
all sequence homology with the S. mansoni
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EGFR homologue, SER (42% identity, 55%
similarity). The amino acid sequence encoded
by the EmER open reading frame contains the
prototypical ‘L1–C–L2’ extracellular ligand-
binding domain, a putative transmembrane
domain and a hydrophobic, kinase-containing
intracellular domain (Spiliotis et al., 2003). The
tyrosine–kinase domain is the most highly con-
served region between EmER and SER (61%
identity, 75% similarity), as is common among
members of the EGFR family.

This family of receptor kinases is thought
to signal through multiple pathways, involving
activation of PKC and following the Ras/MAPK
pathway, of which a number of members have
been described in several Schistosoma spp.
(Table 10.2; Schussler et al., 1997; Kampkotter
et al., 1999) and the cestode E. multilocularis
(Table 10.2; Spiliotis et al., 2005). Other stud-
ies have shown that stimulation of putative
guanine nucleotide-binding regulatory pro-
teins activates endogenous schistosome phos-
pholipase C, resulting in the production of
inositol phosphate second messengers (Wiest
et al., 1992). These findings provide evidence
supporting a functional signalling network
involving both the Ras-MAPK and PLC-type
pathways. Signalling through EGF RTKs is
known to regulate a wide range of biological
processes in mammalian cells, including cellu-
lar proliferation and differentiation, and it is
presumed that flatworm RTKs binding exoge-
nous EGF or EGF-like ligands from the host
also serve as potential triggers of physiological
events crucial to parasite development.

Despite the structural similarities between
S. mansoni SER and E. multilocularis EmER,
an interesting dissimilarity has been noted
between these parasite genes in their mode of
expression. Northern blot analyses of EmER
identified only full-length mRNAs encoding
transcripts (Spiliotis et al., 2003), while in
schistosomes, along with full-length SER
mRNAs, three additional variant classes (2, 4,
5) of transcripts encoding truncated forms of
SER have been identified (Shoemaker et al.,
1992). These truncated splice variants include
the secretory leader sequence and only
negligible segments of the ligand-binding
domain. Possible roles in the host–parasite rela-
tionship have been proposed for these puta-
tively secreted, or membrane-bound truncated

variants in immune avoidance, including acting
as ‘dummy-epitopes’ for blocking antibodies or
as ligands for other receptors, be they host or
parasite (Shoemaker et al., 1992).

The theory that EGFR splice variants may
be involved in antigenic masking or antigenic
decoy suggests a localization of receptors at
the tegumental surface. Moreover, if exoge-
nous host EGF is serving as the natural ligand,
a surface receptor would most likely serve as
the initial site for molecular interaction.
However, immunohistochemical studies by
Ramachandran et al. (1996) have localized
SER primarily to the muscle layer of adult male
and female worms. One possible explanation
for SER not being seen in the tegument may be
that the variant SERs are in fact present at the
tegumental surface, but are not recognized by
the antibody used in their studies. Alternatively,
as the authors suggest, the resolving power for
precisely localizing immunoreactive antigens
by fluorescence microscopy does not exclude
the possible expression of SER at the worm’s
tegumental surface.

Expression of SER was confirmed in
in vitro-transformed S. mansoni mother sporo-
cysts (Vermeire et al., 2004), suggesting a
potential functional pathway in larval schisto-
some stages. Moreover, a novel EGF-like
homologue (L-EFG) with neurotrophic activity
has been described in the pond snail, Lymnaea
stagnalis (Wildering et al., 2001). L-EGF is
unique in that its structure is that of a secreted
peptide, the first of its type to be described in
an invertebrate system. A role in snail repro-
duction has been proposed for this molecule
given that it is expressed in the albumen gland,
an organ involved in the secretion of nutritive
perivitelline fluid on to fertilized oocytes before
they are packaged into egg masses. Expression
of a similar molecule in Biomphalaria spp., the
intermediate host of S. mansoni, is plausible,
although, as is the case with SER expression in
adult worms, the functional significance of
snail EGF-like ligand binding to larval schisto-
somes is unknown. With the potential link
between snail L-EGF expression and reproduc-
tion, it might be speculated that larval trema-
todes may be competing for snail EGF, thus
leading to host ligand depletion and disruption
of snail reproduction (parasitic castration; De
Jong-Brink, 1995). Thus, expressing a parasite
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EGF receptor could afford a survival advantage
to developing schistosome larvae.

G Protein-coupled receptors (GPCRs)

These receptors bind an array of signal-mediating
ligands including hormones, neurotransmitters
and chemokines in order to transduce external
stimuli to downstream effectors. In mam-
malian systems, the seven transmembrane
GPCRs accomplish this via heterotrimeric G-
proteins composed of Gα, Gβ and Gγ subunits
(Hamm, 1998) (Fig. 10.2C). The four major
families of heterotrimeric Gα-proteins have
been assigned putative functions: (i) potentia-
tion of adenylate cyclase (Gαs); (ii) inhibition
of adenylate cyclase (Gαi, Gαo); (iii) activation
of phospholipase C (Gαq); and (iv) a group
(Gα12–Gα13) with unknown function. Receptor
activation by extracellular ligand binding
induces conformational changes in the trans-
membrane helices, which in turn expose cryp-
tic G-protein binding sites on intracellular
loops. An activated receptor facilitates an
exchange of GDP for GTP, yielding an acti-
vated G-protein. The active conformation
caused by GTP binding leads to the dissocia-
tion of the Gα and Gβγ dimer. Both Gα and
the Gβγ dimer act in highly specific manner
to modulate a multitude of target enzymes
including adenylate cyclase, PLC or photore-
ceptor cGMP phosphodiesterase (Hamm,
1998). Among a plethora of other target pro-
teins, Gβγ has been demonstrated as an activa-
tor of a pheromone-stimulated MAPK cascade
(Inouye et al., 1997), and members of the Rho
family of small GTPases including Rho, Rac
and Cdc42 (Aspenstrom, 1999), involved in
the control of gene transcription, cell cycle
regulation, apoptosis and cytoskeletal
responses to extracellular signalling (Mackay
and Hall, 1998).

GPCRs in parasitic platyhelminths

Several GPCRs, their associated heterotrimeric
G protein subunits and a family of Rho GTPases
have been identified and characterized in
trematodes (Fig. 10.2C). Mansour (1984) was
the first to study, at the biochemical level, tegu-
mental receptors of S. mansoni and the liver

fluke, Fasciola hepatica, that were capable
of binding serotonin (5-hydroxytryptamine,
5-HT) and subsequently activating adenylate
cyclase and production of the second messen-
ger cyclic 3′,5′ adenosine monophosphate
(AMP) (cAMP); they designated this novel class
of trematode membrane receptors as serotonin
receptors. Further studies on these receptors
resulted in the identification of Gαs, Gαo and
Gαi homologues in S. mansoni and F. hepatica
(Mansour and Mansour, 1989) and the cloning
and characterization of Gαs (Iltzsch et al.,
1992) and Gαo (Genbank Accession Number
AAN59790) subunits from S. mansoni. More
recently several Rho family members including
Rho, Rac and Cdc42 have been identified in
these blood flukes (Santos et al., 2002;
Vermeire et al., 2003), suggesting the presence
of an intricate system of signal transduction
associated with trematode GPCRs and their
potential involvement in biochemical path-
ways such as energy metabolism.

Hamdan et al. (2002) describe another
biogenic amine-responsive GPCR in the tegu-
ment of S. mansoni, which specifically binds
to and is activated by histamine. This cloned
receptor shares approximately 30% amino
acid sequence homology with other major
amine GPCRs, and, when transfected into
mammalian cells exhibited the following char-
acteristics:

• was expressed as a plasma membrane protein;
• possessed strong binding affinity to hista-

mine and
• in response to histamine binding, resulted in

elevated intracellular Ca2+ and cAMP.

Clearly, following heterologous expres-
sion in mammalian cells, the schistosome his-
tamine GPCR is capable of initiating a signalling
cascade that generates second messengers that
are characteristic of many other GPCR-primed
pathways. It is unknown if a similar signalling
pathway is associated with ligand activation of
this candidate schistosome histamine receptor
in vivo.

The putative function of trematode sen-
sory GPCRs in the free-swimming cercariae
and miracidia may be rooted in the molecular
events underlying the host-finding behaviour.
The miracidial and cercarial stages of S. man-
soni are known to exhibit positive phototropic
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behaviour that is presumed to aid in the loca-
tion of an appropriate intermediate or defini-
tive host, respectively. Recently, an identified
rhodopsin-like GPCR gene was found to dis-
play developmentally regulated expression, in
that its transcript levels were higher in both
cercariae and miracidia than in adult worms
(Hoffmann et al., 2001) or mother sporocysts
(Vermeire et al., 2004). Because this
rhodopsin-like GPCR has been ascribed a
putative function as part of a light-sensing
organ system and has been localized to sub-
tegumental structures found near the anterior
end of cercariae (Hoffmann et al., 2001), it is
speculated that its up-regulation in the free-
living larval stages is associated with photore-
ception and photoreactive behaviour.
Although the broad function of this GPCR
seems apparent, little is known about the
downstream signalling molecules involved in
rhodopsin activation. It is likely that other lar-
val trematode behaviours, such as chemotactic
responses to host molecular signals (e.g. argi-
nine gradients; Grabe and Haas, 2004) are
mediated through similar sensory GPCRs
(Speca et al., 1999).

Finally, the possibility that GPCR sig-
nalling systems are present in cestodes is sup-
ported by pharmacological studies on
Hymenolepis, in which a nitroimipramine-
inhibitable, high-affinity serotonin receptor
was found to be coupled with membrane
adenylate cyclase activation, the production of
cAMP (Ribeiro and Webb, 1987) and the stim-
ulation of cAMP-dependent protein phospho-
rylation (Ribeiro and Webb, 1991). More
recently, the activity of a GPCR in neuropep-
tide F (NPF) activity in Mesocestoides was sup-
ported by the selective effects of guanosine
trilithium salts on NPF-mediated larval motility
(Hrckova et al., 2004). Although these findings
demonstrate the occurrence of ligand-activated
GPCRs in tapeworm muscle, they provide
further evidence for the widespread occur-
rence of GPCRs and their signalling pathways
in cestodes.

Concluding Remarks

The ability of a parasite to communicate with
its external and internal environments repre-

sents a critical adaption for survival. Current
data suggest that parasitic flatworms possess
tegumental receptors coupled to and capable
of triggering signal-transducing systems
involved in the initiation of effector reactions
both within and beyond the syncytial border.
In the human blood flukes, the most thor-
oughly studied of the parasitic platyhelminths
and best characterized at the molecular level,
several signal-transducing receptors have been
identified including homologues of the mam-
malian TGF-β and EGF receptor families as
well as several GPCRs. Importantly, molecules
associated with ‘classical’ signal transduction
cascades of these receptors also have been
identified including the enzymes PKC, adeny-
late cyclase, small GTPases (Ras, Rho) as well
as a number of adaptor molecules or cofactors
like 14-3-3, eIF2α and several Smads/co-
Smads. Heterologous mammalian expression
systems have proved effective for evaluating
the functionality of these receptors and puta-
tive signalling molecules. The fact that appro-
priate signalling function can be demonstrated
in this fashion speaks to the high degree of
structural and functional conservation exhib-
ited by both receptors and their signalling cas-
cades. However, although signalling-coupled
receptors and a variety of cell signalling mole-
cules have been identified in both trematodes
and cestodes, very little is known about the
nuclear or cytoplasmic factors targeted by spe-
cific signalling cascades or their functional
linkage to regulating parasite behaviours,
growth or development. The steady increase in
genomic, transcriptomic and proteomic infor-
mation being generated for various parasitic
flatworms, including human blood flukes, will
undoubtedly provide excellent research
opportunities for expanding our understanding
of how molecular signals are received and
what signalling systems are involved in the
transfer of chemical messages both within and
between cells comprising these complex
organisms.
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Introduction

Parasitic platyhelminth infections continue to
affect humans in many countries of the
Western Hemisphere, the Pacific, Middle East,
Asia and Africa. To limit the spread of diseases
caused by these parasites, it has long been rec-
ognized that control strategies aimed at long-
term reduction in parasite transmission cannot
ignore the role that invertebrate hosts play in
these diseases. In the case of schistosomiasis,
a disease that according to the World Health
Organization (WHO) is still found in 74 coun-
tries worldwide (WHO Fact Sheet No. 115,
1996; Chitsulo et al., 2000), reduction in trans-
mission has been attempted in numerous
ways, including the application of mollusci-
cides to eliminate and curtail the expansion
of snail host populations. Mass chemotherapy,
especially in school-aged children, has also

been an effective control tool (Doenhoff et al.,
2000; Sturrock, 2001). However, for several
reasons, our ability to stop the spread of schis-
tosomiasis over the long term has been difficult
to sustain. Reasons for this include the snails’
propensity for re-colonization, the lack of sur-
veillance of treated sites due to civil strife, and
the growing expansion of irrigation projects.
Also in these afflicted countries other prevailing
diseases (e.g. malaria, tuberculosis and HIV-
AIDS) receive more attention, thereby severely
limiting eradication efforts of snail-transmitted
diseases.

The development of a vaccine would be
a significant advance towards reducing the
burden of schistosomiasis. However, efforts to
develop a molecular-based vaccine for this
disease have proven to be a challenging task.
Furthermore, the intensity of research towards
this worthwhile goal appears to have waned,



compared to the enthusiasm that characterized
this field of research in the 1980s (Pearce, 2003).
Until a vaccine becomes available, alternative
methods to control schistosomiasis have been
suggested (Jordan et al., 1980). One of these
involves developing novel tools that will dis-
rupt transmission at the level of the snail host.
An earlier suggestion was to use non-suscepti-
ble/resistant snails to replace existing suscepti-
ble ones in an endemic area as a form of
biological control (Hubendick, 1958). Indeed,
several studies have used other species of non-
schistosome transmitting snails as an integral
part of early schistosomiasis control efforts
(Jordan, 1972). Whether resistant snails
(including those genetically transformed) can
be used to displace a compatible population,
with all the known complexities of the nature
of the snail–parasite association, is debatable.
However, to achieve some degree of success
with this approach, a better understanding of
the host–parasite relationship, especially at the
molecular level, is needed. Consequently, the
search for genes that are modulated (up/down-
regulated) in the snail, leading either to para-
site development (susceptible) or destruction
(resistant), is now a major focus of research in
several laboratories, including ours.

Most studies on this subject have been
directed towards Schistosoma mansoni and its
New World host Biomphalaria glabrata, mainly
because representative snail isolates and para-
site strains displaying different patterns of com-
patibility were available and easily maintained
in the laboratory. Furthermore, there exists a
cell-line derived from B. glabrata, the embry-
onic cell line, Bge (Hansen, 1976), which is
allowing exploration of the molecular signalling
events underlying the host–parasite interaction
in an in vitro system (Ivanchenko et al., 1999;
Humphries et al., 2001). In the case of other
schistosomes that are also of significant med-
ical importance, namely S. hematobium and
S. japonicum, comparable studies on how these
parasites alter gene expression in their respec-
tive snail hosts (Bulinus and Oncomelania sp.)
are not yet available. This apparent disparity in
attention is not due to the lack of interest in
these parasites and their snail hosts, but rather
to the difficulty of maintaining these organisms
outside their natural environments.

Aside from a B. glabrata field isolate
(Salvadore strain or BS-90) that was found to

occur naturally as resistant to infection (Paraense
and Correa, 1963), most snails of this species
that have been studied for parasite resistance
have been derived in the laboratory. The devel-
opment of pedigree snail lines, breeding true
for either resistance or susceptibility to parasite
infection (Newton, 1955; Richards and Merritt,
1972) has made it possible for us to begin to
undertake studies to determine the molecular
basis of this interaction.

As early as the 1950s, it was known that
the genetic make-up of both the snail host and
parasite affects the outcome of infection in the
invertebrate host. By exhaustive genetic cross-
ing experiments using snails of different sus-
ceptibility phenotypes (resistant/susceptible),
exposed either as adults or juveniles to differ-
ent strains of S. mansoni, it was shown that the
genetics of snail susceptibility to parasite infec-
tion was complex and involved multiple genes
(Richards and Shade, 1987). The outcome of
the snail–parasite infection was found to fall
into four different categories, depending on the
age of the snail when infected (reviewed in
Lewis et al., 2001). In adult snails, resistance
was shown to be a single gene trait that fol-
lowed a simple Mendelian pattern of inheri-
tance, with resistance being  dominant (Richards,
1970). In juvenile snails on the other hand,
resistance was shown to be a quantitative trait,
as was susceptibility to infection of snails at
this age.

About a decade ago, investigators engaged
in work towards understanding the genetic
basis of schistosome infections in the snail host
and mechanisms involved in the snail’s inter-
nal defence system (IDS) began bringing
a molecular dimension to their investigations.
Results from these studies, though rudimentary
when compared to other parasite–vector sys-
tems (e.g. malaria and its mosquito vector), are
leading to the identification and characteriza-
tion of genes that appear to be modulated in
the snail host following exposure to the para-
site. It is hoped that finding the genes involved
in the snail’s ability to resist invading parasites
will allow genetic transformation of suscepti-
ble to resistant snails to become a reality.

In this chapter, we will attempt to summa-
rize progress that has been made in this small,
but growing, field of research. Though most
of this review will cover what is currently
known regarding changes in the B. glabrata snail
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host transcriptome accompanying S. mansoni
exposure, comparable studies in other platy-
helminth–invertebrate host relationships, where
available, will be discussed in an effort to bring
more attention to this important, but under-
funded line of research.

Effect of Parasite Infection on the
Snail Host: Towards a Molecular

Understanding

It has been suggested that variations in snail
host compatibility and parasite infectivity have
helped to shape the genomes of both these
organisms (Cribb et al., 2001).

Interest in the dynamic interaction between
the snail host and parasite, represented by the
parasite’s ability or inability to survive within
a hostile environment and the snail’s challenge
to infection focused in the early 1990s on
searching for genes associated with this intri-
cate and highly specific relationship. Upon
infection, there are two major outcomes in the
snail host: dynamic equilibrium or destruction
of the parasite. Lively (2001) showed that cen-
tral to the host–parasite interaction are events
that shape this relationship: control of host
population density by parasites, co-evolution
and co-speciation of host and parasite. The
evolutionary history of the molluscs can be
traced better due to fossil records, while those
of the trematodes have been sadly lacking. From
this growing interest in the snail host–trema-
tode interaction and co-evolution, progress
continues to be made on several fronts (innate
immunity, biochemistry and molecular biology)
towards the identification of genes that are
modulated in the snail host in response to par-
asite infection.

Innate immunity

Mechanisms of snail innate immunity to trema-
tode infection are known to involve genetic
factors associated with both the humoral
(haemolymph) and cellular (haemocyte)
components of the snail’s IDS (Adema and
Loker, 1997; Matricon-Gondran and Letocart,
1999a,b,c). Although we are aware of the
involvement of these components in the snail’s

active defence repertoire, scant information
exists on the nature of gene products that are
involved in this process. Earlier studies have
shown that in B. glabrata snails, enlargement
of the haemapoietic tissue, also known as the
amoebocyte-producing organ (APO), can be
observed in response to invading trematodes
(schistosomes and echinostomes) (Lie and
Heyneman, 1976; Lie et al., 1976). Also in
response to infection is the recruitment of
haemocytes into the snail’s open circulatory
system. In a resistant snail, these engulf the
invading miracidia in a cellular response lead-
ing to the destruction of the invading parasite
(Adema and Loker, 1997; Bayne et al., 2001;
Yoshino et al., 2001).

In B. glabrata snails that display suscepti-
bility to a given strain of S. mansoni, although
the haemocytes adhere to the parasite these
cells are not cytotoxic unlike those in resistant
snails, the miracidia are not destroyed and sur-
vive to develop into sporocysts that give rise to
the infective, cercarial form of the parasite
(Coustau and Yoshino, 1994). This disparity in
haemocyte behaviour has been helpful in
designing experiments to identify cellular and
biochemical factors that account for the cyto-
toxicity of these cells towards metazoan para-
sites. These experiments showed that whereas
haemocytes taken from parasite-resistant strains
of B. glabrata can destroy schistosome sporo-
cysts in vitro, cells from susceptible snails are
ineffective in similar experiments (Bayne et al.,
1980a,b). Additional evidence for the direct
involvement of haemocytes in parasite destruc-
tion comes from in vivo studies showing that
adoptive transfer of the APO from a resistant
into a susceptible snail renders the latter less
susceptible to infection (Sullivan and Spence,
1994, 1999). Similar comparative studies
have shown differences in surface proteins that
may act as receptors for attachment of parasite
surface molecules, ES products or snail
haemolymph ligands (Bayne et al., 2001;
Yoshino et al., 2001).

The role that the snail haemolymph plays
as part of the innate defence arsenal against
schistosomes was demonstrated by passive
transfer studies where haemolymph from
resistant but not susceptible snails was shown
to possess a heat-labile factor that specifically
affected haemocyte function (Granath and
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Yoshino, 1984). Evidence also exists for a vari-
ety of soluble factors that may contribute to
resistance of the snail to infection, e.g. plasma
factors (Bayne et al., 1985), fibrinogen-related
proteins (FREPs) (Adema and Loker, 1997) and
cytokine-like components (Granath et al.,
1994).

Mechanism of cellular signalling of
haemocytes, triggered by the adherence of par-
asite and/or snail ligands is a growing area of
study (refer to the section on ‘Immunobiology
and Host–Parasite Interaction’ in this book by
T.P. Yoshino). The discovery of genes encoding
integrin and protein kinase C, both molecules
with known roles in cell-adherence and sig-
nalling in B. glabrata haemocytes, have helped
to fuel this growing interest (Lardans et al.,
1998; Davids et al., 1999). Although the nature
of haemocyte receptors involved in recogni-
tion and signalling (activated in response to
miracidial invasion) are not yet known, sur-
face-labelling experiments with biotin identi-
fied a 66-kDa band that was upregulated on
the surface of susceptible snail haemocytes.
A high molecular weight surface protein
(210 kDa) that was found in both resistant and
susceptible snails was found to be absent or
reduced in non-adherent haemocytes (Coustau
and Yoshino, 1994).

Soluble ES products released from the par-
asite may provide the trigger that changes the
gene expression profile of haemocytes (Lodes
et al., 1991; Loker et al., 1992; Coustau et al.,
2003). These changes, depending on the
nature of the parasite ligand, can either stimu-
late haemocyte activity or cause their suppres-
sion. The nature of soluble trematode-related
factors that up- or downregulate haemocyte
gene activity are far from clear. Lately how-
ever, in light of recent findings that a group of
diverse FREPs, are expressed from haemocytes,
more attention is being drawn towards the
involvement of carbohydrate-binding proteins
in snail defence. Lectins, either on the surface
of haemocytes or as haemolymph components
(such as agglutinins), are known to play a sig-
nificant role in the snail’s IDS (Loker, 1994;
Bayne et al., 2001). Aside from FREPs that may
be capable of precipitating soluble parasite
products, other snail lectins may have a direct
or indirect role in rendering haemocytes cyto-
toxic. Recently, the gene encoding another

haemocyte lectin (selectin) was identified.
The expression of this gene has also been
detected in the snail embryonic cell line, Bge
(Dulcermortier et al., 1999; Table 11.1). It is
hoped that because of their similarity in behav-
iour towards miracidia (attachment) Bge cells
will become a useful model system for study-
ing haemocyte function (Yoshino et al., 2001).

Biochemical involvement

Certain enzymes, especially those with a role
in generating reactive oxygen species (ROS),
are believed to play a role in haemocyte-
mediated killing of parasitic trematodes (Bayne
et al., 2001). In particular, hydrogen peroxide
(H2O2), the end product of reactive oxygen
(O2

−) resulting from activation of an NADPH
membrane-bound complex, was found to be
highly cytotoxic against sporocysts, as was
another ROS, nitric oxide (NO), which is gen-
erated by an inducible nitric oxide synthase
(iNOS). It has been hypothesized that differ-
ences between enzymes in biochemical path-
ways producing these two sporocyst-killing
reagents may offer an insight into whether or
not snails are resistant or susceptible to para-
site infection. To date, however, no modulation
of genes coding for either NADPH oxidase or
NOS has been identified in snails displaying
different susceptibility phenotypes. Likewise,
the gene encoding catalase, the enzyme which
converts H2O2 to water (H2O) and oxygen
(O2), that hypothetically could be upregulated
in susceptible snails by the parasite to counter-
act the parasite-killing effect of H2O2, has not
yet been identified in haemocytes. Catalase
activity with high substrate affinity has been
demonstrated in B. alexandrina and B. trunca-
tus snails (Nabih et al., 1968; Nabih and El
Ansary, 1993) and with the recent identifica-
tion from Bge cells of a transcript that appears
to be the snail orthologue of this enzyme, we
may now be in the position to evaluate the
modulation of this gene in parasite infection
(N. Raghavan and M. Knight, Biomedical
Research Institute, Rockville, MD, USA, 2002,
unpublished).

Other enzymes that have been implicated
in playing a role in the phagocytotic capacity
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of B. glabrata haemocytes are cyclase adenyl
synthase and its respective phosphodiesterases
(Bezerra et al., 1999). From studying the role of
cyclic nucleotides in the phagocytotic capacity
of B. glabrata haemocytes, it was observed that
cyclic adenylate monophosphate (cAMP) and
not cyclic guanylate monophosphate (cGMP),
regulates snail haemocyte function. These
results, though implicating a direct role of
enzymes involved in this biochemical pathway
in haemocyte function, have not yet led to the
demonstration that the genes encoding these
enzymes are regulated in these cells in response
to parasite infection.

In contrast to parasitic helminths, very few
proteases of the snail hosts have been charac-
terized at the functional and molecular levels
(Sajid and McKerrow, 2002). Proteolytic
enzymes have been implicated in playing a role
in parasite destruction or survival in the snail
host. Elevation of lysosomal enzyme activity in

response to schistosome or snail infection has
also been shown (Cheng and Garrabrant, 1977;
Kassim and Richards, 1978a,b). Recently, serine
protease and phenol oxidase activities, the lat-
ter with a known role in melanization leading
to killing of invertebrate parasites, were
detected in B. glabrata haemocytes (Bahgat
et al., 2002). B. glabrata protease inhibitor, α-
macroglobulin from haemolymph, has been
shown to inhibit cysteine protease activity of
schistosome sporocysts (Fryer et al., 1996). The
role that proteolytic enzymes play in the
haemolymph-mediated destruction of meta-
zoan parasites is far from clear. However, since
the haemolymph rather than haemocytes have
been shown to play a more significant role
in the B. glabrata/echinostome resistance, this
host–parasite model may be useful in the
molecular characterization of proteolytic-
related trematode-killing factors (Adema and
Loker, 1997; Ataev and Coustau, 1999). In our
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Table 11.1. EST transcripts identified from the B. glabrata embryonic cell line Bge.

Gene Number or transcripts % Total

No hits 1070 69.98
Ribosomal protein 114 7.46
Cytochrome c oxidase 87 5.69
ATP synthase 69 4.51
NADH dehydrogenase 39 2.55
Cytochrome b 36 2.35
Lymphocyte antigen 6 complex 18 1.18
Soma ferritin 14 0.92
Guanine nucleotide binding protein 10 0.65
Hypothetical protein 8 0.52
Ubiquitin 7 0.46
Valosin-containing protein 7 0.46
Tubulin 5 0.33
NICE-4 4 0.32
Cytochrome p450 3 0.20
Other low copy genes (see below) 32 2.09
FREP/selectin 1 0.06
Haemolysin 1 0.06
Actin 1 0.06
Pyruvate kinase 1 0.06
Total 1529

GenBank accession numbers for the representative from each group are given in parenthesis. Ribosomal protein
(CO501265), cytochrome c oxidase (CO501267), ATP synthase (CO501268), NADH dehydrogenase (CO501269),
cytochrome b (CO501270), lymphoctye antigen 6 complex (CO501271), soma ferritin (CO501272), guanine nucleotide
binding protein (CO501273), hypothetical protein (CO501274), ubiquitin (CO501266), valosin-containing protein
(CO501276), tubulin (CO501277), NICE-4 (CO501278), cytochrome p450 (CO501279), FREP/selectin (CO501280),
haemolysin (CO501281), actin (CO501282), pyruvate kinase (CO501283).



laboratory, gelatin zymology showed the pres-
ence of this cysteine protease in the hepatopan-
creas and ovotestis. Although this protease
activity was detected in both resistant and sus-
ceptible snails, a higher basal level was found
in extracts prepared from resistant compared
to susceptible snails (M. Knight, Biomedical
Research Institute, Rockville, MD, USA, 2004,
unpublished).

In a B. glabrata resistant snail line (LAC)
that was derived from a previously susceptible
snail stock NMRI (Cooper et al., 1994), histo-
logical studies indicated that they possessed
abnormal albumen glands compared to their
susceptible counterparts. Concurrent with
these results was the observation that the LAC
snail displayed a reduced fecundity, mani-
fested by the presence of abnormal egg
clutches. There is as yet, no evidence that the
reduced reproductive capacity seen in these
snails is directly related to their parasite refrac-
tory phenotype.

Differential screening of albumen gland
cDNA libraries made from the LAC and NMRI
snails, using antibodies made against soluble
albumen gland proteins from the resistant and
susceptible phenotypes, identified several
clones that were uniquely expressed in the
resistant snail. Nucleotide sequence analysis
of these clones indicated that although most
showed no similarity to sequences in the pub-
lic databases, one clone (BgTPx) contained an
open reading frame (ORF) with significant
sequence similarity to a known class of human
thiol-specific antioxidant enzyme, thioredoxin
peroxidase 1 (TPx 1) (also known as peroxi-
redoxin 2 [Prx 2]; C. Cousin, Washington, DC,
2001, unpublished). Thioredoxin peroxidases
are a family of antioxidant enzymes that also
control cytokine-induced peroxide levels.
Multiple sequence alignment of the deduced
amino acid sequence of the snail enzyme
(BgTPx) to that of the parasites S. mansoni,
S. japonicum and the vertebrate hosts, human,
mouse and rat is shown in Fig. 11.1. Interes-
tingly, the thioredoxin peroxidases seem to be
highly conserved among the snail (B. glabrata),
human (H. sapiens) and the parasites (S. man-
soni and S. japonicum). The alignment from
Fig. 11.1 shows the highly conserved peroxi-
datic cysteine indicated by a ‘C’ (generally
near residue 50 in the human Prx 2) and the

resolving cysteine (near residue 170 in the
human Prx 2), indicating these sequences to be
of the ‘typical 2-Cys peroxiredoxins’ (Wood
et al., 2003). In addition, they show the invari-
ant active site residues (*) and the conserved
domains required for decamer formation.
Likewise, an unrooted, phylogenetic analysis
of the snail BgTPx sequence revealed a closer
evolutionary relationship between the verte-
brate orthologues and the snail (Fig. 11.2), in
contrast to the parasite. One obvious interpre-
tation of this finding is that this may represent
an example of molecular co-evolution at work
for an enzyme that may play a protective role
against pathogens in both the definitive and
intermediate hosts of this parasite.

Characterization of the enzymatic activity
of the parasite and snail recombinant TPx are
in progress, and the recombinant snail enzyme
BgTPx has been found to be enzymatically
active in an in vitro assay (Sayed and Williams,
2004). It remains to be seen whether the results
obtained showing the transcript corresponding
to BgTPx to be upregulated in parasite-
exposed snails, compared to uninfected con-
trols, correlates with enhanced thioredoxin
peroxidase activity in infected snails.

Parasite-induced changes
in gene expression

Efforts to identify genes that are regulated (up
or down) in the intermediate snail host in
response to trematode infection have involved
the utilization of several gene discovery tech-
niques. Of these, the most widely applied to
date has been the differential display-reverse
transcription-polymerase chain reaction (DD-
RT-PCR) technique which can conveniently
decipher, from small amounts of RNA, changes
in gene expression profiles in response to any
given factor (Liang and Pardee, 1992). With
this technique, Lockyer et al. (2000) showed in
adult B. glabrata snails that the transcript
encoding cytochrome p450 was upregulated
in a partially resistant snail line in response to
S. mansoni infection. In other studies compar-
ing gene transcription profiles in resistant and
susceptible, infected vs uninfected snails,
genes encoding enzymes of mobile elements
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Fig. 11.1. Multiple sequence alignment of the deduced amino acid sequence of thioredoxin peroxidase 1
(Peroxiredoxin 2, TSA, natural killer cell enhancing factor B) from the snail host B. glabrata clone
BgTPx (GenBank Accession # AAK26236), the parasites S. mansoni (GenBank Accession #
AAG15506) and S. japonicum (GenBank Accession # BAD01572), and the vertebrate hosts Homo
sapiens (Genbank Accession # CAA80269), Mus musculus (GenBank Accession # XP_147236) and
Rattus norvegicus (GenBank Accession # XP_212921). The computer program ClustalW (version 1.82)
was used to generate this alignment. The numbering system used in the alignment represents the amino
acid position in B. glabrata. Thioredoxin peroxidases are a family of antioxidant enzymes that also
control cytokine-induced peroxide levels and seem to be highly conserved among snail (B. glabrata),
human (H. sapiens) and flatworm parasites (S. mansoni and S. japonicum). ‘C’ represents the two
conserved, redox-active cysteines. The conserved active site residues are indicated by a ‘*’. The upper
case bold lettering shown below the alignment (residues 61–120) represents the consensus sequence
for all classes of peroxiredoxins. Also identified in this alignment are conserved regions I (loop-helix
active-site motif) and II, which together play a role in decamer formation. One obvious interpretation of
this finding (along with Fig. 11.2) is that this may represent an example of molecular co-evolution at work
for an enzyme that may play a protective role against pathogens in both the definitive and intermediate
hosts of this parasite.



were found to be downregulated in exposed
resistant snails (Ongele, 2000; Miller et al.,
2001). In B. glabrata snails that display a transient
age-dependent expression of the resistance
phenotype (strain 93375), an upregulation of
the gene encoding a zinc-dependent metallo-
protease was observed in adult-resistant snails
by DD-RT-PCR, compared to susceptible
juvenile snails (Ongele, 2000). To detect the
differences between the resistant and suscepti-
ble snail phenotypes, especially with regard
to the haemocytes, Schneider and Zelck (2001)
used DD-RT-PCR on RNA extracted from
isolated haemocytes. A number of differentially
expressed fragments from resistant and suscep-
tible snails were detected by this technique
and were further confirmed using single-strand
conformation polymorphism. The most inter-
esting phenotype-specific fragments detected
showed sequence homologies to an adhesion
molecule, defensin, serine/threonine kinases,
peroxidases and glycosidases.

Other RNA fingerprinting tools are being
employed to examine the parasite-mediated
alteration of gene expression in the snail host.
For example, using RNA arbitrarily primed

PCR (RAP-PCR), an upregulation of several
novel transcripts, including that encoding
cytomyoglobin, has recently been discovered
(Lockyer et al., 2004). A major factor hamper-
ing progress in all these gene discovery studies
is the paucity of sequences that have been
described from this snail host and other mol-
luscs. This reality makes it difficult to predict
the identity of gene sequences that are gener-
ated from this snail host when there are no
related sequences with which to compare. This
factor notwithstanding, other approaches
towards gene discovery in the snail are under-
way. Because of the known bias of the DD-RT-
PCR towards abundant transcripts, others have
chosen to use another RNA profiling tool, ORF
expressed sequence tags (ORESTES), which
has been shown to target internal regions of
rarer transcripts (Dias Neto et al., 2000). Also,
with the same technique, Lockyer et al. (2004)
showed the upregulation of several transcripts
upon infection of resistant snails. By compar-
ing transcriptomes generated by ORESTES
from normal Bge cells to those co-cultured
with miracidia, several transcripts were found
to be upregulated in these cells in response to
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Fig. 11.2. Neighbour-joining phylogenetic tree of the predicted peroxiredoxins shown in Fig. 11.1. This
unrooted tree was generated using the computer program PHYLIP (Felsenstein, 1989) version 3.5c.
GenBank accession #s of the sequences used in this analysis are shown in Fig. 11.1 legend.



parasite exposure (ethylene receptor, presy-
naptic cytomatrix protein, formate dehydroge-
nase, casein kinase, focal adhesion kinase,
tyrosine kinase, catalase, etc.; N. Raghavan
and M. Knight, Biomedical Research Institute,
Rockville, MD, USA, 2002, unpublished).
Additionally, conventional EST analysis of
these cells revealed an interesting repertoire of
enzymes, including housekeeping and defence-
related genes (Table 11.1; N. Raghavan and
M. Knight, Biomedical Research Institute,
Rockville, MD, USA, 2002, unpublished). Since
pyruvate kinase deficiency in mice has been
shown to protect this host against malaria, it will
be interesting to determine whether or not
differences in the level of this enzyme have an
effect on the outcome of the schistosome/snail
host infection (Min-Oo et al., 2003).

Differential gene expression in the snail
that accompanies parasite exposure has also
been examined by subtractive hybridization
studies. In an earlier attempt to isolate tran-
scripts uniquely expressed in parasite-exposed
resistant snails, Miller et al. (1996) identified
two transcripts that were highly expressed in
parasite-exposed resistant snails compared to
unexposed controls. Since both transcripts
showed no significant resemblance to any
sequences in the public databases, further
characterization of these genes would depend
on the use of other technologies such as RNA
interference (RNAi) that can be used to disrupt
specific gene activity in an effort to determine
their biological function. Recent reports show-
ing that this method can be used to interfere
with gene activity in the parasite are encourag-
ing (Boyle et al., 2003a; Skelly et al., 2003). It
is possible that in the not too distant future, the
same approach may prove helpful in unravel-
ling some of the complex molecular events
underlying the snail–parasite relationship.

Suppression-subtractive hybridization (SSH)
is another hybridization strategy that is being
pursued to examine differential gene expres-
sion following parasite infection in the snail
host. At least two major laboratories are cur-
rently engaged in using this approach towards
the isolation of genes that are specifically
expressed in either resistant or susceptible
snails in response to infection. Initial results
from these studies showed differential expres-
sion of several transcripts in a resistant (BS-90)
and susceptible snail (M-line) in response to

S. mansoni infection (Nowak et al., 2004). It is
likely that in the coming year, we will see a
dramatic increase in the number of snail genes
that are identified using this approach.

As was done for parasite transcripts
(Hoffman and Dunne, 2003), another useful
method that is currently being applied to iden-
tify genes that are differentially expressed in
the snail host in relation to changing condi-
tions induced by parasite infection is to exam-
ine modulation of transcripts by hybridization
to snail microarrays. The creation of snail gene
microarrays to examine changes in the gene
expression profiles is in a very early stage of
development (A.E. Lockyer, London, 2004,
personal communication). A major prerequi-
site for the development of gene arrays is the
generation of expressed sequence tags (ESTs)
from a variety of snail tissues. In this regard,
8207 B. glabrata ESTs are currently available
(October 2006) from GenBank. A large num-
ber of sequences have been generated from
haemocytes isolated from resistant snails with
and without parasite exposure (Fig. 11.3;
Raghavan et al., 2003). This method of gene
discovery has been extremely useful in the
identification of transcripts that may be modu-
lated upon exposure to parasite.

An intriguing result from the generation of
haemocyte ESTs from parasite exposed and
unexposed snails was the identification of abun-
dant sequences that correspond to enzymes of
mobile elements, particularly, reverse tran-
scriptase (RT). Differences in basal levels of
active RT were found to exist between resistant
and susceptible snails, with resistant snails
showing higher levels of enzyme activity com-
pared to susceptible snails. The role of mobile
genetic elements (MGE) in differential gene
regulation (if any) in this snail host remains to
be determined. Work is underway to sequence
bacterial artificial chromosome (BAC) clones
corresponding to several B. glabrata retrotrans-
posable elements, including the B. glabrata
reverse transcriptase (BgRT) and a LINE-
1-related element (Knight et al., 1992). Charac-
terization of these transposable elements may
lead to the development of delivery vectors for
genetic transformation studies in either the
parasite or the snail host. In light of a recent
report showing that L1 retrotransposons may
play a role in transcription regulation, it is
likely that these related mobile sequences in
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the snail may also be involved in a similar bio-
logical role (Han et al., 2004).

Parasite-induced changes 
in snail neurobiology

Previous results have shown that parasite
infection of the snail host affects the neuroen-
docrine system of the snail in a way that results
in reduced reproduction of these snails: a phe-
nomenon referred to as ‘parasitic castration’
(Crews and Yoshino 1989; Sorensen and
Minchella, 2001). The Lymnaea stagnalis–
Trichobilharzia ocellata host–parasite combi-
nation has been the model system adopted for
most of these studies (de Jong-Brink et al.,
2001). However, comparable studies as to how
parasite infection affects the snail’s central
nervous system (CNS) in releasing neuropep-
tides and bioamines that modulate snail repro-
duction and the internal defence system of

B. glabrata are gaining attention. From these
studies, the existence of several bioamines
were reported from the haemolymph and
extracts of various snail tissues (albumen gland,
ovotestis and brain) (Manger et al., 1996;
Santhanagopalan and Yoshino, 2000; Boyle
and Yoshino, 2003). For example, serotonin
(5-hydroxytryptamine, 5-HT) has been reported
to stimulate snail reproduction (egg-laying)
and levels of this bioamine and dopamine
were found to be depressed in B. glabrata snails
following parasite exposure (Manger et al.,
1996). Furthermore, a reduction in reproduc-
tion was seen after treatment of snails with low
doses of the serotonin receptor antagonist,
methiothepin, directly implicating a role of this
neurotransmitter in B. glabrata reproductive
behaviour (Muschamp and Fong, 2001). The
uptake of serotonin via a surface-exposed
serotonin transporter (SERT) on the developing
intramolluscan stage (sporocysts) of the para-
site has also been shown (Boyle et al., 2003b).
The gene encoding this transporter (SERT) has
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recently been cloned from adult S. mansoni
worms (O.V. Mortensen and M.S. Sonders,
Albert Einstein College of Medicine, New York,
USA, 2004, personal communication), thus
making it possible to determine the stage and
sex-specificity of its expression in relation to
parasite development in both the vertebrate
and snail host. Furthermore, investigating tran-
scriptional regulation of this gene in the devel-
oping sporocyst may help in studying how the
level of expression of the SERT-encoding gene,
by the parasite, alters serotonin levels in the
infected snail host. Also, cloning of the gene
encoding the snail serotonin receptor may be
important towards finding an explanation for
the depletion of serotonin in infected snails.
The gene encoding this receptor from L. stag-
nalis has been cloned (Sugamori et al., 1993),
perhaps offering a chance at manipulating its
function gene by modern technology such as
RNAi to directly study the role of serotonin in
relation to snail host reproduction and parasite
development.

Differential gene regulation by parasite
infection has also been shown for several snail
neuropeptides that play a role in snail defence
(de Jong-Brink et al., 2001). Of all the genes so
far shown as being either down- (molluscan
defence molecule, MDM) or upregulated
(granularin, FMRFamide) in infected snails, all
have been identified from studies conducted
on the L. stagnalis/T. ocellata snail host–parasite
model system. However, from recent gene dis-
covery studies, several ESTs identified from
haemocytes and brain cDNA libraries of B.
glabrata have shown significant sequence
identities to invertebrate neuropeptides (Knight
et al., 1998; Raghavan et al., 2003). The mod-
ulation of these neuropeptides in this snail host
by parasite infection remains to be determined.

Concluding Remarks

It is clear that significant progress has been
made towards the identification of molecular
determinants whose modulation may affect
the outcome of this ancient and complex
snail–metazoan parasite relationship. Continued
interest in this line of research is, however,
essential if discoveries made from the above
studies are to be translated into novel methods
to reduce the spread of snail-transmitted

diseases. In this regard, at least for human
schistosomiasis, it is possible that once the
genome sequence of the parasite (S. mansoni)
becomes available (N.M. El-Sayed and P.
LoVerde, SUNY at Buffalo, New York, USA,
2004, personal communication), comparative
genome analysis of the parasite to the already
available human genome sequence will help
in the identification of new genes that can be
manipulated for controlling this disease. Of the
two natural hosts that are central to the trans-
mission of schistosomiasis it has been sug-
gested that the snail, rather than the human,
has played the larger role in influencing para-
site genetic modification. The relative ease at
which any given parasite strain, regardless of
geographical origin, can successfully infect the
mammalian host, but not all snail stocks,
would argue for a more dynamic genetic inter-
play with the intermediate snail host, leading
to a wide range of compatibilities over time
(reviewed by Lewis et al., 2001). Thus, a snail
genome project that is currently underway
might be the best approach to dete mine
whether or not molecular co-evolution has
allowed these two organisms (parasite and
snail) to adapt to each other. While the large
genome size of the snail (930 Mb; Gregory,
2003) might be a daunting factor in considering
a whole genome-sequencing project, it is not
insurmountable. Such an approach might
have long-range benefits for controlling schis-
tosomiasis, and there is now a move towards
fulfilling this objective. The status and progress
of the snail genome project can be obtained
from the Genome Sequencing Center at
Washington University at the URL:
http://genome.wustl.edu/ISAgenome.cgi?
GENOME=Biomphalaria%20glabrata.
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Introduction

The end of patent cover for most of the mod-
ern anthelmintics means that market prices
have fallen and therefore funds are lower for
investment in research into animal health by
pharmaceutical companies. As it is the animal
health market that drives any search for anti-
parasitic drugs by the pharmaceutical compa-
nies, few companies are now looking for
modern anti-nematodal drugs and the market
size for drugs that kill trematodes and ces-
todes are such that a search for new drugs
cannot be financially justified. Unless a novel
anthelmintic that kills nematodes happens to
have activity against trematodes or cestodes, it is
unlikely that new drugs will become available

from industry. The macrocyclic lactones
(abamectin, doramectin, eprinomectin, iver-
mectin and moxidectin) are such good drugs
that the only reason for the development of
novel anthelmintics is the need to control
drug-resistant nematodes, which are becom-
ing an increasing problem, not only in sheep
and goats but also in cattle (Coles, 2002a,
2005). As there have been few new drugs in
the last two decades, the most significant
development in the chemotherapy of trema-
todes and cestodes has been the develop-
ment of drug resistance in mongeneans,
digeneans and cestodes. The one exception
to the lack of new drugs is nitazoxanide, a
broad-spectrum drug with activity against
some bacteria, protozoa and helminths that



was approved for use in the USA in 2003
(Hussar, 2004).

Parasites of Animals

In farm animals, the major uses of drugs to kill
trematodes and cestodes are for the treatment
of Fasciola hepatica in grazing animals in tem-
perate regions and Fasciola gigantica in the
tropics. Both are serious infections that reduce
growth and heavy infections, particularly in
sheep, can lead to death. The tapeworms of
importance are primarily Anoplocephala per-
foliata in horses, believed to be a cause of colic
(Proudman et al., 1998), and Moniezia expansa
in sheep. Although the significance of M. expansa
in sheep is still a matter of debate (Elliott,
1986), in southern Africa and north-east Asia,
the tapeworms are considered to be highly
pathogenic. This might be due to the shortage
of nutrition for young animals in these more
arid regions. Financially the most important
market has been for the treatment of tape-
worms in dogs and cats, especially those seen
by the owners (i.e. Dipylidium caninum and
Taenia species). Praziquantel has played a spe-
cial role in attempts to eradicate Echinococcus
granulosus and to control Echinococcus multi-
locularis. Both species are very serious human
pathogens as, if people become infected by
ingesting tapeworm eggs, cysts develop.

Fasciolicides sold in the UK are listed in
Table 12.1. The availability of drugs differs
between countries and trade names are often
not the same. The most important fasciolicide is
triclabendazole because of its excellent activity
against young flukes, enabling one dose to

protect animals for a prolonged period. However,
where resistance to triclabendazole has become
important (especially in Ireland), this is now
being replaced by closantel. Dicrocoelium den-
driticum, the ‘small liver fluke’, is usually less
important than Fasciola but can be a significant
pathogen causing sizeable production loss.
A range of benzimidazoles and probenzimida-
zoles are effective at elevated doses, but tri-
clabendazole is not effective (Otrano and
Traversa, 2002). As increased doses of albenda-
zole kill liver flukes and cestodes, a dose of 20
mg /kg albendazole (Himonas and Liakos, 1980)
should kill trematodes, cestodes and nematodes
unless benzimidazole-resistant nematodes are
present. Paramphistomes in cattle respond to
oxyclozanide (16.6 mg /kg) (Spence et al.,
1996). As expected, given its activity against
schistosomes in humans, Schistosoma bovis is
killed in goats by 60 mg /kg praziquantel (96%
efficiacy) (Johansen et al., 1996), and cattle by
2 × 25 mg /kg (Bushara et al., 1983). In water
buffaloes infected with Schistosoma japonicum,
a single dose of 25 mg/kg cured 95% with the
remainder being cured with a repeat dose
(Kenworthy et al., 2003).

Praziquantel given at 23 mg /kg thrice a
day for 3 days was effective against Paragonimus
kellicotti in artificially infected cats (Bowman
et al., 1991) and fenbendazole given twice
a day for 10–14 days killed the fluke in
dogs (Dubey et al., 1979). Triclabendazole at
100 mg /kg for 2 days was effective against
Paragonimus westermani infection in dogs (Liu
et al., 1999).

Until the introduction of praziquantel for
use in horses (Lyons et al., 1994; Coles et al.,
2003), control of A. perfoliata was based on use
of a double dose of pyrantel (38 mg/kg pyrantel
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Table 12.1. Fasciolicides available in the UK.

Effective against 
Chemical name Action group Dose (mg/kg) immature Fasciola

Closantel Uncouplers 10 Yes
Nitroxynil 10 Yes
Oxyclozanide 15 No
Albendazole Tubulin inhibitors 7.5 No
Ricobendazole 7.5 No
Triclabendazole Unknown 10 sheep, 12 cattle Yes
Clorsulon Glycolysis inhibitor 2 No



embonate) (Slocombe, 2004). If used at half
this dose, the dose used for nematode control,
the percentage removal of tapeworms was
only 88% (Lyons et al., 1989). Benzimidazoles
effective against M. expansa in sheep did not
remove A. perfoliata in horses. In sheep the
major drug for control of Moniezia has been
the modern benzimidazoles, but in some
countries niclosamide is available and prazi-
quantel is being increasingly licensed. In addi-
tion nitroscanate is used in dogs, although,
where there is a risk of infection with
Echinococcus species, the only drug with
proven efficacy is praziquantel. A list of chem-
icals for control of tapeworms in dogs and cats
is given in Table 12.2.

Monogeneans can be important causes of
loss in farmed fish. Benzimidazoles have been
used to control Pseudodactylogyrus on eels and

a range of drugs including toltrazuril (Schmahl
and Mehlhorn 1988), praziquantel (Schmahl
and Mehlhorn, 1985), niclosamide, levamisole
and metrifonate (Schmahl and Taraschewski,
1987) can kill some or all of the genera
Gyrodacytylus, Dactylogyrus and Diplozoon,
although therapeutic indexes may be low for
niclosamide and levamisole.

Infections of Humans

The drug of choice for all species of
Schistosoma, the most important trematode of
humans, is praziquantel (Chapters 13 and 14,
this volume). As would be expected this is also
the drug of choice for the majority other
species of fluke infecting humans (summarized
in Table 12.3). A detailed review of the different
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Table 12.2. Anthelmintics used for control of tapeworms in dogs and cats.

Anthelmintic Dose (mg/kg) Species of tapeworms for which claims are made

Fenbendazolea 100 Taenia sp.
Flubendazolea 22 Taenia pisiformis
Nitroscanatea,b 50 Taenia sp. and Dipylidium caninum
Praziquantel 5 Taenia sp., D. caninum, Echinococcus sp.

aAlso kills nematodes.
bNot used in cats.

Table 12.3. Treatments for trematodes, other than Schistosoma sp., in humans.

Fluke Drug Dose (mg/kg) Efficacy Reference

Clonorchis Praziquantel 25 × 3 100% Bunnag and Harinasuta 
(1980)

Clonorchis Albendazole 10 for 7 days 100% cure Liu et al. (1991)
Fasciolopsis Praziquantel 15 100% cure Harinasuta et al. (1984)
Metagonimus Praziquantel 20 × 1 88% cure Rim et al. (1978)
Opisthorcis Praziquantel 25 × 3 100% Bunnag and Harinasuta 

(1980)
Opisthorchis, Praziquantel 40 100% Pungpak et al. (1998)

Haplorchis
and
Echinostome
sp.

Paragonimus Praziquantel 3 × 25 over 86% cure Rim et al. (1981)
2 days

Paragonimus Praziquantel 27 over 2 days 100% Udonsi (1989)
Paragonimus Triclabendazole 2 × 10 100% Gao et al. (2003)
Paragonimus Triclabendazole 2 × 10, when 91%, 100% Calvopina et al. (1998, 

repeated 2003)



drugs used against Paragonimus has been
given by Choi (1990) who emphasized the
activity of praziquantel. Although praziquantel
is usually considered to be effective against
Clonorchis sinensis (Mairiang and Mairiang,
2003), its lack of activity has been reported in
North Vietnam (Tinga et al., 1999). As in cattle
and sheep, the preferred drug for treatment of
F. hepatica in humans is triclabendazole (el-
Karaksy et al., 1999).

Adult tapeworms

Adult tapeworm infections in humans are usu-
ally treated with praziquantel (Table 12.4), but
with adult Taenia solium there may be neuro-
logical side effects if patients are also infected
with cysts, so niclosamide, that has no effect
on the cysts, is the preferred treatment (Garcia
et al., 2003).

Larval tapeworms

Ingestion of eggs from the final host (humans,
T. solium or canines, E. granulosus and E. mul-
tilocularis) can result in serious disease. Cysts
of T. solium, the human pork tapeworm can
develop in the brain and thus may cause
seizures, epilepsy, hydrocephalus and demen-
tia (Carpio, 2002). E. granulosus cysts, which
most commonly settle in the liver, can resem-
ble a slow growing tumour but anaphylactic
shock and even death may result from rupture
of a cyst. If people become infected by inges-
tion of eggs of E. multilocularis the parasite
grows in the liver where it resembles a diffuse

slow growing tumour. Left untreated the infec-
tion is often fatal.

Taenia solium

A dose of 10 mg/kg praziquantel is recom-
mended for treatment of T. solium in both
humans and pigs (Sarti et al., 2000) but preva-
lence has also been reduced by the use of
2 g/patient of niclosamide (Allan et al., 1997).
Death of all cysts by 12 weeks was found fol-
lowing treatment of pigs with a single oral dose
of 30 mg/kg oxfendazole (Gonzalez et al.,
1998) but single lower doses are not so effec-
tive (Gonzalez et al., 1997). A definitive dose
for treatment of people with neurocysticercosis
with either albendazole or praziquantel has
not been established (Carpio, 2002) so optimal
doses and the length of treatment for reliable
cure are not known.

Echincoccus granulosus

Benzimidazoles (mebendazole or albenda-
zole) have been the most used treatment, but a
combination of albendazole plus praziquantel
may be more effective than a benzimidazole
on its own (Mohamed et al., 1998; Ayles et al.,
2002; El-On, 2003). As cimetidine increases
benzimidazole serum concentrations it may
enhance their activity (Bekhti and Pirotte, 1987;
Wen et al., 1994). Whilst for some patients
chemotherapy is the sole treatment, even
where there will be surgical intervention, treat-
ment with benzimidazoles is recommended
before surgery (Keshmiri et al., 2001). A range
of doses have been used for treatments of
patients but 12–15 mg / kg /day over weeks or
months may be best, although an emulsion
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Table 12.4. Therapy of adult tapeworms in humans.

Tapeworm Anthelmintic Dose (mg/kg) Efficacy Reference

Diphyllobothrium latum Praziquantel 15 100% Chung et al. (1997)
Hymenolepis nana Albendazole 200 66% Pamba et al. (1989)
Taenia saginata Praziquantel 10 and 20 100% Bouree (1991)

and H. nana
H. nana Praziquantel 15 84% cure Mason and Patterson (1994)
T. saginata Praziquantel 10 100% Ruiz Perez et al. (1989)
Taenia solium Niclosamide 2 g/patient – Pearson and Hewlett (1985)
T. solium Praziquantel 5 – Flisser et al. (1993)



formulation may increase activity. An efficacy
of 98% and a cure rate of 75% have been
found following administration from 3 months
to more than 1 year (Chai et al., 2004).

Echinococcus multilocularis

Both mebendazole and albendazole are used
in the long-term treatment of infections and an
overall success rate of 97% has been obtained.
Albendazole may be the preferred drug as it is
cheaper and easier to take than mebendazole
(Reuter et al., 2000). Using nitazoxanide with
albendazole in a murine model suggests that
there may be improved anti-parasitic activity
(Stettler et al., 2004).

New Anti-parasitics: Nitazoxanide

The activity of nitazoxanide, 2-acetolyloxy-
N-(5-nitro-2-thiazolyl)benzamide, was first
described against tapeworms in 1984 (Rossignol
and Maisonneuve, 1984) and has subse-
quently been shown to be a broad-spectrum
drug with activity against some bacteria and a
range of protozoa including cryptosporidium
(White, 2001; Gilles and Hoffman, 2002). In
bacteria and protozoa, it inhibits pyruvate
ferredoxin oxidoreductase but its mode of
action against cestodes is not known.

Initial reports of activity against F. hepat-
ica (Rossignol et al., 1998) were confirmed in
larger trials in Peru. Using 500 mg/kg/day for
7 days, 60% of adults were cured based on
faecal egg counts (Favennec et al., 2003). Results
from treatment of cestodes showed activity
against Hymenolepis nana (Romero-Cabello
et al., 1997; Diaz et al., 2003) and in vitro
effects against E. multilocularis metacestodes
(Stettler et al., 2003) and protoscoles and
metacestodes of E. granulosus (Walker et al.,
2004). A combination of nitazoxanide and
albendazole was more effective than either
drug on its own against alveolar echinococ-
cus in mice (Stettler et al., 2004). The rela-
tively low activity against flukes and
tapeworms combined with the need for a
week’s course of drug suggests that nitazox-
anide is unlikely to be used for treating these
infections unless serious cases of drug resist-
ance are encountered. Rather the activity

against flukes, cestodes and nematodes ( Juan
et al., 2002) will be an added advantage if the
drug is being used for the control of protozoal
infections, and patients also have helminth
infections.

Mode of Action of Fasciolicides
and Cestodicides

The detailed mechanism of resistance of nema-
todes to two of the three classes of anthelmintics,
the imidazothiazoles (levamisole) and the
macrocyclic lactones, is not known. It is,
therefore, not surprising that the molecular
mechanism of action of chemicals killing
trematodes and cestodes remains unknown.
Based on detailed studies in Schistosoma it
seems likely that praziquantel will act on
β-subunits of voltage-gated chloride channels
(Chapter 14, this volume). If these β-units were
co-expressed in mammalian cells, the cells
became sensitive to praziquantel (Kohn et al.,
2001). It appears that the lack of two con-
served serines, which form a site for kinase C
phosphorylation, may explain why schisto-
some cells are sensitive to praziquantel (Kohn
et al., 2003). Probably this will be a common
mechanism of action against trematodes and
cestodes. The result of the effect on the cal-
cium channel is muscular contraction and
blebbing of the surface of the worms, which
allows attack by the host immune system. As
the dose used for cestodes is usually lower
than for schistosomes it seems probable that
the receptors in cestodes are more sensitive to
praziquantel, but the molecular differences in
the cestodes receptors have not been investi-
gated. The reasons for differing results of trials
with praziquantel against F. hepatica in
patients (Farag et al., 1986; Moreau et al.,
1995) are not known. The changes in the tegu-
ment of Schistosoma when they are incubated
in praziquantel in vitro are not found in
Fasciola (Becker et al., 1980). As the action of
praziquantel on miracidia of Schistosoma and
Fasciola is similar (G.C. Coles, Bristol, 2005;
unpublished data) it seems likely that the lack
of activity against F. hepatica has to do with the
differences in structure of the worms’ surfaces
rather than the receptors per se.
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Where benzimidazoles kill tapeworms or
flukes, it seems reasonable to conclude that
this will be by binding to β-tubulin as occurs
with nematodes, but the exact details remain
to be established. Although the effects of
triclabendazole on F. hepatica are compatible
with an action on tubulin, as illustrated with
disruption of microtubule function (Stitt and
Fairweather, 1992), albendazole kills adult
triclabendazole-resistant F. hepatica (Coles and
Stafford, 2001). This suggests that the two ben-
zimidazoles do not act at identical sites on the
tubulin molecule. Closantel, nitroxynil and
oxyclozanide are uncouplers in mammalian
mitochondria so that it is tempting to assume
that they act in this way against flukes. Effects
on fluke mitochondria are suggested by studies
with salicylanilides (Fairweather and Boray,
1999a,b). However, energy production in
Fasciola is primarily anaerobic, so the detailed
mode of action remains to be established. It
has been suggested that clorsulon acts by inhi-
bition of glycolysis in flukes (Schulman and
Valentino, 1980), but as pointed out by
Fairweather and Boray (1999a) the concentra-
tions of drug used were very high, so it will be
of interest to see whether there is a change in
the target enzyme if resistance develops to this
drug. A much more detailed discussion of the
action of fasciolicides is given by Fairweather
and Boray (1999a,b).

Resistance

The definition of resistance provided by
Prichard et al. (1980) is suitable for trematodes
and cestodes. ‘Resistance is present when there
is a greater frequency of individuals within a
population able to tolerate doses of compound
than in a normal population of the same species
and is heritable’. The definition has been refined
for Schistosoma sp. to stress the difference
between tolerance and resistance. Tolerance is
when a drug has never worked against a para-
site, e.g. oxamniquine and S. japonicum. Genes
for resistance are present if an isolate of a para-
site is significantly less susceptible than the
most susceptible isolate of the same species
(Coles and Kinoti, 1997).

Resistance develops when naturally occur-
ring worms have a selective advantage over

susceptible worms in the presence of drugs. The
evidence from studies with Schistosoma man-
soni and oxamniquine suggests that there can
be regional differences in the percentage of
parasites naturally resistant to drugs (Coles
et al., 1987). Due to lack of suitable probes,
there are as yet no figures on the variation of
susceptibility within any species of nematode,
trematode or cestode, except for cyathostomins
in horses where it has been suggested that in
wild (unselected) populations the gene fre-
quency for benzimidazole resistance could be
as high as 3% (Pape et al., 2003).

The key issue in the development of
resistance in parasitic helminths is the per-
centage contribution that worms surviving
treatment make to the next generation. This is
high where either there are few free-living
stages (usually caused by drought or treat-
ment of animals followed by movement to
clean pasture) or where all animals or
humans are treated. The stages not exposed
to drugs are technically in refugia as they
avoid the action of the drug. If refugia are
maintained, resistance should be slow to
develop as the bulk of the next generation
will be coming from unselected organisms.
This is perhaps best illustrated with bovine
nematodes where in the UK there have only
been two documented cases of anthelmintic
resistance (Stafford and Coles, 1999; Coles
et al., 2001). This is almost certainly due to
the past habit of only treating calves and not
adult cattle so that the bulk of nematode eggs
contaminating the pasture come from
untreated adult animals. The lack of surveys
may provide an optimistic view suggesting
the absence of resistance in bovine nema-
todes, but this also applies to resistance in
trematodes and cestodes. Funding of surveys
by public bodies may reveal problems on
which money has to be spent, so not looking
for problems saves money! Recent articles on
refugia and its practical application to the
control of nematodes should be consulted for
further details (Van Wyk, 2001; Coles,
2002b, 2003). Only where there has been
mass treatment is resistance likely to
develop, so that there have been no reports
of resistance developing in human infections
with trematodes and cestodes, except in S.
mansoni. Documented resistance in other
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flatworms has been confined to F. hepatica,
the sheep tapeworm M. expansa and the
monogenean Pseudodactylogyrus.

Resistance in Fasciola

Resistance in the field and laboratory was first
discussed by Boray (1990). Resistance to rafox-
anide was present on the majority of Australian
properties surveyed. This resistance extended
to closantel and nitroxynil but probably not
to oxyclozanide. By selection Boray (1990)
produced an isolate resistant to triclabenda-
zole. Subsequently, triclabendazole resistance
was found in the field in Australia (Overend
and Bowen, 1995). From discussions with vet-
erinarians, triclabendazole resistance now
appears to be widespread in Ireland and in
Northern Ireland with what is now a large foci
in Scotland (Mitchell et al., 1998) and smaller
foci in Wales (Thomas et al., 2000). There is a
well-documented outbreak in the Netherlands
(Moll et al., 2000). The true extent of the prob-
lem is not known due to both the lack of sim-
ple rapid tests for resistance and to the lack of
surveys for prevalence. In Ireland, control is
switching to closantel, but how long before
resistance to this drug will be described is not
known. When this happens there will be no
fasciolicides remaining that kill immature
flukes making control more difficult. Currently
the other available fasciolicides kill triclaben-
dazole resistant flukes (Coles et al., 2000;
Coles and Stafford, 2001). The mechanism of
resistance of flukes to fasciolicides is not
known and no validated tests for resistance
exist.

The management of resistance is problem-
atic. Rabbits and deer are good hosts for
Fasciola and can easily move resistant flukes
from farm to farm, so treatment and quarantin-
ing of moved sheep and cattle to prevent the
spread of resistance may not be as effective as
desired. Combinations of some fasciolicides
show synergy (Boray, 1997; Fairweather and
Boray, 1999a,b) and in theory this could be very
useful. However, the difficulty and expense of
registering combinations in the European Union
(EU) combined with the small market size sug-
gests that combinations of fasciolicides will not

be made available. Combinations of
anthelmintics that are widely used in some
countries in the southern hemisphere are also
unlikely to be commercialized in Europe.

Resistance in monogeneans

In commercial eel farming, the major parasite is
the monogenean Pseudodactylogyrus sp.,
which has been controlled by addition of 1 ppm
mebendazole. Typically this may have been
added 6–12 times/year. As tanks are recirculat-
ing there will have been gradually decreasing
concentration of drug, which is likely to have
encouraged the selection for resistance. Waller
and Buchman (2001) reported that 1–2 ppm
mebendazole had no effect on the population of
flukes from eels in Denmark.

Resistance in cestodes

There has been one report of resistance to
benzimidazoles in cestodes of E. granulosus in
experimental animals (Morris and Taylor, 1990).
Resistance is otherwise confined to the failure of
benzimidazoles to control M. expansa in sheep
(Southworth et al., 1996) and the failure of
niclosamide in sheep in South Africa (summa-
rized by Coles, 2002b). Recent evidence sug-
gests that there is reduced activity of
praziquantel in sheep in New Zealand (Mason
et al., 2002) but further research is required to
confirm this. The major tapeworm of the horse
is A. perfoliata that normally attaches at the ileo-
caecal junction. Recently, many or most of the
tapeworms have been found attached in the
caecum rather than at the junction (Williamson
et al., 1997; Yue et al., 2003). Pyrantel is used at
double doses to kill A. perfoliata, but as it is an
anthelmintic it may be commonly given at a
dose that is sub-therapeutic for the tapeworm.
In vitro tests with the tapeworms failed to find a
difference in response between worms attached
at the ileocaecal junction and those lower down
in the caecum. As it appears likely that the con-
centration of pyrantel, which is not absorbed by
the host, will be higher at the ileocaecal junc-
tion than in the caecum, Yue et al. (2003) sug-
gested that this might be a behavioural response
of the worm to avoid the action of the drug.
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Detection of resistance

In theory four types of tests can be used to
detect resistance in parasitic helminths. The
standard way to confirm any suspected novel
case of resistance in farm animals will be the
treatment and post-mortem of animals, but
the cost involved excludes its routine use.
Naturally or artificially infected animals are
weighed and part of the group treated by
injection or by mouth with the correct dose of
drug under investigation. After a suitable
period, the animals are killed and the num-
bers of worms present counted. The time of
treatment will be based on the developmental
stage of the parasite under investigation and
the gap between treatment and post-mortem
will be affected by the rate at which the drug
works and parasites are passed out of the
host. Post-mortem trials have been used to
investigate the efficacy of alternative
anthelmintics to triclabendazole-resistant F.
hepatica (Coles et al., 2000; Moll et al., 2000;
Coles and Stafford, 2001) and to confirm
praziquantel resistance in S. mansoni using
infected mice.

Once a new case of resistance has been
confirmed, detection will then most likely rely
on the reduction of egg counts after treatment
(faecal egg count reduction test (FECRT)).
Allowance must be made for temporary sterili-
zation of the worms, or in the case of tape-
worms, destrobilation. Interpretation of results
may be further complicated by development of
immature forms in cases where drugs only kill
adult worms. No such tests have been ade-
quately investigated for detecting resistance in
cestodes or trematodes.

Incubation of free-living stages of the par-
asite in drug can be very useful, the classical
example being the egg hatch test for benzimi-
dazole resistance in nematodes (see Coles
et al., 1992). As eggs of Fasciola are killed by

incubation in solutions of benzimidazoles
(Coles and Briscoe, 1978) it is probable this
test could be used to pick up albendazole
resistance in F. hepatica. There is a difference
in the response of susceptible and praziquantel-
resistant free-living stages of S. mansoni to
praziquantel (Liang et al., 2001) but further
research is required to make this test suitable
for routine use in the clinic.

It should be possible to develop either
biochemical- or molecular-based tests for resist-
ance in flatworms, as has been successfully
used to detect insecticide resistance in insects.
However, the necessary information is not avail-
able on the mechanism of resistance to be able
to design tests of this type for use with trema-
todes or cestodes. When developed they will
hopefully be based on real-time polymerase
chain reaction (PCR) or pyrosequencing.

Concluding Remarks

The only parasite for which new fasciolicides
or cestodicides are really needed at present is
F. hepatica. If closantel/nitroxynil resistance
develops where there is already triclabenda-
zole resistance, farmers will be left without
any drug with significant activity against
immature flukes, making control in endemic
areas more difficult. There remains the chal-
lenge of producing standardized tests for the
in vivo and in vitro detection of resistance and
the production of sensitive molecular-based
tests that can be used to investigate the effects
of management on the development of resist-
ance. It is disappointing that so little progress
has been made over the last few years to
understand how existing drugs work and
develop new drugs either through serendipity
or the use of gene sequencing to identify
novel targets for drugs.
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Introduction

Schistosomiasis afflicts more than 200 million
people throughout the world, making it by far
the most significant flatworm disease and one
of the most important infectious diseases in the
world. A great majority of those infected are in
Africa (Chitsulo et al., 2000, 2004), but the dis-
ease is present in Asia and South America as
well as Pacific and Caribbean Islands.

People become infected when the skin is
penetrated by free-swimming schistosome cer-
cariae which emerge from snail intermediate
hosts. After a somewhat circuitous route through

the human body, the adult schistosomes reside
in the vasculature supplying the intestines,
liver or urinary bladder. Female worms are
prodigious egg producers, expelling as many
as 3000 eggs per day. These eggs are the primary
cause of most schistosomiasis-related pathol-
ogy. Some eggs pass out of the body via the
faeces or urine and, if they reach fresh water,
hatch into a free-swimming larval stage called
a miracidium. Miracidia have a few hours to
find and penetrate an appropriate species of
freshwater snail. Successful parasitism of this
intermediate host then results in the develop-
ment of mother sporocysts which will produce



the free-swimming, infective cercariae. The
complex life cycle requires the mutual pres-
ence of appropriate snail species and the
untreated waste of infected humans.

Although half a dozen species have been
found to infect humans, the three most important
species are Schistosoma mansoni, Schistosoma
japonicum and Schistosoma haematobium.
The first two species are the agents of intestinal
schistosomiasis, where eggs are passed in the
faeces, and the third species causes urinary
schistosomiasis.

Chemotherapy is still essentially the only
means of controlling the disease, and it has
dramatically reduced the impact of the disease
in many countries. This chapter will provide
background regarding schistosomiasis chemo-
therapy, then it will detail some of the specific
challenges to detecting and monitoring resist-
ance to anti-schistosomals, and finally it will
briefly review cases of suspected drug resist-
ance among schistosomes.

Schistosomiasis Chemotherapy

Praziquantel was developed in the late 1970s
(Gonnert and Andrews, 1977) and tested in
humans soon after (Katz et al., 1979; Santos
et al., 1979). It has been identified by the
World Health Organization (WHO) as the
drug of choice for the treatment of schistoso-
miasis caused by S. mansoni, S. japonicum or S.
haematobium since 1982 (Andrews et al.,
1983). The mechanism of praziquantel’s anti-
schistosomal activity remains unclear, but
recent insights are reviewed in Chapter 14.
More information about other uses for prazi-
quantel for other flatworm diseases can be
found in Chapter 12.

Predecessors to praziquantel as the pre-
ferred treatment for schistosomiasis include
oxamniquine, and the related compound
hycanthone (Cioli et al., 1995). These drugs act
by inhibiting nucleic acid synthesis, but only
after parasite-mediated biotransformation of
the drug by a schistosome enzyme (Cioli et al.,
1993, 1985). Until relatively recently, oxam-
niquine continued to be the primary drug used
to treat schistosomiasis in Brazil.

Negative effects are extremely rare with
praziquantel and it provides some significant
advantages over oxamniquine. Firstly, it is

effective against all major species of schisto-
somes infecting humans, whereas oxam-
niquine is only effective against S. mansoni,
and in many locations mixed infection is not
uncommon. Further, praziquantel is effective
in a single oral dose, whereas oxamniquine
requires more than one dose and compliance
can be an issue. Because of spectrum, ease of
administration and wide safety margin, prazi-
quantel has become the centrepiece of suc-
cessful control efforts in several countries.
Praziquantel is presently the only anti-schisto-
somal drug commercially available in most
parts of the world (Fenwick et al., 2003).

Successful anti-schistosomal chemother-
apy consists of two different endpoints. Firstly,
the treatment can cure the infection – com-
pletely eradicating schistosomes from the host.
Alternatively, the treatment can dramatically
reduce the infection, thus decreasing egg pro-
duction and associated morbidity. Even when
patients are not cured by anti-schistosomal
application, there is almost always a dramatic
reduction in the rate of egg production and,
therefore, decreased schistosomiasis-related
morbidity. Since the goal of most chemother-
apy campaigns is to control morbidity, either of
these endpoints is a positive outcome.

For example, oxamniquine typically pro-
duces cure rates of 80–92%, and in the
patients not cured there is a 75–97% reduction
in egg excretion. The recommended dose of
praziquantel results in similar cure rates of
70–95% and egg reduction rates of up to 95%
in patients not cured (Gryseels et al., 1987;
Behbehani and Savioli, 1998; Barakat et al.,
2000; El-Khoby et al., 2000; Degu et al.,
2002). A patient with a dramatic reduction in
egg excretion is a success in terms of morbid-
ity reduction, but represents an important risk
in that the patient now harbours worms that
have survived exposure to the drug.

Impact of Praziquantel

In order to grasp the significance of the issue of
drug resistance among schistosomes, it is use-
ful to consider the positive impact that
chemotherapy has had on public health in
many countries. Egypt is an apt example.

The Egyptian Ministry of Health in con-
junction with the Schistosomiasis Research
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Project initiated a selective chemotherapy pro-
gramme in 1988 that provided praziquantel
free of charge to patients throughout Egypt. The
scope of this effort increased in 1992 when the
World Bank loaned the Egyptian Government
US$27 million (over 6 years) to extend the
schistosomiasis control programme – almost
US$13 million of that went directly to the pur-
chase of praziquantel. Further, after years of
effective and safe use of the drug, the Ministry of
Health reversed a prior rule that treatment could
only be given after a positive diagnosis. This
opened the way for mass treatments in highly
endemic villages and large-scale treatments in
school children (El-Khoby et al., 1998).

The praziquantel-based programmes
were very successful. The Ministry of Health
estimated that throughout Egypt there was a
decrease in S. mansoni prevalence from 39%
in 1983 (Scott, 1937; Cline et al., 1989) to
12% in 1996 (El-Khoby et al., 1998). At pres-
ent, the situation is even better in some his-
torically endemic villages where prevalence
rates are below 4% (El-Khoby et al., 2000). It
is certain that praziquantel has dramatically
reduced the human, social and economic
impact of schistosomiasis in Egypt and other
countries. As a testament to the impact of the
drug, it is the cornerstone of a US$30 million
Schistosomiasis Control Initiative targeting
schistosomiasis-associated morbidity in sub-
Saharan Africa (www.schisto.org).

Challenges to Detecting and
Monitoring Anti-schistosomal

Resistance

There is a high background 
of drug failure

A critical issue is that true drug resistance among
schistosomes in the field is almost always
masked by an expected failure rate of 5–30%.
As an illustration, consider a village in which
the schistosomes have a normal susceptibility
to praziquantel. Treatment might cure 85% of
the infected patients (and reduce the egg bur-
den in the other 15%). But, this could be quan-
tified as a 15% drug failure rate. In a parallel
village where 2% of the worm population is
resistant to the recommended dose of prazi-

quantel, that failure rate would be 17%.
Attributing significance to the difference
between 15% and 17% failure is thorny, since
both are well within the expected range of
treatment failure which is 5–30% (Behbehani
and Savioli, 1998).

Even if it is suspected that a high failure
rate might be signalling underlying drug resist-
ance, there are a large number of factors other
than the worms which could account for the
lower-than-expected cure rates. So, it is very
difficult to attribute even significantly lower-
than-expected cure rates to schistosome drug
resistance. This will be illustrated in the anec-
dotes from Senegal.

Methods for detecting infection 
are variable

Another factor that obfuscates the detection of
any potential drug resistance is the large
degree of variability in the methods that are
used to test for infection. The most common
approach is parasitological – examining the
urine and faeces of subjects for schistosome
eggs. Although standards have been suggested,
there is no uniform protocol for the number of
stools or slides that are examined for uniform
diagnosis. For that matter, even when unifor-
mity of protocol is in place, the technicians
examining the slides introduce a level of vari-
ability. There are serological tests that might
prove to be more consistent, but since their use
is quite sporadic, the problem persists.

For the most part, these parasitological
approaches to detecting schistosomiasis are
sufficiently consistent and vigorous to meet the
population-based public health interests, but
they are not sufficiently consistent or vigorous
to detect with significance a 2% or 3% increase
in drug failure. The variability of detection sim-
ply swamps the types of increases in failures
that could signal an increase in drug resistance.

Factors other than resistance 
can produce drug failure

Even if the high background of failure and the
variable detection methods are accounted for,
a number of factors other than resistance can
alter the apparent efficacy of the drug. Firstly,
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with almost every anti-schistosomal, there is
variability in vulnerability based on the matu-
rity of the worms; immature worms are known
to be quite recalcitrant to praziquantel therapy
(Fallon et al., 1997). Secondly, as with most
chemotherapeutics, the ultimate efficacy of the
drug depends (at least in part) on a contribu-
tion by the host’s immune system, such that
less-than-expected efficacy can be observed in
immunocompromised patients (Sabah et al.,
1985; Brindley and Sher, 1987; Brindley et al.,
1989). Underperformance of the drug has also
been observed in undernourished patients
where drug absorption can be severely
impaired (A. Fenwick, Imperial College, 2005,
personal communication). Lower-than-expected
cure rates could be observed in populations
that inordinately metabolize a drug – for exam-
ple, the induction of cytochrome P450 speeds
the metabolism of praziquantel. Another issue
that can limit the efficacy is vomiting after con-
sumption of the drug; when one child vomits,
it can induce serial vomiting in the dosing
group. All of these factors can lead to apparent
underperformance of the drug, but are not
attributable to either tolerance or resistance of
the parasites.

It is difficult to substantiate 
a decreased response in the worms

Even with all other factors accounted for, it
remains very difficult to conclusively attribute
lower-than-expected cure rates to the worms.
The only sure way to do this is to collect eggs
from patients not responding to therapy and
use the resultant miracidia to infect snails. The
cercariae emerging from those snails can then
be used to generate murine infections, and if
these murine infections are significantly more
difficult than control infections to cure with
praziquantel, there is some indication that the
worms contributed to the lack of cure. But, this
is a rather long and arduous process.

Alternatively, other means of assessing the
response of worms to praziquantel have been
used. For example, one of the most prominent
effects of the drug is an abrupt contraction of
the somatic musculature of the adult worms.
These contractions can be quantified and there
is a good correlation between the magnitude

of contraction elicited by the drug in vitro and
the sensitivity of those worms to praziquantel
in vivo (Ismail et al., 1996, 1999). However,
there is some question as to whether or not this
is a solid indicator of praziquantel’s in vivo
activity, and it is by no means less arduous
than treating murine infections as described
above. What these studies have brought to the
table is an unequivocal demonstration that
some worms derived from the field do not
respond as robustly to praziquantel, either
in vivo or in vitro.

Another potential assay is the observation
of miracidial responses to praziquantel in vitro.
In some cases, it has been shown that the
in vitro miracidial response can correlate with
the sensitivity of the related worms in vivo
(Liang et al., 2001; Kenworthy et al., 2003).
However, this assay does not seem to work in
every case (S. Botros, personal communica-
tion). Unequivocally, a predictive assay utiliz-
ing miracidia (which can be directly derived
from the eggs passing from uncured patients)
would be a significant asset for investigators
endeavouring to monitor for emergence of
praziquantel-resistant schistosomes.

Praziquantel’s mechanism 
of action is not known

Despite its widespread use since the late
1970s, the molecular basis for praziquantel’s
anti-schistosomal action is still not known
(Andrews, 1985; Day et al., 1992). There is
new, compelling information on this front that
is reviewed within this volume (Chapter 14).

Lacking this information, there is no clear
place to look for substantial molecular differ-
ences that could account for decreased
response to the drug, so there is no promising
development for rapid molecular tests for
genetic profiles correlating with resistance. It is
not clear if resistance can be attributed to a
single gene or, as presently appears more likely,
is a polygenic trait. The most likely scenario is
that liberal drug application is simply selecting
for worms from the extremes of the normal
phenotypic range. But, the primary point in the
present context is that the dearth of knowledge
regarding the molecular basis of praziquantel’s
action leaves investigators without sensitive
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tools for the discovery and detection of resist-
ant worms.

Rather than knowledge of the molecular
mechanism of action leading us to uncover
resistant strains of worms, it is much more
likely that the resistant strains of worms could
lead us to knowledge of the molecular mecha-
nism of action. Genetic or proteomic analysis
of worms with diminished response could
point to the molecules critical to praziquantel
function.

Defining resistance

As described elsewhere in this volume
(Chapter 12), there has been a lack of clarity in
the use of the term resistance with respect to
schistosomes (and other flatworms). Resistance
has been defined as a heritable change in the
susceptibility of a population in response to
exposure to the drug (Prichard et al., 1980). In
contrast, tolerance implies a native lack of sus-
ceptibility that is not in response to exposure
to the drug (Coles and Kinoti, 1997). So, resist-
ance is a phenomenon of population genetics
under the selective pressure of the drug,
whereas tolerance is simply innate in the pop-
ulation. With schistosomes, it is often not pos-
sible to make this distinction, because in most
cases of liberal anti-schistosomal drug use, the
endogenous susceptibility of a given popula-
tion is not known and such a determination is
not a priority of the control programmes dis-
tributing the drug.

For example, if praziquantel was distrib-
uted to a particular village in Egypt as a part of
the national control programme, it is very possi-
ble that efficacy of the drug would not be mon-
itored in any detailed fashion. If 5 years later, the
drug produces lower-than-expected cure rates
in that village, it is not possible to determine if
that is a result of the previous drug pressure, or
simply the native state of that population of
worms. At that point, it is not possible to distin-
guish between resistance and tolerance.

Cases of Drug Resistance in
Schistosomes

Here, we will briefly review the cases of sus-
pected drug resistance in schistosomes. In

doing so, some of the difficulties discussed
above will be illustrated. The data related to
oxamniquine and hycanthone have been
reviewed very well elsewhere (Cioli et al.,
1995) and will only be summarized here. More
detail will be provided regarding data from
Senegal and Egypt regarding praziquantel.

Resistance to hycanthone 
and oxamniquine

Schistosome resistance to hycanthone was
found in the laboratory in the early 1970s, and
the progeny of worms not cured by the drug
proved quite insensitive (Rogers and Bueding,
1971). Hycanthone resistance was also found
in Brazil, where two patients could not be
cured by the drug. When eggs derived from
these patients were used to establish infections
in laboratory mice, the murine infections were
also resistant to hycanthone (Katz, 1975).
Schistosome resistance to oxamniquine was
also generated in the laboratory (Cioli et al.,
1992; Pica-Mattoccia et al., 1992; Drescher
et al., 1993). Subsequently, there have been a
number of documented cases of schistosomes
which did not respond to hycanthone or oxam-
niquine, and resistance to one of the drugs
translated into resistance to the other, substan-
tiating their shared mechanism of action
(Campos et al., 1976; Katz et al., 1977; Dias
et al., 1978, 1982; Guimaraes et al., 1979;
Bruce et al., 1987; Coles et al., 1987; Kinoti,
1987; Bonesso-Sabadini and Dias, 2002).

These resistant worms proved to be a valu-
able tool in uncovering the anti-schistosomal
mechanism for these drugs. In a series of
extremely demanding experiments involving
genetic crosses, Cioli found that oxamniquine
resistance was controlled by a single, autoso-
mal recessive gene (Cioli and Pica Mattoccia,
1984; Cioli et al., 1992, 1993). This opened the
door to further studies showing that the action
of oxamniquine and hycanthone depended on
the biotransformation of the parent drug into a
molecule capable of interfering with nucleic
acid synthesis. Oxamniquine resistance is
based on a lack of the schistosome enzyme
responsible for the activating biotransforma-
tion; worms without the functional enzyme
activity were not susceptible to the drug (Pica-
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Mattoccia et al., 1992). This also led to the elu-
cidation of why oxamniquine is relatively inef-
fective against S. haematobium; the native
enzyme in this species cannot biotransform
oxamniquine (Pica-Mattoccia et al., 1997).

Despite the clear demonstration that
schistosomes are capable of developing signif-
icant resistance to the action of these drugs
and the discovery of resistant schistosomes in
the field, the problem of resistance never dra-
matically hindered the clinical usefulness of
oxamniquine, even in Brazil where the drug
was most aggressively applied. This has been
attributed to a decreased reproductive capacity
associated with worms lacking the relevant
enzyme activity (Cioli et al., 1993), such that
the resistant worms were selected against due
to other biological costs associated with oxam-
niquine resistance.

Resistance to praziquantel

As with oxamniquine, scientists have been
able to induce resistance to praziquantel
in the laboratory (Fallon and Doenhoff,
1994). Schistosome-infected mice were
given sub-curative doses of praziquantel for
seven passages through the life cycle, and
with successive passages the dosage was
increased. By the seventh passage, three
doses of 300 mg/kg eliminated only 7% of
the worms, whereas this dose eliminated at
least 80% of the worms in praziquantel naïve
infections. Praziquantel pressure produced a
population of worms that was significantly
less responsive to the drug in only seven
generations.

These studies demonstrate the genetic
capacity of a population of schistosomes to
shift toward less responsive phenotypes under
drug pressure. In light of the aggressive prazi-
quantel pressure applied to the populations of
schistosomes in the field (for example, Egypt),
these results raise legitimate concerns regard-
ing the possibility of praziquantel resistance
emerging in the field.

Senegal

One focus of potential resistance to praziquan-
tel has been Northern Senegal, where concern

was raised by a 1994 study which found cure
rates of only 18% (Gryseels et al., 1994;
Stelma et al., 1995). Although different proto-
cols for follow-up found higher cure rates,
even at best the cure rate was half that
expected (Stelma et al., 1997). Further studies
continued to find lower-than-expected cure
rates in Senegal (Picquet et al., 1998; De
Clercq et al., 1999; Ernould et al., 1999).

The failure of praziquantel to produce
expected efficacy prompted a great deal of dis-
cussion and attentive study of these foci in
Senegal. Patent snails collected from these
areas in Senegal were used to generate
miracidia for infection of laboratory mice. In
these murine infections, praziquantel proved
less effective against the Senegalese isolate as
compared to other laboratory isolates (Fallon
et al., 1995). This demonstrated that at least
some of the lower-than-expected efficacy of
the drug could be attributed to the worms
(rather than host factors), raising the alarming
prospect that there were worms in Senegal
which could provide the substrate for a grow-
ing population of schistosomes that would not
respond to praziquantel. The pursuant studies
in Senegal and ongoing evaluation of the sig-
nificance of the results have helped to clarify
some of the issues that can contribute to lower-
than-expected cure rates.

Firstly, low cure rates can be a function of
very high intensity infections. Indeed the inten-
sity of infection in Northern Senegal was
extremely high compared to a great majority of
schistosomiasis cases (Stelma et al., 1993;
Gryseels et al., 2001). One important study
assembled and standardized data from a num-
ber of reports of praziquantel efficacy in the
field and compared these to the troubling data
emerging from Senegal (Danso-Appiah and De
Vlas, 2002). Analysis suggested that the
expected cure rate of 80% is indeed reason-
able for lower intensity infections, but a lower
cure rate should be expected with higher
intensity infections. Thus, the high intensity of
infection accounted for some, but not all of the
lower-than-expected cure rates in Senegal.

Studies of schistosomiasis in Senegal also
reinforced in fact what many scientists knew
in principle: the time between treatment and
disease testing will have an effect on the
apparent cure rate. Even in the initial study,
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the investigators found a shorter follow-up pro-
duced a better apparent cure rate, 18% at
12 weeks and 38% at 8 weeks (Gryseels et al.,
1994; van Lieshout et al., 1999). Further exam-
ination reinforced this principle (Danso-
Appiah and De Vlas, 2002). Studies in Senegal
also attributed some of the lower-than-expected
cure rates to more sensitive diagnosis, pointing
to the variability of apparent cure rates that
can be generated by different approaches to
detecting and defining ‘cure’.

Even after considering the high burden of
infection, the short follow-up times and the
sensitive diagnosis, the cure rates from Senegal
were lower than expected. Since worms
derived from these regions produced less
responsive murine infections (Fallon et al.,
1995), one explanation was that the schisto-
somes were praziquantel-tolerant, but other
possibilities remained. Specifically, since trans-
mission of schistosomiasis was very intense in
Senegal at the time, it was possible that rapid
reinfection was playing a role in the high rate of
apparent drug failure. Supporting this explana-
tion, patients from the problematic foci who
were relocated to urban areas (without ongoing
transmission) experienced normal cure rates.

A clear lesson from this series of investi-
gations is that praziquantel produces the
expected cure rates of 70–95% in ‘normal’
endemic situations, but lower cure rates
should not be startling when the intensity of
infection is high or the levels of transmission
are elevated (Gryseels et al., 2001). Although
these factors might not account for all of the
drug failure that occurred in Senegal (Danso-
Appiah and De Vlas, 2002), there has been no
compelling evidence for the emergence of a
praziquantel-resistant strain of schistosomes.

All of this emphasizes the extreme diffi-
culty in attributing lower-than-expected cure
rates to schistosome resistance. Even in this
case where the initial report was an 82% fail-
ure rate, closer examination found that this
high failure rate was most likely not a function
of drug resistance.

Egypt

Whereas the drug failures in northern Senegal
elicited the most focused field-based studies of

praziquantel resistance, a group of worms iso-
lated from patients not cured by praziquantel
in Egypt have been the substrate of the most in-
depth laboratory study of potentially resistant
worms.

A 1994 study identified a number of
patients not cured after receiving three succes-
sive doses of praziquantel in the Nile Delta
region of Egypt (Ismail et al., 1996). The study
included eight villages with a 25% prevalence
of S. mansoni, and the infections were much
less intense than those in the Senegal focus
described above. After a single dose of 40
mg/kg praziquantel, 21% of these patients
continued to pass viable eggs, well within the
normal range of expectations. These patients
were treated again, and 28% of these were still
passing viable eggs after a second dose of 40
mg/kg. For these patients, a third dose of 60
mg/kg was administered with a 27% failure
rate. In each case, the cure rate was not abnor-
mally low, but the study identified 24 patients
(1.6% of the original patients) who continued
to pass viable eggs after these three doses of
praziquantel.

As has already been pointed out, this fail-
ure rate is really well within the expected cure
rates for praziquantel. Using the range of an
expected 70–95% cure rate mentioned above,
one could expect a failure rate ranging from
0.001% to 2.7% after three treatments, and the
1.6% failure rate reported here is squarely
within that expectation. So, these failures in
and of themselves are not an indication of
inordinate drug failure or resistance.

However, the results raised the question
as to whether this type of treatment is selecting
for worms less responsive to praziquantel,
leaving only less responsive worms to repro-
duce in that given area. The only clear way to
determine if the failures are attributable to
worms not responding to praziquantel is the
rather arduous protocol of establishing labora-
tory murine infections from the eggs expelled
by the patients not being cured.

Three-fourths of the isolates derived from
patients not cured by praziquantel produced
murine infections that were significantly more
difficult to cure than control infections. This
indicated that these worms did, in fact, have a
decreased sensitivity. The differences were sig-
nificant, but not stunning in magnitude. For
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one example, the ER-6 isolate required 680
mg/kg to clear half the worms in murine infec-
tions, compared to 96 mg/kg in field-derived
controls (Ismail et al., 1996). In general, the
elevated doses for the isolates from non-
responding patients were between three and
eight times those of controls. This suggested
that a great majority of these patients not cured
by praziquantel were harbouring worms less
sensitive than naïve worms to praziquantel.

In order to confirm this, the isolates were
examined with respect to their responses to
praziquantel in vitro. Two of the hallmark
effects are contraction of the worm’s muscula-
ture (Pax et al., 1978) and a disruption of the
worm’s tegument (Bricker et al., 1983). The
Egyptian isolates that were significantly more
difficult to cure in mice were also significantly
less responsive to the action of praziquantel
in vitro, both in terms of muscle contraction
(Ismail et al., 1999) and tegumental disruption
(William et al., 2001a).

These results demonstrated that Egyptian
patients that were not cured by the recom-
mended doses of praziquantel-harboured
worms that were demonstrably less responsive
to the drug both in vivo and in vitro. This fact
produced concern that these worms could
result in a large population of schistosomes
that would not be cured by praziquantel.
However, further study of these worms found
two issues that would limit the spread of these
less responsive worms in the field. Firstly,
some of the isolates reverted to a praziquantel-
sensitive state with the removal of praziquantel
pressure. Secondly, all of the isolates that did
not revert to a praziquantel sensitivity suffered
from decreased biological fitness.

After multiple passages through the life
cycle in the absence of drug pressure, one-
third of the experimental isolates reverted to
sensitivity not significantly different from con-
trols (William et al., 2001b). For example, the
ER-6 isolate mentioned above initially required
680 mg/kg praziquantel to effect a 50% reduc-
tion in worm load in murine infections, but
after only six passages through the life cycle
over 5 years this was reduced to 113 mg/kg,
not significantly different from control infec-
tions. These results are significant in that they
demonstrate the ability of at least some of the
less responsive isolates to revert to a sensitive

state. Based on other cases of helminth drug
resistance, the reversion from a drug-resistant
state back to susceptibility has been infrequent
(Conder and Campbell, 1995; Anderson et al.,
1998; Geerts and Gryseels, 2000). It is impor-
tant to point out that the schistosome isolates
studied here were not genetically homoge-
neous, but rather the product of the genetically
heterogeneous pool of eggs surviving three
doses of praziquantel. This is probably a good
approximation of the situation that would
occur in the field, and so the capacity of some
of the isolates to revert to susceptibility bodes
well.

All of the experimental isolates that
retained their decreased sensitivity to prazi-
quantel showed compromised reproductive fit-
ness in the laboratory, expressed most
frequently as a decreased cercarial production
from snails infected with those isolates com-
pared to controls. For example, the total cer-
carial production of snails infected with one
isolate was only 57% of control isolates
(William et al., 2001b). So, despite the pres-
ence of some worms more capable of surviv-
ing exposure to the recommended therapeutic
levels of praziquantel, it is not clear that these
worms will provide the genetic stock for an
epidemiologically significant core of resistant
schistosomes in any of these villages.

Subsequent studies in the same villages
have examined this very issue. Since the 1994
studies, praziquantel has been used frequently
and widely throughout Egypt, including in
these villages in the Delta region. Praziquantel
treatment in these villages has come in at least
two forms: (1) biannual treatment of school
children and (2) at least two mass treatment
campaigns involving mass distribution of the
drug by the Ministry of Health and Population
authorities (WHO, 2000).

The 2004 studies showed that the preva-
lence of infection had significantly decreased
in the villages since the original study in 1994,
dropping from 25% to below 11% (Botros
et al., 2005). In addition, the egg burden in
those still-infected was small, with the vast
majority shedding fewer than 100 eggs per
gram of faeces. This is more anecdotal testi-
mony to the efficacy of praziquantel-based
control programmes, and clear indication that
the drug has indeed been aggressively applied
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in the intervening years since the original dis-
covery of the less responsive isolates.

The encouraging result was that the 2004
follow-up study found no patients not cured by
the same dosing protocol used in the 1994
study (which had found a 1.6% failure rate after
three doses). Because the sample size in the fol-
low-up study was not as large as the original
study, it could not conclude that there had
actually been a decrease in the failure rate, but
the data did show that there was not a dramatic
increase in the failure rate in these villages. For
example, if the real frequency of drug failure
had doubled from 1.6% to 3.2%, the chances
of the follow-up study not finding a single
patient with treatment failure would have been
less than 1 in 1000 (Botros et al., 2005). In the
very villages where patients were found to har-
bour unresponsive isolates before 10 years, and
where praziquantel had been applied in the
intervening years, no significant increase in
praziquantel failure rate could be found.

These results do not support any rapid
emergence of resistance to praziquantel in
these villages in Egypt. Nor is there any other
evidence of resistance to the drug limiting the
efficacy of chemotherapy-based control pro-
grammes throughout Egypt – the country
which has generated the most sustained and
intense use of praziquantel. The infections
remaining after chemotherapy campaigns tend
to be light, and reproduction is potentially fur-
ther slowed by compromises in reproductive
capacity of the surviving worms.

Concluding Remarks

There is no substantive report of praziquantel
resistance producing a dramatic public health
impact at the time of this writing. The two most
studied locations where praziquantel resistance
has been suspected have been Senegal and
Egypt. In Senegal, a great deal of the original
drug failure could be explained by the heavy
infections and rapid reinfection, and there has
not been a documented surge in praziquantel-
resistant schistosomiasis. In Egypt, even though
some patients have been found to harbour
worms that are not responsive to the recom-
mended doses of the drug, there has not been
any evidence of an increasing population of

praziquantel-resistant schistosomes. On the
contrary, the very villages that produced the
praziquantel-resistant worms a decade ago have
not experienced an increase in drug failure.

However, there is very clear data showing
that schistosomes have the biological and
genetic capacity to develop resistance to
chemotherapeutics. This has been demon-
strated with both oxamniquine and praziquan-
tel in the laboratory, where exposure to
sub-curative doses of the drug over generations
will result in a population of significantly less
susceptible worms. Further, it is known that the
recommended dose of praziquantel leaves a
significant number of worms alive and produc-
ing eggs after exposure to the drug. There are
documented cases of worms found in the field
that are demonstrably less sensitive to the
drugs than would be expected.

Given these facts, even though there has
not yet been a substantive report of praziquan-
tel resistance of public health significance, it
seems warranted to keep a watchful eye for
potential resistance as the drug is administered
aggressively to combat schistosomiasis-related
morbidity. There remain, however, a great
number of challenges that make it unclear as
to exactly how this can be done most effec-
tively. It remains very difficult to identify a nas-
cent pocket of resistance in the face of an
expected drug failure rate of 5–30%.

Ongoing epidemiological and laboratory
studies continue to elucidate a number of fac-
tors that can contribute to lower-than-expected
cure rates for praziquantel. As these factors
become more clearly and precisely under-
stood, variability in the field results with the
drug will be less ambiguous and significant
drug failures may be identified more readily.

Laboratory studies continue to explore
the molecular mechanisms of praziquantel’s
anti-schistosomal action. The identification of
the critical target molecules within the para-
site would produce hope for finding the
molecular basis underlying worms capable of
surviving exposure to the drug. This could lead
to a simple molecular monitoring assay.
Likewise, efforts to identify other non-molecular,
field-amenable assays for unresponsive worms
are ongoing. Any means of clearly attributing
drug failure to resistant worms would be of
great value.

264 T.A. Day and S. Botros



Given the immense value of praziquantel,
the clear demonstration that schistosomes are
capable of developing resistance to drugs, and
the widespread applications of praziquantel

that are planned for the future, diligence in
monitoring for the potential emergence of
resistance is in order.
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Introduction

Schistosomiasis affects approximately 200 mil-
lion people worldwide, an estimated 85% of
whom live in Africa (Engels et al., 2002), with
as many as 280,000 deaths per year attributed
to the disease (van der Werf et al., 2003). The
causative agents of schistosomiasis are trema-
tode flatworms of the genus Schistosoma.
Investigations into vaccine strategies against
schistosomiasis continue (see reviews by
Bergquist et al., 2002; Capron et al., 2002;
Hagan and Sharaf, 2003; Wilson and Coulson,
this volume), and public health measures are
clearly important for controlling the disease.
Currently, however, treatment of schistosomia-
sis remains dependent on chemotherapeutic
intervention, particularly with praziquantel.

Praziquantel (Fig. 14.1) is a pyrazinoiso-
quinoline anthelmintic that was discovered in
the 1970s and subsequently introduced for the
treatment of schistosomiasis (reviewed by
Andrews et al., 1983). It is an asymmetric mol-
ecule, and standard preparations are com-
posed of equal proportions of levo (−) and

dextro (+) optical isomers. The (−) enantiomer
is the active form, based on experiments both
in vivo (Andrews et al., 1983; Liu et al., 1986;
Tanaka et al., 1989; Wu et al., 1991; Xiao
et al., 1999) and in vitro (Xiao and Catto, 1989;
Staudt et al., 1992).

Praziquantel is the current drug of choice
against schistosomiasis. Indeed, in recent
years, praziquantel has effectively become the
sole anti-schistosomal agent that is commer-
cially available (Fenwick et al., 2003; Hagan
et al., 2004). Praziquantel is effective against
all species of schistosomes and shows minimal
side effects. It is also active against other trema-
tode and cestode infections, though not against
nematodes (reviewed by Andrews, 1985).
However, schistosomes do show stage- and
sex-dependent differences in susceptibility to
praziquantel (Xiao et al., 1985; Sabah et al.,
1986; Pica-Mattoccia and Cioli, 2004).

The effectiveness of praziquantel has been
demonstrated repeatedly in large-scale schisto-
somiasis control efforts in various regions, but
it has been severely underutilized in areas such
as sub-Saharan Africa (reviewed by Fenwick



et al., 2003; Hagan et al., 2004). An attempt to
remedy this situation can be found in the recent
launch of the Schistosomiasis Control Initiative
(www.schisto.org), funded in large measure by
the Bill and Melinda Gates Foundation, which
has been initiated in part to develop sustain-
able schistosomiasis control programmes in
this neglected region.

With praziquantel serving in effect as the
only anti-schistosomal treatment in widespread
use, the possibility of emerging drug resistance
has alarming implications. Recent discussions
of this problem can be found elsewhere (see
e.g. Cioli, 2000; Doenhoff et al., 2002), as well
as in this volume (Day and Botros, this volume),
and will not be explored further here. However,
the potential for the emergence of praziquantel-
resistant strains of schistosomes is of special
concern considering that the mechanism of
action of the drug remains undefined.

Praziquantel Mode of Action

Despite widespread use and nearly 30 years of
experimental inquiry, the precise manner in
which praziquantel acts continues to be
largely unresolved (reviewed by Day et al.,
1992; Redman et al., 1996; Cioli and Pica-
Mattoccia, 2003). This chapter will focus on
recent advances in identifying the molecular
target of praziquantel, spotlighting on those
experiments indicating a critical role for voltage-
gated calcium (Ca2+) channel proteins.

Praziquantel is effective against several
different platyhelminths, but typically shows
minimal activity against other organisms,
including other helminths such as nematodes
(Andrews et al., 1983). Thus, this compound
appears to be highly selective against members
of the phylum Platyhelminthes. Based on this
apparent specificity, one might predict that the
molecular target of praziquantel should be
present only in members of this phylum.
Accordingly, the drug’s target (or targets) could
be encoded by a novel gene found exclusively
in the flatworms. Recent examination of schis-
tosome genomes and transcriptomes has iden-
tified several sequences that show no apparent
homology to genes from any other phyla
(reviewed by Hu et al., 2004; LoVerde et al.,
2004; McManus et al., 2004; Verjovski-
Almeida et al., 2004). Alternatively, the target
for praziquantel could be encoded by a mem-
ber of a gene family found in other phyla as
well as in the platyhelminths, but with particu-
lar structural signatures that interact specifically
with the drug. These signatures could represent
minor differences in the primary sequence
of the protein that have major consequences.
Changes of single amino acid residues in critical
domains can produce dramatic modifications in
the functional and pharmacological properties
of typical receptors and channels (see e.g.
Heinemann et al., 1992; Satin et al., 1992).

The questions surrounding the mechanism
of praziquantel action can be illustrated by
revisiting a modified version of a figure initially
published over a decade ago (Fig. 14.2; Day
et al., 1992; Harder, 2002). As will be dis-
cussed in more detail below, praziquantel pro-
duces a clear, well-documented effect on
intracellular Ca2+ levels in schistosomes. This
disruption of Ca2+ homeostasis triggers a cas-
cade of events that eventually leads to the
elimination of adult parasites from the host.
However, as shown in Fig. 14.2, the entities
which interact with praziquantel and mediate
these events in effect represent a black box,
with the molecular target of the drug and the
location of that target remaining undefined.

Though elucidating the mode of action of
praziquantel has proved a daunting task, the
effects of the drug on adult schistosomes
do provide clues to potential targets for the
drug. Application of praziquantel results in a
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disruption of Ca2+ homeostasis in the adult par-
asite (reviewed by Andrews, 1985; Day et al.,
1992; Redman et al., 1996). Within seconds of
exposure of adult schistosomes to the drug,
there is a rapid, sustained contraction of the
worm’s musculature (Fetterer et al., 1980).
Praziquantel also produces vacuolization and
disruption of the parasite tegument (Becker
et al., 1980; Mehlhorn et al., 1981), which is
associated with the subsequent exposure of
parasite antigens on the surface of the worm
(Harnett and Kusel, 1986). Both the contraction
of the musculature and the effects on the
tegument are considered to be linked to the
praziquantel-dependent disruption of Ca2+

homeostasis (reviewed by Day et al., 1992;
Redman et al., 1996).

Application of praziquantel results in a
rapid uptake of 45Ca2+ in adult male schisto-
somes (and a much slower influx of Na+; Pax
et al., 1978). The effects of praziquantel on
both contraction of the worm’s musculature
and disruption of the parasite tegument are

both Ca2+-dependent processes. Thus, removal
of Ca2+ from the extraworm bathing medium
blocks each of these responses (Pax et al., 1978;
Wolde Mussie et al., 1982; Xiao et al., 1984),
but in both cases, there is a delay before
these inhibitory effects are seen. For example,
the inhibitory effects of Ca2+-free medium on
the praziquantel-dependent contraction of the
musculature require at least 10 min to become
apparent, a delay thought to be indicative of the
time required for the depletion of sequestered
intracellular Ca2+ stores. These results indicate
that extracellular Ca2+ is not required for the ini-
tiation of praziquantel-dependent effects, but is
required for full and sustained responses.

Both the tegument and the sarcolemma
appear to contain praziquantel-sensitive sites
(Blair et al., 1992). When intact worms are
bathed in high magnesium, they exhibit a
praziquantel-dependent biphasic muscle con-
traction instead of the tonic contraction that
normally occurs. However, although worms
with the tegument removed continue to respond
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Fig. 14.2. Questions regarding mechanism of action of praziquantel. Praziquantel affects Ca2+

homeostasis in the adult worm, which results in a cascade of events that ultimately lead to elimination of
parasites from the host. Entities mediating these effects and their location are not currently defined and
are presented within a ‘black box’. Possible sites of action are shown. Figure updated from Day et al.
(1992) and Harder (2002).



to praziquantel, they show only a single,
prominent phasic contraction, indicating
involvement of a tegumental site for the full
response. Furthermore, application of prazi-
quantel to detegumented parasites incubated
in Ca2+-free medium does not produce the
muscular contraction. Interestingly, micromo-
lar (1–2 µM) concentrations of praziquantel
apparently interact with both sarcolemmal and
intracellular sites to produce a sustained Ca2+-
dependent contraction of the penile retractor
muscle from the mollusc Lymnaea stagnalis
(Gardner and Brezden, 1984).

Several cellular factors are involved in
regulating intracellular levels of Ca2+ and have
been discussed as plausible targets mediating
the effects of praziquantel on Ca2+ homeostasis
(reviewed by Redman et al., 1996). They
included various channels that carry Ca2+ such
as voltage-, ligand- and second messenger-
gated Ca2+ channels and intracellular Ca2+

release channels. Also considered were pumps
and transporters that regulate intracellular
Ca2+ concentrations, as well as intracellular Ca2+

buffers. Early experiments indicated that prazi-
quantel is not acting as an ionophore (Pax
et al., 1978). In addition to these factors, there
are reports of praziquantel altering the struc-
ture of membrane bilayer phospholipids or
membrane fluidity (Harder et al., 1988; Lima
et al., 1994), effects which could result in
changes in ion permeability of membranes or
to indirect effects on membrane receptors and
channels. However, there have been few lines
of direct evidence connecting these potential
targets to praziquantel action. For example, it
has been reported that even high concentra-
tions of praziquantel (up to 100 µM) have no
effect on schistosome (Na+–K+)-ATPase or
(Ca2+–Mg2+)-ATPase activities (Cunha and
Noel, 1997).

Recent reports have indicated that
voltage-gated Ca2+ channels may be targets of
praziquantel action (Kohn et al., 2001a,
2003a,b). Voltage-gated Ca2+ channels are
important entry sites for extracellular Ca2+, and
are therefore critical in regulating levels of
intracellular Ca2+. Until recently, the question
of whether voltage-gated Ca2+ channels might
play a role in praziquantel action had not been
tested directly, largely because Ca2+ currents
had never been recorded from schistosome

cells (see below). Nevertheless, based on their
pharmacological studies on praziquantel-
induced contraction in both intact and detegu-
mented worms, Blair et al. (1992) suggested
that Ca2+ channels might be involved in the
action of the drug. In this regard, praziquantel
has been shown to prolong the Ca2+-dependent
plateau phase of the cardiac action potential in
rats, which is carried by voltage-gated Ca2+

channels; however, high concentrations (50
µM) of the drug are required for this effect
(Chubb et al., 1978). Evidence against the
involvement of voltage-gated Ca2+ channels
includes the observation that methoxyvera-
pamil (D-600), an inhibitor of one class of
mammalian Ca2+ channels (L-type), does not
block the praziquantel-dependent Ca2+ influx
in schistosomes, but does block the tonic con-
traction resulting from increased K+ concentra-
tions (Fetterer et al., 1980). However, recent
results from cloning and expression of Ca2+

channel proteins point to a critical role for
voltage-gated Ca2+ channels in praziquantel
action.

Voltage-gated Ca2+ Channels

Voltage-gated ion channels are membrane pro-
tein complexes that underlie electrical excitabil-
ity in cells. They include the voltage-gated
potassium, sodium and Ca2+ channels. These
channels act as ion-selective pores that are
gated by changes in membrane potential. When
activated, they allow ions to flow down their
electrochemical gradient across the cell mem-
brane. In addition to their role in contributing
to impulse propagation, voltage-gated Ca2+

channels are important regulators of intracellu-
lar Ca2+ levels. Ca2+ channels provide the
pathway for the Ca2+ influxes that mediate
excitation–contraction coupling, excitation–
secretion coupling and other Ca2+-dependent
processes in muscles, nerves and other
excitable cells (reviewed by Hofmann et al.,
1999; Catterall 2000). Voltage-gated Ca2+ chan-
nels are therefore critical to behaviour and sur-
vival of the animal. Indeed, organisms as diverse
as cone snails and spiders produce venoms
that contain toxins targeted against specific
subtypes of Ca2+ channels.
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Voltage-gated Ca2+ channels are com-
prised of a pore-forming α1 subunit that is asso-
ciated with auxiliary subunits that modulate the
properties of the channel (see Fig. 14.2). The α1
subunit contains four homologous domains,
each containing six transmembrane regions
(S1–S6) that are linked into a single molecule.
The α1 subunit has a predicted structure that
places it within the ion channel superfamily
(Doyle et al., 1998). The simplest ion channels
are tetrameric structures that contain the fifth
and sixth transmembrane regions and the P
loop, a region between S5 and S6 that acts
as the selectivity filter of the pore. It is in this
region that the residues which define a channel’s
ionic selectivity and much of its pharmacology
reside. The fourth transmembrane segment in
each domain (S4) is thought to serve as the volt-
age sensor of the channel and contains a posi-
tively charged amino acid (lysine or arginine) at
every third residue.

There are two major classes of Ca2+

currents that have been described in both
vertebrate and invertebrate cells. These are low
voltage-activated (LVA; T-type) and high-
voltage-activated (HVA). HVA currents can be
further divided into L-type, which, in verte-
brates, are sensitive to the dihydropyridine class
of Ca2+ channel blockers (nifedipine, nimodip-
ine, etc.); and a variety of currents collectively
known as non-L-type, which are not sensitive to
the dihydropyridines. Experiments using het-
erologous expression of cloned Ca2+ channel
subunits have shown a correspondence
between these different currents and the differ-
ent subtypes of cloned α1 subunits. LVA cur-
rents are gated by the Cav3 class of α1 subunits
(reviewed by Perez-Reyes, 2003), while HVA L-
type currents and non-L-type currents are gated
by Cav1 α1 and Cav2 α1 subunits, respectively.
From similar studies, it has also become clear
that the pharmacological distinction between
L-type and non-L-type channels breaks down in
the invertebrates (reviewed by Jeziorski et al.,
2000a). Thus, heterologous expression of inver-
tebrate α1 subunits that are structurally mem-
bers of the L-type family, show little if any
sensitivity to dihydropyridines and other agents
that modulate vertebrate L-type channels with
high potency.

The α1 subunits of HVA channels are asso-
ciated with auxiliary proteins that have impor-

tant modulatory effects on α1 subunits
(reviewed by Hofmann et al., 1999; Catterall,
2000; Arikkath and Campbell, 2003). These
include the α2/δ and β subunits (Fig. 14.3), and
also γ subunits (not shown). Ca2+ channel
β subunits (Cavβs) are intracellular proteins that
have been studied extensively and are particu-
larly important components of Ca2+ channel
complexes. Co-expression of β subunits with
α1 subunits results in increases in current den-
sity and ligand binding. Cavβs appear to par-
ticipate in membrane trafficking of the α1
subunit, and it has been proposed that they do
this in part by masking an endoplasmic reticu-
lum retention site on the α1 subunit (Bichet
et al., 2000). β subunits also have important
effects on various biophysical properties of Ca2+

channels, including the voltage-dependence
of channel activation and steady-state inactiva-
tion, rates of inactivation (reviewed by
Birnbaumer et al., 1998; Walker and DeWaard,
1998; Hanlon and Wallace, 2002; Dolphin,
2003), and the rate of recovery from inactiva-
tion (Jeziorski et al., 2000b).

Several lines of evidence show that there
is a specific region in the intracellular loop
between domains I and II of the α1 subunit that
serves as the primary site for binding of β sub-
units. This site has been named the alpha inter-
action domain (AID; Pragnell et al., 1994).
Cavβs contain a beta interaction domain (BID)
that, until very recently, was thought to serve
as the primary site for interaction with the α1
subunit (DeWaard et al., 1994). However, res-
olution of the structure of Ca2+ channel β sub-
units has indicated that such a view may be
oversimplified.

Based on homology modelling, Cavβs
were proposed to be members of the mem-
brane-associated guanylate kinase (MAGUK)
family of proteins (Hanlon et al., 1999).
MAGUKs act as scaffolding proteins, often
concentrated at synapses and playing impor-
tant roles in clustering ion channels and
neurotransmitter receptors (reviewed by
Dimitratos et al., 1999). MAGUKs typically
contain one or more PDZ domains that are
located N-terminal to an Src-homology 3
(SH3) domain, a bridging region (the HOOK
domain) and a guanylate kinase (GK)-like
domain. Recently, the crystal structure of
the conserved core of β subunits has been
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resolved, both alone and in complex with the
AID of the α1 subunit (Chen et al., 2004;
Opatowski et al., 2004; Petegem et al., 2004;
commentary by Yue, 2004). These structures
are consistent with Cavβs indeed being mem-
bers of the MAGUK family, though with some
unusual characteristics. For example, Cavβs
appear to lack the PDZ domains typically
found in other MAGUKs, and the orientation
of the SH3 and GK domains has been modi-
fied. Furthermore, the GK domain in Cavβs
does not have a nucleotide binding site.

The modified GK domain of the β subunit
forms a hydrophobic binding pocket with
which the AID of the α1 subunit interacts.
Surprisingly, at least in the conformation that
was crystallized, the BID region is found
buried within the β subunit protein. It is there-
fore unlikely to be involved directly in such
protein–protein interactions as binding to the
AID. However, as Chen et al. (2004) have dis-
cussed, the BID still appears to play an essen-

tial structural role in β subunits, spanning the
SH3 and GK domains and their connecting
HOOK region, and containing two β strands
that are integral parts of the SH3 and GK
domains. Indeed, the BID and surrounding
areas are the most highly conserved regions of
β subunit proteins.

Schistosome and Flatworm 
Ca2+ Currents

Clearly, one reason for studying voltage-gated
Ca2+ channels in schistosomes and other flat-
worms is to understand their possible role in
praziquantel action. Another important incen-
tive is to better understand the physiology of
excitable cells in these organisms, and also to
garner clues about the evolution of ion chan-
nels. Furthermore, structural and functional
characterization of these channels might pro-
vide targets for new anti-parasitic agents.
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To date, no native Ca2+ currents from
schistosome cells have been published. In
fact, voltage-clamp analyses of muscle cells
isolated from adult Schistosoma mansoni have
revealed no inward currents at all, apparently
due to technical limitations (Day et al., 1993).
However, isolated muscle cells from S. man-
soni do show Ca2+-dependent contractility
(Day et al., 1994).

However, cells from other flatworms do
show evidence of voltage-gated Ca2+ currents.
For example, neurons from the polyclad flat-
worm Notoplana acticola contain a normal
complement of ionic currents, including
cadmium-sensitive Ca2+ currents, which are
implicated in the generation of action poten-
tials (Keenan and Koopowitz, 1984). Voltage-
gated Ca2+ currents from nerve and muscle
cells have been characterized using voltage-
clamp in Bdelloura candida, a triclad ectopar-
asitic flatworm that resides on the legs and gills
of horseshoe crabs (Limulus polyphemus; Blair
and Anderson, 1993, 1994). Both of these cell
types had Ca2+ currents that activated at –30 mV,
reached peak amplitude in approximately
5 ms, and inactivated slowly. The Ca2+ current
from Bdelloura neurons was comparatively
insensitive to organic Ca2+ channel blockers
such as nifedipine and verapamil, as well as
to the cone snail toxin ω-conotoxin GVIA.
Furthermore, the neuronal Ca2+ current did not
show sensitivity to 10 µM PZQ (Blair and
Anderson, 1996). The Ca2+ current from mus-
cle cells was not stable enough for pharmaco-
logical analysis. More recently, Ca2+ currents
from muscle cells of the triclad turbellarian
Dugesia tigrina have been described (Cobbett
and Day, 2003). These currents were also not
stable enough for thorough pharmacological
analysis.

Clearly, elucidation of the properties of
native Ca2+ currents in schistosomes and other
flatworms has presented major challenges. A
molecular approach offers an alternative for
studying the physiological and pharmacologi-
cal properties of cloned Ca2+ channel subunits
expressed in heterologous systems. Ultimately,
however, the characterization of native cur-
rents within schistosome cells will be essential
for understanding the properties of these chan-
nels and the physiological roles they play
within the parasite.

Schistosome Ca2+ Channel Subunits

The structure and function of schistosome Ca2+

channel subunits have recently begun to be
elucidated (Kohn et al., 2001a,b). Schistosome
adults express at least three subtypes of HVA
Ca2+ channel α1 subunits. Two of these sub-
types are most similar to α1 subunits from the
non-L-type class, while one is most closely
related to the L-type class of α1 subunits.
Schistosomes (and presumably other platy-
helminths) may be unique among the inverte-
brates in that they have genes encoding two
subtypes of non-L-type α1 subunits, while
other invertebrates that have been examined
contain only a single representative for each
of these two classes (Jeziorski et al., 2000a;
Littleton and Ganetzky, 2000).

Schistosomes express at least two sub-
types of Cavβs (Kohn et al., 2001a, 2003b). This
finding is also unique among the invertebrates;
to date, only a single Cavβ gene has been iden-
tified in the genomes of other invertebrate
species. More remarkably, one of these schis-
tosome β subunit subtypes exhibits entirely
unique structural and functional properties. To
date, there have been no representatives of this
variant subtype identified in any vertebrate or
invertebrate phyla other than the platy-
helminths (see Fig. 14.4).

These variant Cavβs are clearly members
of the β subunit family, but they have quite dis-
tinct structural features. For example, the vari-
ant S. mansoni Cavβ is approximately 25%
larger than the conventional schistosome Cavβ,
and is as much as 50% larger than β subunits
from other species. However, the feature of
these variant Cavβs that is most striking is
found in the BID, where two conserved serine
residues that represent consensus protein
kinase C (PKC) phosphorylation sites are
replaced by other residues (cysteine, alanine).

The unique structural characteristics of
these variant schistosome β subunits appear to
be further reflected in their unusual functional
properties (Kohn et al., 2001a). As discussed,
conventional β subunits enhance currents
through α1 subunits. In contrast, co-expression
of these variant β subunits in Xenopus oocytes
with either a jellyfish (CyCav1) or human
(Cav2.3) α1 subunit results in a dramatic reduc-
tion in current. Other than this anomalous effect
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on current levels, however, the variant schisto-
some Cavβs modulate α1 subunits in a con-
ventional manner. For instance, co-expression
of the variant β subunits results in a hyperpolar-
izing shift in the current–voltage relationship
of α1 subunits, an effect also found with
other β subunits. Thus, although the variant
Cavβs have unusual properties, these proteins
appear to be behaving as authentic, functional
β subunits.

Of particular interest for this discussion,
the variant schistosome Cavβs confer prazi-

quantel sensitivity to an otherwise praziquantel-
insensitive mammalian α1 subunit (Kohn et al.,
2001a). Thus, when the mammalian Cav2.3
α1 subunit is expressed in Xenopus oocytes,
it shows no sensitivity to 100 nM praziquantel.
However, when one of the variant schistosome
Cavβs is co-expressed in Xenopus oocytes with
Cav2.3, peak currents are increased 1.5- to
2-fold in the presence of the drug. This increase
in Ca2+ influx through channels containing
these variant β subunits is consistent with the
effects of praziquantel on Ca2+ homeostasis in
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the parasite. Other Cavβs, including the con-
ventional schistosome β subunit, do not confer
praziquantel sensitivity to the mammalian α1
subunit (Kohn et al., 2003b). These observa-
tions implicate the variant schistosome Cavβs
in the mechanism of action of praziquantel.

Site-directed mutagenesis has been used
to localize the specific amino acid residues
that might be critical for determining the
unusual functional properties and pharmaco-
logical sensitivities of the variant β subunits.
Both the reduction in current levels and the
ability of the variant Cavβs to confer prazi-
quantel sensitivity have been mapped to the
two conserved consensus PKC sites in the BID
that are not present in these subunits (Kohn
et al., 2003a,b). Incorporation of serine
residues at either or both of these sites in the
variant Cavβ from S. mansoni restores the con-
sensus PKC sites (see Fig. 14.5) and results in
a β subunit which now enhances currents
through α1 subunits and no longer confers sen-
sitivity to praziquantel. A double mutation,
which incorporates a serine but also eliminates
the consensus PKC sequence at a second site,
behaves like the wild-type schistosome sub-
unit; thus, the novel effects of this subunit
appear to result from the absence of PKC sites
in the BID region, rather than simply the pres-
ence of residues other than serines. Finally,
elimination of both PKC sites in the BID of a
conventional β subunit creates a β subunit that
now confers praziquantel sensitivity to the
mammalian α1 subunit.

Thus, the absence of consensus PKC sites
in the β subunit BID is associated with the
capability of a β subunit to confer susceptibil-
ity to praziquantel. The presence of a single
consensus PKC site in the BID is sufficient to
transform a variant Cavβ into a β subunit with
characteristics typically found for conventional
β subunits. Based on these results, we have
hypothesized that the unique modulatory

properties and pharmacological sensitivities
of the variant Cavβs from schistosomes are
dependent on the absence of the consensus
PKC phosphorylation sites found in the BIDs of
other β subunits.

Phosphorylation of voltage-gated Ca2+

channel subunits by protein kinases such as
PKC plays an important role in regulating
channel properties (reviewed by Rossie, 1999;
Kamp and Hell, 2000; Keef et al., 2001). The
mammalian β2a subunit has been shown to be
phosphorylated by PKC in vitro, with a stoi-
chiometry estimated to be 1–2 moles of phos-
phate per mole of β2a protein (Puri et al.,
1997). Several consensus PKC sites are present
in β subunits; however, the specific sites that
are phosphorylated by PKC have not yet been
defined either in vitro or in vivo.

Concluding Remarks

Assuming that the variant Cavβs found in schis-
tosomes are indeed involved in praziquantel
action, and that creation of a PKC site in the
BID can eliminate susceptibility to the drug,
then one mechanism for acquiring praziquan-
tel resistance might involve acquisition of one
or both of these crucial PKC sites by mutating
residues to serine. Schistosome isolates reported
to have reduced praziquantel sensitivity have
been tested for the presence of these (or other)
mutations (Valle et al., 2003). Worms with
reduced susceptibility to praziquantel showed
neither changes in primary structure of schisto-
some β subunits, nor changes in expression
levels of those subunits. Thus, a reduction in
praziquantel susceptibility in these strains is
apparently not based on altered Cavβ struc-
tures or expression levels. However, various
Egyptian isolates with reduced praziquantel
susceptibility show differential stability (William
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et al., 2001), which may indicate that there are
alternative pathways for acquiring reduced
praziquantel susceptibility. Thus, different
strains of parasites may be acquiring resistance
to praziquantel via different mechanisms.

Several issues regarding schistosome Ca2+

channels and their role in praziquantel action
remain unresolved. For example, the proper-
ties of the schistosome α1 subunits, either
alone or in combination with the two schisto-
some Cavβ subtypes, have not yet been
described. Are all schistosome α1/β combina-
tions able to form functional channels? Is there
only a particular α1/β combination that gener-
ates praziquantel-sensitive channels, or can
any schistosome channel that contains a vari-
ant β subunit show sensitivity to the drug? In
which cells are these combinations expressed?
How exactly does praziquantel act on these
channels? Is the interaction directly with the
variant β subunit, does praziquantel instead
interfere with α1/β subunit interaction, or is
praziquantel acting somehow indirectly on
Ca2+ channels that contain these variant Cavβs?
Of particular interest is the specific biological

role or roles that these variant schistosome
Cavβs might play in schistosomes. Unlike other β
subunits, which enhance Ca2+ currents, these
β subunits appear to inhibit currents. What spe-
cial characteristics of schistosome α1 subunits
would require the development of this unusual
type of modulation? Are there any other organ-
isms that use a similar strategy? Some answers
to these questions may come from analysis of
sequences and expression studies in heterolo-
gous systems. Some answers may also arise
from analyses of the schistosome genome
and transcriptome. Ultimately, elucidation of
the properties of native Ca2+ (and other) cur-
rents will be required to obtain a full under-
standing of the role they play in schistosome
physiology and in praziquantel action.
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Introduction

The Cestodes are a group of parasitic flat-
worms, some of which cause economically or
medically important diseases. Those of princi-
pal importance belong to the Family Taeniidae,
which comprises two genera, Taenia and
Echinococcus. Taenia species are the etiologi-
cal agents of cysticercosis in sheep, cattle, pigs
and humans. Echinococcus species cause
hydatid disease in a variety of animal species,
including humans. A number of taeniid ces-
tode species are also natural parasites of labo-
ratory animals and these have been used
extensively in early studies of the immunology
of Taenia and Echinococcus parasitism. The

taeniid cestode species that are of particular
economic importance and those species that
have played an important role in immuno-
logical investigations are summarized in
Table 15.1.

Taeniid cestodes have a prey–predator life
cycle involving two mammalian hosts. The
definitive host is a carnivore or omnivore,
which harbours the adult tapeworm parasite in
the small intestine. Mature infective eggs are
released with the faeces and, when these are
ingested by a suitable species of intermediate
host, the oncosphere contained within the egg
is liberated through the influence of intestinal
secretions, particularly bile. The activated par-
asite penetrates the mucosa of the small intestine



of the intermediate host and travels by way of
the circulating system to its preferred tissue
site, in which the parasite encysts. The larval
parasite, known as a metacestode, matures to
a stage that is infective for the definitive host. The
life cycle is completed when the intermediate
host tissues containing the mature metaces-
tode are eaten by a suitable species of defini-
tive host. The larval parasite is released and
activated by the intestinal secretions of the
definitive host and grows into a mature tape-
worm. Infection in the definitive hosts rarely
causes significant clinical or economic prob-
lems. However, infection with cysticercosis or
hydatid disease in the intermediate hosts may
have severe consequences for health in humans
and may cause substantial economic loss when
the hosts are livestock species. Typically, the
different parasite species are quite restricted in
their host range for both definitive and inter-
mediate hosts, however there are some
notable exceptions. Echinococcus granulosus
is the cause of cystic echinococcosis (cystic
hydatid disease) and infects a wide range of
species as intermediate hosts, including humans.
Taenia solium is normally transmitted between
humans, as the obligate definitive host, and
pigs as the intermediate host. However, the
eggs of T. solium are also infective to humans,
if they are ingested, in whom they mature as

cysticerci. These frequently occur in the brain
and other parts of the nervous system and cause
a disease known as neurocysticercosis.

The medical significance of some taeniid
cestode species, particularly E. granulosus, has
stimulated considerable interest worldwide
in controlling or eradicating the parasites
(Gemmell et al., 2001). Hydatid control cam-
paigns have been waged in many parts of the
world. These have relied on the application of
anthelmintics to remove tapeworms from
domestic dogs, other dog control measures
and public education about the disease related
particularly to preventing access of dogs to
offal infected with hydatid cysts. Where these
measures have been able to be applied in a rig-
orous and sustained manner, hydatid disease
has been eradicated, for example, in New
Zealand and the island state of Tasmania in
Australia (Gemmell et al., 1986). However, few
countries have had sufficient resources to
commit to these control measures to ensure
that effective control or eradication was
achieved. The critical problem with control
programmes that rely on treatment of the defin-
itive host is the potential for new infections fol-
lowing anthelmintic treatment. Hence, in order
to achieve a high level of transmission control
it is necessary to re-treat definitive hosts within
the pre-patent period of the adult tapeworm
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Table 15.1. Principal medically and economically important taeniid species and those used extensively
in laboratory studies.

Principal Principal 
intermediate Metacestode definitive 

Species Obsolete synonyms hosts type host

Taenia solium Cysticercus cellulosae Pigs (Man) Cysticercus Man
T. saginata C. bovis Cattle Cysticercus Man
T. hydatigena C. tenuicollis Sheep Cysticercus Dog
T. ovis C. ovis Sheep Cysticercus Dog
T. multiceps Multiceps multiceps Sheep (Man) Coenurus Dog
T. pisiformis C. pisiformis Rabbit Cysticercus Dog
T. taeniaeformis C. fasciolaris Rodents Strobilocercus Cat
T. crassiceps – Rodents Cysticercus Dog

(proliferative)
Echinococcus – Sheep, goats, Unilocular Dog

granulosus cattle, pigs hydatid cyst
and other 
herbivores (Man)

E. multilocularis – Microtine rodents Multilocular Fox
(Man) hydatid cyst



(Gemmell, 1987). In New Zealand, every dog
in the country was treated every 6 weeks over
a period of years. This strategy was successful
in eliminating hydatid disease, however, even
this extensive and rigorous campaign failed to
eliminate other dog-transmitted cestode species
such as Taenia hydatigena or Taenia ovis
(Burridge and Schwabe, 1977; Lawson, 1994).
These parasite-control campaigns have high-
lighted the substantial difficulties associated
with control methods directed entirely at the
definitive host of cestode parasites. The para-
sites have a substantial biotic potential such
that many years of control efforts can be over-
turned when only a very small proportion of
infections persist in definitive hosts, or due to
the immigration of infected hosts into control
areas (Gemmell et al., 1987). Indeed, in New
Zealand the hydatid control campaign led to a
situation where the economic impact of T. ovis
increased in some areas rather than decreased.
In the absence of control, transmission of
T. ovis was hyperendemic such that most lambs
became infected early in life and developed a
degree of immunity. In this situation light bur-
dens of infection were common while heavy
infestations were relatively rare. However, after
several years of 6-weekly dosing of dogs with
anthelmintic, transmission rates decreased and
the sheep flock comprised many animals that
had not been exposed to T. ovis and had no
immunity to the disease. When an infected
dog escaped effective anthelmintic treatment
and distributed the parasite’s eggs in the envi-
ronment, many hundreds of sheep over a wide
area were found to develop heavy T. ovis infec-
tions, which became known as ‘cysticercosis
storms’ (Lawson and Gemmell, 1983). The
problems that have arisen with the control of
transmission of cestode parasites highlight the
need for new control measures. One potential
option is the use of effective vaccines.

Vaccines to assist with control of taeniid
cestode infections would be most easily
applied in the parasites’ definitive hosts
because generally these are fewer in number
and more readily accessed than are the inter-
mediate hosts. However, there is little evidence
of host-protective immune responses against
Taenia and Echinococcus species in their
definitive hosts and attempts to induce protec-
tive immune responses have been unreliable

and, generally, poorly effective (reviewed by
Lightowlers, 1990). On the other hand, immu-
nity to re-infection with these parasites in their
intermediate hosts is a prominent feature of the
host–parasite relationship (Rickard and Williams,
1982). For this reason, vaccine development
efforts have concentrated on the intermediate
hosts. Highly effective, defined antigen vac-
cines have been developed for the prevention
of infection with several species of taeniid ces-
tode (summarized in Table 15.2). The greatest
success has been achieved using recombinant
oncosphere antigens and this chapter focuses
on this area of work.

Immunity – Basic Principles

Following an initial infection with taeniid ces-
tode parasites in their intermediate hosts, the
infected animals show a substantial degree of
immunity to re-infection (Rickard and Williams,
1982). This concomitant immunity, as it is
known, has been demonstrated for numerous
Taenia species and in various host species.
From the time of the earliest known experi-
mental investigations, it has been clear that
this immunity can be transferred via either pas-
sive transfer of serum from infected animals to
naïve recipients or via colostral antibodies
from an infected dam to her offspring (reviewed
by Lightowlers et al., 1992). Hence, antibodies
play an important role in concomitant immu-
nity though they are not necessarily the only
immune mechanism. Mitchell et al. (1980)
took advantage of the variable responses of dif-
ferent inbred mouse strains to Taenia taeniae-
formis infection to undertake a series of
elegant experiments that have provided a bet-
ter understanding of concomitant immunity
and differences in ‘innate’ immunity between
different hosts. Mice that were resistant to
infection with T. taeniaeformis were found to
have generated protective antibodies by 9 days
post-infection whereas mice that were more
susceptible to infection had not. Following
an infection with eggs, the early developing
parasite is highly susceptible to antibody and
complement-mediated host immune responses,
however, after about 10 days of development,
the parasite transforms from being susceptible
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to immune attack to being insusceptible. Hosts
that produce a sufficient amount of protective
antibody before this change occurs are able to
kill many or all of the developing metaces-
todes. Conversely, hosts that produce the
potentially protective antibodies more slowly,
allow many of the developing parasites to
survive long enough to undergo the develop-
mental transformation that renders them insus-
ceptible and hence these hosts develop more
substantial primary infections. This change in
the susceptibility of the developing metaces-
tode to host immune attack seems to coincide
with major changes to the parasite’s surface
structure that occur during their early develop-
ment (Engelkirk and Williams, 1982, 1983).

Definitive research on the susceptibility of
taeniid cestode hosts to primary and secondary
infection was undertaken using T. hydatigena
(Gemmell and Johnstone, 1981). Two different
methods to induce infections in sheep were
employed, namely oral infection and intramus-
cular injection of activated oncospheres,
thereby enabling the differentiation of parasites
arising from primary and secondary infections.
They discovered that a high level of immunity
was induced following a primary infection that
was able to prevent the establishment of para-
sites from a subsequent secondary challenge

infection. However, this immunity did not per-
sist indefinitely and had waned by 18 months
after the primary infection, such that at that
time it was possible for parasites to establish
from a secondary infection despite the contin-
uing presence of viable parasites in the tissues
from the primary infection.

Vaccination – Historical Perspectives

In the 1930s extensive studies were undertaken
on immunization of laboratory rats and rabbits
against challenge infection with T. taeniae-
formis or Taenia pisiformis (Miller, 1931, 1932;
Miller and Kerr, 1932; Kan, 1934; Campbell,
1936). These studies established that high lev-
els of protection could be achieved by immu-
nization using non-living extracts derived from
different life-cycle stages of the parasite as well
as by antigens derived from heterologous ces-
tode species.

During the 1960s and 1970s Gemmell
found that exposure of sheep to living on-
cospheres induced protection against T. ovis,
T. hydatigena or E. granulosus (Gemmell,
1962, 1964a,b, 1965, 1966, 1967, 1969, 1970)
but that this protection was abrogated if the

Cestode Vaccine Development 285

Table 15.2. Recombinant oncosphere antigens of taeniid cestodes, which have been shown to induce
host-protective immune responses.

Species Antigen Homology groupa Protection (%)b Reference

Taenia ovis To45W 45W 94 Johnson et al. (1989)
To45S 45W 87 Lightowlers et al. (1996c)
To16K 16K 92 Harrison et al. (1996)
To18K 18K 99 Harrison et al. (1996)

T. saginata TSA-9 45Wc 99 Lightowlers et al. (1996b)
TSA-18 18Kc 99 Lightowlers et al. (1996b)

T. solium TSOL18 18K 100 Flisser et al. (2004)
TSOL45 45W 97 Flisser et al. (2004)

Echinococcus EG95 EG95 100 Lightowlers et al.
granulosus (1996a, 1999)

E. multilocularis EM-95 EG95 83 Gauci et al. (2002)

aAssignment to a particular homology group, designated by the abbreviation used for the first antigen of the group to be
characterized, indicates a high level of amino acid homology between antigens.
bIndicates the optimum level of protection achieved in vaccination and challenge trials in the parasite’s natural
intermediate host species compared to challenge controls.
cTSA-9 and TSA-18 were found to act synergistically; results represent those of vaccination trials using the two
antigens together.



oncospheres were killed before injection
(Gemmell, 1964a, 1969). This led to the belief
that protective immune responses were
induced only following exposure to living par-
asites. Rickard and Bell (1971a) investigated
this hypothesis by exposing lambs to living
oncospheres contained within chambers hav-
ing a pore size of 0.2 µm that were implanted
intraperitoneally. Exposure to the parasites in
this way did induce protection from an oral
challenge with parasite eggs, implicating the
protective antigens as being excretory or secre-
tory products. This was confirmed following
the testing of cell-free supernatants collected
following in vitro culture of activated oncos-
pheres (Rickard and Bell, 1971b). However, it
was subsequently revealed that the protective
antigens were contained within the unacti-
vated eggs and that activation and culture of
the parasites were not required for their pro-
duction (Rajasekariah et al., 1980). The failure
of non-living oncospheres to induce protection
in the earlier experiments of Gemmell (1964a,
1969) appears to have been the result of quan-
titative inadequacies rather than qualitative
differences regarding the presence or absence
of protective antigens in non-viable parasites.
Indeed, the experiments performed initially by
Rajasekariah et al. (1980), which determined
that protection could be achieved with non-liv-
ing extracts of T. taeniaeformis were, to a signif-
icant degree, a rediscovery of what had been
described some 50 years previously. Following
Rickard and Bell’s (1971b) discoveries of non-
living, host-protective antigens for T. ovis, inves-
tigations confirmed that oncosphere antigens
were highly effective as vaccines against infec-
tions with T. pisiformis in rabbits (Rajasekariah
et al., 1985), Taenia saginata in cattle (Rickard
and Adolph, 1976), T. solium in pigs (Patak and
Gaur, 1990) and E. granulosus in sheep (Heath
et al., 1981; Osborn and Heath, 1982).

Defined Vaccines

The discovery that oncosphere extracts pro-
vided a source of potent, protective antigens for
both Taenia species and E. granulosus raised
the potential for development of practical vac-
cines to prevent infections with economic and

medically important species. Taeniid cestodes
do not proliferate in culture and cannot realis-
tically be obtained from animal infections in
sufficient quantities to allow the development
of practical vaccines. The application of
recombinant DNA procedures in the field of
parasitology during the 1980s provided the
means to obtain sufficient quantities of vaccine
antigens. Indeed, this was a period of great
enthusiasm in the field of immunoparasitology,
with optimism for the development of effective
vaccines against many of the most important
parasitic infections. Sadly, this optimism
appears to have been misplaced, with very few
successes eventuating over the succeeding
decades (Mitchell, 1989; Dalton and Mulcahy,
2001). However, the taeniid cestodes have
been remarkable exceptions because vaccine
development has been spectacularly success-
ful – at least to the point of experimental suc-
cess (Lightowlers et al., 2003a).

A relatively simple strategy was adopted
for the development of vaccines against Taenia
and Echinococcus species (Lightowlers et al.,
2003a). Individual host-protective antigens were
identified in parasite extracts using immuno-
chemical analyses, fractionation techniques
and vaccine trials in the target species. Specific
antibodies were prepared against individual
host-protective antigens and these were used
to identify the antigens expressed by cloned
cDNA. Selected clones were sub-cloned into
plasmid expression vectors and vaccine trials
performed with recombinant proteins in the
target host species against an experimental
challenge infection.

The taeniid cestodes are a closely related
group of species that share many features of
their host–parasite immunological relation-
ship. The parasite group includes some mem-
bers that are relatively easy to work with (e.g.
those infecting dogs or cats as definitive hosts
and mice, rabbits or sheep as intermediate hosts).
The group also includes members that are much
more difficult to work with because either the
definitive hosts are human (T. saginata and
T. solium), because of the very high cost of
undertaking vaccine trials (T. saginata in cat-
tle), or because of the difficulties of working
with material for challenge infections that
can cause serious disease in the scientists
involved (T. solium, E. granulosus, Echinococcus
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multilocularis). Regrettably, the species that are
most important from economic or medical per-
spectives (T. saginata, T. solium, Echinococcus
species) fall into the latter category. The strat-
egy that was adopted to produce vaccines
against the more important species was to
firstly identify defined vaccine antigens in a
host–parasite system that could be manipu-
lated relatively easily and inexpensively. The
knowledge that was gained with these model
parasites was applied to investigate whether
there were homologous proteins in the closely
related, economically or medically important
parasite species, and if so, whether these could
be used as vaccines.

The species that was used in the initial
work was both an economically important par-
asite as well as a useful model species. T. ovis
causes cysticercosis in sheep and is transmitted
by dogs acting as the definitive host. This
host–parasite system can be maintained rela-
tively inexpensively for laboratory investiga-
tions. A successful vaccine was developed for
T. ovis and the mRNAs encoding the protective
antigens of T. ovis have been used successfully
as laboratory tools to identify highly protective
homologous proteins from both T. saginata and
T. solium, as described below. This strategy was
not successful for the identification of vaccine
antigens for E. granulosus, however, a research
programme based on the original path taken
for T. ovis was ultimately successful in devel-
oping an effective vaccine for E. granulosus.

Taenia ovis

Immunochemical analyses and fractionation
studies on T. ovis oncosphere proteins identi-
fied two groups of host-protective antigens –
one having a size of Mr 47–52 kDa and the
other of Mr 16–18 kDa (Harrison et al., 1993).
Three different recombinant proteins were
identified, each of which is capable of induc-
ing very high levels (>90%) of protection
against challenge infection in sheep with T. ovis
eggs (Johnson et al., 1989; Harrison et al.,
1996). These proteins are referred to as To45W,
To16 and To18. Discovery of the first of these,
To45W, has been listed as a Milestone in the
History of Parasitology (Cox, 1993) and was

the first demonstration of a highly effective
defined antigen vaccine against a parasite infec-
tion. A practical vaccine based on To45W has
been developed and registered for commercial
use (Rickard et al., 1995). In addition, the T. ovis
and E. granulosus vaccines have provided use-
ful models for many investigations into the
application of recombinant antigen vaccines in
the field of parasitology (Table 15.3).

It is interesting to note that initial vaccine
trials, which used To45W expressed as a
β-galactosidase fusion protein, were unsuc-
cessful (Johnson et al., 1989; Lightowlers et al.,
2003a). Following these trials, an alternate
Escherichia coli expression method was inves-
tigated, involving use of a carboxy-terminal
fusion with glutathione S-transferase (GST).
The use of this expression system provided two
advantages. First, the vaccine protein could be
purified from bacterial lysates using a one-
step, non-denaturing affinity purification on
glutathione agarose. Second, the oncosphere
antigens appear to be relatively toxic for E. coli
and were expressed at low levels (Johnson
et al., 1989; Lightowlers et al., 1996c).
Expression together with the abundantly
expressed GST protein was found to lead to
improved levels of expression. While it is not
clear exactly why the GST fusion protein was
host-protective when the β-galactosidase fusion
protein was not, this ‘hiccup’ in the develop-
ment of the T. ovis vaccine illustrates an impor-
tant aspect in the successful identification of
this host-protective antigen. No research was
undertaken with recombinant T. ovis proteins
until individual, host-protective antigens had
been identified from oncosphere extracts
(Harrison et al., 1993). Thus, when initial vac-
cine trials failed using the recombinant homo-
logue (To45W–β-galactosidase) of a known
host-protective (native) antigen, there was suf-
ficient confidence in the potential of the anti-
gen to warrant perseverance, the use of
alternative expression system(s) and new vac-
cine trials. Had the information not been avail-
able to indicate that the native protein was
host-protective, it is likely that To45W would
have been overlooked after the initial vaccine
trials, in favour of investigating other cloned
antigens. These experiences with T. ovis high-
light the value of undertaking, wherever possi-
ble, detailed investigations into the identification
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of protective native antigens before investiga-
tions involving recombinant antigens.

Taenia saginata

T. saginata causes cysticercosis in cattle. In the
developed world, detection of the parasites in
beef carcasses causes the meat to be down-
graded or condemned for human consump-
tion. The parasite has a wide distribution but
is most prevalent in countries where meat is
frequently eaten raw, or incompletely cooked,
and where cattle pasture is contaminated with
human faeces. Although the obligate definitive

host is man, the medical consequences of
T. saginata taeniasis in humans are usually triv-
ial. Economic losses in the beef industry can,
however, be considerable and can have industry-
wide impacts such as in many African countries
where the parasite is hyperendemic.

Investigations were undertaken to deter-
mine if the T. saginata genome contained
sequences that were closely related to To45W,
To16 or To18 cDNAs. Southern blots of T. sag-
inata genomic DNA were probed with labelled
To45W, To16 or To18 cDNA. These investiga-
tions revealed the presence of DNA fragments
having close homology to each of the three
T. ovis cDNAs. Two of these were readily
cloned from T. saginata oncosphere mRNA
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Table 15.3. Research undertaken using the Taenia ovis 45W/18k/16k and Echinococcus granulosus
EG95 recombinant vaccines, highlighting their application as model anti-parasite vaccines.

References
References (Taenia ovis (Echinococcus

Discovery/Research topic 45W/18k/16k) granulosus EG95)

Identification of new host- Johnson et al. (1989), Heath and Lawrence 
protective antigens Harrison et al. (1993) (1996)

Recombinant antigen achieves protection Johnson et al. (1989), Lightowlers et al. (1996a,
Harrison et al. (1996) 1999)

Duration of immunity and safety Harrison et al. (1999) Heath et al. (2003)
Characterization of the associated gene(s) Waterkeyn et al. Chow et al. (2001)

(1995, 1997a,b, 1998)
Stage-specific regulation of expression Gauci and Lightowlers Chow et al. (2004)

(1995), Waterkeyn et al.
(1997a)

Characterization of the host-protective Rothel et al. (1996b) Woollard et al. (1998)
immune responses

Protection against naturally acquired Lawrence et al. (1996) Heath et al. (2003)
infection

Immunological studies on vaccine-induced Rothel et al. (1996a, –
responses 1997c, 1998a, 1998b)

Delineation of host-protective fragments Lightowlers et al. (1996c), Woollard et al. (1998)
and epitopes Dadley-Moore et al.

(1999a)
Vaccination with synthetic peptides Dadley-Moore et al. Woollard et al. (2000a,b, 

(1999b) 2001)
Nucleic acid vaccination Rothel et al. (1997b), Drew Scheerlinck et al. (2001)

et al. (1999, 2000a,b, 
2001a,b)

Vaccination using a recombinant Rothel et al. (1997a) –
viral construct

Identification of host-protective Gauci et al. (1998), Gauci Gauci et al. (2002)
homologues in related parasite and Lightowlers (2001, 
species 2003), Flisser et al.

(2004)



and the expressed proteins have been referred
to as TSA-9 (the To45W homologue) and
TSA-18 (the To18 homologue), respectively.
Individually, these proteins were not reliable as
vaccines against T. saginata infection in cattle.
However, in perhaps the most striking example
available of vaccine synergy between two
recombinant antigens, a combination of  TSA-9
and TSA-18 was found to reliably induce very
high levels of protection (>95%) in several,
independent cattle vaccine trials (Lightowlers
et al., 1996b). Not only was this work success-
ful in the development of an effective vaccine
against a commercially important parasite,
it also validated the strategy whereby the knowl-
edge about host-protective antigens of one
taeniid species (T. ovis) could be used to rap-
idly develop an effective vaccine against a
related species (T. saginata).

Taenia solium

T. solium causes cysticercosis in pigs, and as for
T. saginata, humans are the obligate definitive
hosts. Unlike T. saginata, the eggs from the
adult T. solium tapeworm that are present in
the faeces of a tapeworm carrier can infect not
only the natural animal intermediate host (pigs)
but are infective also for the tapeworm carrier
or any other person who might accidentally
ingest the eggs. In humans the cysticerci may
encyst in the brain, causing neurological dis-
ease in many countries in Africa, Asia, Central
America and the northern parts of South
America (Gemmell et al., 1983). The parasite is
largely restricted to the developing world, where
free-roaming pigs are present and latrines are
either not present or commonly not used.

Analysis of Southern blots of T. solium
genomic DNA probed with T. ovis To45W, To16
or To18 cDNAs identified the presence of related
DNA fragments for each of the three probes.
The T. solium homologues of each have been
cloned and the proteins expressed in E. coli
(designated TSOL45, TSOL18 and TSOL16),
respectively. To date, the recombinant TSOL45
and TSOL18 proteins have been tested in four,
independent vaccination trials in pigs against
a challenge infection with T. solium eggs
(Flisser et al., 2004; Gonzalez et al., 2005).

Two trials have been undertaken in Mexico
and one each in Peru and Cameroon. On each
occasion TSOL18 has induced 99.5–100%
protection in the vaccinated pigs. TSOL45 has
also been shown to be highly protective. In the
first experiment undertaken in Mexico,
TSOL45 was poorly immunogenic and failed
to induce a detectable immune response.
However, in two subsequent trials, an altered
vaccination regime has been used that has
improved the level of response to the antigen
and in these trials the TSOL45 protein induced
97.1% and 98.6% protection against the chal-
lenge infection, with the majority of the vacci-
nated pigs having no detectable parasites.

The alteration that was made to the
T. solium vaccination regime related to the use
of fusion protein partners in the production of
the recombinant oncosphere antigens. All of
the protective anti-cestode vaccines summa-
rized in Table 15.2 involve the use of recombi-
nant proteins expressed in E. coli as GST fusion
proteins. However, a disadvantage of using GST
fusion proteins arises because the GST moiety
is highly immunogenic (Rothel et al., 1996b;
Woollard et al., 2000b; Gonzalez et al., 2005),
raising concerns about possible antigenic
competition between the GST component and
the oncosphere protein.

In the initial T. solium vaccination trial
described by Flisser et al. (2004), pigs were
immunized with TSOL45 on two occasions,
both times with the GST fusion protein.
However, these pigs were neither protected
against challenge infection with T. solium eggs
nor did they produce a detectable serum anti-
body response to the TSOL45 protein. A sec-
ond trial was designed to investigate the
immune response in pigs given additional
immunizations with TSOL45. In this experi-
ment, the pigs did show a detectable, specific
antibody response that was boosted by a third
injection, however, the antibody titre remained
low. A fourth immunization was given using
TSOL45 expressed as a fusion protein, not with
GST but with maltose-binding protein (MBP).
The rationale for use of an MBP fusion protein
was to boost the anti-TSOL45 responses with-
out simultaneously boosting the anti-GST
responses. This strategy appears to have been
successful, with anti-TSOL45 titres rising sub-
stantially following the final boost and the
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vaccinated pigs being protected against a sub-
sequent challenge infection with T. solium eggs.

While the use of different fusion proteins
in the immunization schedule for TSOL45 was
effective in an experimental sense, it is not a
practical option for vaccine production. Other
modifications to expression constructs have
been found to affect the expression levels of
recombinant oncosphere antigens, particularly
truncations that remove hydrophobic portions
of the antigens (Lightowlers et al., 1996b,
2003c). These may allow the production and
use of recombinant oncosphere antigens
expressed without a fusion partner and,
thereby, may overcome any immunological
problems inherent with the use of GST or other
protein fusions.

Echinococcus granulosus

Infection with E. granulosus in intermediate
hosts causes cystic hydatid disease (cystic
echinococcosis). The infection is transmitted
by canids, often domestic dogs, which harbour
the small adult tapeworm. Unlike Taenia
species, E. granulosus is able to infect a wide
variety of mammalian species as intermediate
hosts. Domestic livestock are frequently
involved in transmission of the disease, partic-
ularly sheep. The metacestode is known as an
hydatid cyst and the parasite proliferates inter-
nally, often producing large numbers of poten-
tially infective protoscoleces. Hydatid cysts
can occur in any body organ but most com-
monly they are found in the liver and lungs.
Infection is acquired in the intermediate host
following ingestion of E. granulosus eggs from
the faeces of an infected definitive host.
Accidental ingestion of E. granulosus eggs by
humans may lead to the development of hydatid
cysts in a variety of tissue sites. The clinical
consequences of hydatid disease vary accord-
ing to the number of cysts and their size and
location within a patient. The disease often has
severe consequences for health. Treatment
options are restricted, often of limited effec-
tiveness, and frequently involve extensive sur-
gical procedures (Eckert et al., 2001). The
parasite has an almost worldwide distribution,
particularly in areas where pastoral industries
are prominent. Hydatid disease has been rec-

ognized as a major health burden in many
countries and substantial effort has been
expended in the latter half of the 20th century
towards controlling the transmission of the dis-
ease (Gemmell et al., 2001).

Following the successful development of
the T. ovis and T. saginata vaccines, investi-
gations were undertaken with E. granulosus to
determine whether oncosphere antigen homolo-
gues of the To45W, To18 or To16 host-protective
antigens could be detected. However, Southern
blot analyses of E. granulosus genomic DNA
probed with the T. ovis cDNAs failed to identify
any genetic homologues. Data published
by Heath et al. (1981) indicated that oncos-
pheres of E. granulosus were a source of potent
host-protective antigens, as had been found
earlier for T. taeniaeformis and T. ovis. While it
was not possible to short cut the vaccine deve-
lopment process by simply cloning homo-
logues of the host-protective T. ovis antigens, it
seemed logical that it should be possible to
produce a vaccine from first principles,
beginning with identification of individual,
protective, native antigens in E. granulosus
oncospheres.

Heath and Lawrence (1996) undertook a
series of vaccine trials in sheep to compare
oncosphere antigen fractions against a chal-
lenge infection with E. granulosus. Protective
components were identified of Mr values of 23,
25 and 30 kDa. Antisera against these antigens
were used to screen a cDNA library prepared
using mRNA derived from activated oncos-
pheres of E. granulosus. One clone was shown
to encode a protein, which had the capacity to
induce a high level of protection against E. gran-
ulosus infection in sheep (Lightowlers et al.,
1996a). This protein, referred to as EG95, has
now been used successfully in vaccine trials in
Australia, New Zealand, Argentina, Chile and
China (Lightowlers et al., 1999; Heath et al.,
2003). It has also been shown to protect goats
and cattle as well as sheep and to be effective in
preventing naturally acquired infections in field
trials (Heath et al., 2003).

Echinococcus multilocularis

E. multilocularis is the cause of alveolar
hydatid disease (alveolar echinococcosis) and
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is commonly transmitted between foxes as
definitive hosts and a number of species of
rodents as intermediate hosts. In humans, the
metacestode stage of E. multilocularis prolifer-
ates, invades adjacent tissues and may metas-
tasize. The infection commonly has fatal
consequences. E. multilocularis is restricted to
the northern hemisphere and, in most regions
where the disease is endemic, infection in
humans is relatively rare (about one case/mil-
lion population in Europe), although in parts
of China the disease occurs more commonly
(Eckert et al., 2001). The natural intermediate
hosts of the parasite are wild animals and so
vaccination of those hosts is not a practical
option for the prevention of E. multilocularis
transmission. However, should an effective
vaccine be possible, one option may be the
use of vaccination directly in humans. With
this in mind, investigations were undertaken
to determine whether an oncosphere antigen-
based vaccine could be developed against
E. multilocularis.

Southern blots of E. multilocularis genomic
DNA were probed with the E. granulosus EG95
cDNA, revealing the presence of homologous
DNA sequences. These sequences were cloned
from mRNA, expressed in E. coli and the recom-
binant protein shown to have the capacity to
induce significant protection against challenge
infection with E. multilocularis eggs in mice
(Gauci et al., 2002).

Towards Practical Application
of Cestode Vaccines

The remarkable success that has been achieved
with identification of protective, recombinant
antigens against the Taenia and Echinococcus
species has been in stark contrast to the gen-
eral lack of success that has been achieved
with vaccine development against other para-
sitic helminth infections (Dalton and Mulcahy,
2001). Hence, very little direction has been
available from the experiences of others on
how to translate a laboratory success with an
anti-parasite vaccine into a practical (commer-
cial) vaccine. First principles would suggest a
host of issues that require investigation/opti-
mization, for example:

• dose of antigen;
• number and interval of immunizations;
• route of injection;
• adjuvant;
• duration of protection;
• protection of neonates (active and passive);
• protection against field-derived infection;
• safety;
• commercial-scale production.

In addition to these issues, it would be useful
to investigate the potential impact of antigenic
variation in the parasite population in relation
to resistance to vaccine-induced immune
responses. Having now undertaken many of
the studies for the T. ovis, T. saginata and E. gran-
ulosus vaccines, there may be aspects of what
has been learnt along the way that may be use-
ful for others in the future who are faced with
a similar vaccine development task.

Clearly there are many different compo-
nents of a new vaccine’s development, which
need to be investigated. All of these aspects
cannot be investigated simultaneously and the
obvious question must be asked: in what pri-
ority do we investigate the various compo-
nents? One of the lessons that can be learnt
from the experiences with taeniid cestode vac-
cines has been that it is critical to consider
the issue of vaccine production/productivity
very early in the development process. This is
because the levels of vaccine productivity that
many achieved using methods sufficient to
produce vaccine for initial experimental trials
may be insufficient to form the basis for a prac-
tical vaccine. Modification of vaccine produc-
tion methods will produce a product that may
be significantly different and so vaccine opti-
mization studies (e.g. dose, number of injec-
tions, type of adjuvant, etc.) need to be
undertaken with the same material as that
which will go into the practical vaccine. The
T. ovis, T. saginata and E. granulosus vaccines
have all required modification of the antigen
and/or the antigen production methods in
order to produce sufficient quantities of mate-
rial suitable for commercial scale-up. For exam-
ple, the T. ovis 45W antigen expressed very
poorly and in insufficient quantities to form the
basis for a commercial vaccine. A series of
antigen truncations were investigated in an
effort to find a derivative of the To45W protein,
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which was protective but expressed at a higher
level in E. coli. One such construct, in which
the COOH-terminal 19 amino acids were
deleted (To45W-B/X), was found to be both
host-protective and expressed at a level several
orders of magnitude greater than the original
To45W protein (Lightowlers et al., 1996c).
Subsequently, it was considered that the affinity
purification methodology, which had been
used for experimental production of To45W
and To45W-B/X, was too expensive for the pro-
duction of a vaccine for use in livestock ani-
mals. Alternative methods were developed for
large-scale preparation of vaccine antigen from
fermented E. coli expressing To45W-B/X, which
involved differential solubilization of bacterial
inclusion bodies using urea (Dempster et al.,
1996). The final product of this process was an
antigen preparation differing significantly from
the original affinity-purified protein used ini-
tially as the host-protective antigen. Clearly the
studies which have sought to optimize the lev-
els and duration of immunity induced by the
T. ovis vaccine would only be relevant if they
were carried out with the To45W-B/X antigen
prepared from inclusion bodies. With the
T. saginata and E. granulosus vaccines, similar
issues need to be addressed in order to be able
to produce sufficient quantities of vaccine for
practical application.

Protective Immune Responses
and Epitope Identification

Early studies with T. taeniaeformis in mice (Miller
and Gardiner, 1932; Campbell, 1938b; Leid and
Williams, 1974; Musoke et al., 1975; Mitchell
et al., 1977, 1980), T. pisiformis in rabbits
(Campbell, 1938a), T. saginata in cattle (Lloyd
and Soulsby, 1976) and T. ovis in sheep
(Blundell et al., 1968; Rickard et al., 1977;
Heath et al., 1979; Harrison et al., 1993)
demonstrated that antibodies in the sera of
infected or immunized hosts were capable of
transferring passive immunity to naïve hosts.
The presence and activities of these protective
antibodies were found to be evident in vitro
through the demonstration that activated
oncospheres were killed if cultured in the
presence of serum from infected or vaccinated

donors (Heath, 1973; Heath and Lawrence,
1981, 1996). This knowledge provided the
rationale for the use of antibodies as probes to
identify host-protective recombinant proteins.
The anti-parasite activity of antisera in vitro
was found to require a source of complement.
Also, inhibition of complement activity in vivo
by cobra venom factor has been shown to abol-
ish the protective efficacy of passively trans-
ferred antibodies against T. taeniaeformis in both
rats (Musoke and Williams, 1975) and mice
(Mitchell et al., 1977), highlighting the dual
requirement for both specific antibody and
complement in immunity against the oncos-
pheres of both Echinococcus and Taenia.

For each of the T. ovis, T. saginata and
E. granulosus recombinant vaccines, immunity
against a challenge infection can be trans-
ferred via colostrum from the vaccinated dam
to her offspring. Antibodies in the sera of sheep
vaccinated with the EG95 recombinant protein
have been found to kill E. granulosus oncos-
pheres in culture (Heath and Lawrence, 1996;
Woollard et al., 2000a,b, 2001). C.T. Kyngdon
(Melbourne, 2005, unpublished observation)
has confirmed similar lethal effects of ovine,
bovine and porcine antisera against their
respective recombinant oncosphere antigens
(Table 15.2) from T. ovis, T. saginata and
T. solium. It can be concluded that a major
immune mechanism by which the vaccines
against Taenia and Echinococcus exert their
protective effect is through antibody and
complement-mediated lysis of the oncosphere
or early developing metacestode. While it is
possible that other immune mechanisms also
exist, the efficacy of specific antibody and
complement in vivo and in vitro would sug-
gest that, while this may not necessarily be the
only immune mechanism, it is sufficient to
account for the observed protective efficacy of
the vaccines.

Precise definition of the host-protection
epitope(s) of the Taenia and Echinococcus vac-
cine antigens would be valuable if it were to
lead to the development of a synthetic vaccine
or provide reagents to assist with quality con-
trol of vaccine production. Identification of
a limited number of host-protective fragments
may allow the recombinant antigen to be
replaced by synthetic peptides. This would
have significant advantages in the production
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of vaccine and quality control of the product.
Even if a synthetic peptide vaccine did not
replace the recombinant antigen, knowledge
of the critical host-protective epitopes would
allow assays to be developed to determine the
quality of different vaccine batches. For these
reasons, considerable attention has focused on
the identification of host-protective epitopes of
the To45W and EG95 proteins.

Evidence supporting the important role of
complement-fixing antibodies in immunity
stimulated by the To45W and EG95 indicated
that antibodies would be useful probes for the
identification of host-protective epitopes.
Synthetic peptides were prepared spanning the
full length of the To45W and EG95 proteins
and these were reacted in ELISA with sera from
sheep, which had been vaccinated and subse-
quently shown to be immune from parasitic
challenge infection (Lightowlers et al., 1996c;
Woollard et al., 1998). Prominent immuno-
genic epitopes were readily identified and
those recognized by the majority of sera from
individual vaccinated animals were selected,
prepared as peptide immunogens and used in
vaccination trials. While the peptides them-
selves were immunogenic and induced spe-
cific IgG responses in vaccinated sheep, which
displayed identical specificity in Western blots
of oncosphere antigens as sera raised to the
recombinant proteins, none induced protec-
tion against a challenge infection (Dadley-
Moore et al., 1999b; Woollard et al., 2000a,b).

The EG95 vaccine protein was also
mapped for the location of host-protective epi-
topes using large, overlapping fragments of the
parent protein (Woollard et al., 2001). The
EG95 cDNA was sub-cloned as expression
constructs representing, approximately, the
amino-terminal half of the protein, the
carboxy-terminal half and a central portion of
the protein overlapping the sequence of the
other two fragments. These three fragments,
which were expressed using the same method-
ology used for full-length EG95, were used to
raise specific antibodies in sheep that showed
an identical pattern in Western blots of oncos-
phere antigen to that shown by sera raised
against the full-length EG95 protein. Similarly,
a group of sheep vaccinated with a combina-
tion of all three of these EG95 fragments, rep-
resenting the full protein sequence of EG95,

also showed specific recognition of the native
oncosphere protein in Western blots. However,
none of the groups of sheep vaccinated with
fragments, or the pool of fragments, showed
any protection against a challenge infection
with E. granulosus eggs (Woollard et al., 2001).

An analysis of the amino acid sequence of
EG95 and its relationship to other proteins (see
below) indicated that EG95 may show tertiary
structure similar to a fibronectin type III (FnIII)
domain. While there is no direct evidence at
present either in favour or against this hypothe-
sis, the nature of the folding seen in FnIII
domains for which structural information is
available (Bork and Doolittle, 1992), would
suggest that none of the three EG95 fragments
investigated by Woollard and his colleagues
would have been able to fold in a manner
resembling a portion of the FnIII structure. The
current working hypothesis is that the host-
protective epitope(s) is/are conformational
(Woollard et al., 2001). The lack of effective-
ness of antigen fragments or peptides derived
from either To45W or EG95, and the existence
of sequence similarities between all of the host-
protective oncosphere antigens (see below)
suggest that the protective responses elicited by
all of the recombinant taeniid vaccines may
operate via conformational epitopes.

Predicted Protein Structure
and Function of Oncosphere

Antigens

All of the host-protective oncosphere antigens
described to date (for T. ovis, T. saginata,
T. solium, E. granulosus and E. multilocularis)
are modular proteins and have common fea-
tures (Gauci and Lightowlers, 2003; Lightowlers
et al., 2003b). All comprise a predicted secretory
signal sequence. Much indirect evidence is avail-
able to suggest that host-protective oncosphere
antigens are secreted. Oncospheres implanted
intraperitoneally into sheep in 0.2 µm diffusion
chambers elaborate host-protective antigens
(Rickard and Bell, 1971a). Supernatants collected
from parasites maintained in in vitro culture
elaborate host-protective antigens (Rickard and
Bell, 1971b; Rickard and Adolph, 1977;
Osborn et al., 1982). The original recombinant
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clone encoding To45W was selected using an
antiserum raised against T. ovis oncosphere
secretory products (Johnson et al., 1989).
Also, there is evidence that the TSA-18 protein
of T. saginata (the homologue of To18 and
TSOL18 in T. ovis and T. solium, respectively) is
a secreted protein. Benitez et al. (1996) pub-
lished a description of a T. saginata protein,
which they designated HP6. The nucleotide
sequence published at the time suggested that
the clone was almost identical to TSA-18, how-
ever, the protein that the authors indicated
as being expressed by the clone varied from
TSA-18 by two frame-shift differences. These dif-
ferences have subsequently been corrected for
HP6 in GenBank, indicating identity between
TSA-18 and the clone described as HP6. A
cDNA clone representing TSA-18 was selected
using a monoclonal antibody raised against
T. saginata secretory products. The monoclonal
antibody revealed localization of the associated
antigen in secretory organelles within T. saginata
oncospheres (Harrison and Parkhouse, 1986;
Benitez et al., 1996). Subsequently, Bonay et al.
(2002) found that the recombinant protein (i.e.
TSA-18) enhanced the adhesion of normal rat
kidney (NRK) epithelial cells in an in vitro assay
in a concentration-dependent manner. These
data support the suggestion made earlier by Bork
and Doolittle (1992) that oncosphere proteins
that possess FnIII domains may play functional
roles as adhesins.

Evidence to support the functional nature
of the secretory signal sequences in oncos-
phere antigens has been provided by Drew
et al. (2000a). Cos 7 cells were transiently trans-
fected with a plasmid construct in which the
To45W cDNA either included or excluded
the predicted secretory signal sequence. The
T. ovis protein was secreted into the supernatant
in a glycosylated form by cells transfected with
a construct expressing the full-length To45W.
However, cells transfected with a construct from
which the signal sequence had been removed,
expressed only a somatic, non-glycosylated form
of the protein.

The native oncosphere proteins corre-
sponding to both To45W and EG95 are sub-
stantially larger than would be predicted by
their protein sequences (Johnson et al., 1989;
Lightowlers et al., 1996a), and both proteins

have a number of N-X-S/T sites for N-linked
glycosylation and a high (19% and 20%, respec-
tively) S/T content necessary for O-linked gly-
cosylation. Glycosylation of the To45W native
antigen has been confirmed following treat-
ment of the protein with glycosidase PNGase
F to remove N-linked carbohydrates (Lightowlers
et al., 2003a). It is likely that many or all of the
known host-protective oncosphere antigens are
glycosylated, or otherwise post-translationally
modified, in their native form. However, these
modifications are not provided by the prokary-
otic expression systems used in production of
the protective recombinant proteins. It is clear
that post-translational modifications are not
required in order for the recombinant antigens
to induce protective immune responses and so
at least some protective epitopes are associ-
ated with the protein component alone. The
presence in native oncosphere antigens of
additional host-protective epitopes that are
associated with their carbohydrate compo-
nents cannot be excluded; however, epitopes
associated with the protein component alone
are sufficient to account for the protective effi-
cacy of oncosphere antigens.

All of the oncosphere antigens cloned to
date contain either one of two copies of a
predicted FnIII domain. These domains are
widely distributed in eukaryotic proteins and
occur also in some prokaryotic proteins (Bork
and Doolittle, 1992). Approximately 2% of
animal proteins include FnIII domains. Many,
but not all, of these proteins are extracellular
and some have roles as adhesins. The struc-
ture of this ~100 amino acid domain is highly
conserved and consists of two layers with
three β strands in one plane and four β strands
in another (Potts and Campbell, 1996). Overall,
amino acid sequence identity between differ-
ent FnIII domains is low, even between FnIII
repeat domains within fibronectin itself (Plaxco
et al., 1997). Nevertheless, certain residues
are highly conserved and maintain the terti-
ary structure of the proteins (Bork and
Doolittle, 1992). Other conserved motifs such
as an Arg–Gly–Asp (RGD) motif within a loop
of some FnIII domains is associated with pro-
teins having cell adhesion properties, as dis-
cussed above (Ruoslahti and Pierschbacher,
1987; D’Souza et al., 1991).
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Structure of Genes Encoding
Oncosphere Antigens

There are many features of the genes encoding
oncosphere proteins that are common amongst
the genes from different taeniid species. The
structure of the genes encoding the various

host-protective oncosphere antigens are illus-
trated in Fig. 15.1. Noteworthy features are the
conservation of gene structure between homo-
logues from different Taenia species and the
conservation in the gene organization corre-
sponding to the modular components of the
expressed proteins. The exons of each gene
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correspond to predicted secretory signal
sequences, FnIII domain(s) and a small exon
encoding the carboxy-terminal portion of the
protein. In the case of the 45W homology
group, there are two large exons each encoding
tandemly expressed FnIII domains (labelled
2 and 3 on the representation of to45W in
Fig. 15.1A). Some members of the eg95 homol-
ogy group and the 16K and 18K groups also
have an intron within the sequence encoding
the 3′ untranslated region. Transcripts from the
gene(s) encoding the TSOL45 protein in T. solium
are differentially spliced such that at least three
different protein products are potentially expres-
sed by the gene (Gauci and Lightowlers, 2001).
It has yet to be confirmed that these differen-
tially spliced transcripts are reflected by the
occurrences of the corresponding proteins in
the oncosphere. However, Western blots of
T. solium oncosphere antigens probed with anti-
sera raised to TSOL45 have identified several
specifically related proteins (Gonzalez et al., in
press), suggesting that the gene does lead to the
translation of several different products.

Potential Practical Impact of
Vaccination Against Cestode

Parasites

While the T. ovis vaccine attracted considerable
attention as the first, highly successful defined-
antigen vaccine against a parasitic disease, and
the product was registered for commercial use
in New Zealand, regrettably it has never been
marketed. Economic and political factors con-
tributed to the decision by the commercial part-
ner in the T. ovis vaccine development not to
market the product (Rickard et al., 1995).

While T. ovis and T. saginata have signifi-
cant economic impact on the meat industry,
and T. solium and E. granulosus have signifi-
cant medical impacts, often the owner of the
associated infected livestock is unaware of
the presence of the infection and suffers little or
no direct economic loss because of the para-
site in their stock. In this situation there is little
economic incentive for livestock owners to
invest in the use of a vaccine. The final stages
of pre-commercial development of the T. sagi-
nata vaccine are being supported by a sewage
treatment authority and it remains to be seen

whether the vaccine might see wider usage.
The hydatid vaccine has been licensed by a
China-based group and a specialized facility
has been built for production of the vaccine
according to good manufacturing practice
(GMP) guidelines. Successful commercial-scale
production of the vaccine in China would pro-
vide a source of the vaccine for use in China as
well as in other parts of the world, if it were
deemed to be a valuable adjunct to the other
methods being used for hydatid control.

The greatest potential impact for vaccina-
tion against the cestode parasites lies with
T. solium. Unlike E. granulosus, T. solium trans-
mission is maintained by a relatively restricted
number of intermediate hosts. For all practical
purposes, T. solium is only transmitted by
domestic pigs and there is no sylvatic trans-
mission. Also, the number of pigs involved in
T. solium transmission is often small per pro-
duction unit, for example, in association with
a household or village, and the animals have
close contact with their owners or managers.
Apart from the breeding stock, most pigs live
for less than 1 year. These attributes favour dis-
ease control by vaccination and contrast with
the situation with hydatid disease in which
often large numbers of livestock (several species)
may range over extensive pastoral rangelands,
and where animals may live for 5, 10 or more
years, depending on the host species and cir-
cumstances. Another factor, which favours
T. solium control, is that the obligatory defini-
tive hosts are humans who are more amenable,
at least in some ways, to a control campaign
than are dogs for hydatid control.

A case has been made that T. solium cys-
ticercosis is a potentially eradicable disease.
After the development of effective vaccines
against T. ovis and T. saginata, a potential role
for vaccination was proposed for control or
eradication of T. solium (Lightowlers, 1999).
Now that an effective vaccine against T. solium
is a reality (Flisser et al., 2004), the potential
for effective control or even eradication of
T. solium has moved a step closer. However,
a modification of the strategy described by
Lightowlers (1999) would be suggested now
(Table 15.4). As mentioned above, there are
numerous problems associated with protecting
neonates against disease by vaccination, i.e.
protective maternal antibodies interfere with
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active immunization of the neonate. Also, very
young piglets may be immunologically imma-
ture and fail to mount a satisfactory (protective)
immune response to vaccination. Gonzales
et al. (1996) showed that a single treatment
with oxfendazole killed all T. solium cysticerci
in treated pigs. Adoption of this treatment in
weanling piglets would allow the complex
issues surrounding infections in neonatal
piglets to be put aside. Oxfendazole treatment,
to remove any existing viable parasites, at the
same time as vaccination to prevent the devel-
opment of any new infection, should provide a
practical and effective strategy for prevention
of T. solium transmission through pigs. Mass
treatment of the local human population with
anthelmintic to remove Taenia carriers would
attack the parasite in its definitive host. Control
would be maintained and reintroduction of the
parasite prevented by continuance of the pro-
gramme of treatment/vaccination of pigs.

Concluding Remarks

The future is bright for anti-cestode vaccines.
At present, there seems no ‘scientific’ reason

why the recombinant oncosphere vaccines
could not be used effectively in practice. Many
of the decisions that will determine whether
this comes to fruition will be commercial or
political, and these factors are difficult to pre-
dict or control. Certainly the tools are now
available to have a major impact on the con-
trol of hydatid disease and T. solium cysticer-
cosis, with the potential to achieve eradication
of T. solium and provide a major demonstra-
tion of the value of vaccination in control of a
human parasitic disease.

Remarkably, little is known about the biol-
ogy of the host-protective oncosphere antigens
and their natural functions within the parasites.
As the quest for identification of protective
antigens comes to a close, with the successful
identification of vaccine antigens for T. ovis,
T. saginata, T. solium and E. granulosus, we now
have the opportunity to extend our knowledge
of the biology of the host-protective antigens.
The application of modern, powerful, inves-
tigative techniques such as transient transfec-
tion, transgenesis and RNA interference,
provide many new opportunities to probe the
biology of complex helminth parasites such as
the taeniid cestodes.
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Table 15.4. Strategy for eradication of Taenia solium taeniasis/cysticercosis.

Goal Intervention

Attack phase
Remove existing tapeworm infections in humans Treatment of human population with taeniacide
Prevent the introduction of new sources of infection Simultaneous oxfendazole treatment and 

for humans vaccination of all weanling piglets 
Consolidation phase

Prevent new infections in pigs Simultaneous oxfendazole treatment and 
vaccination of all weanling piglets

Identification of breakdowns in control Serological surveillance in humans and pigs;
use of sentinal pigs; copro antigen detection 
in humans
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Introduction

The World Health Organization (WHO) esti-
mates that schistosomiasis (bilharzia) afflicts
some 200 million people in 74 countries, 85%
of whom live in sub-Saharan Africa (Chitsulo
et al., 2004). Schistosoma mansoni and

Schistosoma haematobium are predominantly
human parasites whilst Schistosoma japon-
icum is zoonotic in a wide range of domestic
animals as well as humans, and species such
as Schistosoma bovis, Schistosoma spindale and
Schistosoma mattheei infect domestic livestock.
The mammalian host becomes infected when



free-swimming larvae penetrate the skin and
undertake a complex intravascular migration
to reach the site of maturation (the blood ves-
sels of the hepatic portal system for S. mansoni
and S. japonicum and of the bladder wall for
S. haematobium). The eggs deposited in host tis-
sues by the parasites are the primary agents of
disease morbidity because they impair organ
function and provoke fibrosis. The disability-
linked morbidities, such as diarrhoea, dysuria
and anaemia, are widespread in the endemic
population. In addition, a recent study has esti-
mated the number of deaths directly attributa-
ble to schistosomiasis in sub-Saharan Africa at
280,000 per annum (van der Werf et al., 2003),
making it second only to malaria among para-
sitic diseases as a cause of human suffering.

Approaches to Schistosomiasis
Vaccine Development

A notable characteristic of schistosomiasis is the
cryptic nature of the infection and associated
disease processes. For most people, the imme-
diate manifestations are negligible or indetermi-
nate so that the infected individual is unaware
of the accumulating worm burden. The nor-
mally slow progression to the pathological state
means that 5–10 years may elapse after first
exposure before severe pathology becomes
apparent, and chemotherapy can do little to
reverse late-stage disease. As well as circum-
venting the risk of resistance due to reliance on
a single drug, an effective vaccine would have
the advantage of minimizing the chances of pro-
gression to the advanced disease state. Given
that schistosomes can survive in the hostile
environment of the mammalian bloodstream for
more than 30 years (Harris et al., 1984), devel-
oping a schistosome vaccine was never going to
be an easy task. Over the last four decades there
have been many attempts but the results have
been disappointing. A more detailed rationale
for a schistosomiasis vaccine can be found in
our earlier publications (Wilson and Coulson,
1998, 1999).

A vaccine that provides protection against
infection for an extended period is a powerful
weapon for disease control (and ultimately erad-
ication). Most existing vaccines are intended to

replicate events after primary exposure that
naturally elicits solid immunity. With chronic
infections, the vaccinologist starts at a disad-
vantage in that the existence of a protective
immune response is by no means clear or guar-
anteed. In the case of schistosomiasis this is
especially true for children, the group most at
risk, where little immunity to reinfection after
chemotherapy has been reported (Fulford et al.,
1992). As a consequence, there is no obvious
paradigm on which to base a vaccine, and
researchers have focused their efforts on
immune responses in animal models.

Diverse routes have been followed, based
on strategies that have succeeded with other
pathogens. These include, at their simplest,
using crude parasite preparations and individ-
ual components purified from them. As an alter-
native, by analogy with bacteria and viruses,
schistosome cercariae have been attenuated
with radiation or chemicals rather than
repeated passage in culture. Finally, recombi-
nant DNA technology has had a major influ-
ence on the selection of candidate antigens.
There is no logical sequence, but there is an
underlying rationale for each of the various
lines of work that have often progressed in par-
allel. We present here a historical perspective
of approaches taken in attempts to attain the
elusive goal of a schistosome vaccine. For the
last 25 years, there has been considerable opti-
mism that success was tantalisingly close, as
more than 40 review articles testify. However,
no product is anywhere near to market; indeed
only one Phase I/Phase II clinical trial has been
performed. After so much effort, it is pertinent
to ask why reproducible, sustained, high levels
of protection have not been achieved by vac-
cination of any host.

What Is Meant by Protective
Immunity?

In the context of schistosomiasis, where para-
sites do not multiply in the mammalian host,
protective immunity is primarily measured as
a reduction in the adult worm burden of vac-
cinated animals relative to controls. Convention-
ally, this has been assessed by a terminal
procedure involving perfusion of the portal
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vasculature to flush out the worms. The labora-
tory mouse has been the mainstay of vaccine
testing, with baboons as the favoured non-
human primate. The laboratory rat has been
used in some instances but this host sponta-
neously cures around 28 days; perfusions
therefore need to be performed earlier, with
the danger that parasite migration to the portal
system may not be complete. It has been
argued that vaccination need not generate ster-
ile immunity because a significant depression
in the worm population would reduce both
morbidity and transmission. Indeed, as eggs are
the cause of morbidity, elimination of worms
may not be essential provided that egg pro-
duction can be drastically reduced by vaccina-
tion. Such an anti-fecundity effect would be
manifest as a reduction in faecal egg output or
tissue egg burden per mature female worm, in
vaccinated versus control animals. Similarly,
transmission would be reduced if the viability
of released eggs (judged by miracidial hatch-
ing) was compromised by immune attack.

The above measurements of protection
necessitate an interval of at least 5 weeks
between challenge and evaluation. Hence, a
rapid in vitro assay of immune-mediated para-
site death that correlated with the protected
status of the host would greatly accelerate
vaccine development. One such test, involv-
ing antibody-dependent cellular cytotoxicity
(ADCC), has been widely used to predict the
vaccine potential of schistosome antigens
(Butterworth et al., 1974, 1982). It has had a
major conceptual influence on the selection of
vaccine candidates, as the vulnerability of
newly transformed schistosomula to killing by
various combinations of sera and leucocytes
was readily demonstrated. However, even
when the in vitro mechanisms were being
intensively characterized, some researchers
advised caution (Smithers, 1987). Indeed, con-
sidering the huge interest that ADCC has
attracted over the last 30 years, it is remarkable
that there is little histopathological evidence
for its occurrence in vivo to match the detailed
ultrastructural analyses of larval killing in vitro
(McLaren et al., 1978). There has been a grad-
ual acceptance by the majority of researchers
that the in vitro results are not an accurate pre-
dictor of the in vivo situation.

Attenuated Parasites Can Induce
Protective Immunity

As schistosomes are long-lived and pre-pubertal
children show little evidence of acquired
immunity, can protection be reliably achieved
in a permissive host? Experiments in rodents
and primates with cercariae attenuated by
radiation provide an emphatic ‘yes’ in answer
to this question. Over a 40-year-period, many
laboratories have reproducibly obtained
a 60–70% reduction in worm burden after a
single vaccination of high responder mouse
strains. The attenuated vaccine model has been
extensively investigated as a paradigm for a
human vaccine (reviewed by Coulson, 1997)
and the salient features are summarized below.

An optimum dose of radiation permits
parasites to enter mouse skin but their subse-
quent migration is truncated, restricting them
to that site, its draining lymph nodes and the
lungs. The prolonged residence of a proportion
of attenuated schistosomula in the lymph
nodes, compared to normal larvae, provokes a
more intense lymphoproliferative response.
Schistosome-reactive T lymphocytes, with T
helper 1 (Th1) characteristics, enter the circu-
lation and are subsequently recruited to the
lungs in response to sequestered attenuated
larvae; such cells persist for some time and
effectively arm this organ (Smythies et al., 1992).
A challenge parasite arriving in the pulmonary
vascular bed attracts an inflammatory focus
predominantly comprising mononuclear leu-
cocytes. Lung schistosomula are refractory to
ADCC in vitro and the weight of evidence
indicates that the immune effector mechanism
acts by blocking onward migration rather than
by delivering a lethal blow (Coulson et al.,
1998). Production of the Th1 cytokines, inter-
feron gamma and tumour necrosis factor
(Street et al., 1999) is integral to the effector
response, underlining its cell-mediated basis.
This is reinforced by the successful vaccination
of µMT mice that cannot make an antibody
response (Anderson et al., 1999). The efficacy
of cell-mediated immunity does not rule out
the potential for a protective humoral response.
Indeed, with multiple exposures of mice to atten-
uated parasites, there is an increasing contri-
bution from antibodies. This is evidenced by
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the greater success of passive transfer with sera
from 3× versus 1× vaccinated mice (Mangold
and Dean, 1986; Wilson et al., 1999). Optimum
protection of primates requires multiple vacci-
nations, with five exposures of baboons to
attenuated schistosomes resulting in an 84%
reduction in worm burden (Kariuki et al., 2004);
the correlation between IgG titre at challenge
and level of protection suggests a dominant
humoral component in the effector mechanism
(Soisson et al., 1993; Yole et al., 1996).

Whilst attenuated cercariae can induce
protection reliably, their short lifespan (hours)
makes them unsuitable for use in the field.
Attempts were made to circumvent the prob-
lem by cryopreservation of attenuated larvae
(Bickle and James, 1978). Although up to 50%
protection was achieved in cynomolgus mon-
keys (Murrell et al., 1979), baboons (Damian
et al., 1984), mice (Lewis et al., 1984) and
guinea pigs (Xu et al., 1991), the lack of repro-
ducibility in the cryopreservation process
(Lewis et al., 1984) meant that this approach
eventually petered out. Even with improved
cryopreservation, before such a vaccine could
become a reality, the ethical and safety issues
surrounding the administration to humans of
large numbers of attenuated parasites with
unknown migration characteristics would need
to be addressed.

Unlike the analogous attenuated malaria
sporozoite vaccine (Hoffman et al., 2002), the
schistosome counterpart has not been tested in
humans but our recent demonstration of pro-
tection in a small-scale chimpanzee trial (Eberl
et al., 2001) attests to its potential as a basis for
the development of a recombinant vaccine.
However, attempts to replicate the success of
the attenuated schistosome vaccine by admin-
istration of recombinant antigens have had only
limited success. It is notable that, faced with
similar problems in replacing the attenuated
malaria vaccine with recombinant antigens, it
is now proposed to develop a cryopreserved
product that meets regulatory, potency and
safety requirements, for use in humans (Luke
and Hoffman, 2003).

Routes to Antigen Identification

In theory, the administration of crude schisto-
some extracts could provide a straightforward

route to a vaccine (cf. microbial extract vac-
cines such as pertussis or anthrax). This direct
approach has motivated researchers for over
40 years with equivocal results (e.g. Sadun and
Lin, 1959). Levels of protection up to 50%
(more usually 20–30%; e.g. Hayunga, 1985)
have been reported but with a lack of consis-
tency even in the same laboratory (Murrell et al.,
1975). A potential drawback of the approach is
the extreme heterogeneity of crude prepara-
tions coupled with a lack of knowledge about
the identity of protective antigens. We now
know that the schistosome genome encodes
>14,000 genes, with around 7000 expressed
in a given life-cycle stage (Verjovski-Almeida
et al., 2003). Thus, it is entirely possible that
crucial antigens, present in trace amounts, are
swamped by abundant and immunogenic but
irrelevant proteins. In addition, vaccine strate-
gies that elicit an inappropriate immune
response may account for failed experiments.

Faced with these problems, researchers
have attempted to define individual parasite
proteins as vaccine candidates. This section
outlines the various approaches and the major
players that emerged.

Mining crude parasite extracts 
for antigens

A more rational starting point for the use of
crude parasite extracts was based on the cell-
mediated immune responses associated with
the murine attenuated vaccine model. In an
attempt to replicate these responses, newly
transformed schistosomula, killed by freezing
and thawing, were administered intradermally
to C57BL/6 strain mice together with live BCG
as adjuvant. This non-living vaccine elicited
significant, reproducible levels of protection
against a cercarial challenge (mean of 50%)
that correlated with sensitization for a delayed
type hypersensitivity (DTH) rather than a
humoral response (James, 1985). A follow-up
study revealed that soluble extracts of schisto-
somula or adult worms were also capable of
eliciting protection, provided that the above
administration route and adjuvant were used
(James et al., 1985). Indeed, it was later shown
that the delivery system was crucial to the suc-
cess of the vaccine (James, 1987; James and
Pearce, 1988). Work with inbred strains of
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mice known to be high or low responders to
the attenuated vaccine supplied further evi-
dence that cell-mediated immunity was most
likely involved in the protective response in
this non-living model (James and DeBlois,
1986). Moreover, a correlation was shown
between the level of protection in mice receiv-
ing the non-living vaccine and the induction
of activated (larvicidal) macrophages, which
were considered plausible immune effector
cells (James, 1986).

Mice immunized with the non-living vac-
cine produced little or no antibody against par-
asite surface membrane antigens and a very
restricted response to soluble antigens, recog-
nizing a single polypeptide of Mr 97 kDa
(James et al., 1985). When the crude soluble
worm antigen extract was separated by gel fil-
tration, the protective capacity was found to be
restricted to the fraction containing this mole-
cule (Sher et al., 1986). Following purification
by affinity chromatography, Sm-97 (as it was
termed) was shown to be minimally glycosy-
lated and localized to the areas just below the
tegumental and gut syncytia (Pearce et al.,
1986). Purified Sm-97 was capable of eliciting
DTH in mice exposed to the non-living vac-
cine, a finding consistent with its proposed
function as a vaccine antigen. A subsequent
study identified Sm-97 as paramyosin, an
invertebrate muscle protein (Lanar et al.,
1986). The purified native antigen adminis-
tered to mice conferred ~30% protection with
BCG (Pearce et al., 1988) and 24–53% without
adjuvant (Flanigan et al., 1989).

No further development of Sm-97 seems
to have occurred, probably because of difficul-
ties encountered in expressing such a large
recombinant protein. However, experiments
on S. japonicum paramyosin continued
throughout the next decade; impressive levels
of protection were reported in mice using the
native molecule derived from the Philippines
strain administered intraperitoneally without
adjuvant (62–86%; Ramirez et al., 1996). This
was not repeated for the Chinese strain
(McManus et al., 1998) although low but sig-
nificant protection was obtained by subcuta-
neous administration with Freund’s complete
adjuvant (FCA). The disparity could not be
attributed to strain differences as only a single
amino acid exchange occurred between
paramyosin from the Philippines and Chinese

strains. The full-length S. japonicum paramyosin
was ultimately expressed as a recombinant
protein (Kalinna et al., 1997) but its testing in a
variety of hosts (mice, water buffalos, pigs)
elicited protection only in the 30–40% range
(Chen et al., 2000; McManus et al., 2001); vac-
cination with a DNA construct achieved simi-
lar results (Zhou et al., 2000).

Protective monoclonal antibodies

The development of hybridoma technology in
the late 1970s provided an apparent short cut
to identify schistosome vaccine candidates.
Monoclonal antibodies (mAb), produced by
multiple hybridoma lines, could be rapidly
screened for efficacy at killing larval parasites
in vitro and/or passively conferring protection
on laboratory rodents. B lymphocytes for fusions
were obtained from mice receiving, e.g. an
infection (Hazdai et al., 1985), an intravenous
injection of eggs (Harn et al., 1984), a vacci-
nation with irradiated cercariae (Bickle et al.,
1986) or parasite extracts (Horowitz et al.,
1985); alternatively, rats were exposed to cer-
cariae (Grzych et al., 1982) or injected with
adult worm antigens (Verwaerde et al., 1987).
With hindsight, we can see that the choice of
immunogens was in some cases less than
ideal. For example, there was no evidence that
eggs per se could induce protection (Harrison
et al., 1982) even though they were cross-
reactive with larval surfaces (Omer Ali et al.,
1988). Equally, at the time, evidence was emerg-
ing that the immunity displayed by chronically
infected mice was a product of pathology (Dean
et al., 1981; Wilson et al., 1983). Nonetheless,
mAbs were generated that could confer signifi-
cant protection in vivo against cercarial chal-
lenge (reviewed by Smithers, 1987). Most
notably, the antigen targets of three such mAbs
were taken forward to protection experiments.

TPI

A 28 kDa protein was identified as the target of
a mAb that conferred partial protection
(41–49%) on mice (Harn et al., 1992). Peptide
sequencing of the protein revealed it as the
S. mansoni homologue of mammalian triose
phosphate isomerase (TPI), present in all stages
of the parasite and transiently on the surface 

The Development of a Schistosome Vaccine 307



of schistosomula. The T and B cell epitopes of
TPI were mapped and multiple antigenic pep-
tide (MAP) constructs synthesized, correspon-
ding to non-conserved regions (Reynolds et al.,
1994). There appear to be no actual worm
recovery data in the public domain but protec-
tion values ranging from 45 to 65% have been
reported, following administration of MAP4
(reviewed by Harn et al., 1995). In separate
work, S. japonicum TPI administered intramus-
cularly as a DNA construct to mice achieved
14–32% protection (Zhu et al., 2002).

9B-Ag

Another mAb, obtained by fusion of spleen
cells from mice with a chronic infection
boosted with cercarial glycoprotein showed
binding capacity to the surface of newly trans-
formed schistosomula. It was capable of con-
ferring >42% protection upon passive transfer
to mice, and recognized an antigen desig-
nated 9B-Ag (Hazdai et al., 1985), which
appeared to be a multimer consisting of 45
and 30 kDa subunits. The native protein con-
ferred protection on mice, levels depending
on the dose and formulation (Hazdai et al.,
1985; Mendlovic et al., 1989; Tarrab-Hazdai
et al., 1999). It has not been cloned but syn-
thetic (Tarrab-Hazdai et al., 1998) and recom-
binant (Ben-Yedidia et al., 1999) peptides and
a mimotope (Arnon et al., 2000) all conferred
approximately 40% protection.

Sm23

This antigen was identified as the target of a
mAb produced by fusion of cells from mice
primed by intraperitoneal injection of a deter-
gent extract of schistosomula (Harn et al., 1985).
The mAb reacted with a molecule on the sur-
face of newly transformed larvae and, surpris-
ingly, 5-day cultured but not ex vivo lung
worms. The target was a membrane tetraspan-
nin with two highly immunogenic extracellular
domains, shown by peptide mapping to con-
tain both B and T cell epitopes in mice
(Reynolds et al., 1992). The protective poten-
tial of the mAb was not stated but moderate to
high levels were reported in a review (Harn
et al., 1995), following administration of
a MAP. A recent experiment with the recombi-

nant protein in aluminium hydroxide (Al(OH)3)
failed to elicit protection (Da’Dara et al., 2003),
although DNA vaccine formulations injected
alone or with plasmids encoding IL-12 or IL-4
reduced worm burdens by 21–44% (Da’Dara
et al., 2001). Other formulations and adminis-
tration routes failed to better this and results
with the S. japonicum homologue (Sj23) were
just as equivocal (Waine et al., 1999; Zhu
et al., 2003).

Anti-idiotypic antibodies

Antibodies used as immunogens elicit antibod-
ies that recognize their idiotype (i.e. antigen-
binding site) and hence might mimic the
antigenic target of the original immunizing anti-
body. Such anti-idiotypic antibodies were
believed to have vaccine potential, providing
an attractive solution to the problem of glycan
epitopes not amenable to molecular biology
techniques. The first report in schistosome
research involved the generation of a rat mono-
clonal anti-idiotypic antibody against a mAb
that recognized a 38 kDa antigen on the surface
of schistosomula (Grzych et al., 1985). When
used as a vaccine in rats, it stimulated poly-
clonal antibodies that recognized the original
38 kDa molecule, were cytotoxic for schistoso-
mula in the presence of eosinophils and con-
ferred protection by passive transfer; the rats
were also highly protected against cercarial
challenge. A second report described an anti-
idiotypic antibody raised in rabbits using a mAb
that bound a 68 kDa protein from adult worms
(Kresina and Olds, 1989). Immunization of
mice with this anti-idiotypic antibody generated
16–41% protection and the murine antibodies
elicited bound to the surface of schistosomula.
There was little further interest until very
recently, when a S. japonicum anti-idiotypic
mAb was described that induced 22–50% pro-
tection in mice (Feng et al., 2002) as well as
anti-fecundity effects (Feng et al., 2000).

Expression library screening with sera
from putatively protected hosts

The advent of recombinant DNA technology in
the early 1980s led to a wave of activity and
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optimism in the quest for a schistosome vac-
cine. The technology promised to circumvent
the problem of scarce antigenic material and,
indeed, delivered abundant supplies of defined
proteins. It was important to ensure that the
gene product detected in the immunological
screen, and subsequently transferred to the
high-level expression vector, was likely to
mediate protective immunity. In this context,
key considerations were a source of serum
with authenticated protective properties and
the parasite stage from which the mRNA was
extracted to generate the cDNA library for
screening. In the latter case, it is somewhat sur-
prising that most researchers chose to screen
libraries from adult worms, which were not
considered the targets of protective immunity.
The two prominent antigens that emerged from
this approach were a muscle protein and a gly-
colytic enzyme.

IrV5

This molecule was identified using serum,
from mice exposed twice to irradiated cer-
cariae, to immunoaffinity purify antigens
(Dalton and Strand, 1987), which were then
used to vaccinate rabbits (Soisson et al., 1992).
One anti-serum (designated IrV5), which
bound to the surface of newly transformed
schistosomula, was used to clone a 62 kDa
fragment of a larger 200 kDa molecule, sub-
sequently shown to be the myosin heavy
chain. Administration of the purified recom-
binant, with the outer membrane protein of
meningococcus as adjuvant, elicited up to
75% protection in mice (Soisson et al., 1992),
whilst vaccination of baboons with similar
formulations elicited a modest level of pro-
tection (~25%, range 0–54%; Soisson et al.,
1993). Almost a decade later, the S. japon-
icum myosin fragment was cloned and
expressed but the recombinant protein did
not induce significant protection in mice or
rats (Zhang et al., 1998). Furthermore, its for-
mulation in a DNA construct together with a
source of CpG motifs did not improve matters
(Zhang et al., 2000). Similarly, the myosin
fragment administered to pigs failed to pro-
tect them, and it has been concluded that the
antigen shows little promise as a vaccine can-
didate (Bickle et al., 2001).

GAPDH

A 37 kDa antigen was identified by Western
blotting using sera from humans with low sus-
ceptibility to reinfection, suggesting that it was
a marker of resistance (Dessein et al., 1988); its
identity was subsequently confirmed as glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH)
by screening an adult worm cDNA library with
rabbit antisera raised against electroeluted
native protein (Goudot-Crozel et al., 1989).
(Note: The cDNA does not encode a signal
sequence or transmembrane domains that
could explain the location of the protein on the
larval surface; Charrier-Ferrara et al., 1992.)
Epitope mapping of the protein sequence led to
the identification of a dominant B cell epitope
which, coupled to ovalbumin as a carrier in
FCA, induced modest protection in mice and
rats (Argiro et al., 2000). Incorporation of the
cytokine GM-CSF with Al(OH)3 as adjuvant,
boosted antibody titers and protection
(33–38%; Argiro et al., 1999).

Antigens identified on the basis 
of their immunogenicity

At least two candidate antigens have been
identified primarily as a result of their immuno-
genic properties when administered to labora-
tory hosts.

GSTs

The glutathione S-transferases (GSTs) emerged
independently from work in two laboratories.
The presence of a 28 kDa antigen was first
demonstrated by the simple expedient of
immunizing rats with a soluble extract from
adult worms and using the serum generated to
immunoprecipitate native protein targets
(Balloul et al., 1985). The same antigen was
identified on the surface of newly transformed
schistosomula and the rat serum was highly
cytotoxic for such larvae in the presence of
purified eosinophils. It was subsequently cloned
and shown to protect rats and hamsters against
cercarial challenge (52% and 67%, respec-
tively; Balloul et al., 1987b), and these obser-
vations were extended to mice (~40%
protection with FCA or Al(OH)3 as adjuvants;
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Balloul et al., 1987a). Around this time, the
antigen was identified as a 28 kDa GST and
shown to be present in various adult worm tis-
sues (Taylor et al., 1988). When baboons were
vaccinated twice with Sm28GST in Al(OH)3
plus Bordetella pertussis, they had higher
worm burdens than controls whereas those
receiving three doses of GST in Al(OH)3 alone
had a mean protection of 38% (range of
0–80%; Boulanger et al., 1991). In the same
study, there was the first mention of an anti-
fecundity effect, inferred from the reduced fae-
cal egg output per female worm, paradoxically
in the 2× but not 3× vaccinated group. Anti-
fecundity effects and a reduced hatching
capacity of liver eggs were also reported for
mice vaccinated with immunogenic peptides
derived from Sm28GST (Xu et al., 1993).

In a separate line of research, the majority
of 129 strain mice were shown to be ‘resistant’
to a primary infection with S. japonicum
(Mitchell et al., 1984). Moreover, these mice
had a dominant antibody response to a 26 kDa
antigen from adult worms that was also strongly
reactive with sera from rabbits multiply immu-
nized with adult worm extract (Beall and
Mitchell, 1986). This allowed the cDNA to be
cloned from an expression library and identified
as a GST (Smith et al., 1986). The native protein
was easily purified on a glutathione affinity col-
umn and used for protection experiments, with
mostly negative results except for >50% on one
occasion in C57BL/6 mice (Mitchell et al.,
1988). The natural ‘resistance’ of 129 strain
mice for S. mansoni was also demonstrated (Tiu
et al., 1986) but unfortunately proved to be the
result of a defective portal vasculature rather
than acquired immunity (Cox, 1990). This find-
ing undermined the whole concept of immunity
induced by GST in 129 strain mice and as a
consequence vaccine work with the Philippines
strain of S. japonicum largely petered out.

There was, however, still momentum for
the investigation of GSTs as vaccine candi-
dates. The 26 kDa antigen from the Chinese
strain of S. japonicum was cloned and shown
to elicit a low level of protection in mice (24%)
but a stronger anti-fecundity effect (59%
reduction in liver eggs/worm pair; Liu et al.,
1995). In later experiments, Sj26- and/or Sj28-
GSTs were tested in mice (Scott and McManus,
2000), sheep (Xu et al., 1995; Taylor et al.,

1998), water buffalo (Shi et al., 2001) and cat-
tle (Shi et al., 2002), some of the trials being
performed under field conditions. The results
have been variable, with no or low protection
in mice versus 30–70% reduction in worm
burden but no anti-fecundity effect in sheep.
Cattle given Sj28GST as a DNA vaccine were
44% resistant according to worm burden but
only 19% on the basis of tissue egg counts.

A vaccine that diminished the fecundity of
worms rather than preventing their establish-
ment might represent a more feasible proposi-
tion. The patas monkey (Erythrocebus patas)
has been used as an experimental host for
S. haematobium because a proportion of worms
can reach the blood vessels of the bladder
wall. Vaccination with heterologous Sm28GST
before challenge with S. haematobium achie-
ved a marked and long-lasting reduction in egg
excretion in the urine and faeces (55% and
74%, respectively, compared to controls) but
worm burdens in the two groups were similar
(Boulanger et al., 1995); it is worth noting
that only 3–4% of applied parasites matured
in control monkeys. A second study using
Sh28GST confirmed the earlier observations
(Boulanger et al., 1999b) and, together, these
data provided the rationale for the clinical
trials of Sh28GST in humans (see later). Studies
with S. haematobium in mice revealed that it
was possible to generate far higher levels
of anti-GST antibody by vaccination than
occurred during a patent infection (Lane et al.,
1998). Nevertheless, neither protection nor an
anti-fecundity effect could be demonstrated,
irrespective of whether the Sh28GST was
delivered in microbial vectors, as a DNA con-
struct or as protein in microparticles (A. Lane
and R.A. Wilson, unpublished data).

Finally, vaccination of cattle with S. bovis
GST elicited an anti-fecundity effect, manifest
as reduced faecal egg excretion and tissue egg
but not adult worm burden (Bushara et al.,
1993). Conversely, vaccination of goats
(Boulanger et al., 1994) and sheep (Boulanger
et al., 1999a) resulted in reduced worm bur-
dens but no anti-fecundity effect.

Sm14

The cross-reactivity of S. mansoni and Fasc-
iola hepatica antigens was first reported by
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researchers in Puerto Rico where both para-
sites were endemic. A major finding was that a
12 kDa F. hepatica antigen administered to
mice with FCA could induce 52–77% protec-
tion against a heterologous challenge with
S. mansoni cercariae (Hillyer et al., 1988).
Independently, a saline extract of adult S. man-
soni administered to rabbits (not permissive
hosts) was shown to induce very high levels of
protection (Tendler et al., 1986). A similar
result was obtained in mice, with 42% protec-
tion achieved even without adjuvant (Tendler
et al., 1991). In the same year, fatty acid-binding
protein (Sm14) was cloned using a polyclonal
antiserum against the saline extract, and
immunolocalized to the tubercles, muscle and
body of adult worms (Moser et al., 1991). The
recombinant Sm14 protein was later shown to
provide 37–67% protection in mice and, inci-
dentally, 100% protection against F. hepatica
challenge, suggesting the possibility of a dual-
parasite vaccine (Tendler et al., 1996). The
basis for the cross-protection was revealed
when the F. hepatica antigen was also shown
to be a fatty acid-binding protein with 44%
sequence identity to Sm14 (Hillyer, 1995).

The S. japonicum homologue has been
cloned and expressed (91% identity to Sm14;
Becker et al., 1994). However, the Sj14 recom-
binant protein failed to elicit protection in
three mouse strains against the Chinese strain
of the parasite (Scott et al., 2000). Indeed, it
was suggested that its localization to internal
tissues and lipid droplets, and absence from
the surface or tegument of adult worms
(Gobert et al., 1997) makes it an unlikely vac-
cine candidate (Scott et al., 2000).

An Antigen Cocktail Does Not
Improve Vaccine Efficacy

For the most part, each of the antigens
described above elicits low to moderate levels
of protection. On the assumption that their
protective properties might be additive,
attempts have been made to improve vaccine
efficacy by combining two or more of the anti-
gens in a cocktail. A MAP consisting of epi-
topes from Sm28GST and TPI was found to
stimulate both B and T cell responses in mice
but no protection data are available (Ferru

et al., 1997). A DNA vaccine encoding epitopes
from paramyosin, TPI, Sm23 and Sm28GST (in
tandem), the polyprotein encoded by that
DNA, or synthetic peptide epitopes on a car-
rier backbone were administered to three
strains of mice but none induced protection
(Yang et al., 2000). However, a cocktail DNA
vaccine comprising plasmids for Sj28GST,
Sj23, Sj14-3-3 and the 62 kDa fragment of
S. japonicum myosin induced 34% and 45%
protection in mice on two out of three occa-
sions; co-administration of the plasmid encod-
ing IL-12 did not improve matters (Zhang et al.,
2001a). It appears, therefore, that nothing is
gained from delivering two or more candidates
simultaneously, and one inference is that the
various antigens tested all mediate protection
via the same mechanism. Another point of
note is that a recent proteomic study revealed
many of the candidates (excepting Sm23) to be
among the most abundant constituents of the
cytosolic and cytoskeletal compartments of
the schistosome body, across several life-cycle
stages (Curwen et al., 2004). Thus, using a cock-
tail of the vaccine candidates is little different
from using a crude parasite preparation to
elicit protection, with approximately the same
end result (see section on ‘Routes to Antigen
Identification’).

Antigen Formulation

Another major variable affecting vaccination
success is the way in which an antigen is
formulated and the conditions under which it
is presented. This is well illustrated by the co-
administration of recombinant IL-12 with the
highly effective attenuated vaccine, which
enhances the cell-mediated arm of the immune
response and boosts protection levels to >90%
(Wynn et al., 1995; Mountford et al., 1996).
Replicated in a human vaccine, such an out-
come would have a dramatic effect on mor-
bidity and transmission.

In the context of individual candidate anti-
gens, Sm28GST has been the subject of a for-
midable effort to enhance and sustain immune
responses in order to improve efficacy. This has
involved the mapping and synthesis of anti-
genic peptides and their coupling to tetanus
toxoid carrier for the vaccination of rats (Auriault

The Development of a Schistosome Vaccine 311



et al., 1988), or their assembly into an octamer
construct for vaccination of mice, rats and
monkeys (Wolowczuk et al., 1991). The encod-
ing cDNA has been incorporated into live vac-
cine vectors, including Salmonella typhimurium
(Khan et al., 1994a,b), BCG (Kremer et al.,
1996) and B. pertussis (Mielcarek et al., 1997,
1998). It has also been formulated as a DNA
construct and co-administered with a plasmid
encoding IL-18 to boost interferon gamma pro-
duction (Dupre et al., 2001). The GST protein
has been administered intranasally, covalently
linked to cholera toxin B subunit in order to
promote mucosal immune responses (Sun
et al., 1999; Lebens et al., 2003) and as recom-
binant protein alone entrapped in biodegrad-
able microparticles to provide a long-lasting
and stable antibody response (Baras et al.,
1999, 2000). Where protection data are given
in the above studies, it is fair to say that no
spectacular increase in the efficacy of
Sm28GST was achieved by any of the proto-
cols, despite abundant evidence for the gener-
ation of diverse immune responses. One
interpretation is that, as far as the permissive
murine host is concerned, there is a ceiling to
the level of protection elicited by Sm28GST,
irrespective of the intensity and type of
immune response generated.

The WHO Vaccine Trials

The optimism within the schistosome research
community in the early 1990s that a vaccine
was feasible led the WHO to provide funds for
independent evaluation of S. mansoni candi-
date antigens, with a view to selecting the
most promising for development and clinical
trials. Two laboratories were chosen to under-
take the testing in mice, according to standard
protocols, and researchers worldwide were
invited to submit their candidates. In the event,
six proteins were tested in trials, Sm28GST,
IrV5 and Sm14 (as recombinants), paramyosin
(as native protein), TPI and Sm23 (as MAPs);
adjuvant formulations were as specified by the
antigen donors. Unfortunately, the stated and
modest goal of consistent induction of 40%
protection or better was not achieved with any
of the antigens (Anonymous, 1996). In spite of
this disappointing result, further investigations

were performed with some of the candidate
antigens in what were referred to as human
correlate studies. The underlying rationale was
presumably that results in mice might not be
predictive of protective potential in humans,
irrespective of the fact that all of the antigens in
the independent trial were selected on the
basis of their supposed potential in rodents.
The studies in Brazil (Ribeiro de Jesus et al.,
2000) and Egypt (Al-Sherbiny et al., 2003)
sought to relate putative protected status to
cellular and humoral immune responses. In
the words of the authors of the Egyptian study
‘the immune response profiles produced were
unique to each antigen but no clear winner(s)
were identified. However, markers for both
resistance and susceptibility to reinfection
were identified for each molecule, indicating
which types of responses to aim for in vacci-
nation’. A similar conclusion was reached in
the Brazilian study. On the basis of the inde-
pendent trials in mice and the above human
correlate studies, as things stand at present,
there appears to be no obvious case to take
any of the WHO candidate antigens forward to
clinical trials.

Clinical Trials

A single antigen, Sh28GST, has progressed
through Phase I and Phase II trials (Capron
et al., 2002). It is important to stress that this
was not the antigen used in the independent
vaccine trials in mice, or the human correlate
studies. Rather, it was selected for develop-
ment on the basis of vaccination experiments
with S. haematobium in patas monkeys
described earlier (Boulanger et al., 1995,
1999b), where a clear anti-fecundity effect
was reported. The product, named Bilhvax,
was tested for toxicity in rats, rabbits and dogs
before administration in Al(OH)3 to 24 healthy
Caucasian volunteers. Following three injec-
tions, a strong immune response was elicited
in all immunized individuals. Phase Ib trials,
performed on healthy Senegalese children,
produced a similar result. A follow-up of vac-
cinated individuals for 4 months after the first
immunization showed that Bilhvax induced
a high and lasting specific immune response
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with a Th2-type profile (Capron et al., 2002).
Phase II trials on schistosomiasis patients have
also been undertaken in Senegal but the results
are not in the public domain. To our knowl-
edge, Phase III trials to test vaccine efficacy are
not yet underway.

Progress towards human trials raises the
thorny question of how to evaluate vaccine
success in humans, because protection in
experimental animals has almost invariably
been measured by worm recovery. One excep-
tion was the small-scale attenuated vaccine
trial in chimpanzees (Eberl et al., 2001), where
estimates of protection were based on faecal
egg output and circulating antigen levels but
could not be validated against worm burden
for ethical reasons. More recently, these indi-
rect estimators of worm burden have been
evaluated with respect to actual recoveries in
baboons exposed to the attenuated vaccine,
revealing their significant overestimation of
protection levels (Kariuki et al., 2004). This
issue needs to be addressed before we proceed
to full-scale vaccine trials for schistosomiasis
mansoni but may be less crucial for schistoso-
miasis haematobia where egg output in the
urine is easier to measure.

Why Are High Levels of Protection
Difficult to Achieve?

For the most part, the foregoing attempts to
vaccinate animals with recombinant antigens
have achieved an overall mean of ~30% pro-
tection, and there is scope for a meta-analysis
of the very large dataset to dissect out the
salient features. Setting aside questions about
optimum formulation to maximize immune
responses, what factors might explain the lim-
ited success to date? Almost all of the antigens
listed above were described as transiently
detectable on the surface of newly transformed
schistosomula, and some have been shown to
elicit antibodies that will mediate ADCC in vitro.
It is implicit that vaccination with these anti-
gens will stimulate antibody responses against
proteins exposed on the surface of newly pen-
etrated larvae in the skin. One of the few
pieces of evidence that ADCC can occur
in vivo is provided by the mAbs that confer
a moderate level of protection on mice. Their

administration around the time of challenge
ensures a very high titre of specific antibody to
opsonize incoming parasites. A plausible
explanation for the modest protection elicited
by vaccination with recombinant antigens is
their inability to replicate such titres.

We need to consider the process of larval
transformation in relation to the putative der-
mal effector response. Schistosome larvae
rapidly penetrate the epidermis to reach its
basement membrane; this is also true for
parasites entering hair follicles or sebaceous
glands (Wheater and Wilson, 1979; Crabtree
and Wilson, 1985). A period of >48 h elapses
before most larvae enter the dermis, locate a
blood or lymphatic vessel and exit the skin.
Transformation of the cercaria into the schisto-
somulum involves shedding of the tegumental
surface and its replacement with a new plasma
membrane derived from pre-formed vesicles
(Hockley and McLaren, 1973; Skelly and
Shoemaker, 1996). This process is completed
within <24 h, coincident with both the pro-
duction of the protective bilayer that overlies
the new plasma membrane (Wilson and
Barnes, 1977) and the larva becoming refrac-
tory to ADCC in vitro (Dessein et al., 1981).
Intuitively, it seems unlikely that the cytosolic
and cytoskeletal proteins, preponderant
among the vaccine candidates, would be read-
ily accessible to the immune response in intact
parasites. So, how do they mediate ADCC?
The most obvious explanation is that they are
exposed only during membrane shedding or
are associated with the released membrane
material, to provide the transient targets for this
process. It is in the parasites’ interest to mini-
mize the window of vulnerability, and we have
suggested that their stay in the epidermis
allows them to avoid the immune effector
response whilst assembling their disguise
(Wilson and Coulson, 1998). The kinetics of
the inflammatory response to parasite-released
products may simply not be fast enough to
catch more than a small proportion of larvae,
perhaps only those that are in the most acces-
sible locations.

Other mechanisms have been proposed to
explain the limited efficacy of ADCC in vivo.
Complement components have been impli-
cated in the in vitro killing of schistosomula
in the presence of effector leucocytes (e.g.
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Ramalho-Pinto et al., 1978) but there is evi-
dence that schistosomes, especially the blood-
dwelling stages, use several strategies to inhibit
membrane attack by both classical and alter-
native pathways (reviewed by Skelly, 2004).
Another possibility involves production of the
wrong kind of antibody. Thus, a rat IgG2c mAb
could block the cytotoxic activity of an IgG2a
mAb directed against the same target (Grzych
et al., 1984). Murine IgM mAbs were similarly
shown to block the cytotoxic activity of mouse
IgG (Yi et al., 1986) and of human infection
serum for schistosomula (Dunne et al., 1987).
It has also been suggested that in humans,
antibodies of the IgG4 isotype can block IgE
pathways (Hagan et al., 1991). Yet another
alternative involves modulation of immune
mechanisms. There is evidence that some com-
ponents of the cercarial acetabular gland secre-
tions may serve as anti-inflammatory agents
that could suppress dermal responses (Sm16;
Rao and Ramaswamy, 2000). In addition, it has
long been known that the penetrating parasites
promote eicosanoid synthesis in the skin (Fusco
et al., 1985). It now appears that Sm28GST is
responsible for producing prostaglandin D2
(Herve et al., 2003), which impedes the depar-
ture of Langerhan’s cells from the epidermis
and, by extension, antigen presentation in the
skin-draining lymph nodes (Angeli et al.,
2001). Thus, paradoxically, Sm28GST has
been proposed as both a vaccine candidate
and an immunomodulator.

With all these caveats, in our personal
opinion, most of the current candidates could
never be more than a component in a schisto-
some vaccine because of the intrinsic limita-
tions in the immune responses they provoke.
We believe that evolution has equipped schis-
tosomes to deal with the potential threat posed
by ADCC in the skin, and we need to broaden
our search to other targets, and/or mechanisms
of immune attack.

Secreted and Tegument Antigens
as Vaccine Targets

Secreted antigens might provide targets for
attack, although the immune effector mecha-
nism(s) would necessarily be indirect, e.g. inhi-
bition of crucial enzyme activity or provocation
of inflammation that blocked migration. The

contents of the cercarial acetabular gland,
released during penetration of the epidermis,
or proteins from the schistosomular head gland
that may facilitate entry into a blood vessel
come into this category (Curwen and Wilson,
2003). There is presently a dearth of published
information on the proteins contained within
these secretions, except for the serine protease
of acetabular glands. Referred to as elastase,
this protein has been cloned and expressed
(McKerrow et al., 1985; Newport et al., 1988)
but no protection experiments have been
reported.

Analysis of the attenuated vaccine model
led several groups to the conclusion that the
lung-stage larva, although refractory to ADCC,
was a major target of effector responses.
Furthermore, in 1× vaccinated mice, CD4+ Th
cells were crucial initiators of the focal inflam-
mation that terminated migration. It therefore
follows that antigens must either be released
from or exposed on the surface of lung schis-
tosomula for processing and presentation by
accessory cells to activate the effector T cells.
Unfortunately, attempts to identify the compo-
nents of lung-worm secretions, by raising anti-
sera to screen a lung-stage cDNA library,
detected the same abundant cytosolic and
cytoskeletal molecules as previous screens of
libraries derived from other stages (Harrop
et al., 1999), highlighting a limitation of the
approach.

A largely unexplored possibility for medi-
ating protection, in view of schistosome
longevity, is the material released from the
worm gut during the process of blood feeding.
Some of the gut proteases involved in haemo-
globin degradation have been investigated,
and asparaginyl endopeptidase (Sm32, legu-
main) has been trialled in mice as a DNA
construct where, in a single experiment, no
significant reduction in worm burden was
obtained but an anti-fecundity effect was
recorded (Chlichlia et al., 2001). A S. japon-
icum aspartic protease, cathepsin D, has been
expressed as an active enzyme in the bac-
ulovirus system and tested in mice with Quil A
as adjuvant. Challenge worm burdens were
significantly reduced (21–38%) but there was
no impact on fecundity (Verity et al., 2001).
We must assume that the immune responses
to these gut proteases would be directed
against juvenile and adult worms in the portal
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vasculature, and successful vaccination against
this parasite stage could herald the develop-
ment of a therapeutic vaccine for delivery to
individuals with an existing infection. In this
context, the antioxidant enzymes of adult worms
have been proposed as vaccine targets, and
a mean of 39% protection was obtained after
challenge by surgical transfer of adult worms
into the portal system of mice vaccinated
against superoxide dismutase using a DNA
construct (Cook et al., 2004).

The tegument surface is such an obvious
target for immune attack that several attempts
have been made to induce protection in mice
by administration of ‘purified’ membrane pre-
parations. These were derived from adult
worms by a variety of methods, and the degree
of enrichment achieved is unclear. However,
in at least one case (the freeze-thaw technique;
Roberts et al., 1988) we now know that, whilst
the final pellet contains membrane proteins, it
is dominated by cytosolic and cytoskeletal pro-
teins (Braschi, et al., 2005). Irrespective of this
point, a large number of vaccination experi-
ments has been performed, with a variety of
adjuvants, giving protection in the range
0–52% but generally less than 30% (Maddison
et al., 1978; Roberts et al., 1988; Smithers
et al., 1989; Hota-Mitchell et al., 1997). A
small number of tegument-associated proteins
(including Sm23, see earlier) have been more
intensively pursued but they represent only the
tip of the iceberg.

Calpain

The native calcium-binding protease, calpain,
which translocates to the cytosolic surface
of membranes upon calcium binding, was
enriched from a membrane preparation and
shown to elicit high levels of protection
(56–67%) in mice (Hota-Mitchell et al., 1997).
This protein was first implicated in protective
immunity as the target of a CD4+ T cell clone
that could arm peritoneal macrophages to kill
schistosomula in vitro (Jankovic et al., 1996).
The same clone administered intraperitoneally,
conferred 65% protection on irradiated mice
challenged via this route with cercariae and
recombinant IL-2 (this is a very artificial test
from which results should be treated with cau-
tion). The large subunit of calpain was subse-

quently expressed in the baculovirus system
and used for vaccination experiments in mice,
achieving 29–39% protection (Hota-Mitchell
et al., 1997). Attempts to improve on this,
including the use of calpain as a DNA formula-
tion and plasmids for the co-delivery of
immunostimulatory cytokines, increased pro-
tection to 42–57% (Siddiqui et al., 2003a,b).
Somewhat better results were obtained with
gene gun delivery of a DNA construct although
a variety of prime-boost strategies involving
DNA vector and recombinant vaccinia virus
failed to induce protection (Hota-Mitchell et al.,
1999). The S. japonicum calpain has also been
cloned and the recombinant protein shown to
induce a moderate reduction in worm burden
and a possible anti-fecundity effect (Zhang
et al., 2001b).

The 20–22 kDa family

A group of tegumental proteins from S. mansoni
and S. japonicum, with sequence homology to
dynein light chain that implies a cytoskeletal
function, has also been explored for protective
potential. Members of this group have been
variously identified as antigens, e.g. the 22.6
kDa protein, which is the allergenic target of
IgE responses in human schistosomiasis
patients (Santiago et al., 1998). The 20.8 kDa
protein from S. mansoni administered to mice
as a DNA construct elicited approximately
30% protection (Mohamed et al., 1998).

With the exception of Sm23, these pro-
teins appear to be located on the cytoplasmic
surface of the tegument membrane, and it is
difficult to envisage how they would be acces-
sible to the immune response in intact worms.
Do they fall in the category of proteins tran-
siently exposed during cercaria to schistoso-
mulum transformation? If so, would this place
the same constraints on their utility as the
majority of vaccine candidates we have
already considered?

Future Prospects

We start from the premise that the macromol-
ecules most likely to mediate protection are
those which the parasite must release or expose
on its epithelial surface as part of normal
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biological processes. Hitherto, these have
been difficult to characterize. Fortunately, rapid
strides are being made in our understanding of
fundamental aspects of schistosome biology
that bring the possibility of identifying such
molecules within our reach. The developments
encompass analyses of the genome, transcrip-
tome and proteome of S. mansoni.

The genome

Secreted and surface-exposed molecules were
poorly represented in the expressed sequence
tag (EST) databases before Autumn 2003 but
the completion of a major sequencing project
by a Brazilian consortium added a further
125,000 ESTs (Verjovski-Almeida et al., 2003),
boosting our ability to find such molecules.
Furthermore, the S. mansoni genome has been
sequenced to 8× coverage, with a draft assembly
(v1.0) completed and automatically annotated
at the Wellcome Trust Sanger Institute; a
genome database, www.SchistoDB.org, was
released to the research community in February
2005. Consequently, we should soon have
extensive information about the complement of
>14,000 genes that comprise the schistosome
genome.

Possession of the complete genetic blue-
print of the schistosome does not of itself
pinpoint new vaccine candidates. Following
publication of the Plasmodium falciparum
genome, a global screen was proposed that
involved the formulation of every coding
region as a DNA construct for testing in mice
(Hoffman, 2000), although it does not seem to
have been pursued. The large genome and
complex body plan of schistosomes call for a
more selective approach. The coding regions
of the genome can be searched using a variety
of software packages (e.g. SignalP or PSORTII)
to identify those sequences encoding putative
secretory or membrane-spanning proteins.
For a metazoan such as S. mansoni, these
probably represent 15% of the coding regions,
i.e. >2000 genes, still too large a number to
contemplate a reverse vaccinology approach
as recently promulgated for meningococcus,
with a much smaller genome (Rappuoli and
Covacci, 2003).

The transcriptome

It is possible that protective antigens are stage-
specific, although there is no direct experi-
mental evidence. The advent of microarray
technology permits the question of stage speci-
ficity to be addressed, and data obtained with
the first small-scale schistosome microarray
has been published (Hoffmann et al., 2002). At
least three more extensive arrays were reported
at a recent schistosome genome meeting in
August 2004, and use of these to screen gene
expression in different life-cycle stages can be
expected to identify novel stage-specific genes
in the near future. These sequences can also be
subjected to motif and domain searching to
identify secreted and membrane proteins that
might have vaccine potential.

The proteome

The advent of proteomics offers another and
more direct route to identify parasite proteins
potentially accessible to the immune response
(Ashton et al., 2001). Soluble protein prepara-
tions can be separated into their individual
constituents by 2D electrophoresis, whilst
membrane proteins require solubilization in
ionic detergents incompatible with isoelectric
focusing and so must be processed differently.
Ultimately, this involves liquid chromato-
graphic separation of derived peptide mix-
tures. Irrespective of the separation technique,
the resulting peptides are subjected to tandem
mass spectrometry to identify the parent pro-
tein(s). Best results are obtained by collecting
particular secretions (e.g. from cercarial
acetabular glands) or using cell fractionation
techniques (e.g. tegument membrane isolation)
to enrich the target proteins before proteomic
analysis. This approach will ultimately provide
a complete inventory of the secreted and
surface-exposed proteins of larval and adult
schistosomes.

The information gleaned from analysis of
the genome, transcriptome and proteome can
be integrated to prioritize proteins for intensive
investigation. Each will need to be expressed
as a recombinant or formulated as a DNA con-
struct for rigorous testing of its protective
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potential. The result should be a new genera-
tion of vaccine candidates hopefully emulating
or outperforming the high levels of protection
achieved by the attenuated vaccine, or induc-
ing self-cure if administered to infected hosts
as a therapeutic vaccine.

Concluding Remarks

In writing this review of schistosome vaccine
development, with the benefit of hindsight we
have attempted to evaluate the published data
in a critical but dispassionate manner. We doubt
that a vaccine is just around the corner, not
least because of our limited understanding of
the points in the schistosome life cycle that are

susceptible to immune attack. By accident or
design, most effort has been directed against
the newly transformed schistosomulum but
this stage appears to have relatively restricted
potential as a vaccine target, and there are other
vulnerable stages that have yet to be exploited.
The new technologies to analyse the genome,
transcriptome and proteome at last provide the
way forward to explore a new generation of
vaccine candidates firmly rooted in the physi-
ological processes of the parasite. When the
inventory of relevant parasite molecules is com-
plete, we shall know the limits of the material
from which the elusive schistosome vaccine
might be fashioned. By then, we may also have
the delivery systems to achieve the appropriate
strong, persistent immune responses.
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Introduction

Genomics is providing a wealth of bioinformatic
data on the protein products predicted from
gene sequences. To date, the majority of these
products have not been assigned a function
(Blackstock and Weir, 1999). The number of pre-

dicted proteins does not always correlate with
the overall complexity of an organism (Van
Regenmortel, 2001). Furthermore, genes are
switched on and off, and proteins are post-
translationally modified during development,
and in response to cues from environment such
as pathogens, drugs and toxins. Genomics has



provided the blueprint for functional genomics
studies such as transcriptomics, proteomics and
metabolomics.

Proteomics is the ‘omics’ tool that separates
and identifies individual proteins from an initial
protein mixture. Proteomics is termed global if it
identifies proteins from total preparations, or tar-
geted if, for example, a protein superfamily or
protein subset is investigated (Blackstock and
Weir, 1999; Pandey and Mann, 2000).

Cell map proteomics reveals the static
proteome of a whole organism, tissue, cell or
organelle, while expression proteomics inves-
tigates changes in a proteome to cellular cues
(Godovac-Zimmermann and Brown, 2001).
Functional and structural proteomics refers to
the investigation of individual proteins such as
interactions with ligands.

Identification of proteins using proteomic
approaches is usually straightforward if the
genome of the organism has been resolved, as
proteins can be routinely identified by peptide
mass fingerprinting (PMF) against the target
blueprint theoretical protein database (see sec-
tion entitled ‘Mass Spectrometry to Unravel the
Flatworm Proteome’). Proteomics is more
problematic if the target database consists of
an expressed sequence tag (EST) collection,
individual protein entries or proteins from a
related organism. Without a verified genome
database, peptide sequencing is often needed
to support the identity of the proteins under
investigation.

Proteomics provides a powerful new tool
in basic and applied parasitology. Reproducible
two-dimensional electrophoresis (2DE), mass
spectrometry and bioinformatics are becoming
commonplace in modern protozoan and
helminth parasitology research and teaching
laboratories. Proteomics has moved from
reviews suggesting the power of the technique
to the publication of key experimental papers
driving forward our understanding of the
host–parasite relationship. Novel proteins have
been identified on the surface of malaria-
infected erythrocytes (Florens et al., 2004) and
a detailed proteomic analysis of the response
of Plasmodium falciparum to drug stress and
cell-cycle changes has been completed
(Nirmalan et al., 2004). Proteomics has also
uncovered novel proteins in the differentiation
of Leishmania mexicana (Nugent et al., 2004)

and in developmental stages of Trypanosoma
cruzi (Paba et al., 2004). Toxoplasma gondii is
also undergoing detailed proteomic analysis
(Cohen et al., 2002).

Helminth-based proteomics has also
revealed new aspects of the host–parasite
relationship, with experimental studies com-
pleted and published in parasitic nematodes
such as Haemonchus contortus (Yatsuda et al.,
2003), the cestode Echinococcus granulosus
(Chemale et al., 2003) and in the parasitic flat-
worm, Fasciola hepatica (Jefferies et al., 2001;
Bernal et al., 2004). In addition, the cytosolic
proteome of F. hepatica has been compared to
that of its free-living relative, Polycelis nigra
to investigate parasite-specific proteins. Both
species were originally placed in the same
genus of Fasciola, such that comparisons could
reveal clues to the evolutionary history of
the flatworms (Fig. 17.1) (Morphew, 2004,
unpublished).

The progress of the Schistosoma mansoni
genome project, which aims for 95% gene dis-
covery, will provide a platform for routine
PMF-based proteomics (Degrave et al., 2001;
LoVerde et al., 2004). In addition, there are
over 16,000 S. mansoni ESTs (LoVerde et al.,
2004) and currently over 2000 F. hepatica ESTs
(D.A. Johnston, London, 2004, personal com-
munication) available for proteomics. These
two high-profile gene sequencing initiatives of
parasitic flatworms of medical and veterinary
importance will also improve our understand-
ing of flatworm evolution. Nevertheless, the
vast majority of parasitic flatworms will never
have the benefit of being genome-verified or
part of an EST programme. Consequently, pro-
teomics investigations may be viewed as being
of limited value. However, proteins from non-
sequenced flatworms can still be displayed on
2DE arrays, assigned a mass and pI fingerprint,
and, although not as routine as PMF, protein
information can be obtained by direct peptide
sequencing.

Parasitic Flatworm Sample
Preparation

Parasitic flatworms pose several problematic
areas when preparing samples for proteomic
analysis. For example, parasites of target species
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are often in limited availability, flatworms can
often have a high concentration of proteases
that hinder successful protein array and para-
sites have to be physically extracted from their
normal host environment for analysis.

Protein collection

Proteomics in parasitic flatworms can be com-
pleted on intracellular fractions (e.g. microso-
mal or cytosol) or at the host-interface on
excretory–secretory (ES) products. ES analysis
can be completed during in vitro culture or
in vivo by, for example, bile or gut content
analysis. In all cases, a rapid and careful
preparation is vital to prevent altered pro-
teomic profiles due to stress responses (upreg-
ulation of heat shock proteins) and action of
proteases. Parasitic flatworms are best extracted
from fresh host material, washed with a
buffered saline solution at approximately the
host’s body temperature. In F. hepatica, for
example, this will allow regurgitation of gut
contents to remove digested material from,
and removal of host material adherent to the
outer surfaces of the parasite (Jefferies et al.,
2001), both of which can subsequently com-
plicate separation and identification.

Initial proteomic studies in parasitic flat-
worms have been undertaken using pooled
samples. However, proteomic maps can be
derived from individual F. hepatica worms
(Fig. 17.2), although individual variation

must be taken into account. The ability to
work on individuals allows, for example, the
opportunity to more easily observe key cue
responses, and assess the overall importance
of this individual protein response within
populations.

Proteins needed for the survival of flat-
worms and for host recognition are found as ES
products (Sandeman and Howell, 1981).
Collection of ES products is usually via in vitro
culturing systems, which aim to mimic the envi-
ronmental conditions of the host with respect
to pH, oxygen tension, osmotic pressure, tem-
perature and waste removal. By this general
in vitro approach, ES products from F. hepatica
were successfully subjected to proteomic
analysis by Jefferies et al. (2000). Survival for
short periods of time outside the host, in
a defined system, cannot equate to the com-
plexities of normal physiology or protein
expression, and histological and cytological
examination should ideally be carried out for
culture performance over the time period (usu-
ally 2–6 h). However, in vivo proteomic analy-
sis of parasitic flatworm ES products is feasible
as mass spectrometry can selectively identify
host and parasite proteins, respectively. F. hepat-
ica cathepsins (cathepsin L-type) have been
identified in the bile of F. hepatica infected
sheep (Fig. 17.3) along with host proteins such
as Ovis aries carbonic anhydrase II (Morphew,
unpublished). In addition, ES products from
the cestode E. granulosus were removed from
hydatid cysts of slaughtered livestock livers
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Fig. 17.1. Parasites cannot hide their spots: Two-dimensional electrophoresis gel of the cytosolic
fractions of (A) ovine F. hepatica and (B) of a free-living close relative P. nigra run on 17 cm IPG 3–10
and 12.5% SDS–polyacrylamide gels, Coomassie blue stained. The ability to run comparable 2DE arrays
will highlight parasite-specific proteins essential to the parasitic lifestyle (Morphew, 2004, unpublished).



and directly analysed without in vitro culture
by proteomics (Chemale et al., 2003).

Solubilization of proteins

As in other organisms, protein extracts derived
from flatworms can be obtained by the use of
solubilization/denaturation (SD) buffers. These
SD buffers are designed to break the interac-
tions among proteins and interfering sub-
stances. More importantly they are designed
to prevent proteins from re-interacting with
one another (Rabilloud, 1996). SD buffers

generally consist of chaotrophes, detergents,
reductants, ampholytes and protease inhibitors,
although Tris buffer may also be added.

Urea, ranging from 5 to 9 M, is the most
common choice of chaotropic agent, and dis-
ruption of hydrogen and hydrophobic bonding
between proteins is the main mode of action.
When used in conjunction with thiourea (from
0 to 2 M), the two can aid solubilization of
poorly soluble samples. The use of urea or
urea–thiourea mixtures in SD buffers has no
effect on the charge of the proteins within
the sample. This is ideal for use in separating
proteins according to their pI in the first
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Fig. 17.2. (A) and (B) Two-dimensional electrophoreogram of a cytosol preparation of two single
F. hepatica (Fluke A and B, respectively) on IPG pH 3–10 and 12.5% SDS–polyacrylamide gel,
Coomassie blue stained. (C) Graphic overlay of both single F. hepatica electrophoreograms via
PDQuest® (Biorad) gel analysis software. Light grey circles represent protein spots present in both
trematodes. Discrepancies between both trematodes are indicated, with spots present on both
(although not detected by the image software) labelled as faint. Protein spots highlighted via dark black
circles represent real differences between the 2DE profiles of the two trematodes highlighting the
reproducibility of the technique and indicating natural variation between individual organisms (Morphew,
2004, unpublished data).
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dimension. Crystal formation between urea
and thiourea can cause blank streaking in the
second dimension if handled incorrectly.

The addition of zwitterionic or non-ionic
detergents to SD buffers has three important
functions. Detergents aim to disrupt mem-
branes and consequently solubilize lipids and
delipidate proteins, which are bound to mem-
branes or vesicles. The use of SDS as a deter-
gent will affect the overall net charge and so
non-ionic or zwitterionic detergents such as
Triton X-100 or CHAPS are used (Shaw and
Riederer, 2003). Commonly used CHAPS,
which will not affect the overall charge, can be
added up to 4% in SD buffers to account for

varying sample solubilities. Caprylyl sulphobe-
taine (SB3-10), belonging to the same class of
linear sulphobetaine surfactants as CHAPS,
has also provided efficient success for protein
separation (Shaw and Riederer, 2003). SB3-10
should not be used in excess of 2%. An impor-
tant consideration for all detergents is their
solubility within urea, the main component of
SD buffers, even at high concentrations. Luche
et al. (2003) have since evaluated several
non-ionic and zwitterionic detergents for 2DE
analysis.

Reductants provide a means to fully dena-
ture proteins within the sample and aid solubi-
lization. To fully break disulphide bonds,
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Fig. 17.3. The infected bile-ome: Two-dimensional electrophoresis gel of F. hepatica infected host bile.
Run on a 17 cm, pH 3–10, IPG strip in the first dimension and then on 12.5% SDS–PAGE gel in the
second dimension with Coomassie blue staining. Host and parasite proteins were identified via their
peptide mass fingerprints (Morphew, 2004, unpublished). Valid parasite secreted proteins can only come
from in vivo proteomics.
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reducing conditions with an excess of free thiols
are needed. Thiols are the common choice for
reductants in SD buffers with dithiothreitol
(DTT) generally used. DTT and dithioerythitol
(DTE) are effective at producing free thiols and
can be used in low concentrations (less than
100 mM) (Rabilloud, 1996). The phosphine
tris(2-carboxyethyl) phosphine (TCEP) can be
used as a substitute for DTT or DTE but is very
acidic. All three migrate to the anode during first
dimension separation causing depletion in the
basic end of the gel (Shaw and Riederer, 2003).

To aid solubilization, carrier ampholytes
are added to the SD buffer. Ampholytes must be
added according to the pH range of the first
dimension separation (for separation over a pH
range of 3 to 10, an ampholyte mix from pH 3
to 10 should be used). Ampholytes are also ben-
eficial in soaking up loose cyanate ions, assist-
ing precipitation of nucleic acids during
centrifugation and will inhibit interactions
between hydrophobic proteins and immobilines
at the basic end of pH gradient strips. Generally
concentrations of ampholytes used range from
0.5% to 2%, although excessive use will slow
separation (Shaw and Riederer, 2003).

The solubility of proteins from parasitic
organisms can often be enhanced by the use of
hot sodium dodecyl sulphate (SDS) before sol-
ubilization in SD buffers. The ability of SDS to
denature proteins also helps in allowing access
to hydrophobic proteins, not normally seen
after standard preparation procedures. SDS
treatment in whole F. hepatica preparations has
been shown to yield more protein spots visual-
ized on gel analysis than other methods
( Jefferies et al., 2000).

Removal of contaminating substances

Many components of whole organisms can
interfere with the proteomic process and must
be removed to allow good protein separation.
Insoluble flatworm proteins have been removed
by simple centrifugation (Chemale et al.,
2003), reducing the complexity of the sample.
Levels of protease activity are generally high
within parasitic flatworms and can cause
degradation of the collected samples. General
buffers for proteomic work are usually suffi-

cient to reduce their activity. However, pro-
teomic buffers may also increase protease
activity via protein denaturation. This opens
proteins to proteolytic action, so protease
inhibitors should be added in all situations.
Protease inhibitors are now regularly supplied
as a cocktail of many in tablet form. The pres-
ence of active proteases is often characterized
by a loss of high molecular weight proteins
and general smearing of the gel background
(Gorg et al., 2000).

Nucleic acids need adequate removal from
the sample to prevent binding with proteins and
carrier ampholytes in the buffer. If this occurs
extensive streaking in the second dimension of
electrophoresis is observed (Rabilloud, 1996).
Further complications occur with gel pore
blocking arising from nucleotide protein bind-
ing. To remove these problems, simple ultra-
centrifugation can be applied to the sample to
remove nucleotides based on their densities. In
addition, nucleases can be added to digest the
nucleotides into smaller oligonucleotides. With
this approach, extraneous protein is added and
must be taken into account.

Large polysaccharides with low densities
can also be removed in conjunction with
nucleotide removal by ultracentrifugation as
they float. If left, these large molecules have the
potential to block the pores of polyacrylamide
gels. Other polysaccharide contaminants may
need to be removed by the use of SDS or high
pH ranges (Rabilloud, 1996). Further to
removal of nucleotides and polysaccharides,
lipids also need to be eliminated from the sam-
ple. This can be done via the use of organic
chemicals, most commonly chlorinated,
providing strongly denaturing conditions
(Rabilloud, 1996), or by the use of centrifuga-
tion followed by filtration through glass fibre.
The removal of a lipid layer after centrifugation
using glass fibre has been effectively shown by
Brophy et al. (1989), when preparing cytosolic
fractions from platyhelminths.

Low concentrations of proteins found in
ES products are further complicated by high
concentrations of salts. Salt contamination
directly interferes with the electrophoresis
process. The movement of salt through the first
dimension to the extremities of the pH gradient
will prolong the time needed to separate
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proteins and in many cases will draw water with
it. This action causes dehydrated regions in the
gel pH gradient and in extreme cases can dis-
rupt the gel matrix preventing protein separa-
tion. Dialysis of samples can prevent this
occurring, although a small loss of proteins
may be seen due to the adherence to the mem-
brane surface (Rabilloud, 1996). Centrifugal
filters can then be used to concentrate samples
before 2DE (Jefferies et al., 2000).

A further suggestion when purifying pro-
teins is precipitation of the soluble fraction,
most commonly but not exclusively with tri-
chloroacetic acid (TCA) or ammonium sulphate
(NH4)2SO4. Samples are then re-suspended in
sample buffer ready for 2DE. This has the
advantage of not only concentrating and
desalting the proteins but will aid sample
preparation by removing non-protein materials
such as polysaccharides and salts. Pridmore
et al. (1999) also showed the ability of TCA
precipitation to denature endogenous pro-
teases. However, it is important to remember
that some proteins may be lost or severely
depleted from the sample after TCA precipita-
tion, making quantitative work unreliable
(Barrett et al., 2000; Jefferies et al., 2000).
Following TCA treatment, proteins are often
difficult to re-suspend.

TCA precipitation in the proteomics of
E. granulosus by Chemale et al. (2003) was
effective in whole organism preparation, pro-
viding superior resolution. In contrast to whole
sample preparation using TCA, E. granulosus
ES products were not improved. However TCA
was shown to be very useful in ES products of
F. hepatica (Jefferies et al., 2001). The addition
of phosphotungstic acid (PTA) to TCA precipi-
tation suggested by Yeang et al. (1998)
improves yields and recovery of proteins. Jiang
et al. (2004) showed a comparison between
four commonly used precipitation methods.
Along with TCA precipitation the use of ace-
tone, chloroform/methanol and ammonium
sulphate was investigated on human plasma
sample preparation. Precipitation with TCA
and acetone provided a more efficient sample
clean up. However, ammonium sulphate in
increasing concentrations provided an excel-
lent method of fractionating a sample, and has
the advantage of removing interfering proteins.

Protein Separation before Two-
dimensional Electrophoresis

Low-abundance proteins may be visualized
more efficiently by increasing the protein load.
However, if samples are prepared for a global
profile, overcrowding will be seen when the
gel is visualized if too much protein is present.
Therefore separation before electrophoretic
analysis may be required to produce adequate
resolution and separation. Overcrowding can
be dealt with to some degree via the use of
‘zoom’ gels. Narrow pH ranges used in the first
dimension provide a small section of a global
profile with greater resolution of protein spots.
Common pH ranges for zoom gels vary, e.g.
pH 4–7 and pH 5–8. When several are used
together, a well-resolved global profile can be
achieved.

Along with precipitation with ammonium
sulphate to fractionate proteins (Jiang et al.,
2004), Jefferies et al. (2000) described differen-
tial solubilization of samples, using progres-
sively stronger conditions for denaturing of a
F. hepatica sample and finally with SDS. This
allowed enrichment and separation of sample
proteins with only a few proteins left in the SDS
fraction. This suggests that the remaining protein
in the sample provides difficulties for the 2DE
process. The ability to fractionate these sam-
ples (into soluble proteins, cytosolic proteins,
membrane-associated proteins, etc.) drastically
reduces the sample complexity. The soluble pro-
teins of S. mansoni have already been looked at
in this manner allowing an in-depth comparison
between life stages (Curwen et al., 2004).

Affinity chromatography (AC) is a fraction-
ation technique widely used in targeted
proteomics or protein–protein interaction
approaches. This method utilizes an interac-
tion or affinity of a target protein to a substrate
(or another protein) immobilized on a support
matrix. Figure 17.4 demonstrates that AC can
be incorporated into 3D proteomic approaches
(Lee and Lee, 2004). Traditionally, AC has been
used to purify, for example, carbohydrate-
binding proteins from Diplostomum pseudo-
spathaceum (Mikes and Man, 2003) and the
detoxification superfamily glutathione trans-
ferase (GST) from parasitic flatworms (Brophy
and Barrett, 1990), specifically shown in
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F. hepatica (Fig. 17.5). To date, 3D proteomic
approaches have characterized the expressed
GST-ome in the nematode Caenorhabditis ele-
gans (Van Rossum et al., 2001) and the adapt-
ability of GST–protein interaction networks in
C. elegans under reactive oxygen species stress
(Greetham et al., 2004).

Separating Proteins by 
Two-dimensional Protein

Electrophoresis

2DE is a method designed to allow repro-
ducible separation of proteins as an array of
spots based on charge and mass (Gorg et al.,
2000), as first described by O’Farrell (1975).
Gorg et al. (2000) provided a comprehensive
account of the development of current 2DE
analysis. However, 2DE is not a perfect tech-
nique, distortions of individual protein spots
will occur during casting, polymerization and
running of gels, hence the importance of repli-
cates and gel matching analysis.

Isoelectric focusing

The key to the first dimension, isoelectric
focusing (IEF), is sample preparation, as IEF
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Fig. 17.4. Traditional workflow of two-dimensional
electrophoresis and mass spectrometric proteomics
with the addition of affinity chromatography.
(A) Samples are homogenized and centrifuged to
remove insoluble material. (B) Samples are applied
to and eluted from an affinity column. (C) The
purified fractions are run by standard two-
dimensional electrophoresis. (D) Target proteins
can then be excised and identified.

Fig. 17.5. The GST-ome: Two-dimensional electrophoresis gel of affinity-purified GSTs from F. hepatica
ES products run on a 17 cm, pH 3–10, IPG strip in the first dimension and then on 12–14% SDS–PAGE
gel in the second dimension with Coomassie blue staining (Jefferies, Morphew and Brophy, 2000,
unpublished).
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will only be successful if the preparation is
salt-free and the sample is in solution. IEF
(Fig. 17.6) separates proteins according to their
isoelectric point (pI). Carrier ampholytes were
originally used to create pH gradients, typi-
cally pH 3–10 for global 2DE gels. Advances in
IEF technology have created pH gradients on
plastic backed strips. These immobilized pH
gradients (IPGs) allow IEF to be performed
without the operator physically making a gel.
With this pH gradient firmly fixed (reducing
drifting of proteins), the reproducibility is
greatly increased from previous IEF technology
(Gorg, 1991).

Gorg et al. (1999) have adjusted the pH
range for IEF using IPGs to increase the width
up to pH 12, providing, if required, further
separation, but strips based on these ranges are
not currently commercially available. Preformed
IPG strips allow relatively large quantities of
protein to be loaded (up to 4 mg on an 18 cm
strip) by using either passive rehydration or
active rehydration to assist in high molecular
weight protein loading. The ability of loading
higher protein levels is especially important in
the analysis of low-abundance proteins (Gygi
et al., 2000). Unfortunately, membrane pro-
teins do not seem to be represented well after
IEF but Santoni et al. (2000) have investigated
methods to improve this situation, and mem-
brane proteins can be analysed by 1D-based
proteomics.

It is important to standardize 2DE for a par-
ticular sample and IEF running conditions
should remain unchanged from run to run in
order to improve reproducibility. An IEF running
temperature of 20˚C should prevent urea precip-
itation and carbamylation of proteins, altering
protein pI. Limiting IEF runs to 40–50 µA per gel
strip can often aid successful focusing, and step-
ping the voltage will allow charge carriers to set-
tle. Due to the robustness of IPG strips, focused
strips can be stored at −80˚C or used immedi-

ately after focusing. Commercial apparatus is
available for this first dimension, including
Protean IEF (Bio-Rad) and IPGphor (Amersham).

SDS–PAGE: the second dimension

After IEF, IPG strips are equilibrated in an SDS
reducing buffer for second dimension separa-
tion. Originally used to remove point streaking
during silver staining, the method of Gorg et al.
(1987) is now commonplace although it can
be adapted (Vilain et al., 2001). Separation of
protein samples in the second dimension is
then performed by SDS–polyacrylamide gel
electrophoresis (SDS–PAGE). This separates
proteins according to their molecular weight
(Mr) and many types of commercial apparatus
are available.

In the presence of SDS, anionic complexes
are formed with proteins with a net negative
charge. This allows proteins to be drawn through
polyacrylamide gels under the influence of an
electric field and to be separated via relative
movement through the gel that is based on
their respective Mr. For a general protein range
of 14 to 100 kDa, 12–12.5% acrylamide, with
N, N-methylenebisacrylamide (Bis) at a 29:1
ratio is used. The percentage acrylamide can
be increased to reduce pore size and resolve
low Mr proteins more effectively. Precast gra-
dient gels can be purchased or formed in
house with a gradient former to provide a
superior resolution across the second dimen-
sion. For proteins and peptides of interest
below 14 kDa, tris-tricine gels are generally
recommended.

Staining and extraction

Proteins separated via 2DE need to be visual-
ized for further analysis. Many post-staining
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Fig. 17.6. Isoelectric focusing: diagrammatic view of isoelectric focusing (IEF) of a re-hydrated linear
immobilized pH 3–10 gradient strip (Biorad, UK).



techniques are available, of which currently
the most common are silver and Coomassie
brilliant blue (CBB). Silver staining provides
sensitivity of detection down to 0.5–1.2 ng of
protein. Silver staining methods have been
successfully used in parasite proteomics for
F. hepatica and Opisthorchis viverrini (Jefferies
et al., 2000; Boonmee et al., 2003). Develop-
ment of mass spectrometry-compatible silver
staining methods now limits protein identifica-
tion to the ability of modern mass spectrome-
try equipment (Shevchenko et al., 1996).

CBB provides a simple few-step method for
protein visualization and offers detection of pro-
teins down to 10 ng per spot (depending on gel
thickness). New commercial colloidal CBB
stains do provide a dynamic range of detection,
with good compatibility with mass spectrometry
for protein identification, but even these new
dyes are not linear within the order of magni-
tude of protein levels found in the cell.

Successful identification of CBB protein
spots has been highlighted in both F. hepatica
and E. granulosus (Jefferies et al., 2001;
Chemale et al., 2003). Further staining tech-
niques, such as zinc or copper staining, are
also available, but currently not generally
used. Unfortunately, individual proteins have
been found to have different staining charac-
teristics.

Fluorescent post-labelling dyes are also
available for protein staining, and for example,
SYPRO ruby, provides silver stain range
sensitivity (1–2 ng) with compatibility with
mass spectrometry, although some report
compatibility problems with precast gels.
A previously expensive industrial fluorescent
proteomics tool, difference-in-gel electrophore-
sis (DIGE) is now available to academic
researchers. First described by Ünlü et al.
(1997), 2D DIGE overcomes some of the
conventional problems associated with com-
paring two standard 2DE gels, by allowing
qualitative comparisons on one gel (Lilley
et al., 2002). After isolation, protein samples
are minimally labelled with one of three spec-
trally differing fluorescent dyes; Cyanin-2
(Cy™2), Cy3 or Cy5 (Amersham Biosciences,
USA). Labelled protein samples are pooled
together and separated within the same
2DE analysis. The separate samples are then
visualized individually by scanning at the

appropriate wavelengths and images analysed
by specialized commercial software (e.g.
DeCyder™ Differential Analysis Software,
Amersham Biosciences).

Only a small percentage (~3%) of a pro-
tein sample is labelled via fluorescent dye, and
this addition to each protein alters the molec-
ular mass by approximately 580 Da. In pro-
teins over 30 kDa, this will not significantly
alter the position where they resolve by 2DE.
However, in smaller proteins this will signifi-
cantly adjust positioning compared to the
unlabelled proteins, but post-electrophoresis
staining with a conventional stain allows fur-
ther analysis. To date, a DIGE analysis of para-
site proteins has not been published.

Differential 2DE displays of post-gel
labelled silver stained and pre-labelled S-35
proteins also represent a sensitive procedure to
visualize and identify synthesized elements of
proteomes, respectively.

Image analysis

Replication and reference gel construction are
key parts of analysis as 2DE technology is not
currently 100% reproducible. This approach is
first required to confirm that spots from identi-
cal proteins are in the same place. Only then
can the relative spot intensities be compared,
and any new or missing spots distinguished.
Current software that provide analysis of
proteins on 2DE gels include PDQuest® (Bio-
Rad), Progenesis and Phoretic 2D Evolution
(Non-linear), HT Analyser (Genomic Solutions)
and Compugen’s Z3, and these packages com-
pare images by assigning intensity values to
protein spots. Multi-2DE gel analysis is also
possible, using landmark proteins, assigning
proteins with x and y coordinates, or by merg-
ing gel images. Algorithms within software
assess spot intensities on control gels compared
to experimental gels, to resolve and determine
the expression of individual proteins. If the
above software is not available, then standard
statistical analysis can be used to assess sig-
nificance in differential protein expression.
Clearly, automated spot matching programs
remove subjective error. However, even
the most expensive commercial software has
difficulty resolving overlapping spots and small
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position differences due to post-translational
modifications (PTMs). Spot shapes can also
become distorted during processing, and there-
fore, human intervention is ultimately required.
Image analysis or gel registration remains a
relatively neglected area of proteomic develop-
ment, including the ability to quantify protein
expression levels because of limited linearity of
stains and scanners.

Mass Spectrometry to Unravel
the Flatworm Proteome

Following image analysis, selected protein
spots are excised from the gel, either manually
by a spotter-pen or automatically by a robot.
This is generally followed by enzymatic diges-
tion of the protein(s) in the gel plug. Not all pro-
teases are suitable for PMF, and the most
commonly used one is unmodified trypsin
which cleaves proteins at lysine or arginine
residues (provided the next amino acid is not a
proline) (Rosenfeld et al., 1992). The digested
peptides are then extracted, and concentrated
for subsequent protein identification via mass
spectrometry. Cohen and Chait (1997) describe
the extraction of whole proteins from gels for
protein Mr determination. MS analysis of intact
proteins is the principle behind surface-
enhanced laser desorption ionization time-
of-flight (SELDI ToF), which analyses protein
fingerprints following affinity matrix capture.

It is only the recent technological advance-
ments in biological mass spectrometry that has
made the analysis of parasite proteomes possi-
ble. There are currently two types of mass spec-
trometric equipment used to identify digested
fragments; matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry
(MALDI ToF) and electrospray ionization mass
spectrometry (ESI MS), with the ability to per-
form tandem mass spectrometry (ESI MS/MS).
MALDI ToF, via PMF, makes analysis of
genome-verified organisms routine for identifi-
cation, although a function may not be
assigned, e.g. for Plasmodium, C. elegans and
soon the parasitic flatworm S. mansoni. ESI
MS/MS allows the opportunity to undertake
proteomics in parasitic flatworms without
a verified genome via generation of peptide
sequence information for homology searching.

In contrast, Liska and Shevchenko (2003) have
developed an approach to analyse MS data for
cross-species identification, but to be success-
ful, this approach probably requires at least
80% sequence identity.

Protein identification by mass spectrome-
try consists of three stages: ionization, separa-
tion and detection. However, this will not be
discussed in depth here; for an explanation of
the technical aspects of modern mass spec-
trometry please refer to Yates (1998) or Mann
et al. (2001) amongst others.

Matrix-assisted Laser
Desorption/Ionization Time-of-flight
Mass Spectrometry (MALDI ToF) for

Parasite Analysis

MALDI ToF has revolutionized proteomics
with the introduction of PMF. Proteins, not nec-
essarily from gel electrophoresis, are selected
and undergo proteolytic digestion. The peptide
fragments are then subjected to MALDI ToF
analysis to gain accurate mass to charge (m/z)
data of the peptides within the mixture
(Blackstock and Weir, 1999; Liska and
Shevchenko, 2003). Individual proteins will
fragment on proteolytic digestion in a unique
manner, resulting in a peptide ‘fingerprint’
detectable by mass spectrometry.

Peptide analytes are mixed with a UV (or
less common IR) absorbing ‘matrix’ and allowed
to dry, by a variety of methods, to a metal
probe. The dried droplet can then be irradiated
with a UV/IR source (see Fig. 17.7),  to ionize
and allow desorption into the vacuum of
the mass spectrometer. The generated ions,
usually protonated (Zenobi and Knochenmuss,
1998) and singly charged (Gevaert and
Vandekerckhove, 2000), are then accelerated
into a field-free region to allow separation over
a known path length. In the majority of MALDI
instruments, a reflector device is incorporated
into the ToF tube, effectively doubling the flight
path of ions by reversing their trajectories;
thereby increasing separation (Fig. 17.7)
(Mann and Talbo, 1996). The resulting peptide
data is gathered via multichannel plate
(MCP) detectors. This process generates pep-
tide m/z data with mass accuracies usually
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around 10–20 ppm, well within 0.2 Da, and
with routine sensitivities of 1 pM (Godovac-
Zimmermann and Brown, 2001).

MALDI analysis is a highly valuable tool
when working on a sequence-verified organ-
ism, such as the free-living nematode C. ele-
gans. Van Rossum et al. (2001) demonstrated
the power of PMF by identifying 12 different
sequence-related C. elegans GSTs. PMFs are
also useful in the identification of non-genome
verified organisms, provided there are protein
sequences in the databases. PMF successfully
identified 29 spots of known database proteins
from 60 ES products from F. hepatica (Jefferies
et al., 2001) and enolase was also identified
via PMF from F. hepatica ES products (Bernal
et al., 2004). PMF has also been effective in
E. granulosus with Chemale et al. (2003) iden-
tifying 15 database proteins. Four life stages of
S. mansoni have also been subjected to PMF
analysis with 32 proteins identified from data-
base protein entries, all originating from the
cytosol (Curwen et al., 2004). Thus, PMF in
non-genome verified organisms will possibly
identify proteins previously fully character-
ized, but may suggest new functions for less
well-characterized proteins.

Using PMFs for identification allows cross-
species identification of highly conserved pro-
teins, suggested by Liska and Shevchenko
(2003). Proteins such as regucalcin, transferrin
and enolase 1 have been identified from ovine
host bile using sequences from bovine sources
(Fig. 17.2) in the analysis of the sheep-liver

fluke infected bile-ome (Morphew, 2004,
unpublished). A single proteomic 2DE array
assay may uncover networks for PMF-identified
proteins previously only analysed individually
in different laboratories.

Electrospray ionization time-of-flight
mass spectrometry (ESI ToF MS)

ESI mass spectrometry remains essential to
proteomics. The electrospray source introduces
analyte into the mass spectrometer by produc-
ing a mist containing charged droplets of ana-
lyte and solvent. An inert gas, such as nitrogen,
is flushed over the ion mist and in the process
removes the solvent from the droplets produc-
ing desolvated analyte ions. These are often
highly charged and is a common characteristic
of ESI (Gaskell, 1997; Yates, 1998). The multi-
ple charging of analyte ions effectively reduces
the m/z value allowing higher resolution and
mass accuracy, which therefore aids the analy-
sis of whole proteins as well as standard PMF
work. Once produced analyte ions are passed
through a series of quadrapole mass analysers
and finally to the more common ToF tube for
subsequent separation and detection via MCP
detectors.

More recently, advances in electrospray
technology have helped to look further into pro-
teomics via non-covalent interactions between
proteins (Gaskell, 1997). Pramanik et al. (1998)
have reviewed the ability of ESI to study
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Fig. 17.7. The MALDI: schematic design of a MALDI ToF instrument (Micromass ToF Spec 2E, MMUK)
showing ion generation via laser desorption (UV/IR), followed by ion acceleration through the field-free
ToF-mass analyser, where the ions are reversed as they enter the reflector to end at the detectors.
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protein interactions, often a key to triggering
many cellular processes, with mass accuracies
better than 0.01%. Unfortunately, ESI is less
tolerant than MALDI to salt, detergent and
buffer contamination and consequently
MALDI is used in the majority of cases for PMF
analysis due to its ease and speed of use. The
real value of ESI MS is highlighted through tan-
dem mass spectrometry (MS/MS) for peptide
sequencing.

Analysis of post-translational 
modifications

Over 400 different types of protein modifica-
tion have been reported, and every eukaryote
protein has usually 8–10 post-translational
variants. Protein modifications can be natural
or can arise from the 2DE process, e.g. cysteine
combines with free acrylamide to give propi-
onamide cysteine.

PTMs, such as methylation or acetylation
or addition of complex N- or O-linked glyco-
sylations, are covalently bound modifications
to one or several amino acid residues. This can
drastically affect the outcome of the altered
protein (Mann and Jensen, 2003). Genomic
information, at present, cannot predict the
processes of PTM and cannot be studied with
genomic techniques. With protein modifica-
tion, being an important area of parasitic flat-
worm proteomics, the most effective method
to research them is with mass spectrometry
(Mann et al., 2001).

Typically the protein of interest is first
analysed whole and intact using either MALDI
or ESI or both if needed to gain an accurate
molecular weight. Proteins then undergo pro-
teolytic digestion to provide information related
to specific sites on the protein (Roepstorff,
1997). Protein digestion with one or a number
of digestion enzymes produces a range of pep-
tide fragments allowing a comparison with a
known sequence to identify the site of PTM.
For many PTMs enrichment before mass spec-
trometric analysis can select for specific pep-
tides with the modification of interest. This is
often the case with phosphorylation (Mann
and Jensen, 2003), which can be enriched by
the use of metal AC to enhance phosphopep-
tides. By eluting enriched samples directly into

an instrument capable of sequencing, MS/MS,
the site of phosphorylation can be identified.
Recently gel-staining techniques have enabled
PTMs, such as glycosylation, to be identified
whilst still within the gel, allowing proteins of
interest to be excised and identified directly.

PTMs are clearly an important area for
future flatworm proteomics. Already, proteins
are found in multiple 2DE array locations from
both E. granulosus (heat shock proteins, P 20
and HSP 70) and F. hepatica (cathepsins, Cat
L type) have been identified (Jefferies et al.,
2001; Chemale et al., 2003).

Peptide sequencing via post-source
decay and tandem mass spectrometry

MALDI, in general, creates peptide ions via a
soft ionization process producing intact pep-
tides and proteins. But when dealing with non-
sequenced organisms, peptide sequence data is
highly advantageous. In the MALDI process, a
number of metastable ions are produced during
the ionization process. The action and behav-
iour of these metastable ions causes the loss of
small neutral molecules along with more impor-
tant fragmentation across the peptide backbone
(Gevaert and Vandekerckhove, 2000).

Metastable ion fragmentation is extremely
useful when it occurs ‘post source’. The reflec-
tor device in many MALDI instruments can
then be used to scan the selected fragments to
produce a post-source decay (PSD) fragmenta-
tion spectra. Once correctly interpreted, use-
ful sequence information for non-sequence
verified organisms can be gathered. Inter-
pretation can often be complicated due to the
presence of many ions, most commonly of a,
b and y type. Ions present not only differ in
mass by peptide cleavage but also due to loss
of neutral molecules and/or the loss of side
chains. Coupled with this, poor mass accu-
racy and limited fragmentation across the pep-
tide backbone make PSD a complex tool for
protein sequencing (Mann and Talbo, 1996).
However, partial sequence obtained from
PSD is often enough to confirm protein identi-
fication and so is not to be neglected. For
a review of detailed mechanisms of the PSD
process and for interpretation procedures, see
Spengler (1997).
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The fragmentation of peptide ions and
subsequent protein sequencing via MS/MS can
now be operated in an automated manner. The
ability to directly couple ESI sources to HPLC
separation allows continuous sequencing of
peptides. The experimental design of MS/MS
(Fig. 17.8) allows a complete and accurate
fragmentation pattern to be produced. Peptides
of interest are first selected in a precursor ion
scan. The ion of choice, filtered through a
quadrapole, is fragmented within a sealed col-
lision cell filled with an inert gas such as nitro-
gen or argon. This low-energy collision between
peptide ions and inert gas causes the peptide
bonds to rupture producing fragment ions. The
fragments gathered from collision-induced dis-
sociation (CID) are ejected into a standard
mass analyser such as a ToF tube with their m/z
ratios determined. De Hoffmann (1996) has
provided comprehensive coverage on the prin-
ciples of MS/MS.

This technique gives mass accuracies of
peptide fragments superior to that of MALDI
ToF (Gaskell, 1997). The CID process gives a
much more complete fragmentation spectra
of y, b and a ions (Mann et al., 2001) and
therefore, with the aid of computer software, is
easily interpreted and sequenced. Peptide
sequence tags from MS/MS experiments allow
enhanced database searches with verified
organisms or can reveal information on unver-

ified organisms (Barrett et al., 2000; Liska and
Shevchenko, 2003). More recently, experi-
mental design of MS/MS instruments, such as
ion trapping techniques, is allowing MS/MS
experiments to be performed repeatedly on the
same fragment (generally three or four times)
with the potential to perform MSn (ability to
perform MS/MS to the nth time). The ability to
investigate fragmentation at this level allows
in-depth structural information to be accessed.

Database Mining and Protein
Identification

The use of mass spectral data, from either PMF
or MS/MS and comparing the obtained value
of peptides/fragments with theoretical masses
first shown by Henzel et al. (1993) is an inte-
gral part of data mining. Along with homology
modelling to aid X-ray crystallography work in
protein structure determination (Smith, 2000),
data mining is an essential part of proteomics
for identification of flatworm proteomes.
Peptide and fragment data, derived from MS
work, are entered into easily accessible data-
bases to provide reference information. Three
variations of database are available to pro-
teomists to search for identification of proteins;
protein, EST and genome databases (Mann
et al., 2001).
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Fig. 17.8. MS/MS: schematic representation of MS/MS by quadrapole mass spectrometers. (A) Sample
entry normally via ESI. (B) Precursor ion selection allowing only the ion of interest to continue through
the mass spectrometer. (C) Collision-induced dissociation of the ion within a gas cell normally containing
argon to produce fragments. (D) The products of fragmentation are focused and analysed via a ToF-
mass analyser.
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High-speed identification from either PMF
or MS/MS data can be achieved from non-
redundant protein databases (Mann et al.,
2001). These often include valuable annota-
tions giving insight into functions of isolated
and identified proteins. Many of these data-
bases, such as NCBInr (National Centre for
Biotechnology Information) and Swiss Prot
(ExPASy Molecular Biology Server), can be
used for protein identification.

EST databases contain sequence data on
cDNA sequences, from a number of organ-
isms, made from single random passes. There
are millions of ESTs within these databases
and although, commonly, they only cover a
small section of organisms, genes and pro-
teins, they are still valuable in the identifica-
tion of proteins (Andersen and Mann, 2000).
However, more recent EST projects are
believed to cover a greater proportion of an
organism’s transcriptome.

If PMF and sequence homology searches
fail using available protein and EST databases,
mass spectrum data can, in principle, be used
to search genome databases (GenBank:
http://www.ncbi.nlm.nih.gov/). However, only
a small percentage of large genomic sequences
code for proteins such that bioinformatics still
needs to accurately define exon–intron struc-
tures (Andersen and Mann, 2000).

Useful databases

EST and protein depository databases are
available for assisting proteomics and other
post-genomic techniques in parasitic flat-
worms. Under the umbrella of the World
Health Organization Schistosoma Genome
Network (http://www.nhm.ac.uk/hosted_sites/
schisto/index.html), there are over 180,000
public entries and 140,000 EST input entries
for S. mansoni, with two major EST projects in
progress in Brazil (Verjovski-Almeida et al.,
2003). S. mansoni genome projects are in
progress at The Institute for Genomic Research
(TIGR), Rockville, USA (http://www.tigr.org/
tdb/e2k1/sma1/) and the Sanger Institute (http://
www.sanger.ac.uk/projects/s_mansoni/).
Schistosoma japonicum has over 45,000 pub-
lic entries and an equivalent number of input
ESTs, with further gene discovery studies

(including a genome sequencing project) via
collaboration between The Chinese National
Human Genome Centre (CHGC) and the
Institute of Parasitic Diseases, Chinese Centre
for Disease Control and Prevention (http://
schistosoma.chgc.sh.cn, Hu et al., 2003).

For Schistosoma haematobium, the third
major human-infective species, the Sanger
Centre, UK, is planning to generate 15,000
ESTs from new cDNA libraries (http://www.
sanger.ac.uk/Projects/S_mansoni/). Progress is
being made with generating 15,000 F. hepatica
ESTs at the Sanger Centre, and sequences can
currently be downloaded at (ftp://ftp.sanger.
ac.uk/pub/databases/Trematode/Fhep/) for the
creation of local PMF construction and blast
searching facilities. For E. granulosus, over
6000 EST entries are available (http://www.
ncbi.nlm.nih.gov/). The common PMF search-
ing programs have facilities to search NCBI-
listed EST databases. However, this will be
problematic and a dedicated PMF searchable
clustered EST database should be constructed.

Thus, with the increase in protein data-
bases, many user-friendly internet-based tools
have been constructed to search protein, EST
and genome databases, of which the technical
aspects are often omitted. A variety of search
engines and tools are available to identify pro-
teins from PMF data or sequence data, for
molecular weight calculation and many other
interpretation tools, e.g. Protein Prospector
MS-Fit program (http://prospector.ucsf.edu/
UCSF Mass Spectrometry Facility) although
a full account will not be given here. Protein
modifications can be automatically allowed
when searching protein databases to ease
identification and some databases identify
modifications if they are of specific interest. As
with 2DE array, proteolytic cleavage is not
ideal, and potential cleavage sites can be
‘missed’ by the protease. Thus, with most PMF
software, one missed cleavage site (or more)
can be selected, so that all possible combina-
tions of adjacent peptides are added to the list
of theoretical peptides. Furthermore, 100%
matching of peptides with a database target is
not required for successful identification.
To this end, for tryptic digests, 1000–3500 Da
sized fragment is a suitable range for search-
ing. Peaks of less than 500 Da are obscured
by the matrix and peptides >6000 Da are
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generally not required in searches. In fact,
three- to four-fragment masses can successfully
match a database and query protein. Moreover,
mass tolerance is allowed in the PMF software
for the experimental peptides, and should
reflect the accuracy of the mass spectrometer,
typically 0.2 Da or 20 ppm or better. Increasing
the size of the error window by too much
increases the number of false positives.

The results of PMF searches are ordered
on a probabilistic basis, including an E-value
(expectation value), supported by dedicated
free-ware programs for statistical analysis
(Mascot: http://www.matrix-science.com/).
Another confidence indicator for PMF analysis
is the percent coverage, i.e. the proportion of
the theoretical protein which is covered by the
identified peptides. More than 20% coverage
of the protein is likely to be significant, but
depends on protein size, with small proteins
more likely to yield a higher percent coverage.
Filtering is also possible in PMF databases,
with searches restricted to single species or
tissue-specific databases, or within a prede-
fined Mr or pI range.

However, it is clear that the ease of col-
lecting proteome data currently exceeds the
capacity to analyse it. Therefore, international
standards are being sought for proteomic
experiments, such as the proteomics standards
initiative (PSI, http://psidev.source forge.net/ ),
and the proteomics experiment data repository
(PEDRo, http://pedro.man.ac.uk). The aim is to
provide proteomic researchers with the oppor-
tunity to query and reproduce protocols,
analyse raw or metadata from other laborato-
ries, and to link the proteome with the respec-
tive transcriptome and the metabolome. The
Human Proteome Organization (HUPO) is
establishing a defined infrastructure for human
data submission, and annotation for the
numerous proteomic data platforms. This will
also be required to effectively develop para-
sitic flatworm proteomics.

Proteomics without Two-dimensional
Electrophoresis

There are a number of limitations that reduce
the efficiency of 2DE. Co-migration of proteins
to the same location on a 2DE gel can occur.

The advent of zoom gels (narrow pH ranges)
can help overcome this problem. The
dynamic range offered by 2DE analysis, the
ability to label protein over a wide range of
concentrations, is up to a maximum of three
orders of magnitude. This is directly linked to
the capabilities of the staining techniques
used and is often not sufficient to account
for dynamic ranges common in biological
material. Therefore, sample prefractionation
or enrichment can be required (Rabilloud,
2002).

More importantly insoluble proteins, such
as membrane-bound and nuclear proteins, are
under-represented within 2DE analysis.
However, membrane proteins can be identi-
fied by MS following a 1DE separation.
Unfortunately, hydrophobicity is the most
common reason for poor representation of
abundant proteins and seems set to be with us
for quite some time (Santoni et al., 2000;
Rabilloud, 2002). Emerging proteomic meth-
ods without the use of 2DE are being devel-
oped, such as isotope-coded affinity tagging
(ICAT) and multi-dimensional protein identifi-
cation technology (MuDPIT).

Multi-dimensional protein identification
technology (MuDPIT)

MuDPIT, alternatively known as ‘shotgun’ pro-
tein identification methods, was developed by
Yates (1998) and has the advantage of being
based on HPLC (schematically shown in
Fig. 17.9). This process involves separation of
peptides derived from digested proteins rather
than whole proteins and therefore involves
proteolytic digestion before analysis. Digestion
can be performed with more than one diges-
tion enzyme. The resulting peptides are then
subjected to a series of liquid chromatography
(LC) separations, most often strong cation
exchange (SCX) followed by traditional reverse
phase (RP). Peptides, which are eluted from the
columns, are then fed directly into a mass
spectrometer (ESI) capable of MS/MS (Swart
et al., 2003).

This technique offers three main advan-
tages. Firstly, the separation methods of SCX
and RP are fairly comparable to that of 2DE.
SCX acts in a similar manner to IEF and RP

342 R.M. Morphew et al.

http://www.matrix-science.com/
http://psidev.sourceforge.net/
http://pedro.man.ac.uk


shows a trend for increasing retention time cor-
related with increasing molecular weight, as in
the second dimension. Secondly, the two
varying solvent types used in both SCX and RP
complement one another, when SCX is used as the
first dimension. The salt-based solutions for elu-
tion from SCX are weak elutants for RP chro-
matography which requires organic input to
elute hydrophobic proteins. Thirdly, compatibil-
ity of RP chromatography solvents, water,
organic solvents and weak acids, allow this sys-
tem to be directly coupled to MS/MS systems
(Wehr, 2003).

Once peptides have been successfully
eluted from multi-dimensional chromatogra-
phy, they undergo CID within MS/MS instru-
ments. Data-dependent acquisition systems
associated with MS/MS allow individual pep-
tides to be fragmented and the resultant spec-
tra to be used to search the databases for
possible identification (Wehr, 2003). This
method of protein identification, via MuDPIT,
is most efficient when working with genome-
verified organisms (Yates, 1998). MuDPIT

has one distinct advantage in that even low-
abundance proteins should be represented at
least on one occasion and therefore it has the
ability to cover a much larger range of the pro-
teome. However, due to the way MuDPIT is
arranged, no information can be gathered
regarding relative quantification of proteins, only
an absence or presence.

Isotope-coded affinity tagging (ICAT)

To gain quantitative data without the inherent
problems associated with gel electrophoresis
would seem to be an added advantage. ICAT,
(Fig. 17.10), also based on LC, labels reduced
cysteine residues from two sample states with
a multipart tag. This tag consists of an affinity tag
to bind to AC media along with an isotopically
coded linker, generally heavy and light forms
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Fig. 17.9. Schematic diagram of MuDPIT
proteomics (adapted from Yates, 1998). Protein
mixtures of interest are cleaved via proteolytic
activity and separated via a series of liquid
chromatography separations. Identification of the
proteins present relies on sequence tags
produced from tandem mass spectrometry. Even
low-abundance proteins should be represented at
least on one occasion.

Fig. 17.10. Schematic diagram of the ICAT
strategy to proteomics. Samples are labelled,
pooled and digested and undergo ICAT affinity
chromatography to select cysteine-labelled
peptides. Relative quantifications between
proteins from both sample states are gained and
tandem MS is performed to provide an
identification.

Protein
mixture Database

identification

MS/MS
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Proteolysis

HPLC (ion
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HPLC
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(Light ICAT labelled) (Heavy ICAT labelled)
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sequence information
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of deuterium, one for each sample state (Gygi
et al., 1999).

Proteins are first fully denatured and
reduced. If not denatured completely, cysteine
residues may well be embedded within the pro-
tein structure, therefore rendering the ICAT
process prone to error due to loss of labelling.
Following reduction, protein samples from both
sample states are labelled with affinity tags (one
isotopic type for each sample state). Once
labelled, they undergo proteolytic digestion and
AC to select for the labelled cysteine residue
peptides. Beneficially, this dramatically
decreases the sample complexity. The selected
peptides are then fed directly into LC equipment
coupled to a MS/MS, where sequence informa-
tion and relative quantification take place at
alternating periods. Quantification, although just
relative, is via labelling of identical sequenced
peptides from both sample states. One state will
be labelled with a heavy form of the tag and the
other state will be labelled with the light form of
the tag. The two labelled peptides simultane-
ously elute into the mass spectrometer and will
differ in mass from one another by the difference
between the two isotopes attached to the heavy
and light tags, most commonly between hydro-
gen and deuterium (Gygi et al., 1999). From this
method, a comparison can be made between
the two peptides deriving from the two sample
states. Commercial ICAT systems are now avail-
able with the introduction of cleavable ICAT
allowing removal of the affinity tag to improve
the performance of MS/MS.

With ICAT providing both sequence
information for identification and relative quan-
tification data, it would seem the remaining
problems of proteomics should eventually be

overcome. Nevertheless, successful proteomics
on membrane proteins is still relatively difficult,
but not impossible, even with ICAT or MuDPIT,
due to their hydrophobicity (Rabilloud, 2003;
Wu and Yates, 2003). ICAT requires proteins to
contain cysteine residues – one in seven pro-
teins do not (Rabilloud, 2002).

Concluding Remarks

Experimental proteomics studies have been
published on several parasitic flatworms
including F. hepatica and E. granulosus, and
this will soon be extended to medically impor-
tant schistosomes. The release of a schistosome
theoretical proteome will allow for the routine
analysis of global protein expression by PMF in
this parasite. Other proteomic studies in
parasitic flatworms that are not genome-
verified will rely on peptide sequencing, PMF
via extensive EST databases that have been
clustered, or novel cross-species combined
PMF and sequencing strategies. However, to
effectively progress flatworm proteomics, stan-
dard operating practices (SOPs) and common
data deposit procedures are required to be
developed by the research community.
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Introduction

Easy access to a readily available and highly
nutritious source of food is believed to have been
the predominant selection pressure that drove
the relationship between the parasite and its
host. Endoparasites may have evolved from
ectoparasitic monogeneans of fish (Halton and
Stranock, 1976; Halton, 1997). Mono-
pisthocotylean members degrade fish skin by
secreting enzymes extracorporeally, while fur-
ther digestion is carried out intracellularly in cells
lining a well-differentiated gut. Some poly-
opisthocotylean monogeneans, however, that
resided within the vascularized gill chamber,
took advantage of the availability of a more
highly nutritious, consistent and renewable diet
in the form of blood, and this represented the first
major step in the evolution of endoparasitism
(Halton and Stranock, 1976; Halton, 1997).

This new nutritional relationship required
many alterations to the parasite morphology,
particularly at the interfaces of parasite and
host where nutrients needed to enter. The
external surfaces of endoparasitic flatworms are
composed of a multifunctional syncytial tegu-
ment permeable to a variety of small organic
solutes, and contain sugar and amino acid
transporters for the facilitated or active uptake
of these molecules and their distribution to
various parasite tissues. The internal surfaces,
or guts, of flatworm parasites are very well
adapted to digesting host tissues, and are often
lined with cells extruding long lamellae to
increase the surface area for absorption. Within
these cells, or gastrodermis, lies highly active
machinery for synthesizing and secreting pro-
teolytic enzymes (Dalton et al., 2004).

The relative importance of the tegument
and gut in the acquisition of various nutrient
molecules likely varies in different flatworms.
Regardless of this, the function of the tegument
is to take from the host carbohydrates, amino
acids and lipids, while that of the gut is primarily
the digestion of host tissue macromolecules and
the subsequent absorption of small soluble prod-
ucts. Carbohydrates are required for the storage
and generation of energy and for structural pur-
poses. Amino acids and fatty acids are used for
the synthesis of parasite molecules and egg pro-
duction but are not metabolized for energy
(Tielens, 1997, 1999). Blood provides a rich

source of all these nutrients, and its central
importance in many physiological functions of
the host organisms ensures that its composition,
both molecular and cellular, remains consistent
and reliable. Hematophagy has its problems,
however, including the necessary elimination of
residual iron pigment arising from digestion of
haemoglobin, the prevention of blood clotting
and the inactivation of immunological defence
systems – but, as we will see later, parasites have
taken all of these into account.

The Trematode Gut

Trematodes are generally suctorial feeders
showing relatively little variation in their feed-
ing mechanisms. To some degree, this reflects
the uniformity in the physical nature of a diet
of fluid and semifluid foods, but it also under-
scores the efficiency of the oral sucker both as
an organ of attachment and as an integral part
of the feeding apparatus (Halton, 1997). The
majority of our understanding of the structure,
physiology and biochemistry of feeding comes
from the trematodes of the genera Schistosoma
and Fasciola.

Schistosomes

Schistosomes are in direct contact with blood
and therefore do not require a pharynx to draw
blood in. Their ingestion of blood relies on the
negative pressure created by the contraction of
the muscle of the oral sucker and oesophagus.
The oesophagus is contiguous with the outer sur-
face and as one moves posteriorly it becomes
increasingly convoluted into long parallel folds
that act as a sieve to entrap material in the lumen
(Senft, 1976). Towards the posterior it becomes
more ‘glandular’ and its large secretory cells syn-
thesize and release into the lumen large num-
bers of zymogen-like granules. Developmental
studies on juvenile schistosomes have shown
that these glands first synthesize their secretory
material before the final development of the gut
proper, and that the first blood meal brings about
a marked increase in the rate of granule produc-
tion in the oesophagus and of granule release
into the lumen (Whitfield, 1979). Erythrocyte
feeding is initiated by schistosomules during the
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first week after penetration of the host and intact
red blood cells as well as haemoglobin degrada-
tion products have been seen in these early
developmental stages (Bogitsh and Carter, 1977;
Bogitsh and Kirschner, 1986).

Below the oesophagus the bifurcated cae-
cum shows numerous flaps, or lamellae, that
sequester the blood material. Using a micro-
electrode, Senft (1976) estimated the pH of
the Schistosoma mansoni secreted products to
be 5.0–6.0, although within the caecum or
between the lamellae it may be lower than this.
Therefore, haemoglobin and other proteina-
ceous material within the caecum may be in the
form of a partly or fully denatured precipitate
that would be relatively easy to digest with pro-
teases. The gastrodermis is not cellular but syn-
cytial and ultrastructural studies suggest that it
may serve primarily as an absorptive tissue,
pointing to the possibility of a regional differen-
tiation of digestive–absorptive functions in the
alimentary tract of this trematode (Fig. 18.1A).

Fasciola hepatica

The gut of the infective stages of the liver fluke,
or newly excysted juvenile (NEJ) is filled with
secretory vesicles that are produced and stored
in the metacercarial stage. The epithelial cells of
this stage are specialized for secretion but not
absorption, and studies on the development of
the surface lamellae indicate limited absorptive
capacity (Bennett, 1975; Fairweather et al.,
1999). Following excystment the numbers of
stored secretory vesicles dramatically reduce,
implying that they are required for excystation
and penetration of the intestinal wall. After pen-
etrating the intestine and then the liver capsule
(day 3 in mice) a new secretory cell appears and
these assume a more adult-like appearance,
although true cyclical secretory/absorptive activ-
ity is not evident until 2 weeks after infection
(Bennett, 1975). True tissue and blood feeding in
liver flukes, therefore, does not begin until the
parasite is within the liver parenchyma.

Adult liver flukes reside in the bile ducts
and feed mainly on blood (and possibly bile
duct epithelial cells). To gain access to the
blood they must, therefore, puncture the wall
of the bile ducts. The alimentary tract of these
worms is divided into foregut, comprising

mouth, pharynx and oesophagus, and paired
and blind-ended intestinal caeca whose lateral
diverticula are highly branched in the adult
parasite. The coordinated contraction of merid-
ional, equatorial and radial muscles in the
suckers in F. hepatica generates a powerful
suction force that draws a plug of host tissue
into the cup of the sucker, effectively bringing
the food source to the pharynx (Halton, 1997;
Fairweather et al., 1999). Continual localized
suction by the sucker and pharynx, aided by
the pulsatory action of the musculature in the
forebody of the worm, is generally sufficient to
breach superficial blood vessels and create a
flow of blood that is then forced back into the
gut lumen by the peristaltic activity of the
pharynx and/or oesophagus (Howell, 1970).

The gastrodermis of liver flukes differs
greatly to that of the schistosomes (Fig. 18.1B).
The gut is lined by a single layer of epithelial
cells of one basic type, which show variations in
their fine structure reflecting their functional
state (Robinson and Threadgold, 1975;
Fairweather et al., 1999). The cells undergo
cyclical transformations, involving a secretory
phase, in which there is an active Golgi appara-
tus, numerous mitochondria and many dense
zymogen-like secretory bodies, followed by
a phase of intense absorption. During the
absorptive phase, the surface protrusions or
lamellae are longer and more numerous,
between which lie exocytosed secretory gran-
ules, while inside the cell there are few secre-
tory bodies and the Golgi complexes are largely
inactive. However, numerous cytoplasmic bod-
ies indicative of endocytosis and autophagy are
present (Robinson and Threadgold, 1975; see
Fig. 18.1B). The events in any one cell are not
synchronized with those of adjacent cells so
that secretion and absorption take place more
or less simultaneously throughout the gastroder-
mis. A third group of cells, with a more devel-
oped sub-epithelial musculature, is associated
with the movement of ingested material in the
gut lumen and mixing with the contents of the
secretory vesicles (Fairweather et al., 1999).

Blood as a Source of Amino Acids

Trematode flukes require ingested host proteins
not just as a source of nutrition for somatic
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Fig. 18.1. Schematics demonstrating the syncytial nature of the gastrodermis of Schistosoma mansoni
(A) which contrasts to the cellular nature of the gastrodermis of Fasciola hepatica (B). The F. hepatica
cells go through cycles of secretion and absorption.

growth but also for egg production. In 1959,
Timms and Bueding showed that schistosomes
could be maintained in vitro in the presence of
a defined medium that only included haemo-
globin as the protein source (Timms and
Bueding, 1959). Haemoglobin, which is present

in blood at 16 g/100 ml, therefore, appears to be
the primary source of amino acids, although
serum proteins (6–8 g/100 ml) and cell debris
must also be important. Amino acid transporters
have been identified in the tegument of schisto-
somes indicating that at least a proportion of the



amino acid requirement of trematodes may
enter through the surface (Dalton et al., 2004).

Egg production in trematodes puts a heavy
demand on the parasite for nutrients. Female
S. mansoni worms ingest ten times more red
blood corpuscles (330,000/h) than males in
order to produce the estimated 100–200
eggs/day/female (Loker, 1983). Schistosoma
japonicum females are even more prodigious
producing 500–2000 eggs/day (Loker, 1983;
Fan and Kang, 2003). The hermaphroditic adult
liver fluke, on the other hand, consumes 0.03
ml of blood (approximately 350 × 106 red blood
cells)/h and produces from 20,000 to 50,000
eggs/day (Whitfield, 1979; Andrews, 1999;
Dalton et al., 2004).

Free haemoglobin is a dangerous substance
as both free haemoglobin and haem released
following protease degradation can act as a
‘Fenton reagent’ with oxygen to generate reac-
tive oxygen species that can damage mem-
brane proteins and lipids (McGonigle et al.,
1998). It is generally believed that the parasite
neutralizes free haem by complexation to form
haematin and hence avoid oxidative damage
(Oliveira and Oliveira, 2002). The guts of
trematodes become filled with a dark pigment
following digestion of blood (particularly obvi-
ous in female schistosomes and adult liver
flukes). However, as digestion in trematodes is
predominantly extracellular, any residual
waste, including haematin pigment, appears in
the lumen of the blind-ended gut and is elimi-
nated regularly by the simple process of regur-
gitation (F. hepatica empties its gut every 3 h)
(Hanna, 1975; Dalton et al., 2004).

Prevention of Blood Clotting

Preventing the clotting of ingested blood in the
gut is an obvious concern that blood-feeding
parasites need to address. Recently, a schisto-
some anticoagulant protein (SAP, Sm 10.3),
which does not resemble any previously
described invertebrate anticoagulant protein,
has been described (Bentley et al., 2002). The
parent protein is processed to several smaller
proteins of 24–22.4 kDa, which contain tan-
dem repeats of 27 amino acids. Immunolocali-
zation studies showed that SAP is produced
by the sub-tegumental cell bodies of the
oesophageal ‘gland’ and is packaged into secre-

tory granules before being transported through
the luminal syncytium to the lumen where it
mixes with the blood meal. Recombinant SAP
significantly prolongs the activated partial
thromboplastin time (APTT) in vitro, but the
precise mechanism of anticoagulation still
remains unclear. Inhibition of Factor X, a cen-
tral component in both the intrinsic and extrin-
sic coagulation cascades, is a possibility
(Bentley et al., 2002).

Considerably more is known about antico-
agulants from the blood-feeding hookworm,
Ancylostoma caninum. Several families of small,
anti-clotting peptides have been described in
A. caninum. AcAP, an 8.7 kDa peptide secreted
by adult worms that does not exhibit homology
to other anticoagulants, but is a potent inhibitor
of Factor Xa, was described by Cappello et al.
(1995). A family of related peptides, one of
which uniquely inhibited a complex of blood
coagulation factor VIIA and tissue factor, was
also reported (Stanssens et al., 1996).

In addition to inhibitors of coagulation fac-
tors, adult A. caninum also secrete a protein that
inhibits adherence of platelets to fibrinogen and
collagen (Chadderdon and Cappello, 1999).
Cloning of the platelet inhibitor (Del Valle
et al., 2003) revealed that this is a member of
the pathogenesis-related protein (PRP) super-
family of hookworms, a family of secreted pro-
teins with diverse biological activities (Zhan
et al., 2003). While similar proteins have yet to
be characterized in schistosomes, multiple
PRPs are present in the S. mansoni transcrip-
tome (Verjovski-Almeida et al., 2003). These
anticoagulant proteins are not only potential
targets for anti-helminth vaccines and specific
inhibitors but are of interest in the develop-
ment of new anti-thrombotic therapies for
human and veterinary medicine (Verjovski-
Almeida et al., 2003; Hotez et al., 2004).

Lysis of Blood Cells

Despite our knowledge of proteolytic digestion
of haemoglobin by haematophagous parasites,
the step immediately preceding this event,
haemolysis, has received far less attention.
Schistosomes, liver flukes and other blood-
feeding helminths, including hookworms and
trichostrongyle nematodes of livestock, ingest
intact erythrocytes. These cells are then lysed
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by haemolytic factors released by cells that line
the gastrointestinal tracts of these parasites.

The contribution of the oesophagus to the
overall digestive process in schistosomes is
unclear. As mentioned in the section on
‘Schistosomes’ this tissue is lined by gland cells
that secrete granules that were suggested to
contain cytolytic and/or digestive enzymes and
it was considered that both lysis and digestion
of blood cells began in the oesophagus (Ernst,
1975; Bogitsh and Carter, 1977). However, the
speed with which a blood meal bolus passes
through the oesophagous (∼1 s) would limit its
capacity as a digestive organ per se. In addi-
tion, digestive enzymes were not detected in
the oesophagus, indicating that digestion takes
place solely within the gut caecum (Bogitsh
and Dresden, 1983). Accordingly, it is likely
that the secretory granules observed in the cells
lining the oesophagus secrete lytic and antico-
agulant substances rather than peptidases.

The nature of the red blood cell lytic factors
is only beginning to be elucidated although
haemolytic activity was described in oeso-
phageal and intestinal homogenates of adult
S. mansoni almost 20 years ago (Kasschau et
al., 1986). This lytic activity was thought to be
pore-forming in nature because it caused red
blood cell ghost formation and responded in a
similar way to the addition of sugars and salts as
other known small-membrane pore-formers like
saponin (Kasschau and Prill, 1988). More
recently, mRNAs encoding small, pore-forming
proteins with sequence similarity to the amoe-
bapores of Entamoeba histolytica (Young et al.,
1982) were reported for the flukes Clonorchis
sinensis (Lee et al., 2002) and F. hepatica (Reed
et al., 2000; Espino and Hillyer, 2003). Both
recombinant proteins lysed red cells and the
former, termed clonorin, is expressed in the gut
of adult worms. Amoebapores are a subfamily
of saposin-like pore-forming proteins (Zhai and
Saier, 2000) and amoebapore-like expressed
sequence tags (ESTs) have been identified in
schistosomes, hookworms and Paragonimus
westermani. Full-length gene cloning, func-
tional expression and haemolytic activity are
currently being explored in our laboratories (T.
Don and A. Loukas, Brisbane, 2004, personal
communication; Fig. 18.2).

The function of haemolytic factors in trema-
todes may not, however, be exclusive to red cell
lysis. A heat-stable haemolytic activity was also

found in S. mansoni egg extracts, suggestive of a
surfactant type haemolysin that might play a role
in the movement of eggs through host tissues
(Asahi et al., 1984). Also, adherence of red
blood cell ghosts to the tegument of schistoso-
mula has been observed in vitro, indicating the
presence of a surface-bound or excreted
haemolysin (Caulfield and Cianci, 1985).

Peptidases Involved in the Digestion
of Blood and Tissue Proteins

Given the demands of worm nutrition and
fecundity, it is not surprising that considerable
anabolic effort is invested in producing alimen-
tary peptidases (proteolytic enzymes). Indeed,
ultrastructural analysis of the gastrodermal cells
of trematodes reveals evidence of intense protein
synthesis, trafficking, storage and delivery, i.e.
high numbers of ribosomes, Golgi apparatus and
secretory vesicles, that reflects the production of
digestive enzymes. It has been estimated that
adult F. hepatica secrete 0.5–1.0 µg cathepsin
L enzymes/parasite/h, representing 5% of the
total protein of the adult worm (Dalton et al.,
2004). Further, quantitative data from the ongo-
ing S. japonicum EST project demonstrates that
the genes for the alimentary peptidases, cathep-
sins B and D (described later), rank third and
fourth, respectively, as the most highly expressed
genes in female worms (http://schistosoma.
chgc.sh.com.cn/summary.general/index.htm),
representing approximately 2% of all the cDNAs
thus far identified. Finally, almost 10% of the
ESTs identified in adult F. hepatica and C. sinen-
sis cDNA libraries encode cathepsin L proteases
indicating their pivotal role in parasite biology
(Lee et al., 2003; J.P. Dalton, unpublished data).
The proteases of trematodes have been exten-
sively reviewed elsewhere (Brindley et al., 1997;
Tort et al., 1999; Sajid and McKerrow, 2002;
Caffrey et al., 2004) and, hence, only a brief
overview is provided below.

Digestion in schistosomes

The schistosome gastrodermis produces an
array of both endopeptidases (that cleave within
a substrate protein) and exopeptidases (cleav-
age occurring at either end of a substrate), and
their concerted action allows for the complete
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hydrolysis of ingested proteins to amino acids
(Tort et al., 1999). The predominant peptidase
class comprises the cysteine peptidases, which
mediate peptide bond hydrolysis through a
reactive sulphydryl group (Barrett and
Rawlings, 2001). Cysteine endoproteases
orthologous to the clan CA mammalian cathep-
sins, including cathepsins B, L and F, are found
in gastrodermal cells and are secreted into the
gut lumen (a comprehensive description of the
classes of peptidases can be found in the

MEROPS database published by Rawlings
et al., 2004). Each of these has overlapping but
distinct preferences for peptide bonds and,
hence, together can affect the efficient break-
down of proteins. As cysteine proteases gener-
ally operate at slightly acid pH (5.0–6.5), they
are suitable for functioning within the low pH
of the gut lumen (for S. mansoni) where initial
cleavage steps take place (Dresden et al., 1981;
Dalton et al., 1996; Brindley et al., 1997; Tort
et al., 1999; Sajid and McKerrow, 2002).
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Fig. 18.2. Sequence alignment comparing single and double domain (SmAP2) saposin-like proteins from
various trematodes, Entamoeba histolytica and human NK lysin (A). SmAP1 and SmAP2 are from
Schistosoma mansoni (T. Don and A. Loukas, Brisbane, 2004, personal communication). Note the six
conserved cysteine residues in each domain and the additional six N-terminal cysteines (bold type) in the
N-terminal domain of SmAP2. Molecular model of another S. mansoni saposin-like protein (Protein Data
Bank (PDB) Accession Number AI975862) based on the known NMR structure of human saposin C
(PDB Accession Number 1M12) (B). S-S denotes predicted Cys residues involved in disulphide bond
formation based on the known disulphides from saposin C. Note the similar folds adopted between the
two sequences despite less than 50% identity at the primary sequence level. Modelling was performed
using the Swiss Model server and structures were viewed with Swiss pdb Viewer.



Aspartic proteases orthologous to mammalian
cathepsin D, which mediate peptide bond
hydrolysis via two carboxylate groups (Barrett
and Rawlings, 2001), likely act alongside cys-
teine proteases to achieve further digestion of
proteins (Brindley et al., 2001). A member of
the clan CD cysteine peptidases, represented by
an asparaginyl endopeptidase or ‘legumain’, is
also an important protease secreted by the gas-
trodermis and may function directly in protein
degradation or indirectly by processing and
activating cysteine and aspartic proteases from
the inactive zymogens (see section on
‘Regulation of the Digestive Process’; Tort et al.,
1999; Caffrey et al., 2004).

Final degradation of substrates to oligopep-
tides and free amino acids may involve gastro-
dermal exopeptidases such as a cathepsin C
(Caffrey et al., 2004), which removes dipep-
tides from the N-terminus of proteins, and a
leucine aminopeptidase (LAP; McCarthy et al.,
2004), which is capable of releasing free
amino acids from peptides and dipeptides.
However, it is notable that cathepsin B also
exhibits carboxydipeptidase activity and,
therefore, may well play a dual role (Tort et al.,
1999; Caffrey et al., 2004).

Digestion in liver flukes

Digestion of host tissues in the gut of F. hepat-
ica differs to that of schistosomes as it appears
to rely mainly on cathepsin L cysteine proteases
(Dalton and Heffernan, 1989; Dalton et al.,
2003). Adult parasites release copious amounts
of these proteases into the gut lumen from the
surrounding gastrodermal epithelial cells dur-
ing their secretory phase (Fig. 18.1; Yamasaki
et al., 1992; Smith et al., 1993; Grams et al.,
2001; Dalton et al., 2003). Cathepsin L pro-
teases efficiently cleave interstitial matrix pro-
teins such as haemoglobin, fibronectin,
laminin and native collagen (Berasain et al.,
1997) and are suited to the proteolysis of host
proteins as they have broad specificities, are
active over a wide pH range (pH 3.0–8.0) and
exhibit high stability at 37˚C (Dalton et al.,
2003). Cathepsin B cysteine proteases may be
more important in the early migratory stages of
the parasite, particularly when they are migrat-
ing through the intestinal wall and entering the

liver (Law et al., 2003), while cathepsin Ls take
over the function of tissue penetration and
feeding in the stages that migrate from the liver
into the bile duct stages (Dalton et al., 2003).

Liver flukes also possess cathepsin C and
LAP exopeptidases that are orthologous to the
schistosome enzymes. These exopeptidases
most likely complete the digestive process to
yield free dipeptides and amino acids, respec-
tively, from peptides generated by endoprote-
olytic cysteine protease activity on host
proteins. Both cathepsin C and LAP have been
immunolocalized to gastrodermal cells
(Carmona et al., 1994; Acosta et al., 1998;
J.P. Dalton, unpublished data).

Regulation of the Digestive Process

Studies by Halton and Stranock (1976) indi-
cate that the presence of the blood meal in
the gut and the resulting distension of the
lumen is the trigger that induces an immedi-
ate outflow of digestive secretions from gas-
trodermal cells. These enzymes are secreted
into an environment that is slightly acidic
(Senft, 1976), which is important in several
ways for regulating the digestive process.
First, cysteine proteases and aspartic pro-
teases are produced as inactive precursors or
zymogens and require a slightly acidic pH to
undergo autoprocessing and activation.
Recent studies by Collins et al. (2004) have
shown that the inactive cathepsin L zymo-
gens are stored within the secretory vesicles
of the gastrodermal cells and that processing
to the fully active mature protease likely
occurs in the acidic environment of the gut
lumen. Second, the activity of the various
proteases involved in digestion is optimal at
acidic pHs. However, while the cathepsin L
and B cysteine endoproteases function in a
slightly acid environment (pH 4.0–6.0),
aspartic proteases appear to be most active at
even lower pH values (pH 2.5–4.6). Third,
proteins such as haemoglobin are more eas-
ily digested at lower pH probably due to the
relaxing of their tertiary structure (Becker
et al., 1995; J.P. Dalton, unpublished data).
The low pH of the gut may be maintained by
proton pumps in the lining of the gut wall
and/or by the release of free protons follow-
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ing cleavage of peptide bonds by the pro-
teases (Dalton et al., 2004).

Although, as mentioned above, proteases
undergo autoprocessing at low pH, it is possi-
ble that this process is initiated or facilitated
by asparaginyl endopeptidases that cleave
cathepsin zymogens at the junction between
their propeptides and mature enzymes
(Dalton et al., 1995; Dalton and Brindley,
1996). Recently, Sajid et al. (2003) demon-
strated that S. mansoni cathepsin B1 precursor
could be trans-processed and activated by
recombinant S. mansoni asparaginyl endopep-
tidase and suggested that this might be one
level at which schistosomes regulate protease
activity in the gut. Therefore, at the time of
secretion of cathepsins into the lumen, some
molecules may be already activated by trans-
processing, which would accelerate the auto-
processing and activation of additional
cathepsin zymogen due to the low environ-
mental pH.

It is not clear whether catabolism of pro-
teins by trematode gastrodermal peptidases is
biochemically ordered, whereby some
enzymes are responsible for the initial cleav-
age of substrates, thus facilitating subsequent
digestion by other enzymes (Caffrey et al.,
2004; Dalton et al., 2004). However, some
order may be introduced by the compartmen-
talization of enzymes and their substrates.
Caffrey et al. (2004) proposed that proteins
partially degraded by cysteine protease activ-
ity may be taken up by the gastrodermal syn-
cytium via pino- or endocytosis for further
hydrolysis in a presumptive (phago)lysosomal
compartment. The lower pH (4.0–5.0) of
these vesicles would allow activity of cathep-
sin L, B and C cysteine proteases and cathep-
sin D aspartic proteases to produce small
peptides and dipeptides (Tort et al., 1999;
Caffrey et al., 2004). These may then be trans-
ported into the gastrodermal syncytium
(schistosomes) or epithelial cells (Fasciola) for
final breakdown to amino acids by LAP,
which is functionally active only above pH
6.0 (McCarthy et al., 2004). Finally, free
amino acids would be distributed to the vari-
ous parasite tissues via amino acid trans-
porters (permeases) at the basal layer of the
syncytium or tegumental cells (Dalton et al.,
2004).

Non-feeding Functions Attributed
to Peptidases

A recurring theme regarding the study of para-
site peptidases, including those from trema-
todes, has been an economy of effort whereby
the same peptidase is found in different tissues
or life stages of the parasite, presumably to
perform different functions. For example,
the cysteine proteases of adult S. mansoni,
cathepsin B1 and asparaginyl endopeptidase,
are found not only in the gut but also in the
flame cells of cercariae where they possibly
contribute to osmoregulation and/or excretion
(Skelly and Shoemaker, 2001). Similarly,
S. japonicum cathepsins D and L are present in
eggs and miracidia as well as the gastrodermis
of adults (Day et al., 1995; Verity et al., 1999).
Finally, the cathepsin B (cat-B1) of adult
Fasciola gigantica is expressed in the gut and
most other tissues of the parasite and is, there-
fore, believed to function in multiple cellular
processes (Meemon et al., 2004).

Invasion and migration through 
host tissue

In addition to operating in internal tissues, many
trematode peptidases are released extracorpo-
really where they work to the advantage of the
parasite by degrading host tissues. This is espe-
cially relevant for juvenile parasites, which
must forcibly penetrate through a number of
tissues before arriving at the predilection site.
Key to this adaptability is that many of the par-
asite cysteine proteases are catalytically active
and stable at neutral pH (in contrast to their
mammalian homologues which tend to func-
tion at low pH) and are capable of cleaving a
wide range of native macromolecular sub-
strates. For F. gigantica, two cathepsin Bs (FG
cat-B2 and B3) are produced by metacer-
cariae, NEJs and young juveniles, but not by
adults, thus implying a selective function in
tissue migration (Meemon et al., 2004). Both
cathepsins are released from the juvenile gut,
which is capable of secretion, but not absorp-
tion (Bennett, 1975; Fairweather et al., 1999).
Similarly, F. hepatica expresses some cathepsin
L proteases only in the NEJ stage and, these
therefore, have been suggested to facilitate
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both excystment and migration of the juvenile
parasites to the liver (Irving et al., 2003).
F. hepatica cysteine proteases (including
cathepsins L1 and L2) degrade the relevant
extracellular matrix proteins including fibrillar
types I and III collagen, basement membrane
type IV collagen, fibronectin and laminin
in vitro (Berasain et al., 1997) and it is likely
that cysteine proteases released by the migra-
tory stages of other trematodes such as
Paragonimus and Clonorchis also degrade
these substrates.

Aside from gut peptidases, it is possible
that tegumental enzymes either actively
released or sloughed off also contribute to the
hydrolysis of tissue proteins, thereby facilitat-
ing migration. In addition, surface peptidases
may contribute to the turnover and renewal of
tegumental proteins or glycocalyx (Lammas
and Duffus, 1983), the digestion of endocy-
tosed proteins or assist in the evasion of host
immune responses (see below). Consistent
with these functions is the presence of cathep-
sins B and F in the tegument of schistosomes
(Skelly and Shoemaker, 2001; Caffrey et al.,
2002; Meemon et al., 2004).

The cercarial life stage of schistosomes is
uniquely adapted for invasion of and migration
through host tissues (Fig. 18.3; McKerrow and
Salter, 2002; Curwen and Wilson, 2003). For
S. mansoni, secretory vesicles, some of which
contain peptidases, are produced in a number
of specialized compartments including the
acetabular gland cells and head gland cells
(Curwen and Wilson, 2003). Little is known
about the peptidases present in the head gland
cells, which secrete their contents later than
the acetabular cells and may assist in invading
the blood vasculature (McKerrow and Salter,
2002; Curwen and Wilson, 2003). Within
the acetabular gland cells, however, is a well-
characterized 28 kDa serine peptidase termed
cercarial protease or elastase due to its sequence
similarity with mammalian pancreatic elastase
(Marikovsky et al., 1990). This enzyme is capa-
ble of degrading the relevant connective tissue
molecules, including elastin, collagen and gly-
coproteins (McKerrow et al., 1983). Some
debate exists as to exactly when and for how
long after skin invasion the acetabular gland
cells release their contents (including cercarial
elastase; McKerrow and Salter, 2002; Curwen

and Wilson, 2003). However, recent studies
with human skin have demonstrated the pres-
ence of cercariae in the dermis 10 min after
invasion (Whitfield et al., 2003), well within the
time frame of release of acetabular gland cell
contents (Fig. 18.3). Two of five genes encoding
S. mansoni elastase isoforms account for
greater than 90% of the activity measured
(Salter et al., 2002). During penetration, the
elastase may also serve to remove the cercarial
glycocalyx furthering the transformation of cer-
cariae to schistosomulae (Fishelson et al.,
1992). Functionally similar enzymes have been
identified in the invasive stages of other trema-
todes including Schistosomatium douthitii
(Amiri et al., 1988) and Trichobilharzia ocellate
(Bahgat and Ruppel, 2002).

Excystment of juvenile parasites

A number of reports have suggested a relation-
ship between cysteine protease activity and
excystment of metacercariae. Cysteine pro-
teases may act alone or in concert with extrin-
sic host factors such as trypsin in the host gut
(Intapan and Maleewong, 2001; Li et al., 2004).
In vitro, Paragonimus ohirai metacercarial cys-
teine protease activity is induced by addition of
the bile salt, sodium cholate and parasite
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SC

SB

Fig. 18.3. A cercaria of Schistosoma mansoni
penetrating the skin epidermis. The parasite has
traversed the outer skin layer, stratum corneum
(SC), and is halfway through the underlying
dermis, stratum basale (SB). Movement through
these layers is facilitated by proteases, most
particularly an elastase, which is secreted from
the cercarial acetabular glands. The cercaria is
moving, as indicated by the arrow, into the inner
skin layers where it will meet and enter a venule.



excystment is inhibited by inhibitors of cysteine
proteases, but not serine peptidases (Ikeda,
2003). A possible source of these proteases is
the excretory bladder where two P. westermani
metacercarial cysteine proteases of 27 and 28
kDa have been localized (Yang et al., 2002).
The syncytial cells of the excretory bladder
contain a large number of Golgi complexes,
consistent with a function as a secretory organ
(Orido, 1990). The specific activities of the 27
and 28 kDa peptidases are highest in metacer-
cariae and NEJ, but decline thereafter, suggest-
ing their direct involvement in excystation and
subsequent migration (Chung et al., 1997). This
downregulation of expression is similar to that
reported for the F. gigantica metacercarial
cathepsins B2 and B3 described in the previous
section (Meemon et al., 2004).

Hatching of eggs

Trematode eggs are known to contain and
release peptidases. For S. mansoni, it has been
proposed that peptidases facilitate the migration
of eggs through tissues and eventually into the
external environment (Asch and Dresden, 1979;
Day et al., 1995). The same reports identified
cysteine protease activity in S. mansoni egg
extracts. Subsequently, three cysteine protease
activities were partially purified from eggs, two
of which were cathepsin B-like on the basis of
substrate preference (Sung and Dresden, 1986).
A monoclonal antibody localized one of these
enzymes to the ‘penetration’ glands of
unhatched miracidia (Dresden et al., 1983),
therefore, suggesting that the enzyme(s) may
function in hatching and/or penetration of the
intermediate snail host. The latter function was
also proposed for cysteine proteases isolated
from miracidial extracts and culture media con-
taining transforming miracidia (Yoshino et al.,
1993). Consistent with these propositions is a
report that transforming miracidia release pepti-
dases that degrade the glycoprotein portion of
the extracellular matrix (Pino-Heiss et al., 1986).
Finally, two peptidases of unknown classification
were identified in the excretory–secretory prod-
ucts of S. mansoni eggs (Ashton et al., 2001), as
was a fibrinolytic activity, which was suggested
to counteract the thrombogenic potential of the
egg surface (Doenhoff et al., 2003).

Protease Phylogeny

Proteases are believed to have arisen by a
process of gene duplication followed by diver-
gence from primitive enzymes with broad
specificity (Neurath, 1984). As proteases
evolved, their temporal and spatial expression
changed, facilitating the development of more
specialist functions. In helminth parasites,
gene duplication and divergence occurred fre-
quently in proteases even within particular
species (Tort et al., 1999). The net results are
that parasites express several or many paralo-
gous enzymes that perform different functions
in different tissues at various stages of their life
cycle, as highlighted in the previous section.
Phylogenetic studies are important for under-
standing the evolution of proteases, relating
structure to function (revealed by divergent pri-
mary structures and substrate-specificity stud-
ies) and identifying critical differences between
host and parasite enzymes that may be
exploited in anti-parasite drug design efforts.

Cathepsin B

Trematode cathepsin B-like peptidases exhibit
less divergence (>65% similarity to one
another) than the cathepsin L cysteine pro-
teases (Fig. 18.4). A phylogenetic comparison
of trematode cathepsin Bs identifies two main
clades, termed here as cathepsin B1 and
cathepsin B2. This observation is interesting as
these two enzymes exhibit distinct differences
in their localization in schistosome tissue; the
former is associated with the gut, while the lat-
ter is expressed in both gut and tegument.
Accordingly, this phylogenetic divergence may
provide an example of the evolution of distinct
functions for helminth cathepsin Bs, although
the role of the cathepsin B2 in the tegument
needs to be fully elucidated. It can also be
seen from Fig. 18.3 that cathepsin C peptidases
diverged early from the cathepsin B lineage
and through increasing changes in structure
became exclusively exopeptidic (see also Tort
et al., 1999).

The trematode cathepsin B cysteine pro-
teases possess a 20-amino-acid insert termed
the ‘occluding loop’, a feature that is used to
classify them. The intact loop is found in all
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vertebrate, as well as many parasite cathepsin
Bs, and contains two histidine residues at posi-
tions 110 and 111 (human cathepsin B num-
bering; Fig. 18.5), which confer exopeptidase
activity, specifically dipeptidyl carboxypepti-
dase activity. While the schistosome cathep-
sins B1 and B2 possess these two histidine
residues, and would therefore be expected to
exhibit dipeptidyl carboxypeptidase activity,
the Fasciola cathepsin B has lost His111 (Tort
et al., 1999). However, the loss of His111 may
not necessarily result in the loss of exopepti-
dase activity as Krupa et al. (2002) showed that

human cathepsin B with this residue altered,
nevertheless, retained such activity.

Cathepsins L and F

Phylogenetic analysis, based on the primary
sequences of the catalytic domains of cysteine
proteases, has demonstrated a number of
different clades within the trematode non-
cathepsin B-like papain superfamily (Fig. 18.6;
Tort et al., 1999; Park et al., 2002; Kang et al.,
2004). The parasite enzymes fall into two main
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Trematode cathepsin B2-like

Trematode cathepsin B1-like

Trematode cathepsin C-like

FgCBa
FgCBc

FgCBb
FhCB2

FhCBa

FhCBb
SjCB
SjCBd
SmCB1
SmCB1.1
SmCB1.2
SjCBb
SjCBe
TrCBa
SmCC

SjCB2
SmCB2

Fig. 18.4. Phylogenetic comparison of the trematode cathepsin B-like family generated with ClustalW and
using the full-length peptidase sequences. The suffices a, b, c, etc. were added to differentiate the
sequences retrieved. All sequences represent individual polypeptides; any duplicate or partial sequences
were omitted. Keys: Fg, Fasciola gigantica; Fh, Fasciola hepatica; Sj, Schistosoma japonicum; Sm,
Schistosoma mansoni; Tr, Trichobilharzia regenti; CB, cathepsin B; CC, cathepsin C. The peptidase
acronyms correspond to the following Protein Data Bank Accession Numbers (shown in parentheses):
FgCBa (AAO73004), FgCBb (AAO73003), FgCBc (AAO37002), FhCBa (AAD11445), FhCBb
(CDAA80449), FhCB2 (CAD32937), SmCC (2123443A), SjCB (AAP05883), SjCBb (P43157), SjCB2
(AAO59414), SjCBd (P25792), SjCBe (S31909), SmCB1 (P25792), SmCB1.1 (CAD44624), SmCB1.2
(CAD44625), SmCB2 (CAC85211) and TrCBa (J. Dvorák, Prague, 2004, personal communication).

Fig. 18.5. Sequence alignment of the occluding loop of trematode cathepsin Bs. The predicted loop
region is indicated by a black bar. The histidine residues conferring exopeptidase activity are marked
with asterisks.



clades: (i) cathespin L and (ii) cathepsin F.
Fasciola and Schistosoma gut proteases belong
to the cathepsin L lineage, which also includes
the digestive enzymes of insects and crus-
taceans, and hence, these enzymes may have
evolved to perform this function (Tort et al.,
1999). Ultimately, this lineage gave rise to
the mammalian lysosomal cathepsins L, S and K,
with which the trematode orthologues show
40–55% amino acid similarity (Tort et al., 1999).

It is interesting that within the cathepsin
L clade of Fasciola, significant allelic diversi-
fication has taken place. Thus far, 6 and 17
different cathepsin L sequences have been
identified for F. gigantica and F. hepatica,
respectively, but all belong to a mono-

phyletic group (Fig. 18.6; Irving et al., 2003).
The possession of a large gene family may
allow the simultaneous expression of several
genes and enable the production of greater
quantities of proteolytic enzyme. As a result,
the parasite might be more efficient at pene-
trating and feeding on host tissues (Dalton
et al., 2004). The approximate time of diver-
gence of the Fasciola sequences (∼19 million
years ago (Mya)) using molecular clock
determinations coincides with a period of
radiation of host pecoran species (ancestors
of cow, sheep, etc.). Accordingly, it was sug-
gested that the diversification of cathepsin Ls
was an adaptive response to the availability
of new host species (Irving et al., 2003).
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Fig. 18.6. Rooted phylogenetic comparison of the cathepsin L superfamily. Keys: Cs, Clonorchis
sinensis; Pw, Paragonimus westermani; Fg, Fasciola gigantica; Fh, Fasciola hepatica; Sj, Schistosoma
japonicum; Sm, Schistosoma mansoni; CL, cathepsin L; CF, cathepsin F; CP, cysteine peptidase. The
terms cathepsin, trypanosomatid and filarial refer to mammalian, Trypanosoma cruzi and Onchorcerca
volvulus peptidase orthologues, respectively. The peptidase acronyms correspond to the following
Protein Data Bank Accession Numbers (shown in parentheses): Cathepsin F (NM_003793), cathepsin K
(NM_000396), cathepsin L (M20496), cathepsin S (M90696), cathepsin W (NM_001335), CsCP1
(AF093243), CsCPa (U85984), CsCPb (U85983), CsCPc (AB020036), PwCLa (AF362769), PwCPa
(D21124), PwCPb (AF71801), PwCLb (U70537), PwCPc (U69120), SmCF (U07345), trypanasomatid L
(M84342), FgCLa (AF419329), FgCLb (AF239264), FgCL1 D and C (AF112566), FhCLa (AF271385),
FhCLb (AB009306), FhCLc (L33772), FhCL1 (Z22765), FhCL1a (U62288), FhCL2 (U62280), FhCL3
(AJ270093), FCP (S70380), SjCL2 (U38476) and SmCL2 (Z32529).



The cathepsin F clade of cysteine pro-
teases has been identified in Clonorchis,
Paragonimus and Schistosoma; but, thus far,
not in Fasciola (Fig. 18.6). Also, members of
this clade are more homologous to one
another (60–76%) than those of the cathepsin
L clade (36–37%) (Park et al., 2002; Kang
et al., 2004), perhaps indicating a greater
conservation of function. This lineage ulti-
mately gave rise to the mammalian cathepsin
F clade, which is ubiquitously expressed in
cells and most likely performs household
functions. Significant, however, is that most
trematode cathepsin Fs (except P. westermani
(Protein Data Bank (PDB) Accession Number
U69120; Park et al., 2001)) lack the cystatin-
like domain situated upstream of the propep-
tide domains of mammalian, Brugia malayi
and Caenorhabditis elegans cathepsin Fs. This
might suggest an alternate function(s) and/or
cellular localization for the trematode
enzymes. Although S. mansoni cathepsin F
has been localized to the gastrodermis of the
adult it may have a function (or operate in a
separate organelle) distinct from that of
cathepsin L (Brady et al., 2000a,b; Bogitsh
et al., 2001).

Aspartic proteases

Phylogenetic analysis has demonstrated that
the schistosome aspartic protease is more
related in primary amino acid sequence to
mammalian cathepsin D (clan AA proteases,
peptidase family A1) than to enzymes of the
other major categories of vertebrate aspartic
proteases (52% identical and 69% similar
at the amino acid level). The parasite and
mammalian cathepsin Ds exhibit remarkably
similar secondary and three-dimensional
structures, and share some cross-reactive epi-
topes (Brinkworth et al., 2001; Morales et al.,
2004). However, they differ in their fine sub-
strate specificity and by the presence of a long
COOH-terminal extension in the schistosome
orthologue (Brindley et al., 2001). Homology
modelling studies identified significant differ-
ences in the active site grooves of the schisto-
some and human cathepsin Ds, suggesting that
they could be exploited for novel anti-parasitic
agents (Brinkworth et al., 2001).

Gene Structure, Orthology and
Molecular Evolution

While primary structure analysis can provide
information on phylogeny, the orthology
between parasite and mammalian proteases
can be substantiated by gene structure analysis.
For example, the S. mansoni cathepsin D aspar-
tic protease gene locus is ∼13 kb in length with
seven exons interrupted by six introns. The
exons range in length from 49 to 294 bp and
the introns from 30 to 5025 bp (Morales et al.,
2004). The genomic organization of S. mansoni
cathepsin D is remarkably similar in sequence,
structure and complexity to human cathepsin
D (although the latter possesses a nine exon
structure; Holm et al., 1984), including a con-
servation of all six exon–intron boundaries of
the schistosome gene (Fig. 18.7). By contrast,
the schistosome cathepsin D gene organization
is less similar to aspartic protease genes of the
nematodes C. elegans (Tcherepanova et al.,
2000) and Haemonchus contortus (Longbottom
et al., 1997), indicating that it belongs to a
separate aspartic protease lineage that eventu-
ally gave rise to human cathepsin D. Retro-
transposons, which were detected in the introns
of the cathepsin D gene, and are found in high
copy number in the schistosome genome
(Brindley et al., 2003), may have influenced the
evolutionary divergence of the organization
of the schistosome aspartic protease gene away
from the vertebrate nine-exon paradigm,
through their effects on unequal crossing over
(homologous recombination; Morales et al.,
2004).

The gene structure of a F. gigantica cath-
epsin L (GenBank Accession Number
AB010923) has been described by Yamasaki
et al. (2002). The gene locus spans ∼2 kb, with
four exons interrupted by three introns. The
intron breakpoints do not correlate with the
junctions of the prepeptide, propeptide and
mature enzyme domain, indicating that gene
structure does not correspond to the functional
units of the protease. A second cathepsin L
gene (GenBank Accession Number AB010924)
exhibited a similar structure with the exception
of the size of the third intron. Nevertheless, the
organization of both F. gigantica cathepsin L
genes is more compact and interrupted by
fewer introns than their mammalian counter-
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part (Ishidoh et al., 1989; Yamasaki et al.,
2002). However, the conserved intron inser-
tion boundaries support the orthology of the
parasite with crustacean and mammalian
cathepsin Ls. By contrast, the structures of the
F. gigantica genes are less similar to a cathep-
sin L-like gene reported from the tapeworm
Spirometra erinacei (Yamasaki et al., 2002).

Although similar gene comparisons are not
yet available for the other platyhelminth pro-
teases, these investigations should soon be fea-
sible given that the human genome sequence is
available and that the entire genome sequences
of both S. japonicum and S. mansoni will be
available in the near future (Hu et al., 2003; El-
Sayed et al., 2004). Indeed, the gene structure of
ostensible host orthologues is already available
for some of the enzymes, e.g. mammalian

cathepsins B and L (Ishidoh et al., 1989; Ferrara
et al., 1990; Chauhan et al., 1993).

Concluding Remarks

Proteases have played a pivotal role in the
development of parasitism. By the time flat-
worms had emerged, members of all the major
families of proteases had evolved such that
parasites exhibit a complete profile of exo- and
endoproteases. The best characterized of these
proteases, including cathepsins B, L, C, D and
LAP, are vital in the complex process of nutri-
ent uptake from the host by sequentially
degrading blood tissue proteins such as
haemoglobin to free amino acids. However,
other proteases are involved in separate essen-
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Fig. 18.7. Comparison of the exon–intron structures of Schistosoma mansoni cathepsin D (Sm cath D)
and human cathepsin D (Human cath D), using the system of Jean et al. (2001). The two enzymes were
aligned for maximal homology and the sequence corresponding to an exon for each protein was
separated and boxed. Exon numbering is shown above the boxes. The position of the active site dyad of
DTG motifs is indicated with asterisks (*). Black stars indicate where intron positions are conserved
between the two enzymes, while white stars indicate where introns occur in similar, but not exactly the
same, positions. Grey circles indicate positions of introns in the human cathepsin D gene that are
absent from the schistosome cathepsin D gene. The secondary structure of the schistosome enzyme, as
predicted by the Swiss Model First Approach mode, is indicated above the primary amino acid
sequence, where grey bars indicate beta sheets and black bars indicate alpha helices. In like fashion,
the secondary structure of human cathepsin D is indicated above the amino acid sequence. The position
of cleavage of signal peptides is indicated with grey arrows, and that of cleavage of the propeptides from
mature enzymes is indicated with white arrows. (After Morales et al., 2004, with permission.)



tial functions, including tegumental turnover,
parasite excystment, egg hatching and host
penetration.

Our interest in trematode peptidases stems
not just from a desire to understand their molec-
ular and cellular functions, but to use this knowl-
edge to develop practical applications in
diagnostics, chemotherapy and vaccination.
To date, cysteine proteases have proven sensitive
and selective markers for the diagnosis of trema-
tode infection in humans (Ruppel et al., 1990;
O’Neill et al., 1999; Nagano et al., 2004) and
farm animals (Cornelissen et al., 2001; Rokni
et al., 2002). Cathepsin B1 is a primary target for
small-molecule cysteine protease inhibitors that
decrease S. mansoni worm burden and fecundity
in infected mice (Wasilewski et al., 1996). In
addition, significant success has been achieved
in protecting animals against helminth infections
due to F. hepatica, S. mansoni, H. contortus and
Trichostrongylus sp., using digestive proteases as

recombinant protein or DNA vaccines (Kofta
et al., 2000; Chlichlia et al., 2001; Dalton and
Mulcahy, 2001).

All of the above applications will benefit
further from the widespread and increasing use
of recombinant protein expression technolo-
gies, such as those utilizing the yeasts
Saccharomyces cerevisiae and Pichia pastoris
(Dowd et al., 1997; Caffrey et al., 2004; Collins
et al., 2004). The availability of pure and stan-
dardized quantities of recombinant protein
opens the way for large-scale vaccine trials and
reliable antigen-based diagnoses of trematode
disease. The standardization of protein produc-
tion is also important for anti-helminth drug
design involving combinatorial chemical
libraries and medium- to high-throughput
screening systems. Such an approach has
already been successfully employed in the dis-
covery of potent inhibitors of peptidases of par-
asitic protozoa (Shenai et al., 2003).
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Introduction

The anthelmintics at the forefront of parasitic
helminth control were identified through empir-
ical screening processes whereby an active
compound was chosen for its detrimental effect
on selected parasites. The majority of these
appear to interfere with or disrupt helminth neu-
romuscular function. Therefore, the random
processes involved in empirical screening
selected neuromuscular control as an a priori
target for anthelmintics. Although this situation
is most pronounced in the nematodes, where
the majority of leading drugs target receptors
or channels associated with neuromuscular
function, this phenomenon is also apparent
within the flatworms where, for example, praz-
iquantel disrupts motor control. The key com-
ponents of motor control within helminths are

sensory neurons, their associated interneurons,
motorneurons and muscle, all of which inter-
play to generate coordinated motor activity
that is critical to parasite survival. The need for
highly coordinated motor activity is probably
best displayed by many free-living stages of
parasites that must migrate within the environ-
ment to access the host. However, adult para-
sites need motor activity to migrate to their
preferred location within the host, to maintain
that position within the host or perform migra-
tions such as the diurnal movements of some
tapeworms, to control the entry and exit of
food materials into their gut (excluding tape-
worms), to perform the coordinated muscle
movements involved in egg formation and
release, to facilitate reproduction and, in the
case of dioecious species such as schistosomes,
to anchor the female worm in the gynaecophoric



canal. The central role played by motor coor-
dination in many aspects of parasitic helminth
biology provides a strong incentive to continue
to broaden our knowledge of this system and,
in the process, uncover drug targets of poten-
tial therapeutic value.

Current understanding of nerve–muscle
integration and function in flatworms is very
limited, especially in comparison to their
rounded cousins, the nematodes. A major
impediment to advancing this knowledge is the
absence of a free-living model that can be eas-
ily obtained, maintained and manipulated in
the laboratory – there is no Caenorhabditis ele-
gans equivalent in the phylum Platyhelminthes
and, at this time, the strength of evidence to
support the use of free-living species such as
Schmidtea mediterranea, Girardia (Dugesia)
tigrina or Procerodes littoralis is limited. Most
molecular genetic progress has been made
with S. mediterranea (Sanchez Alvarado et al.,
2002), although its utility as a model for para-
sitic flatworms has not been established.
Nevertheless, these free-living species do offer
opportunities to investigate nerve–muscle sys-
tems that are believed to be extremely similar
between free-living and parasitic worms.
A case in point is the high levels of similarity
seen in neuropeptide signalling molecules
across parasites from the nematode clades
where parasitism has arisen, independently,
several times.

So, most commonly, research on parasitic
helminth nerve and muscle is aimed at the dis-
covery and characterization of novel drug tar-
gets. However, there is some added value to
platyhelminth neurobiology research in that
flatworms are relatively simple animals that are
close to the base of metazoan evolution. In this
way, flatworms may provide a potential source
for key discoveries in the evolution of meta-
zoan nervous systems. Unfortunately, flatworms
are not very amenable to neurophysiology and
current understanding of inter- and intracellu-
lar signalling molecules involved in the control
and modulation of nerve and muscle function
is scant. Nevertheless, some progress continues
to be made in several areas of flatworm neuro-
biology research and these are likely to develop
quickly with the relatively new resource of
expressed sequence tags (ESTs) for selected
flatworm parasites and the schistosome genome
projects. This chapter aims to highlight the

most salient features of flatworm nerve–muscle
function and, where possible, to draw upon
data from free-living flatworms and evaluate
their potential in providing useful information
on parasitic flatworms.

Nervous System Structure

The organization of the nervous system in flat-
worms incorporates: a peripheral nerve net-
like arrangement of sub-body wall nerves that
are believed to provide a conduit for sensory
inputs and for the control of body wall muscle
activity; a central ganglionic brain that con-
nects with a series of longitudinal nerve cords
that are interlinked by transverse commissures
to form the typical orthogonal arrangement;
and, nerve complexes associated with muscu-
lar structures of the reproductive and intestinal
tracts and attachment organs. Gross depictions
of the neuroanatomy of flatworm parasites are
available in Halton and Maule (2004). Much
of our understanding of the organization of
the nervous system in parasitic helminths has
emanated from immunocytochemical studies
using fluorescence and confocal scanning
laser microscopy to map the distributions of
selected neuronal signalling molecules (see
Halton, 2004). For an overview of the organi-
zation of flatworm, nerve and muscle struc-
tures readers are directed to a number of recent
reviews (see Halton and Gustafsson, 1996;
Halton et al., 1998; Gustafsson et al., 2002;
Halton and Maule, 2004).

Briefly, the flatworm brain is most com-
monly a ring-like or semicircular structure
formed by the connection of two concentrations
of nerve axons and nerve cell bodies by a well-
developed commissure or commissures. These
bilobed accumulations of nerves form the
cerebral ganglia that occupy the lateral mar-
gins of the brain and comprise a core of nerve
axons that are enveloped by a loose gathering
of the associated cell bodies; at least some flat-
worm brains appear to be further surrounded
by multilayer sheaths of mesenchyme that rep-
resent primitive glia-like cells (Sukhdeo and
Sukhdeo, 1994).

The cerebral ganglia are the point of ori-
gin for the longitudinal nerve cords that form
the vertical struts for the ladder-like central
nervous system. Digeneans and monogeneans
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display longitudinal cord asymmetry in that
the ventral nerve cords are the most highly
developed, an adaptation believed to provide
for ventral feeding, reproductive and attach-
ment organs. In contrast, the gutless cestodes
usually display both bilateral and dorsoventral
nerve cord symmetry. Where attachment
organs exist, these are invariably highly mus-
cular and well innervated as their fine control
is critical to parasite survival. Furthermore, the
pharynx, intestine and reproductive organs are
richly endowed with muscle and associated
innervation that provides for deft motor coor-
dination and which is largely derived from
central nerve components. Apart from the
modulation of body wall muscle by peripheral
nerves, sensory organs provide input to this
system so that it can trigger the motor
responses needed for appropriate behavioural
changes. Diminution of the numbers of sen-
sory nerve endings in parasitic flatworms pro-
vides a significant contrast to their free-living
relatives. Nevertheless, most parasitic flat-
worms have sensory organs that relay informa-
tion that is critical to their host location and
intrahost migratory activities.

Muscle Structure and Organization

Just below the basement membrane of the
outer epithelial (free-living flatworms) or tegu-
mental (parasitic flatworms) layer, flatworm body
wall is invested with well-developed somatic
muscle layers that provide for motor functions
associated with locomotion. Most commonly,
flatworm somatic muscle comprises distinct
bands of circular, longitudinal and diagonally
arranged fibres that form an encasing lattice of
muscle, which facilitates complex movements
associated with locomotion (peristaltic move-
ments, twisting, turning, crawling and swim-
ming). Many trematodes and monogeneans
possess an outer layer of tightly packed circu-
lar muscle fibres that overlie the longitudinal
muscle fibre layer as well as an inner layer of
more loosely arranged diagonal muscle fibres;
the diagonal muscle fibre layer is reduced or
absent in cestodes. Indeed, cestodes possess
additional longitudinal somatic muscle layers
that are not part of their body wall but which lie
deeper within their body tissue. In some mono-
genean fish gill flukes, large, well-developed

somatic muscle bundles run longitudinally
between the pharynx and posterior attachment
apparatus (haptor) and these have been
proposed to play a role in reflex-like contrac-
tile responses that help maintain attachment
during sudden water turbulence (Maule et al.,
1989; Halton et al., 1998). Additional dorso-
ventral muscle bundles have been observed
in trematodes and monogeneans and are
believed to help maintain the flattened body
shape – although a role in locomotion has not
been ruled out. It has been proposed that the
multiple layers of flatworm somatic muscle
allow for functional segregation through phys-
iological or pharmacological differences (Pax
et al., 1996).

Researchers have been dogged by the
inability to delineate between myoactivity and
neuroactivity, mainly because the isolation of
individual tissues by dissection is extremely
difficult. This obstruction precipitated the
development of methods to generate dispersed
muscle fibres, and these preparations provided
the first visual information on individual mus-
cle fibres and/or muscle fibre bundles; three
morphologically distinct fibre types were
recorded from Schistosoma mansoni, frayed,
spindle-shaped and crescent-shaped fibres
(Day et al., 1993). Although the location of all
three fibre types within the worm is not clear,
it has been suggested that the frayed fibres
originate from the longitudinal muscle layer.

At the ultrastructural level, flatworm mus-
cle resembles smooth muscle with individual,
non-striated myofibrils being delimited by the
sarcolemma and interconnected by gap junc-
tions. Also, flatworm muscles lack a T-tubule
system that is characteristic of striated muscle
in other animal groups. The contractile portion
of flatworm myofibrils contains thick myosin
and thin actin filaments that connect with the
sarcolemma via attachment plaques or desmo-
somes. Actomyosin cross-bridges have been
reported and where overlap has been observed,
ratios that vary from 9:1 to 12:1 have been
observed. Although flatworm muscle is mostly
non-striated, pseudo-striated (e.g. in the tail of
schistosome cercariae; Dorsey et al., 2002; Mair
et al., 2003) and obliquely striated (e.g. tentac-
ular bulb of the trypanorhynch, Grillotia eri-
naceus; Ward et al., 1986) muscles have been
reported. It is presumed that the role played by
these structures has demanded the development
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of a more efficient muscle type that is best
served in the more striated format.

It is believed that fine cytoplasmic arms
connect the nuclei-containing portion of the
myocytons with the contractile components
such that many parenchymal cells are in fact
myocytons (Lumsden and Hildreth, 1983).
Also, some cytoplasmic arms are believed to
form multiple neuromuscular junctions that
provide for neuronal control/modulation of
muscle activity. Limited information is available
on the functional relationship of trematode
nerve and muscle although the situation in ces-
todes has been described as polyneuronal and
polyterminal in that each neuron can form
synapse-like contacts with multiple myocytons
and each myocyton can synapse with several
neurons (Webb, 1987). Morphologically atypi-
cal synapses and paracrine release sites have
been described in the relationship between
muscle and nerve in flatworms; details on
the role they play are not available, although
they are believed to facilitate nerve–muscle
communication.

Neuronal Signalling Molecules

Signalling molecules are commonly divided
into the so-called classical transmitters and
the neuropeptides. The former include small
molecules that are usually recycled at the
synapse and which, amongst other things,
serve to induce profound and fast alterations
in nerve or muscle activity. In contrast, neu-
ropeptides are synthesized in the nerve cell
body and are not recycled, usually act
through second messenger pathways that
serve to amplify the signal and generally
modulate the activities of nerve and muscle
in a more subtle and long-lasting manner.
These distinctions may be helpful as a gen-
eral rule of thumb, but such rigid delineation
of the actions of the classical transmitters and
the neuropeptides is not always appropriate
as some classical transmitters have subtle
and slow effects and some neuropeptides
have fast and profound actions on their target
cells. In fact, it has been proposed that neu-
ropeptides originally served as fast transmit-
ters in early-diverging animals and only later
assumed the more modulatory role with

which they are commonly associated in mam-
mals (Greenberg and Price, 1992).

Classical transmitters, their synthesis,
degradation and receptors

Acetylcholine

Numerous histochemical staining methods have
shown the widespread presence of cholines-
terase/acetylcholinesterase (ChE/AChE) in the
nervous systems of flatworms and have been
used to support the presence of acetylcholine
(ACh); ACh is degraded by the action of AChE.
Furthermore, antisera to ACh have revealed its
occurrence in the nervous systems of both
a cestode (Hymenolepis diminuta; Samii and
Webb, 1990) and a trematode (S. mansoni;
Hillman, 1983). More recently, molecular
cloning of AChE from Schistosoma haemato-
bium facilitated the generation of an antiserum
to the recombinant enzyme and immunocyto-
chemistry confirmed its location to neuronal
structures in this worm, but also revealed its
presence in the tegument (Jones et al., 2002);
homologues of the S. haematobium AChE have
been cloned from S. mansoni and Schistosoma
bovis (Bentley et al., 2003). A consistent theme
of these studies has been the widespread
nature of cholinergic innervation in both cen-
tral and peripheral nerve elements and the
association of cholinergic innervation with all
muscular organs, pointing to a key role in
muscle action.

ACh, cholinomimetics and acetylcholines-
terase inhibitors have been shown to inhibit
the movement of flatworms and to cause flac-
cid paralysis (for reviews, see Pax et al., 1996;
Halton et al., 1997; Halton and Maule, 2004;
Ribeiro et al., 2005). This is in contrast to the
mainly myoexcitatory effects of ACh at the ver-
tebrate neuromuscular junction and in many
other invertebrates including nematodes.
Although ACh has predominantly inhibitory
actions on flatworm muscle it has been shown
to have inconsistent effects on the muscle
of the monogenean, Diclidophora merlangi
(Maule et al., 1989), to induce the contraction
of muscle fibres dispersed from planarians
(Blair and Anderson, 1994; Moneypenny et al.,
2001) and, to cause increased muscle activity
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and shortening in intact planarians (Buttarelli
et al., 2000). These data could indicate incon-
sistency across the phylum Platyhelminthes or
a distinction in the actions of cholinergic drugs
in the different flatworm classes. Nevertheless,
the most consistent picture of ACh action in
parasitic flatworms is as a muscle relaxant. This
is supported by work on individual muscle
fibres from S. mansoni that indicate the occur-
rence of muscle-based, inhibitory ACh recep-
tors (Day et al., 1996).

There are two recognized types of ACh
receptors, directly ligand-gated ion channels
that are designated nicotinic ACh receptors
(nAChR), and G-protein-coupled receptors
(GPCR) that are designated muscarinic ACh
receptors (mAChR). It is unknown if such a
delineation, based on the actions of nicotine
and muscarine at the ACh receptors of higher
vertebrates, will hold for flatworms. Both mus-
carinic and nicotinic agonists have been
shown to have inhibitory actions on flatworms
(Pax et al., 1981, 1984; Mellin et al., 1983).
However, selective muscarinic and nicotinic
agonists (apart from the nicotinic agonist,
α-bungarotoxin) failed to inhibit contraction of
dispersed muscle fibres from S. mansoni (Day
et al., 1996). These results led to the conclu-
sion that the schistosome muscle-based ACh
receptor was pharmacologically distinct from
the mammalian homologue.

Molecular support for the presence of
neuronal-type nAChRs in flatworms was pro-
vided by Cebria et al. (2002) and Bentley et al.
(2004) who cloned nAChR subunits from
the planarian Dugesia japonica and the trema-
tode S. haematobium, respectively. The two
novel nAChR subunit-expressing genes from
S. haematobium appear to encode putative alpha
(ShAR1alpha) and non-alpha (ShAR1beta) sub-
units. Although these putative AChR subunits
possess the key structural features common to
all nAChR subunits, they have an unusually
large cytoplasmic domain between the M3
and M4 transmembrane regions. Interestingly,
ShAR1alpha was expressed on the surface
membranes whereas ShAR1beta was localized
to the musculature and some cells within the
connective parenchyma. Unfortunately, the
functional channel has not been expressed as
ShAR1alpha did not form functional channels
on its own or in combination with ShAR1beta

or the chick beta2 subunit in Xenopus laevis
oocytes. The planarian AChR subunits were
localized to exclusively neuronal tissues using
in situ hybridization (Cebria et al., 2002).
Clearly, functional expression is needed to
ascertain the physiology of these channels in
trematodes and planarians and to establish
if they are, indeed, functionally distinct.
Examination of the available schistosome ESTs
indicates the occurrence of a putative mus-
carinic ACh receptor.

5-Hydroxytryptamine (5-HT; serotonin)

Serotonin is the most widely studied classical
transmitter within flatworms. Specific antisera
have identified serotonin-immunoreactivity
within the central and peripheral nervous
system of all flatworm parasites that have been
investigated (see Pax et al., 1996; Halton and
Maule, 2004; Ribeiro et al., 2005). Reports on
the synthesis of serotonin in flatworms are
inconsistent, with some indicating de novo
synthesis and others suggesting that worms are
unable to synthesize serotonin from tryptophan,
although synthesis from 5-hydroxytryptophan
was possible (see Ribeiro et al., 2005). A
gene encoding tryptophan hydroxylase, which
catalyses the conversion of tryptophan to 5-
hydroxytryptophan, has been characterized
from S. mansoni (Hamdan and Ribeiro, 1999)
and is expressed in all life stages (Boyle et al.,
2003). Monoamine oxidase (MAO), which con-
verts biogenic amines to their corresponding
aldehydes, is widely involved in the degradation
of serotonin. In this respect, the degradation of
serotonin has been recorded in H. diminuta and
S. mansoni (Nimmo-Smith and Raison, 1968;
Ribeiro and Webb, 1984) and known MAO
inhibitors stimulate flatworm motor activity
(Holmes and Fairweather, 1984). It is also
apparent that many flatworm parasites possess
mechanisms of serotonin uptake, a means of
exploiting the often serotonin-rich environment
they inhabit (see Boyle et al., 2003). Indeed, an
EST that encodes a serotonin transporter protein
has been identified in schistosomes (Hu et al.,
2003; Verjovski-Almeida et al., 2003). Serotonin
reuptake is the main mechanism of signal
termination at the neuronal synapse and there is
evidence for such a serotonin transport system
in nerve and muscle in the cestode H. diminuta
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(Osloobi and Webb, 1999). Although sero-
tonin receptors (5HTLpla1 and 5HTLpla4)
have only been cloned from the planarian, G.
tigrina (Saitoh et al., 1997), there is a plethora
of physiological, biochemical and receptor
binding data that support their presence in par-
asitic flatworms (see Halton et al., 1997;
Halton and Maule 2004; Ribeiro et al., 2005).

Physiologically, there is a long established
link between serotonin and the stimulation of
cyclic adenosine monophosphate (cAMP) lev-
els in flatworms, consistent with the hypothesis
that serotonin activates a Gs-linked guanosine
triphosphate binding GPCR (McNall and
Mansour, 1984; Mansour and Mansour, 1986,
1989; Ribeiro and Webb, 1987). Heterotrimeric
G-proteins relay signals from GPCRs to cyto-
solic signalling molecules; the Gs class of
G-protein α-subunit most commonly stimulates
adenylate cyclase, which generates cytosolic
cAMP. As well as stimulating the production of
cAMP, serotonin has been shown to increase
glucose absorption, glycogenolysis and glycol-
ysis (see Halton et al., 1997). As early as the
1950s, serotonin was shown to have excitatory
effects on the movement of Fasciola hepatica
(Mansour, 1957) and, since that time, a raft of
studies have reported the excitatory actions of
this biogenic amine on intact worms and/or
muscle strip preparations from cestodes, mono-
geneans and trematodes (see Halton et al.,
1997). The pharmacology of the serotonin
response in S. mansoni did not match that
known for vertebrate serotonin receptors
(Willcockson and Hillman, 1984). Although the
exposure of S. mansoni dispersed muscle fibres
to serotonin did not stimulate muscle activity, its
presence was a prerequisite for depolarization-
induced contraction (Day et al., 1994a). In con-
trast to the apparent absence of a direct
contractile effect of serotonin on schistosome
muscle fibres, it did induce contraction of
muscle fibres from two planarian species
(see Blair and Anderson, 1996; Moneypenny
et al., 2001). It is not known if this is a
planarian/ trematode distinction or simply
due to differences in the dispersed fibre
assays employed. It is also unclear if the
serotonin-induced elevation of energy produc-
tion and cAMP levels seen in flatworm
homogenates is responsible for the increased
motor activity or whether they represent

distinct signalling pathways (see Pax et al.,
1996). Available evidence indicates that the
pharmacology of the receptors for both
responses is similar.

Catecholamines

The data supporting the catecholamines
(dopamine and noradrenaline) as signalling
molecules involved in motor function in flat-
worms is much less compelling than that for
serotonin and ACh. Nevertheless, there is bio-
chemical support for the presence of nora-
drenaline and dopamine in cestodes and
trematodes, although localization data is
largely limited to planarians where there is sig-
nificant variation in their neuronal distribution
patterns between species (see Halton and Maule,
2004). Evidence for the appropriate synthetic
pathways in flatworms comes from the ability
of H. diminuta to synthesize dopamine from
tyrosine and the characterization of a tyrosine
hydroxylase (the rate-limiting enzyme in the
biosynthesis of catecholamines) cDNA from
S. mansoni (Hamdan and Ribeiro, 1998). There
is no consistent pattern to the effects of cate-
cholamines on the motor activity of parasitic
flatworms. For example, dopamine inhibits
contractility in S. mansoni (Pax et al., 1984),
whereas it stimulates muscle contractions in
F. hepatica (Holmes and Fairweather, 1984)
and the monogenean, D. merlangi (Maule
et al., 1989). Coupled with this inhibition of
schistosome contractility, dopamine enhanced
the excitatory effects of serotonin and muscle
responses to electrical stimulation (Pax et al.,
1981; Willcockson and Hillman, 1984). Both
noradrenaline and adrenaline caused length-
ening in S. mansoni (Pax et al., 1984), mild
inhibitory effects on F. hepatica (Holmes and
Fairweather, 1984) and excitatory effects on
D. merlangi (Maule et al., 1989). The actions
of catecholamines on flatworm motor func-
tion appear to be variable and species
dependent.

Histamine

Although there is biochemical evidence for
the occurrence of histamine in trematodes and
cestodes, there is very limited data indicating
a role in the modulation of nerve or muscle.
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Histamine has been localized to the nervous
system of the frog-lung trematode, Haplometra
cylindracea (Eriksson et al., 1996) and in larval
stages of the fish tapeworm, Diphyllobothrium
dendriticum (Wikgren et al., 1990). Histamine
has been reported to inhibit the locomotory
movements of S. mansoni cercariae (Ercoli
et al., 1985) and to modulate the motor activ-
ity of H. diminuta (Sukhdeo et al., 1984).
Following heterologous expression of a schis-
tosome GPCR (SmGPCR), histamine was iden-
tified as a selective agonist suggesting that this
may be a schistosome histamine receptor
(Hamdan et al., 2002). One peculiarity of
SmGPCR is its tolerance (maintenance of his-
tamine responsiveness) of an asparagine111 to
aspartic acid111 mutation within the third trans-
membrane domain; most biogenic amine
GPCRs require the asparagine111 to facilitate
ligand activation. A role for the parasite hista-
minergic system in the host–parasite interac-
tion has been proposed (Ribeiro et al., 2005),
but a role in neuromuscular function has not
been elucidated.

γ-Aminobutyric acid (GABA)

There is evidence for the biosynthesis of
GABA in cestodes and trematodes (Eriksson
et al., 1995; Mendonça-Silva et al., 2004).
Furthermore, GABA has been localized to the
nervous system and has been detected bio-
chemically in a trematode (F. hepatica) and
a cestode (Moniezia expansa) (Eriksson et al.,
1995). One of the best studied mammalian
brain receptors is the GABA A-type and three
putative GABA A-like receptors have been
reported in the schistosome EST database (see
Ribeiro et al., 2005), although functional con-
firmation and distribution await investigation.
Unfortunately, nerve–muscle modulatory
effects of GABA in parasitic flatworms have
not been reported and the only known physi-
ological effects in the phylum relate to its
picrotoxin-sensitive depression of electrical
activity in the nerve cord of the turbellarian,
Notoplana acticola (Keenan et al., 1979).
Picrotoxin (a GABA A-subtype selective
antagonist) reduced locomotory activities in
S. mansoni, consistent with its inhibition of a
GABA A-like ion channel (Mendonça-Silva
et al., 2004).

Glutamate

In the early 1980s, measurements of in situ
fluorescent spectra suggested that an amino
acid, possibly glutamate, occurred in the nerv-
ous system of the fish tapeworm, Gyrocotyle
fumbriata (Keenan and Koopowitz, 1982).
Subsequent immunolocalization studies have
identified the amino acid glutamate in the
nervous systems of two cestodes, H. diminuta
(Webb and Eklove, 1989) and Mesocestoides
corti, and in three trematodes, S. mansoni,
Trichobilharzia ocellata cercariae (Solis-Soto
and Brink, 1994) and F. hepatica (Brownlee
and Fairweather, 1996). Glutamate has excita-
tory effects in cestodes and was reported to
stimulate nerve cord activity in G. fumbriata
(Keenan and Koopowitz, 1982) and induce
muscle contraction in H. diminuta (Webb,
1988; Thompson and Mettrick, 1989). A range
of other glutamate-related observations have
been made in H. diminuta: glutamate-triggered
inositol triphosphate production (Webb, 1997),
implicating the involvement of a glutamate-
activated GPCR; at different concentrations,
glutamate was reported to elevate or depress
cAMP levels in H. diminuta homogenates
(Eklove and Webb, 1981); the depolarization
of H. diminuta tissue slices by elevated extra-
cellular potassium or by electrical stimulation
triggered the release of glutamate, and, there is
evidence that this worm has a high- and low-
affinity glutamate transport system. Glutamate-
induced contraction of S. mansoni dispersed
muscle fibres is believed to be related to the
actions of a high-affinity glutamate transporter
in the muscle, rather than a glutamate receptor
(Miller et al., 1996; Pax et al., 1996). The glu-
tamate transporter is believed to be sodium-
dependent and electrogenic, meaning that its
activities would induce muscle depolarization
and contraction, consistent with the physiolog-
ical observations. More recently, S. mansoni
membrane fractions have been found to pos-
sess a glutamate receptor that has pharmaco-
logical characteristics of the kainate receptor
subfamily (Mendonça-Silva et al., 2002).
Kainate has a profound effect on the behaviour
of adult S. mansoni, causing them to adopt
a corkscrew-like posture consistent with somatic
muscle contraction (Mendonça-Silva et al.,
2002). ESTs for two ionotropic glutamate
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receptor subunits were identified in a planarian
and, using in situ hybridization, were shown to
be expressed in different regions of the brain
(Cebria et al., 2002). Examination of schisto-
some ESTs identified multiple candidate
ligand-gated glutamate receptors as well as
putative glutamate GPCRs (Ribeiro et al.,
2005). The interplay, if any, between the pro-
posed muscle-based glutamate transporter and
the uncharacterized putative glutamate recep-
tors in flatworm neuromuscular function
awaits investigation.

Octopamine

There is very limited evidence for octopamine
in flatworms and there is no evidence to sup-
port a role in motor function. It has been
detected in H. diminuta, which was shown to
be able to synthesize octopamine from tyro-
sine (Ribeiro and Webb, 1983).

Nitric oxide

The diffusible gas, nitric oxide (NO), is now a
well-established neuronal signalling molecule
in vertebrates and invertebrates (Colasanti and
Venturini, 1998). NADPH (the reduced form of
nicotinamide adenine dinucleotide phos-
phate)-diaphorase activity is widely believed
to be representative of nitric oxide synthase
(NOS) activity and, along with specific anti-
bodies, has been used to indicate the presence
of NOS in cestode and trematode nervous sys-
tems (Gustafsson et al., 1996; Lindholm et al.,
1998; Terenina et al., 1999; Gustafsson
et al., 2001; Kohn et al., 2001a; Tandon et al.,
2001; Terenina and Gustafsson, 2003). NO has
been shown to interact with the heme group of
soluble guanylate cyclase to stimulate the pro-
duction of cyclic guanosine monophosphate
(cGMP). Analysis of cGMP immunostaining
in nerves of H. diminuta indicated an increase in
cAMP levels following exposure to the NO
donor, sodium nitroprusside (Gustafsson et al.,
2003). More recently, a radiometric assay was
used to reveal an increase and then decrease
in cGMP levels in H. diminuta (Onufriev et al.,
2005) upon exposure to sodium nitroprusside.
Clearly, there is evidence to support an NO
signalling system in flatworm nervous systems,
but the influence that NO has on motor func-
tion, if any, is unknown.

Neuropeptides

Unlike the situation in nematodes and arthro-
pods, where hundreds of neuropeptides have
been elucidated using biochemical, physiolog-
ical and molecular techniques, flatworm neu-
ropeptide discovery is still in its infancy. This is
despite the characterization of the first flat-
worm neuropeptide almost 15 years ago
(Maule et al., 1991). Progress has been hin-
dered by the inability to obtain large quantities
of flatworm neuronal tissues and the absence,
until recently, of a significant body of genomic
and/or EST data for flatworms. Nevertheless,
the available evidence does provide a snap-
shot of what appear to be the most abundant
and widespread flatworm neuropeptides.

Neuropeptide F

Neuropeptide F (NPF) was first identified from
the cestode, M. expansa as a 39-amino acid,
C-terminally amidated neuropeptide that had
some of the structural characteristics of mam-
malian neuropeptide Y (NPY), a highly abun-
dant brain peptide in all higher animals (Maule
et al., 1991). NPF antisera then revealed that
this peptide was abundantly expressed through-
out the nervous systems of all classes and stages
of flatworm (see Halton et al., 1994; Halton
and Gustafsson, 1996; Day and Maule, 1999).
A year later, the second known NPF was struc-
turally characterized from the land planarian,
Artioposthia triangulata (= Arthurdendyus tri-
angulatus) (Curry et al., 1992); it had the same
structural features as M. expansa NPF (mxNPF),
although it was 36-amino-acids long, as are
members of the NPY family of peptides in higher
animals. The presence of an Arg-X-Arg-aromatic-
amide C-terminus and signature tyrosyl residues
10 and 17 amino acids from the C-terminus,
which are some of the defining features of
NPYs, indicated that the flatworm peptides were
bonafide NPY orthologues. However, verte-
brate NPYs also had a poly-prolyl N-terminus,
a feature that was absent from the flatworm
peptides and which therefore brought into
question their relationship to NPY. Further sup-
port for an evolutionary link between NPY and
NPF came from the characterization of the
mxNPF-encoding gene (Mair et al., 2000). It
had an unusual intron–exon organization that
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matched that seen in vertebrate NPYs. Nuclear
magnetic resonance examination of the
solution structure of mxNPF revealed the ran-
dom structure of the N-(Pro1–Asn16) and C-
(Gly35–Phe39) termini either side of an alpha
helix, and that its structure was similar to that
of porcine NPY (Miskolzie and Kotovych,
2002). Recently, the first trematode NPF was
identified on an S. japonicum EST and the full-
length cDNAs were cloned from S. japonicum
(sjnpf) and S. mansoni (smnpf; Humphries
et al., 2004). Both of these genes were found to
encode 36-amino-acid peptides that had iden-
tical C-terminal pentapeptides (Gly-Arg-Pro-
Arg-Phe-amide) to the two known flatworm
NPFs as well as the position-matched tyrosyl
residues (see Table 19.1).

A role for NPF in motor function was first
intimated when the C-terminal nonapeptide of
mxNPF was found to increase muscle contrac-
tility in muscle strips from juvenile F. hepatica
(Marks et al., 1996). Subsequently, whole
mxNPF was shown to stimulate motility in
M. corti larvae (Hrckova et al., 2004), although
only at comparatively high concentrations
(10–4 M). A series of signalling pathway and

calcium movement inhibitors suggested that
the excitatory effects of NPF required the activ-
ity of a GPCR, extra- and intracellular calcium,
protein kinase A (PKA) and adenylate cyclase.
The work did not establish which of these com-
ponents were directly linked to NPF-induced
excitatory effects but suggested that the actions
of NPF in flatworms were quite distinct from
those seen in vertebrates where inhibitory
effects linked to adenylate cyclase inhibition
predominate. In contrast, smNPF has been
shown to inhibit the forskolin-induced stimula-
tion of cAMP levels in homogenates of S. man-
soni (Humphries et al., 2004). These inhibitory
effects of smNPF in S. mansoni were still evident
at concentrations as low as 10−11 M; mxNPF
had similar effects but only at concentrations
of 10−7 M and above. It is possible that the
comparatively high concentrations of mxNPF
needed to trigger increased motor activity
in M. corti and F. hepatica are due to the 
non-specific interaction of NPF with other
endogenous receptors, although poor tissue
penetration and the use of non-native NPF lig-
ands could have contributed to the need for
higher concentrations. The fact that smNPF

Signalling Molecules and Nerve–Muscle Function 377

Table 19.1. Amino acid sequences of neuropeptides identified from platyhelminths.

Peptide Amino acid sequence

Neuropeptide F (NPF)/Neuropeptide Y (NPY)
Arthurdendyus triangulatus NPF K V V H L R P R S S F S S E D E Y Q I Y L R N V S K Y I Q LY G R P R F a
Moniezia expansa NPF P D Q D S I V N P S D LV L D N K A A L R D Y L R Q I N E Y FA I I G R P R Fa
Schistosoma japonicum NPF A Q A L A K L M T L F Y T S D A F N K Y M E N L D A Y Y M L R G R P R F a
Schistosoma mansoni NPF A Q A L A K L M S L F Y T S D A F N K Y M E N L D A Y Y M L R G R P R F a
Aplysia californica NPF DNSEMLAPPPRPEEFTSAQQLRQYLAALNEYYSIMGRPRFa
Lymnaea stagnalis NPF M LT P P Q R P E E F K N P N E L R K Y L K A L N E Y YA I V G R P R F a
Drosophila melanogaster NPF S N S R P P R K N DV N T M A DAY K F L Q D L D T Y Y G D R A R V R F a
Lamprey NPY F P N K P D S P G E D A PA E D L A R Y L S A V R H Y I N L I T R Q R Ya
Homo sapiens NPY Y P S K P D N P G E D A PA E D M A R Y Y S A L R H Y I N L I T R Q R Ya

FMRFamide-related peptides (FaRPs)
Arthurdendyus triangulates RYIRfa
Bdelloura candida GYIRfa

YIRfa
Moniezia expansa GNFFRfa
Girardia tigrina GYIRfa
Procerodes littoralis GYIRfa
Macrocallista nimbosa FMRfa

Selected sequelogs are shown for comparison. Single letter annotation for amino acids used throughout. Amino acids
that are characteristic of family members are highlighted in bold and underlined.



appears to depress cAMP levels in S. mansoni
consistent with NPY actions in vertebrates
points to the remarkable conservation of this
signalling pathway from flatworms to humans.
There is unpublished evidence that forskolin-
stimulated cAMP levels are also inhibited in
planarian homogenates by mxNPF suggesting
that this pathway may be conserved across flat-
worms (H.H. Omar and T.A. Day, Iowa State
University, unpublished observations). It is not
clear that these biochemical actions observed
in homogenates are taking place in the muscle,
but the muscle is indeed highly innervated
with NPF-containing neurons.

FMRFamide-related peptides

FMRFamide-related peptides (FaRPs) are the
best known and most widely studied family
of invertebrate neuropeptides and have a
characteristic C-terminal tetrapeptide com-
prising an aromatic amino acid, hydrophobic
amino acid, arginyl-phenylalanylamide. In
some other invertebrate phyla, where
there has been an immense proliferation of
FaRP peptides (e.g. nematodes possess >60
distinct FaRPs), the signature requirements
have been relaxed such that they need only
possess an aromatic-variable dipeptide or a
variable-hydrophobic dipeptide prior to the
Arg-Phe-amide. In complete contrast to the
diversity of FaRPs seen in nematodes, flat-
worms appear to have only a very small FaRP
complement. FaRPs have been structurally
characterized from four planarians (A. trian-
gulata, Bdelloura candida, G. tigrina, P. lit-
toralis) and a cestode (M. expansa), and all
conform to the most rigorous signature
requirements. The planarian peptides include
the tetra- and pentapeptides, YIRFamide (B.
candida; Johnston et al., 1996), GYIRFamide
(B. candida, G. tigrina and P. littoralis;
Johnston et al., 1995, 1996; R.N. Johnston,
Queen’s University Belfast, unpublished
observations) and RYIRFamide (A. triangu-
lata; Maule et al., 1994), whereas the only
known parasitic flatworm FaRP is the cestode
hexapeptide, GNFFRFamide (M. expansa;
Maule et al., 1993) (see Table 19.1).
Although FaRP-immunoreactive species have
been identified in extracts of trematodes,
none have been structurally characterized.

FaRP immunostaining patterns in flatworms
have been widely reported and are consistent
between the classes in that all major central
and peripheral nerve elements appear to con-
tain these peptides (see Halton et al., 1994;
Halton and Gustafsson, 1996; Shaw et al.,
1996; Day and Maule, 1999; Halton and
Maule, 2004). Another key feature of FaRP dis-
tribution is its occurrence in nerves that inner-
vate muscle systems, from attachment organs
to feeding apparatus and reproductive ducts
(see Halton and Maule, 2004). The localization
data alone implicate FaRPs in pivotal brain
functions including motor modulation.

FaRPs have been shown to enhance the
contractility of whole worm (M. corti larvae;
Hrckova et al., 2002) and muscle strip/trimmed
preparations (F. hepatica, D. merlangi, S. man-
soni; Marks et al., 1996; Graham et al., 1997;
Moneypenny et al., 1997; T.A. Day, Iowa State
University, unpublished observations) from
trematodes and cestodes and to induce con-
traction in dispersed muscle fibres from pla-
narians and a trematode (S. mansoni, B. candida,
P. littoralis; Day et al., 1994b; Johnston et al.,
1996; Moneypenny et al., 2001). It should be
noted that whole flatworm preparations are
most commonly unresponsive to neuropep-
tides such that the effects on M. corti larvae are
unusual; FaRPs have no effects on intact S. man-
soni or F. hepatica (Pax et al., 1996; N.J. Marks,
Queen’s University Belfast, unpublished obser-
vations). The consistent theme for FaRP effects
in flatworms is muscle contraction and, unlike
the situation for some of the classical transmit-
ters and NPF, the effects appear to be consis-
tent across the flatworm classes. The potent
contraction of dispersed muscle fibres that
is caused by FaRPs indicates the occurrence
of a muscle-based receptor. The presence or
absence of FaRP receptors on flatworm nerves
has not been examined.

Structure–activity data on the effects of
flatworm FaRPs on S. mansoni muscle fibres
reveal that the replacement of any residue in
the YIRFamide signature with the amino acid
alanine abolished peptide activity (Day et al.,
1997). Although no trematode FaRP has been
structurally characterized, evidence from
physiology studies reveals that the YIRFamide-
containing peptides induce contraction of
dispersed S. mansoni muscle fibres with high
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potency (GYIRFamide had an EC50 of 10−9 M)
whereas GNFFRFamide was much less effec-
tive (EC50 of 10−6 M) (Day et al., 1994b).
Similarly, GNFFRFamide was about 1000-fold
less effective than the YIRFamides at stimulat-
ing muscle contractility in trimmed F. hepatica
juveniles (Marks et al., 1996). These data
would point to the endogenous trematode
FaRPs being structurally more similar to the
planarian peptides than the cestode variant.
Furthermore, the effects of all these flatworm
FaRPs on P. littoralis muscle fibres were abol-
ished by GYIR(d)Famide (an GYIRFamide ana-
logue with the D-isomer of Phe in the C-terminal
position), suggesting that they all interact at a
single muscle receptor to elicit muscle con-
traction. Although supporting data is limited,
cestode preparations appear to be most
responsive to GNFFRFamide amongst the flat-
worm FaRPs. FaRP-induced excitation of
S. mansoni muscle fibres was shown to be
dependent on calcium in the extracellular
medium, although these effects were not abol-
ished by known calcium channel blockers
(Day et al., 1994b).

Attempts have been made to unravel the
mechanism of FaRP action on flatworm mus-
cle. To this end, data is available for the
effects of selected inhibitors of known sig-
nalling pathways on the FaRP-induced excita-
tion of muscle strips prepared from F. hepatica
(Graham et al., 2000). The effects of
GYIRFamide on F. hepatica muscle strips were
reduced but not abolished by the G-protein
inhibitor, guanosine 5′-2-O-(thio)diphosphate
(GDPβS), implicating a GPCR in the FaRP-
induced excitatory effects. This was not sur-
prising since GPCRs are the most common
receptor targets of neuropeptides, even
though some molluscan and nematode FaRPs
have been shown to activate directly ligand-
gated ion channels (Lingueglia et al., 1995;
Maule et al., 1995; Purcell et al., 2002a,b).
A common consequence of GPCR activation
is modulation of adenylate cyclase activity that
results in the regulation of cytosolic cAMP.
Known adenylate cyclase and PKA inhibitors
failed to give meaningful results due to direct
effects on motor activity. However, inhibition
of phospholipase C (PLC; with neomycin
sulphate) and protein kinase C (PKC; with

chelerytherine chloride) blunted the
GYIRFamide response, suggesting a pathway
involving G-protein activation of PLC- and
PKC-dependent signalling pathways. Since it
is unknown if the site of action of flatworm
FaRPs is confined to muscle, it is difficult to
make definitive conclusions on the signalling
processes involved where muscle and nerve
occur together. However, similar studies car-
ried out on dispersed muscle fibres of S. man-
soni and P. littoralis have confirmed that
FaRP-induced contraction is blocked by
inhibitors of PKC (T.A. Day, M.I.J. Totten and
A.G. Maule, unpublished observations).

Neuropeptide processing enzymes

Further support for the occurrence and activity
of neuropeptides in flatworms stems from the
presence of enzymes necessary for the pro-
duction of the mature peptides. For example,
the first step in the generation of a mature neu-
ropeptide is often the excision of a propeptide
from a longer pre-propeptide. This is achieved
by the activity of prohormone convertases, and
a number of putative platyhelminth convertase-
encoding cDNAs are represented within the
EST databases.

Critical to the bioactivity of both the
NPF and FaRPs mentioned above are the
enzymes that produce the amidated carboxy
terminus from a glycine-extended propep-
tide. Specifically, the Arg-Phe-Gly carboxy
terminus is converted to Arg-Phe-amide by
a sequential reaction that normally requires
two enzymes, peptidylglycine alpha-hydrox-
ylating monooxygenase (PHM) and peptidyl-
alphahydroxyglycine-alpha-amidating lyase
(PAL). S. mansoni FaRPs and NPFs which
have unamidated C-termini have been shown
to lack bioactivity in schistosomes (Day
et al., 1997; Humphries et al., 2004). S. man-
soni has been shown to possess a PHM that
has the requisite amidating activity and
is abundantly expressed throughout the
nervous system (Mair et al., 2004). In fact,
the distribution of endogenous PHM is more
widespread than both FaRPs and NPFs, sug-
gesting that there may be more yet-undiscov-
ered amidated peptides within the nervous
system.
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Fig. 19.1. A composite schematic of molecules demonstrated to be functional in flatworm muscle
physiology. More than 50 years ago, Chance and Mansour (1953) demonstrated the myoexcitatory
effects of exogenous serotonin on F. hepatica. Since then, much evidence has accumulated in support
of serotonin’s central role in muscle control, including demonstration that serotonin is coupled to the
stimulation of protein kinase A (PKA) and the production of cAMP (Mansour, 1984; Ribiero and Webb
1987). Serotonin has direct effects on flatworm muscle fibres (Day et al., 1994a) that are also linked
to cAMP. A stimulatory trimeric G-protein (Gαs) has been cloned from S. mansoni and has been
associated with the serotonin receptor (Mansour and Mansour, 1986, 1989). Specific FaRPs have
been shown to elicit contraction of individual muscle fibres from a number of flatworm species (Day
et al., 1994b, 1997; Johnston et al., 1996; Moneypenny et al., 2001), demonstrating the presence of
FaRP receptors (FMRF amide-like peptide receptors; FLP-R) on the muscle. Excitatory FaRP
receptors in flatworms have been linked to protein kinase C (PKC) activation (Graham et al., 2000;
Day and Maule, unpublished observations). The presence of voltage-operated calcium channels
(VOCC) in flatworms have been demonstrated by the dihydropyridine blockade of depolarization-
induced contractions in whole worms and isolated muscle (Fetterer et al., 1980; Day et al., 1994b;
Graham et al., 1999), by the recording of voltage-gated calcium currents in G. tigrina (Cobbett and
Day 2003), and by the molecular cloning of various channel subunits (Kohn et al., 2001b,c). At least
three different potassium channels are present in the muscle: calcium-dependent potassium channels
(CaDep); delayed rectifier channels (DR); and fast shaker-type channels (Shaker) (Blair et al., 1991;
Day et al., 1993, 1995; Kim et al., 1995a,b; Kumar et al., 2004). Flatworm muscle stores calcium in
the sarcoplasmic reticulum and ryanodine receptors (RyR) mediate a Ca2+-triggered release of
intracellular Ca2+ (Graham et al., 1999; Day et al., 2000); the other endogenous regulators of these
channels in flatworms are not known. Thapsigargin-sensitive sarcoendoplasmic reticular calcium
ATPases (SERCA) are involved in pumping cytosolic calcium into the sarcoplasmic reticulum, and a
number of these pumps have been identified at a molecular level (de Mendonca et al., 1995; Talla
et al., 1998). Cholinergic compounds have effects on the musculature of whole animals and isolated
muscle fibers (Blair and Anderson, 1994; Day et al., 1996; Buttarelli et al., 2000; Moneypenny et al.,
2001), indicating the presence of acetylcholine receptors (ACh-R) on the muscle. However, the vague
pharmacology of the cholinergic effects makes it difficult to conclude if they are of the same nature as
the acetylcholine receptors recently cloned from flatworms (Cebria et al., 2002; Bentley et al., 2004).
An electrogenic glutamate transporter (GluTx; Miller et al., 1996) and sodium–potassium ATPase
(SNAK; Skelly et al., 2001) are also present in some flatworm muscle.
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Concluding Remarks

Current understanding of the role played by clas-
sical transmitters and neuropeptides in the regu-
lation of motor function in flatworms is, at best,
fragmentary. Nevertheless, there is compelling
evidence that serotonin, ACh, glutamate, GABA,
FaRPs and, to a lesser extent, catecholamines,
NO and NPF, all contribute to nerve–muscle
function in flatworms. It should be noted that
definitive proof of a neurotransmitter/neuromod-
ulator function has not been established for any
of these signalling molecules. However, flat-
worm EST data is now providing resources for
the identification of the appropriate synthetic,
processing and degradative enzymes, trans-
porters and receptors that will help confirm the
involvement of these signalling molecules in
motor function. The most significant hurdles to
the characterization of these signalling systems
and their interplay in the modulation of motor
behaviours in parasitic flatworms focus on our
inability to silence the appropriate genes in the
adult stages, adequately monitor any phenotypic
changes, and perform the appropriate mem-
brane level physiology on nerve and muscle
cells independently. Progress in the application
of RNA interference (RNAi) procedures to para-
sitic flatworms has been slow and, although
more significant progress has been made using
free-living flatworms, their utility as models has
not been established. It is clear that there are
neuronal signalling systems that have been con-

served between planarians and parasitic flat-
worms, but others show some differences
between these groupings and more detailed
comparative studies are warranted if we are to
exploit the advances made in planarian
research. Regardless of these facts, many of the
neuronal and muscle proteins that are being
uncovered have potential as drug targets. Of par-
ticular interest are those signalling molecules
associated with muscle (Fig. 19.1) as these are
believed to be most amenable/accessible to drug
intervention. The discovery of flatworm ACh,
serotonin, histamine and glutamate receptors,
coupled with recent breakthroughs in FaRP
receptor identification in insects and nematodes,
provide an impetus to flatworm receptor
research, which is likely to represent a significant
component of the next phase of discovery in this
area. These receptors provide the most obvious
candidate drug targets that warrant functional
characterization and exploitation in drug screen-
ing programmes.
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Introduction

The phylum Platyhelminthes includes various
dorsoventrally flattened, bilaterally symmetrical
animals, which are often described as flatworms.
They are present in all aquatic environments,
and parasitic as well as non-parasitic species
of flatworms exist. Metabolically speaking, all
flatworms are very much alike, but from a more

biological point of view some differences can
be seen and will, therefore, be introduced
here. Within the phylum Platyhelminthes, the
class Turbellaria contains mainly free-living
flatworms, but most platyhelminths are para-
sites of vertebrates, and all vertebrate species
are prone to infection by one or more species
of flatworms. The great majority of parasitic
flatworms belong to the classes Aspidogastrea,
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Monogenea, Digenea and Cestoda. The first
three classes are often together referred to as
‘trematodes’. The aspidogastrids are typically
endoparasites of many molluscs and turtles,
and are not very host-specific. The monogenea
form a diverse group of platyhelminths para-
sitic primarily on the external surfaces and gills
of marine and freshwater fish. In contrast to
aspidogastrids and monogeneans, digeneans
(flukes) have indirect and complex life cycles.
They all have stages in their life cycle that are
parasitic in molluscs, and often have in addi-
tion other stages in their life cycle that are par-
asitic in other hosts. Digeneans are widespread
endoparasites, infecting all classes of verte-
brates and they may inhabit a large variety
of organs of their host. Cestodes, on the other
hand, all live in the intestines of vertebrate hosts.
They are also called tapeworms because as
adults they are extremely flattened, segmented
and often very long.

This chapter will be restricted to digeneans
and cestodes because the metabolism of para-
sites from the other classes is hardly studied, if
at all. The liver fluke Fasciola hepatica and the
blood-dwelling Schistosoma mansoni are the
best-studied digeneans, and most metabolic
studies on tapeworms have been performed on
Hymenolepis diminuta. These parasites will,
therefore, play the leading part in this chapter.
On the other hand it should be noted that
the metabolism of most parasitic worms is very
similar, even in the unusual features. All para-
sitic worms are completely adapted to a
parasitic way of life, and these adaptations are
very comparable in the various types of platy-
helminths, and the same adaptations are even
found in parasitic nematodes (roundworms). It
is these adaptations, some of which are remark-
able, that will be discussed further here. These
unusual aspects of metabolism are the result of
adaptations, either to the environmental
changes that occur during their life cycle, the
rather unusual niche many parasites inhabit
(for instance the dark world in the intestine of
the host where food is plenty but oxygen scarce),
or simply their parasitic lifestyles, i.e. ‘theft’.
Substrates for energy metabolism as well as
building blocks for the synthesis of macromol-
ecules are simply taken from the host, and this
has resulted, ultimately, in the loss of many
obsolete biosynthetic capacities.

Parasitic versus Free-living Stages

Commonly, during their complex life cycle,
parasitic helminths alternate between free-
living and parasitic stages, and the availability
of substrates during these diverse stages varies
considerably. The free-living stages, which are
simply vehicles to go from one host to the
next, do not multiply, and they possess limited
or no biosynthetic capacities. The free-living
stages of parasitic flatworms, like miracidia,
cercariae and metacercariae, are self-supporting.
They usually live in water, do not obtain sub-
strates other than oxygen from the environ-
ment and are completely dependent on the
energy reserves they acquired in their previous
host. These stages will die if their endogenous
reserves are exhausted before they have
entered the next (intermediate) host.

On the other hand, once inside the host,
substrates are plentiful, and the only concern
of these parasitic stages is to produce offspring
and avoid being destroyed by the immune sys-
tem of the host. Parasitic flatworms often live in
the ‘land of milk and honey’. They do not have
to hunt for food like predators, nor do they
have to search and gather their food like scav-
engers and grazers. To obtain food, they
only have to use their ‘mouth’ (oral sucker) or
their tegument (see section on ’Parasitic
Stages’). During their stay in the host, which
will last for the rest of their life, they are
pampered by the host, but against its will. To
multiply and produce eggs, these parasitic
stages in fact use energy as well as building
blocks provided by the host.

Nutrition

Free-living stages

Parasitic flatworms have distinct stages in their
life cycle with a large variation in the availabil-
ity of substrates. When they reside inside their
intermediate or definitive host, the parasite can
and will obtain substrates from this host, as the
term ‘parasite’ itself signifies. The free-living
stages, (meta)cercariae, eggs and miracidia, on
the other hand, live on their endogenous
reserves, which they obtained during their



previous parasitic stage. Glycogen is present in
these stages and is used to span the time before
a new host is entered and new substrates
become available. As these reserves are lim-
ited, the free-living stages (miracidia, cercariae)
are either short-lived and search frantically for
a new host, or they enter into a dormant stage
(metacercariae and eggs), waiting to be reacti-
vated by external triggers.

In eggs from most flatworm parasites, like
those of, for example, F. hepatica, the vitelline
cells inside the egg function as food reserves
and these eggs, which embryonate outside the
mammalian host, require no extra nutrients for
the developing embryo. Eggs from schisto-
somes, on the other hand, develop to maturity
inside human tissues and only mature eggs are
excreted. In this environment, substrates are
abundant and the uptake of a wide variety of
substrates has been reported. The eggshells are
porous and the eggs take up glucose and
amino acids, and excrete proteins (Kawanaka
et al., 1986). These eggs cannot mature without
the uptake of nutrients. Studies on Schistosoma
japonicum eggs showed that maturation could
be achieved in a complex medium. Eggs of
schistosomes, however, appear to be the excep-
tion; in the eggs of most parasitic flatworms a
large number of vitelline cells provide all the
nutritional requirements for survival (prior to a
parasitic lifestyle).

Parasitic stages

The parasitic stages inside their respective hosts
need substrates for the biosynthesis of struc-
tural elements as well as for energy metabo-
lism, and all of these nutrients are taken from
the host. Feeding on blood is the main feeding
strategy of digeneans. The liver fluke F. hepat-
ica lives in the bile ducts of its host and uses
the oral sucker both for attachment and for
feeding on the blood of its host. Schistosomes,
on the other hand, literally live in blood, inside
the vasculature of their hosts (birds and mam-
mals), being bathed continuously in the medium
that provides all their nutritional requirements.
In contrast to these digenean worms, cestodes
reside in the alimentary tracts of vertebrates,
a niche with a wealth of predigested low molec-
ular weight compounds. See Halton (1997) for

an extensive review on nutritional adaptations to
parasitism within the plathyhelminths.

The modes of uptake of nutrients by para-
sitic flatworms are not principally different
from those used by free-living organisms.
Within the phylum Platyhelminthes, there are
three main variations on the mode of feeding.

1. Flatworms with an alimentary tract ingest
food into this canal, where it is first digested
and then absorbed by the intestinal epithe-
lium. Ectoparasitic flatworms like monogenea
are restricted to this type of food uptake.
2. Endoparasitic digeneans, on the other
hand, possess two surfaces that can potentially
absorb nutrients: the intestinal epithelium and
the external surface (tegument). The relative
contribution of both surfaces in nutrition is still
unknown, but both intestine and tegument are
considered to be important in nutrition in these
endoparasitic helminths. The incomplete
digestive tract of digeneans must first be filled
with nutrients and after digestion the undi-
gested remains must be regurgitated through
the same oral opening.
3. For cestodes, uptake via the external sur-
face, the syncitial tegument, is the sole means
of obtaining nutrients, as they do not have an
alimentary tract. This absence of an alimentary
tract is a striking feature of all cestodes. In this
respect, it should be realized that all cestodes
are parasites.

The intestines of trematodes are lined with an
absorptive epithelium, which takes up nutrients
after they have been degraded in the cul-de-sac
intestine by digestive enzymes. Schistosoma
sp. and Fasciola sp. utilize proteases for the
degradation of host globin in their intestines
(Carmona et al., 1994; Yamasaki et al., 2002;
Chapter 18, this volume). Cysteine proteases
(cathepsin L and cathepsin B) and aspartyl
proteases play a role in the digestion of host
haemoglobin. These proteases have been char-
acterized and their respective roles analysed
(Klinkert et al., 1994; Dalton et al., 1995;
Skelly and Shoemaker, 2001). Schistosomes,
and in particular the female, ingest red blood
cells, most likely as a source of polypeptides
and amino acids to facilitate egg laying.
Proteolytic enzymes are not only important for
trematodes to digest proteins in order to obtain
nutrients, but they also play a crucial role in
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the host–parasite interaction, in penetration of
the host skin, in egg secretion and in immune
evasion. For instance, in the invasion of schis-
tosomula through host tissue, serine proteases
are involved, which also protect the parasites
from complement attack by cleaving comple-
ment fragments (Chapter 18, this volume).

The tegument of trematodes plays an
important role in nutrient absorption and the
numerous pits, channels and invaginations
effectively increase the surface area. This outer
membrane contains glucose-transporter pro-
teins and enzymes, like peptidases, involved in
amino acid absorption. Absorption of simple
substrates that are abundant in the blood of
the host, like glucose and amino acids, occurs
primarily via the tegument instead of the intes-
tinal epithelium. Glucose transporters, homo-
logues of the human glucose transporter protein
GLUT 1, are evenly distributed throughout the
tegumental surfaces (ventral and dorsal) of
male and female S. mansoni, and this finding
implies that both sexes have the ability to take
up glucose across the entire tegument (Skelly
and Shoemaker, 1996). These studies showed
that one of these glucose transporters is
expressed only in the mammalian stages of the
life cycle and is specifically localized within
the apical membranes of the tegument, which
is a further indication that the uptake of glu-
cose occurs almost exclusively via the tegu-
ment. Cholesterol and other lipids are
absorbed via the tegument as well (Moffat and
Kusel, 1992; Rogers et al., 1993). The outer
membrane of schistosomes also contains
receptors, which bind human low-density
lipoproteins (LDL) (Rumjanek et al., 1988).
Uptake of lipids via bound LDL has, however,
never been demonstrated and it is suggested
that binding of these lipoprotein complexes to
the receptors on the surface of the parasite is
only used as a disguise, to shield the parasite
antigens from the host antibodies (Xu and
Caulfield, 1992).

Energy Metabolism

Substrates of energy metabolism

In contrast to the host, in parasitic flatworms a
clear distinction exists between the substrates

for energy metabolism and those for biosyn-
thetic purposes. The mammalian host can
adapt its metabolism to the availability of sub-
strates. Depending on the supply, carbohy-
drates, lipids or proteins can be the main source
of energy. Parasitic flatworms, on the other
hand, are completely dependent on carbohy-
drates for their energy metabolism. Because of
the very limited aerobic capacity of the adult
parasites (see sections on ‘Free-living versus
Parasitic Stages’ and ‘Transitions in Energy
Metabolism During the Life Cycle’), their
metabolism has to be mainly fermentative.
Carbohydrates are suitable substrates for
fermentation, as both oxidation and reduction
of this substrate can occur (see section on
‘Anaerobic Glycolysis versus Malate Dis-
mutation’). Lipids are too reduced for this pur-
pose, and therefore, cannot be used for the
production of ATP by parasitic helminths in
general. Most free-living stages of parasitic flat-
worms probably have a classical aerobic
metabolism and could, therefore, in principle
be able to utilize lipids for the production
of ATP. Very little research has been done on
lipid metabolism in these stages of parasitic
helminths, and up to now no evidence has
been demonstrated for the degradation of
lipids by F. hepatica, S. mansoni, or any other
parasitic flatworm.

Generally, free-living stages of parasitic
worms are supposed to depend on their
endogenous glycogen reserves that are used to
span the gap in food supply until the next host
is entered. Endogenous glycogen reserves are
also used by intestinal parasites, this time to
span the time between host meals when glu-
cose concentrations in the intestine are low. In
the rat tapeworm H. diminuta, it was shown that
glycogen degradation occurs when the host is
fasting and that synthesis of glycogen occurs
after host refeeding (reviewed in Andreassen
et al., 1999). Most parasitic flatworms contain
glycogen reserves, and even the blood-
dwelling adult schistosomes, which are in an
environment with a steady supply of glucose,
contain large and metabolically active glyco-
gen stores. Studies on individual S. mansoni
worm pairs, living inside the veins of the final
host, showed that these glycogen stores are
continuously synthesized by the parasite.
Glycogen is consumed probably intermittently,
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for short, intensive, bursts of activity, for
instance during the muscle activity necessary
for crawling. Replenishment of the glycogen
reserves is, however, not induced by a marked
decrease in the glycogen levels, but occurs in
S. mansoni in vivo slowly and continuously
(Tielens et al., 1990).

The oxidation of amino acids is consid-
ered to contribute little to the overall energy
metabolism in parasitic flatworms, but amino
acids are necessary as precursors of protein
synthesis for normal growth and reproduction.

Free-living versus parasitic stages

It is assumed that all free-living stages of para-
sitic helminths have an aerobic energy metab-
olism and degrade their endogenous reserves
to CO2 via the classical pathways of glycolysis
and the Krebs cycle (Fig. 20.1). The stored car-
bohydrate reserves of free-living stages (glyco-
gen) are degraded to pyruvate via the classic
glycolytic pathway within the cytosol. The
end product of the cytosolic steps, pyruvate,
is transported into the mitochondria where it is
converted into acetyl-CoA. Acetyl-CoA is then
further degraded via the Krebs cycle and most
ATP is produced via the mitochondrial respira-
tory chain and oxidative phosphorylation
(Fig. 20.1). Oxygen acts as the final electron
acceptor to oxidize the generated reduced
coenzyme (NADH). This degradation of carbo-
hydrates is not different from the well-known
aerobic mammalian-type of metabolism.
Although not studied extensively in parasitic
flatworms, this aerobic type of metabolism has
been shown to occur in the free-living stages of
S. mansoni, cercariae and miracidia, and in the
miracidia of the liver fluke, F. hepatica (Tielens
et al., 1984; Boyunaga et al., 2001).

Adult parasitic helminths have an energy
metabolism strikingly different from that in the
free-living stages. Although the end products of
carbohydrate metabolism vary greatly between
different species of adult parasitic flatworms,
none of them degrades carbohydrates com-
pletely to CO2, as the free-living stages do. In
general, parasitic helminths do not use oxygen
as final electron acceptor, but have a fermen-
tative metabolism instead. When oxygen can-
not function as terminal electron acceptor, the

degradation of substrates must be in redox
balance, i.e. the number of NADH-producing
reactions must equal the number of NADH-
consuming ones (without the use of oxygen).
In adult parasitic platyhelminths, two path-
ways occur to maintain this balance between
NADH formation and usage: (i) anaerobic gly-
colysis and (ii) malate dismutation.

Anaerobic glycolysis versus 
malate dismutation

Some adult flatworms ferment their carbohy-
drate substrates to lactate, a classical adapta-
tion to metabolism without oxygen, although
these parasites may perform this process for
a reason other than lack of oxygen (see section
on ‘Transitions in Energy Metabolism during
the Life Cycle’). This so-called anaerobic gly-
colysis, which yields two molecules of ATP per
molecule of glucose degraded, occurs via the
well-known Embden–Meyerhof pathway
(Fig. 20.1). Schistosoma spp., Clonorchis sinen-
sis, Echinococcus granulosis and Taenia spp.
are examples of parasitic flatworms that excrete
large amounts of lactate. All parasitic helminths
use anaerobic glycolysis to a certain extent, but
most use mainly a different pathway to ferment
carbohydrates: malate dismutation.

In this malate dismutation pathway, carbo-
hydrates are degraded to phosphoenolpyruvate
(PEP) via the classical glycolytic pathway. This
PEP is then carboxylated by PEP carboxykinase
(PEPCK) to oxaloacetate, which is subsequently
reduced to malate. This malate is transported
into the mitochondria and is degraded in a split
pathway. A portion of the malate is oxidized to
acetate and another portion is reduced to suc-
cinate, which can then be further metabolized
to propionate (Fig. 20.1).

In the oxidative branch of malate dismuta-
tion, malic enzyme oxidizes malate to pyruvate,
which is then further oxidized to acetyl-CoA
by pyruvate dehydrogenase, an enzyme com-
plex specially adapted to anaerobic function-
ing in Ascaris suum and possibly in other
parasitic helminths like the trematode F. hepat-
ica and the cestode Dipylidium caninum (Diaz
and Komuniecki, 1994; Klingbeil et al., 1996).
Parasitic helminths like F. hepatica use an
acetate:succinate CoA-transferase (ASCT) for
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the production of acetate from acetyl-CoA
(Van Vugt et al., 1979; Saz et al., 1996; Van
Hellemond et al., 1998). ATP is formed when
subsequently the succinyl-CoA, which is pro-
duced during acetate formation by ASCT, is
recycled to succinate by succinyl-CoA syn-
thetase (SCS), an enzyme usually participating
in the Krebs cycle (Fig. 20.1).

The production of acetate from part of the
incoming malate, which results in the forma-
tion of NADH, is balanced by the reduction of
another portion of the malate to succinate. This
reduction of malate to succinate occurs via two
reactions that reverse part of the Krebs cycle
(Fig. 20.1). In F. hepatica, succinate is not a

main end product as it is further metabolized
to propionate via a reversal of the reactions
that occur in mammals during the formation of
succinyl-CoA from propionate. This decarboxy-
lation of succinate to propionate is accompa-
nied by substrate-level phosphorylation
(Köhler et al., 1978; Pietrzak and Saz, 1981).
As can be seen in Fig. 20.1, redox balance
inside the mitochondria is maintained when
twice as much propionate as acetate is pro-
duced. The reduction of fumarate to succinate
is coupled to an electron-transport-linked
phosphorylation of ADP at site I of the respira-
tory chain (Figs 20.1 and 20.2). Apart from the
electron-transport associated ATP formation in
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Fig. 20.1. Generalized scheme of the main pathways of aerobic and anaerobic carbohydrate
degradation in parasitic flatworms. The aerobic pathway is indicated by open arrows, whereas the
anaerobic pathway (malate dismutation) is indicated by solid arrows. Abbreviations: AcCoA, acetyl-CoA;
ASCT, acetate:succinate CoA-transferase; C, cytochrome c; CI–CIV, complexes I–IV of the respiratory
chain; CITR, citrate; FRD, fumarate reductase; FUM, fumarate; MAL, malate; Methylmal-CoA,
methylmalonyl-CoA; OXAC, oxaloacetate; PEP, phosphoenolpyruvate; PROP, propionate; Prop-CoA,
propionyl-CoA; PYR, pyruvate; RQ, rhodoquinone; SDH, succinate dehydrogenase; SUCC, succinate;
Succ CoA, succinyl CoA; UQ, ubiquinone.



the reduction of fumarate, this so-called malate
dismutation is accompanied by substrate-level
phosphorylations (Fig. 20.1). In total, the
anaerobic degradation of glucose to propi-
onate and acetate yields about 5 mol of
ATP/mol of glucose degraded, which com-
pares favourably with the 2 mol of ATP pro-
duced during lactate production.

In the trematode F. hepatica as well as in
the cestodes H. diminuta and Hymenolepis
microstoma, malic enzyme is in fact not NAD
but NADP-dependent, producing NADPH
during the formation of pyruvate (Tielens

et al., 1987; Fioravanti et al., 1992). However,
NADPH cannot be used by the enzyme
fumarate reductase (FRD) in the reductive
branch of malate dismutation. Cestodes
have been shown to possess an active
NADPH:NAD transhydrogenase associated
with the inner-mitochondrial membrane. This
enzyme couples the malic enzyme reaction
to fumarate reduction in these organisms.
Presumably, the same enzyme is used by
other parasitic flatworms such as F. hepatica
with an NADP-dependent malic enzyme that
produce fumarate.
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Fig. 20.2. Schematic representation of the mitochondrial respiratory chains of parasitic flatworms.
Boxes indicate electron-transport chain complexes, whereas ovals represent the electron transporters
UQ, RQ and cytochrome c. The open boxes represent complexes involved in the classical aerobic
respiratory chain, whereas grey boxes represent complexes involved in malate dismutation. The vertical
bar represents a scale for the standard redox potentials in mV. Translocation of protons by the
complexes is indicated by H+ ➔. Abbreviations: CI, CIII and CIV, complexes I, III and IV of the respiratory
chain; cyt c, cytochrome c; FRD, fumarate reductase; Fum, fumarate; SDH, succinate dehydrogenase;
Succ, succinate; RQ, rhodoquinone; UQ, ubiquinone.



Unusual aspects of glycolysis

Several glycolytic enzymes in parasitic helminths
have been purified and studied in great detail.
These studies were stimulated by the early
observation that the chemotherapeutic action
of antimonials on schistosomes was associated
with an inhibition of its phosphofructokinase
(PFK), a glycolytic enzyme with a high flux con-
trol. Helminth PFKs appear to be much more
sensitive to these anti-schistosomal drugs than
the PFK of the host. Attack of the ATP-producing
systems of parasites is considered to be one of
the more rational and promising ways of com-
bating parasitic diseases, as energy (ATP) is
one of the few things parasites cannot directly
obtain from the host. Special attention has
been, of course, directed towards enzymes
that are absent in the host or where differences
are observed between host and parasite
enzymes.

The initial enzyme in the glycolytic
sequence, hexokinase, controls the entry of glu-
cose into the pathway and is critical in the reg-
ulation of carbohydrate utilization. In mammals
four isoenzymes are present. Isoenzymes I–III,
monomers with a molecular mass of about
100,000 Da, have a high affinity for glucose
and are strongly inhibited by their end prod-
uct, glucose-6-phosphate. Type IV, also called
glucokinase, is a monomer of about 50,000,
has a low affinity for glucose and is weakly
inhibited by glucose-6-phosphate. Only a few
hexokinases from parasitic helminths have
been studied in detail. In S. mansoni, hexoki-
nase appears to be an enzyme with a high flux
control of glycolysis, and cercariae and adults
contain only a single isoform. The schistosomal
enzyme is structurally related to other members
of the hexokinase family and the amino acid
sequence shows a significant homology to the
mammalian hexokinases (Tielens et al., 1994).
The evolutionary relation of this schistosomal
enzyme with other hexokinases is interesting,
as the schistosomal hexokinase with its rela-
tively high affinity for glucose and sensitivity
for inhibition by glucose-6-phosphate, kineti-
cally resembles the 100 kDa mammalian type
hexokinases, while its molecular mass is only
50 kDa. Hexokinase appears to play a distinc-
tive role in the rapid transition in energy

metabolism that occurs in schistosomes when
free-living cercariae enter the mammalian
host (see section on ‘Transitions in Energy
Metabolism during the Life Cycle’).

PFK is usually the main regulatory site of
glycolysis, and F. hepatica PFK has been stud-
ied extensively. In general, the activity of PFK
is regulated by several effectors. The most potent
activators of mammalian as well as Fasciola
PFK are fructose-2,6-bisphosphate and AMP,
whereas ATP is inhibitory (Van Schaftingen
et al., 1981; Kamemoto et al., 1987). In con-
trast to mammalian PFKs, the Fasciola enzyme
is relatively insensitive to inhibition by citrate
(Kamemoto et al., 1987). However, the most
remarkable difference with mammalian PFKs
is that the kinetic properties of Fasciola PFK
are strongly influenced by phosphorylation.
Phosphorylation by a cAMP-dependent pro-
tein kinase results in PFK activation and it was
proposed that this phosphorylation plays, at
least in part, a functional role in the liver fluke
regulation of PFK in vivo (Kamemoto et al.,
1989). Fasciola PFK is phosphorylated with
cAMP-dependent protein kinase to 0.2 mol
P/mol subunit and this results in a threefold
increase in maximal enzyme activity compared
to the unphosphorylated enzyme (Mahrenholz
et al., 1991). This phosphorylation occurs at a
threonine residue in a phosphorylation site,
which shows no homology to the phosphory-
lation site of Ascaris PFK an enzyme also
known to be stimulated by phosphorylation
(Kulkarni et al., 1987; Mahrenholz et al., 1991).
Further, structural data to determine the differ-
ences between mammalian PFKs and those of
parasitic helminths are not yet available.

Fructose-1,6-bisphosphatase (FBPase) is
also active in adult F. hepatica and, together
with the activity of PFK, can trigger extensive
substrate cycling. 13C-NMR experiments showed
that substrate cycling is prominent in the gly-
colytic pathway of adult flukes, at least in vitro
(Matthews et al., 1986). Although this cycling
consumes ATP, it is generally assumed that the
occurrence of futile cycling enables the cell to
regulate its net glycolytic flux more efficiently.

Pyruvate kinase (PK) from F. hepatica
closely resembles L-type PK from mammalian
liver (Behm and Bryant, 1980). It shows coop-
erative kinetics with PEP, but in the presence of
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fructose 1,6-bisphosphate (FBP) this changes
to Michaelis–Menten kinetics. The enzyme is
inhibited by ATP and this inhibition can be
relieved by FBP. Regulation of PK from Fasciola
by more recently discovered effectors of
mammalian-type PKs, like glucose 1,6-bispho-
sphate and phosphorylation/dephosphory-
lation, has not yet been reported.

PEPCK functions in F. hepatica and H.
diminuta, like in other parasitic helminths, as
a CO2-fixing enzyme. This is remarkably differ-
ent from the decarboxylating anabolic role
of PEPCK in mammalian gluconeogenesis.
Parasitic helminths are not unique, however, in
this respect, because PEPCK functions as a
CO2-fixing enzyme in the glycolytic degrada-
tion of glucose in many other invertebrates,
such as some marine organisms. PEPCK activity
appears to be controlled primarily by the con-
centration of enzyme, substrates and products,
in contrast to PK activity, which is under tight
allosteric control (Behm and Bryant, 1982).

PEPCK is a key enzyme in the cytosolic
production of malate, an important process in
the anaerobic energy metabolism of F. hepat-
ica adults, whereas PK is a key enzyme in the
glycolytic pathway to pyruvate, which is oper-
ative in the aerobic functioning juvenile liver
fluke (see section on ‘Transitions in Energy
Metabolism during the Life Cycle’). Therefore,
during the change from an aerobic to an anaer-
obic energy metabolism that occurs during the
development of F. hepatica in the final host, a
change in the relative importance of PK and
PEPCK may be expected. Such a change was
indeed observed, as the development of the
fluke in the host liver was accompanied by an
almost complete disappearance of PK activity
(Tielens et al., 1987). A comparable transition
in PEPCK /PK ratios was observed during the
development of the cestode H. diminuta
(Fioravanti et al., 1998).

One should bear in mind, however, that
the fate of PEP at the PK/PEPCK branch point
cannot simply be estimated by measuring the
ratio of PK and PEPCK activities in vitro, as the
use of PEP in each reaction is determined by
Km values and substrate concentrations, by the
extent of phosphorylation of PK, by the pres-
ence of (in)activators and by the rate of the
subsequent reactions.

Unusual aspects of mitochondrial 
metabolism

Malate dismutation is a mitochondrial adapta-
tion to anaerobic functioning. As a consequence,
and contrary to classical mitochondria, these
mitochondria do not use oxygen as the termi-
nal acceptor of the electrons in the electron-
transport chain. Parasitic flatworms utilizing
anaerobic malate dismutation produce a wide
range of metabolic end products of carbohy-
drate metabolism, but their mitochondrial
pathways are surprisingly similar given their
diverse phylogenetic origins. Typically, these
organisms operate a portion of the Krebs cycle
(from oxaloacetate to succinate) and, in some
cases β-oxidation, in a direction opposite to
that found in aerobic organisms.

All parasitic flatworms capable of anaer-
obic metabolism favour malate as the primary
mitochondrial substrate and the oxidative
decarboxylations of first malate and then
pyruvate generate intramitochondrial reduc-
ing power in the form of NADH (Fig. 20.1).
In contrast, the pathways used to reoxidize
intramitochondrial NADH are quite diverse
and depend on the stage or species of parasite
under examination, but in all cases, redox bal-
ance is maintained and electron-transport
associated ATP is generated by the NADH-
reduction of fumarate to succinate. In the ces-
tode, H. diminuta, succinate and acetate are
the major end products of anaerobic malate
dismutation and are excreted in the predicted
2:1 ratio. In the trematode F. hepatica, succi-
nate is then further decarboxylated to propi-
onate with an additional substrate level
phosphorylation coupled to the decarboxyla-
tion of methylmalonyl CoA. F. hepatica forms
primarily propionate and acetate as end prod-
ucts, again in a ratio of 2:1 to maintain redox
balance.

Compared with typical aerobic mitochon-
dria, the three main distinctions of these anaer-
obic mitochondria are (i) the enzyme catalyzing
the conversion of fumarate to succinate; (ii) the
quinone that connects this electron transfer to
the enzyme complex in the electron-transport
chain; and (iii) the presence of ASCT, which
converts acetyl-CoA into acetate. These char-
acteristic features of anaerobically functioning
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mitochondria are further discussed in the three
following sections.

Succinate dehydrogenase versus
fumarate reductase

In juvenile liver fluke and miracidia, a respira-
tory chain up to cytochrome c oxidase is active
and all evidence obtained so far indicates that
in F. hepatica at least this electron-transport
chain is not different from the classical one
present in mammalian mitochondria (Figs 20.1
and 20.2). In the aerobically functioning stages,
electrons are transferred from NADH and suc-
cinate to ubiquinone via complex I and II of
the respiratory chain, respectively. Subsequently,
these electrons are transferred from the formed
ubiquinol to oxygen via the complexes III and
IV of the respiratory chain.

In the mitochondria of anaerobically func-
tioning parasitic flatworms such as adult F. hepat-
ica and H. diminuta, however, this electron-
transport chain is altered, as oxygen is not used
as the terminal electron acceptor. During
malate dismutation, endogenously produced
fumarate functions as the terminal electron
acceptor. In this case, electrons are transferred
from NADH to fumarate via complex I and
FRD (Fig. 20.2). This implies that during the
development of F. hepatica in its final host, a
transition occurs from succinate oxidation via
succinate dehydrogenase (SDH) in the Krebs
cycle of the juvenile liver fluke to the reverse
reaction: reduction of fumarate to succinate in
the adult. Bacteria contain two homologous
but distinct enzyme complexes, one to oxidize
succinate (SDH) and one to reduce fumarate
(FRD), although each enzyme will catalyse
both reactions in vitro. In vivo, distinct enzyme
complexes are needed for these opposite reac-
tions as the electron flow through the complex
is reversed, which implies differences in the
affinity for electrons (standard electron poten-
tial) of the electron-binding domains of these
enzyme complexes (Ackrell et al., 1992; Van
Hellemond and Tielens, 1994). Distinct
enzyme complexes have been described in the
parasitic nematodes Haemonchus contortus
(Roos and Tielens, 1994) and A. suum (Saruta
et al., 1995). These complexes were shown to
be differentially expressed during the life cycle

of the parasites and are suggested to function
either as a SDH or as a FRD. Firm evidence for
differential expression of two different enzyme
complexes in parasitic flatworms is still lack-
ing, but it has been shown that the kinetic
properties of the complex from adult F. hepat-
ica resemble those of other organisms known
to reduce fumarate (Van Hellemond et al.,
1995). Mitochondria of adult F. hepatica had
a low SDH/FRD ratio, which corresponds to
their in vivo function. On the other hand, sig-
nificant differences in activity ratios were not
detected between different stages of F. hepatica
(adult and metacercariae), although in vivo, the
free-living stage oxidizes succinate, whereas
the adult reduces fumarate. Apparently,
the observed change in the activity ratio that
was observed between free-living and parasitic
stages of A. suum does not occur in F. hepatica
(Van Hellemond et al., 1995; Saruta et al.,
1995). The low SDH/FRD activity ratio, which
was observed in F. hepatica and in all other
fumarate-reducing eukaryotes (parasitic
helminths as well as lower marine organisms),
is caused by a markedly increased fumarate
reduction activity compared with mammalian-
type mitochondria, which correlates with
the significant capacity for fumarate reduction
of the mitochondria from fumarate-reducing
eukaryotes. SDHs or FRDs from cestodes
have not yet been studied at the protein or
DNA level.

Ubiquinone versus rhodoquinone

In addition to distinct enzyme complexes for
succinate oxidation and fumarate reduction,
distinct quinones are involved in these
processes in parasitic flatworms. The electron-
transport chains of many bacteria employ
menaquinone when fumarate is the final elec-
tron acceptor (Collins and Jones, 1981). In par-
asitic helminths, however, the presence of
rhodoquinone was demonstrated and because
rhodoquinone is present mainly in anaerobic,
fumarate-reducing stages, it was suggested that
rhodoquinol functions as an electron donor in
fumarate reduction, similar to menaquinol
in bacterial fumarate reduction (Allen, 1973).
It was shown that rhodoquinone is essential for
efficient electron transport in the anaerobic
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electron-transport chain of all eukaryotic organ-
isms known to reduce fumarate during anoxia
(Van Hellemond et al., 1995). Rhodoquinone,
with its relatively low redox potential (E’0 =
−63 mV), is comparable to menaquinone in
this respect and transfers electrons via FRD to
fumarate (E’0 = 30 mV), whereas ubiquinone
(E’0 = 110 mV) preferentially donates electrons
to complex III of the electron-transport chain
(Fig. 20.2).

The essential role of rhodoquinone in
anaerobic energy metabolism has been
demonstrated during the entire life cycle of
F. hepatica; the amount of rhodoquinone present
reflected the importance of fumarate reduction
in various stages (Van Hellemond et al., 1995,
1996). Throughout the life cycle of F. hepatica,
a strong correlation is found between the
quinone composition and the type of metabo-
lism: the amount of ubiquinone is correlated
with the use of the aerobic respiratory chain,
and the amount of rhodoquinone with the use
of fumarate reduction. Both quinones are syn-
thesized de novo by F. hepatica and the rate of
synthesis of both quinones appears to be
related to varying needs during the life cycle.
Furthermore, it was demonstrated that in adult
F. hepatica, rhodoquinone is not produced
by modification of ubiquinone obtained from
the host, but that rhodoquinone and ubiquinone

are synthesized de novo via the mevalonate
pathway (Fig. 20.3). Further analyses of rhodo-
quinone synthesis prompted the suggestion that
rhodoquinone is synthesized by F. hepatica via
a pathway nearly identical to that of ubiquinone
biosynthesis; possibly only the last reaction dif-
fers (Van Hellemond et al., 1996).

As expected, rhodoquinone is also present
in H. diminuta, a cestode known to produce
succinate as end product. Surprisingly,
rhodoquinone is also present in the homolactic
fermenter, S. mansoni, where it is especially
present in sporocysts, the snail stage of this par-
asite, which produces succinate under anaero-
bic conditions (see section on ‘Transitions in
Energy Metabolism during the Life Cycle’).

Acetate:succinate
CoA-transferase (ASCT)

In the oxidative branch of malate dismutation,
malic enzyme oxidizes malate to pyruvate,
which is then further oxidized to acetyl-CoA.
Subsequently, the CoA-moiety of acetyl-CoA is
transferred to succinate by an ASCT, after
which the resulting acetate is excreted as end
product (Saz et al., 1996; Van Hellemond
et al., 1998). The produced succinyl-CoA is
subsequently recycled to succinate by SCS,
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a process that produces ATP from ADP (or GTP
from GDP). ASCT is not only present in anaer-
obic mitochondria but also in the strictly aero-
bically functioning mitochondria of the
trypanosomatids Trypanosoma brucei and
Leishmania (Van Hellemond et al., 1998) as
well as in the hydrogenosomes of trichomon-
ads (Steinbuchel and Müller, 1986). The local-
ization of ASCT in these mitochondria
identified the first metabolic pathway common
to mitochondria and hydrogenosomes: an
ASCT/SCS cycle, which is further evidence for
the common evolutionary origin of mitochon-
dria and hydrogenosomes (Van Hellemond
et al., 1998). Interestingly, organisms lacking
compartmentation of metabolism, such as
Giardia and Entamoeba, also lack this cycle
and instead produce acetate from acetyl-CoA
by a single step reaction catalysed by acetyl-
CoA synthetase. This suggests that compart-
mentalization and the presence of the
acetyl/succinyl-CoA cycle are linked.

ASCT is not present in the mitochondria
of all organisms, and has so far only been
detected in anaerobically functioning mitochon-
dria of parasitic worms and the aerobically
functioning mitochondria of trypanosomatids.
These latter mitochondria are interesting, as
these protozoa are considered to be the earliest-
branching eukaryotes that contain mitochon-
dria. Hence, these mitochondria could contain
enzymes present in the ancestral mitochondr-
ial organelle. The presence of ASCT in
hydrogenosomes on the one hand, and on the
other hand in aerobically as well as anaerobi-
cally functioning mitochondria, is very intrigu-
ing. Future phylogenetic analyses of ASCT
genes of various mitochondria and hydrogeno-
somes could yield further information on the
evolutionary relationships between the various
ATP-producing organelles.

Evolutionary origin of anaerobic 
mitochondria

Mitochondria evolved by an endosymbiotic
event between an anaerobically functioning
archaebacterial host and an aerobic α-pro-
teobacterium. However, true anaerobically
functioning mitochondria, such as those found

in parasitic flatworms and some marine organ-
isms, most likely did not originate directly from
the pluripotent ancestral mitochondrion, but
arose later in evolution from the aerobic type
of mitochondria after these had already adapted
to an aerobic way of life by losing their anaer-
obic capacities.

It could be envisaged that the true anaer-
obically functioning mitochondria, such as
those present in most adult parasitic flatworms,
originated from the pluripotent ancestral organ-
ism by adaptation to an anaerobic environment,
like the hydrogenosomes of trichomonads.
In our opinion, however, these anaerobically
functioning mitochondria evolved later in
evolution from the more conventional aero-
bic type of mitochondria after these had
adapted to an aerobic way of life by losing
their anaerobic capacities (Tielens et al.,
2002). It should be noted that these adapta-
tions or unusual aspects of metabolism are
not unique to parasitic flatworms, or even to
parasites in general. Anaerobic mitochondria,
although a hallmark of parasites, are also
found in other organisms that live (temporar-
ily) in the absence of oxygen.

Several observations indicate that these
anaerobically functioning mitochondria evolved
from classical mitochondria, and did not orig-
inate (by adaptation to an anaerobic environ-
ment) directly from the facultative anaerobic
pluripotent ancestral cell that was the result of
the endosymbiosis of an α-proteobacterial
symbiont and the anaerobic host. First, all
sequence data available up to now on the
fumarate-reducing enzymes (FRDs) of these
organisms demonstrate that these enzymes are
closely related to the SDHs of classical aerobic
mitochondria (Tielens et al., 2002). These clas-
sical mitochondria are supposed to have
evolved by losing the anaerobic capacities of
the pluripotent ancestral cell, which probably
already possessed a comparable enzyme for
anaerobic fumarate reduction. Therefore, it is
more likely that this adaptation towards anaer-
obic metabolism did not occur immediately
after the symbiotic event, but after the earlier
prokaryotic FRD for anaerobic functioning was
lost. Second, the same argument holds true for
the quinone used for this anaerobic fumarate
reduction. All anaerobically functioning,
fumarate reducing eukaryotes investigated so
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far use rhodoquinone for the transport of elec-
trons from complex I to the FRD, while the more
ancient prokaryotic systems use menaquinone.
Again, the anaerobically functioning mito-
chondria use a molecule, which is structurally
more related (a benzoquinone) to the mole-
cule of the classical mitochondria, ubiquinone
(also a benzoquinone), than to the molecule
used by the anaerobic prokaryotes, menaqui-
none (a naphthoquinone). As the synthesis of
rhodoquinone probably differs only in the last
step from the synthesis of ubiquinone, this
indicates that also the electron transporter was
adapted to anaerobic functioning after the syn-
thesis of the original transporter (menaquinone)
was lost by adaptation to an aerobic environ-
ment. Moreover, the fact that both classical
and anaerobically functioning mitochondria
are known to occur within the same organism,
for instance, parasitic flatworms, points
towards the later evolution of classical aerobic
mitochondria to an anaerobic environment
rather than an earlier adaptation to an anaero-
bic environment. This is consistent with the
belief that parasitic flatworms evolved from
free-living worms that displayed the aerobic
metabolism seen in free-living worms today.

For these reasons we suggest that anaer-
obically functioning mitochondria evolved
from classical mitochondria by adaptation to
an anaerobic environment. This adaptation
could have occurred by small structural mod-
ifications of the SDH enzyme such as changes
in the redox potentials of the iron–sulphur
clusters, making it better suited to fumarate
reduction, and resulting in an enzyme that is
structurally more related to the prototype
SDH, but which is functionally more related
to the older FRDs of prokaryotes. In addition,
an adaptation could have occurred in the
synthesis of the quinone involved in fumarate
reduction. The biosynthetic pathway of
rhodoquinone is still unknown, as is the ori-
gin of the enzyme(s) involved in the last steps
in this biosynthesis. It is possible that it was
acquired by lateral gene transfer from, for
instance, a Rhodospirillum-like prokaryotic
organism, which is known to synthesize
rhodoquinone.

Anaerobic metabolism is usually consid-
ered to be an early-evolved and rather primitive
way of life. However the above scenario reveals

that these anaerobically functioning mitochon-
dria are not primitive, but represent an adapta-
tion of the traditional aerobic mitochondria to
anaerobic environments. In this way, these
anaerobic mitochondria appear to have under-
gone further evolution rather than be represen-
tative of a more primitive form.

Transitions in energy metabolism 
during the life cycle

In the different stages of its life cycle, F. hepatica
has to adapt to different environments. Among
other chemical and physical parameters, the
availability of oxygen and substrates varies
widely during the life cycle. Therefore, transi-
tions have to occur, for instance, from the fully
aerobic functioning of the juvenile liver fluke
to the almost completely anaerobic function-
ing of the adult parasite in the bile duct. Most
likely a comparable switch from an aerobic to
an anaerobic energy metabolism will also
occur during the development of miracidia
into sporocysts and rediae, but this switch has
not yet been studied at the metabolic level.
It should be realized that these transitions in
F. hepatica are definitive, as the same organism
will not encounter its previous environment
again. The change to a fermentative metabolism
is permanent and is not forced by a temporar-
ily hypoxic environment or sudden, intense
activity. Therefore, these metabolic switches
are not comparable to the transient switches
that occur in, for example, skeletal muscle
or marine organisms, like the mussel Mytilus
edulis.

After emergence from the metacercarial
cyst, the juvenile liver fluke, which is almost
exclusively dependent on Krebs cycle activity,
develops gradually into a fermenting adult liv-
ing in the bile ducts of the definitive host
(Tielens, 1994). During this development, three
different pathways of glucose breakdown suc-
cessively produce the majority of ATP. Krebs
cycle activity, which provides the vast majority
of ATP in the juvenile fluke, gradually decreases
during the development of F. hepatica in the liver
parenchyma. Concomitantly, acetate becomes
the major end product of the late parenchymal
and early bile-duct stages of the worm. This
formation of acetate requires oxygen for the
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reoxidation of the formed NADH, and is the
most important source of energy for the devel-
oping fluke in the liver parenchyma. Finally, in
the bile ducts, the anaerobic production of
propionate and acetate provides essentially all
the ATP required by the adult worm (Tielens
et al., 1984). Apparently, the aerobic capacity
of F. hepatica decreases during its develop-
ment in the host liver. The observed decrease
in Krebs cycle activity per mg total protein
cannot be explained by a slow decrease in the
number of remnant mitochondria from an ear-
lier, more aerobic stage. It was shown that,
when calculated per fluke, the Krebs cycle
activity actually increases immensely during
development; it was found to be directly pro-
portional to the surface area of the fluke
(Tielens et al., 1984). This correlation holds
true for the entire development of newly
excysted juvenile to mature fluke in the bile
ducts. These observations support the view that
Krebs cycle activity is limited by the diffusion
of oxygen and occurs only in the outer layer of
the parasite. Parasitic flatworms possess neither
respiratory organs nor a circulatory system
such that the availability of oxygen inside the
tissues is dependent on its slow diffusion, and
parasite growth limits its aerobic capacity. In
the adult stage, the aerobically functioning
outer layer represents less than 1% of the total
volume of the worm, such that its metabolism
appears to be completely anaerobic.

The metabolism of the developing liver
fluke is thus altered by a lack of oxygen. This
happens in two steps. First, as outlined above,
in the aerobic liver parenchyma of the host the
limited diffusion of oxygen in the growing
fluke will result in a lack of oxygen in the
innermost tissues of the parasite. Second, after
arrival in the bile ducts, the entire fluke will
have to function anaerobically because of the
very low oxygen content of the bile. The pro-
longed stay in this anaerobic environment ulti-
mately resulted in metabolic adaptations both
in the cytosol and in the mitochondria (Lloyd,
1986; Tielens et al., 1987). A striking example
of such an adaptation is the change in quinone
composition that occurs during the develop-
ment of F. hepatica (Van Hellemond et al.,
1995, 1996). Mitochondria of adult Fasciola
gigantica showed weak or no cytochrome c

oxidase activity, indicating that this parasite is
also adapted to the anaerobic environment in
the bile duct (Fujino et al., 1995).

Similarly, a switch from aerobic metabo-
lism in free-living stages to anaerobic metabolism
in parasitic stages occurs in schistosomes. The
free-living cercariae and miracidia of S. man-
soni possess an aerobic energy metabolism in
which their endogenous glycogen reserves are
degraded mainly to CO2. Adult schistosomes,
on the other hand, live in the blood stream of
their host and, despite their small size and life
in an aerobic environment, they have a fer-
mentative metabolism and degrade glucose
mainly to lactate. When cercariae penetrate
the skin of the final host and transform into
schistosomula, they switch rapidly from Krebs
cycle activity to lactate production via glycol-
ysis. This metabolic switch was shown to be
initiated by the sudden presence of external
glucose when the free-living stages penetrate
the new host, and is not linked to a decreased
availability of oxygen, like in F. hepatica. The
mere presence of external glucose results in an
increased glycolytic flux, probably caused by
the rapid uptake of glucose that occurs upon
expression at the surface of a specific schisto-
somal glucose transporter protein, SGTP4
(Skelly and Shoemaker, 1996). This increased
glycolysis is maintained as a result of the spe-
cific kinetic properties of schistosomal hexoki-
nase, the first enzyme in glucose catabolism.
The observed rapid switch to lactate production
occurs only in cercarial heads, the region of the
larvae that develops into the mature parasite.
The tail of the cercaria, which propels the
organism through water, is fully dependent on
the degradation of endogenous glycogen
reserves as it contains little or no SGTP4 and
hexokinase, and it degenerates following its
separation from the penetrating schistosomu-
lum. In contrast to Ascaris, F. hepatica and sev-
eral other helminth species, no significant
changes in the energy metabolism occur during
the further development of schistosomes.
Lactate remains the main end product,
although Krebs cycle activity and oxidative
phosphorylation also contribute significantly to
ATP production, even in adults.

In the transition from free-living S. man-
soni miracidia to the parasitic stage in the
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intermediate snail host (sporocysts), a change
from aerobic to anaerobic metabolism occurs.
Whereas the miracidia degrade their endoge-
nous glycogen reserves mainly aerobically via
the Krebs cycle to CO2, the sporocysts are fac-
ultative anaerobes, fully equipped to adjust
their energy metabolism to the variable condi-
tions inside the snail and alternate between
aerobic and anaerobic functioning. Although
sporocysts produce some lactate under aerobic
conditions in the intermediate host, they are
largely dependent on Krebs cycle activity for
ATP production, and they switch to lactate and
succinate production under anaerobic condi-
tions (Van Hellemond et al., 1997). The succi-
nate is produced via the pathway already
known from other parasites (discussed in sec-
tion on ‘Anaerobic Glycolysis versus Malate
Dismutation’) that uses fumarate reduction
with rhodoquinone as the electron carrier in
the electron-transport chain (Fig. 20.1).

The cestode H. diminuta is predomi-
nantly anaerobic throughout its life cycle, but
nevertheless also shows metabolic variation
during its development inside the final host.
During this development from cysticercoid to
adult, a transition occurs from lactate forma-
tion towards electron-transport-dependent
succinate formation. Differences in PEP-utiliz-
ing / succinate-forming enzymatic activities
were noted in comparisons of immature,
mature and pregravid–gravid segments of
H. diminuta (Fioravanti et al., 1998). In fact,
research on H. diminuta has demonstrated
that several variations in metabolism exist
within this tapeworm (reviewed in Andreassen
et al., 1999). Metabolic differences between
various strains have also been observed.
Furthermore, differences in metabolism within
an individual tapeworm have been noted. For
example, a metabolic gradient was found
along the length of adult H. diminuta, with the
first 2 cm, including the scolex, producing rel-
atively more lactate and acetate, and less suc-
cinate, than the remainder of the worm. To
complicate matters even further, the individ-
ual host was found to influence metabolism.
Metabolic variation not only existed between
worms from the same strain obtained from dif-
ferent rats (Bennet et al., 1993), but also
changing the beetle intermediate host influ-

enced the metabolism of adults in their rat
final host.

Biosynthetic Capacities

In accordance with their opportunistic way of
life, parasitic flatworms have limited biosyn-
thetic capacities; as described in ‘Introduction’,
they obtain many simple substrates from their
hosts. More complex molecules that the para-
site cannot obtain directly from the host are
synthesized from these simpler building
blocks. Obviously, the parasite has to synthe-
size complex structures like proteins and
DNA. In general, the biosynthetic pathways of
parasitic helminths bear a close resemblance
to those of their mammalian hosts. However,
the enzymes of these pathways often possess
different properties, and in cases where para-
sites produce unique end products, there may
be distinct pathway components that involve
unique enzymes that are absent from the host.

Carbohydrates, like glucose, are not syn-
thesized de novo by parasitic flatworms, and
gluconeogenesis has never been demonstrated
except from intermediates at the level of triose
phosphates (Bryant and Behm, 1989). Simple
carbohydrates are obtained from the host and
are then used by the parasite to synthesize
complex ones, for instance, production of the
glycocalyx glycoproteins or the synthesis of
glycogen, the storage carbohydrate used by all
parasitic flatworms.

As in other organisms, parasitic flatworms
require the 20 amino acids for protein synthe-
sis and the formation of other biomolecules;
the majority of amino acids are essential for
the parasite and are host-derived. However,
parasites also have the capacity to synthesize
some amino acids from simple carbon precur-
sors, usually via pathways common to most
other organisms. The carbon skeletons of sev-
eral amino acids are derived from glycolytic or
Krebs cycle intermediates, while transamina-
tion reactions provide the amino group, which
is usually donated by glutamate. Glutamate is
formed by α-ketoglutarate dehydrogenase
from the Krebs cycle intermediate α-ketogl-
utarate and ammonia. A remarkable feature of
the amino acid metabolism in some parasitic
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flatworms is the production and excretion of
large quantities of proline. The extensive pro-
line production by F. hepatica, schistosomes
and other trematodes correlates with an
extremely active proline biosynthetic pathway
in these parasitic flatworms. In contrast to
higher organisms, in which glutamate serves as
the precursor for proline synthesis, the liver
fluke uses host-derived arginine as substrate for
the formation of this amino acid. Arginine is
first cleaved to urea and ornithine, and this
ornithine is then converted via glutamate-
γ-semialdehyde to proline. Although this pathway
is present in most animals, in proline-producing
parasitic flatworms the enzymes involved are
several times more active than in mammalian
tissues. Combined with the fact that proline
oxidase activity is absent or very low in these
parasites, this serves to explain the high levels
of proline produced by these helminths.
Excessive proline production has been impli-
cated in the pathogenesis of trematode infec-
tions, including bile duct hyperplasia in
fasciolosis and fibrosis in schistosomiasis
(Wolf-Spengler and Isseroff, 1983).

Lipids

Lipids like phospholipids, triacylglycerols and
cholesterol play various important roles in liv-
ing organisms. Phospholipids and cholesterol
are the main components of biological mem-
branes, which not only form the boundaries
of the various compartments inside the cells
and organisms, but also act as the interface
between the organism and the environment,
and in case of parasitic flatworms, the site of
interaction between parasite and host.

Very little is known about lipid metabo-
lism in parasites, although in several aspects, it
is quite different from that of the mammalian
host. Lipids, like phospholipids, triacylglyc-
erols and cholesterol, are not synthesized de
novo by parasitic flatworms, but are obtained
directly from the host (cholesterol) or are syn-
thesized from building blocks obtained from
the host (fatty acids and in case of phospho-
lipids, also the head groups). A schematic
and partly hypothetical overview of the main
pathways of lipid metabolism in parasitic flat-
worms is shown in Fig. 20.3. Fatty acids are

not degraded and thus not used for ATP pro-
duction (see section on ‘Substrates of Energy
Metabolism’). De novo fatty acid synthesis
does also not occur, and therefore, fatty acids
must be obtained from the host. Nevertheless,
a comparison of host and parasite fatty acids
revealed the presence of some fatty acids in
adult flukes that are virtually absent from the
host (Oldenborg et al., 1975). These parasite-
specific fatty acids are not synthesized de
novo, but are produced by the modification of
fatty acids obtained from the host. F. hepatica
is unable to desaturate fatty acids, but can use
acetate for the elongation of host-derived fatty
acids (Oldenborg et al., 1975). This chain elon-
gation has specificity for certain fatty acids, of
which the elongation of 18:1 to 20:1 is quanti-
tatively the most important. In general, two dif-
ferent pathways exist for the elongation of fatty
acids, one being a reversal of β-oxidation and
in the other acetyl-CoA is carboxylated to
malonyl-CoA and subsequently added to
pre-existing fatty acids. It has not yet been
fully established which pathway occurs in
F. hepatica, but acetyl-CoA carboxylase is
present in this parasite whereas there is no evi-
dence for the occurrence of a reversal of β-oxi-
dation (Brouwers et al., 1997). The reason for
the persistence during evolution of chain
elongation of large amounts of fatty acids,
while all other synthesizing and catabolic
pathways of fatty acids are lost, is unclear.

Fatty acids, with or without prior chain
elongation, are incorporated into phospholipids
and triacylglycerols (Fig. 20.3). Phosphati-
dylcholine (PC) and phosphatidylethanolamine
(PE) are the major phospholipid classes present
in F. hepatica and S. mansoni, and both the
head groups and the fatty acids are obtained
from the host and used as precursors. Pathways
for synthesis of the other phospholipids have
not been thoroughly investigated in parasitic
flatworms. Generally, the phospholipid classes
present in the host are also found in parasitic
helminths, although sometimes in different
ratios. Also, F. hepatica contains a large
amount of glycerophosphocholine, a degrada-
tion product of PC (Mansour et al., 1982;
Tielens et al., 1982). While this indicates
a high phospholipid turnover in F. hepatica, its
role in lipid metabolism has not yet been fur-
ther investigated.
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Although sterols like cholesterol are not
synthesized de novo by parasitic flatworms,
they do possess an active mevalonate pathway
(Fig. 20.3) (reviewed in Coppens and Courtoy,
1996). This pathway has been studied in
S. mansoni, and all available evidence indicates
that it is similar to the lipid metabolism seen in
F. hepatica. The mevalonate pathway was
shown to be used by S. mansoni for the synthe-
sis of dolichols for protein glycosylation, of
quinones as electron transporters in the respira-
tory chain and of farnesyl and geranylgeranyl
pyrophosphates as substrates for the isopreny-
lation of proteins (Chen and Bennett, 1993;
Foster et al., 1993). A key enzyme in the meval-
onate pathway is 3-hydroxymethylglutaryl-CoA
reductase (HMG-CoA reductase) and it was
shown that the schistosomal enzyme differs
from the mammalian type, both structurally
and in its regulatory properties (Rajkovic et al.,
1989; Chen et al., 1991). Farnesyl pyrophos-
phate plays a key role in the mevalonate path-
way as it is the last common substrate for the
synthesis of all end products (Fig. 20.3). As
mentioned already, the branch leading from
farnesyl pyrophosphate via squalene to choles-
terol is not operative in parasitic flatworms,
whereas the other branches are active, at least
in S. mansoni and probably also in F. hepatica
and H. diminuta.

One of the branches from farnesyl
pyrophosphate leads to the formation of
quinones, essential lipids in electron-transfer
chains where they carry electrons from one
protein complex to the next. In aerobic energy
metabolism where the quinone has to transfer
electrons to complex III of this chain, a
ubiquinone is required. However, F. hepatica
and H. diminuta have an anaerobic energy
metabolism and this requires a quinone with
a lower standard redox potential (see Fig. 20.2).
Rhodoquinone was shown to play an essential
role in anaerobic energy metabolism during
the entire life cycle of F. hepatica (Van
Hellemond et al., 1996). It was also demon-
strated that in F. hepatica and S. mansoni, this
rhodoquinone was not produced by modifica-
tion of the ubiquinone obtained from the host
but was synthesized de novo by the parasite.
Most likely, ubiquinone and rhodoquinone are
derived from the same precursor and only the
last step in rhodoquinone synthesis differs from

that in ubiquinone synthesis. As rhodoquinone
is essential for the anaerobic energy metabo-
lism of parasitic helminths and is absent from
their hosts, rhodoquinone synthesis (in partic-
ular the enzyme catalysing the last step) is a
key target for anthelmintic drug design.

It is not only fatty acids that are modified
(see section on ‘Lipids’) in parasitic flatworms,
but also cholesterol obtained from the host is
not only used directly as a component of
membranes in F. hepatica and S. mansoni, but
it is also used as a substrate for the synthesis of
other compounds such as ecdysteroids (Foster
et al., 1992).

Apparently, parasitic flatworms have dis-
carded some pathways of de novo lipid syn-
thesis, but have selectively retained several
biosynthetic pathways that modify host lipids.
Although lipids like fatty acids and cholesterol
are obtained from the host, less abundant
lipids that are more difficult to acquire because
of their low concentration in the host (e.g. spe-
cific unsaturated fatty acids, eicosanoids,
ecdysteroids and quinones) are synthesized
de novo by the parasite, usually by the modifi-
cation of more abundant substrates. In this
way, lipid metabolism of parasitic flatworms is
adapted to an opportunistic way of life, just
like their energy metabolism.

Purines, pyrimidines and polyamines

Purine and pyrimidine nucleotides are essen-
tial components of many biochemical mole-
cules, from DNA and RNA to ATP and NAD.
In recent years, the pyrimidine and especially
the purine metabolism of parasitic helminths
have been investigated extensively, mainly
because they are different from the pathways
in the mammalian host such that they have
potential as targets for chemotherapeutic
attack. For a review of purine and pyrimidine
pathways in parasitic helminths and proto-
zoa, see Berens et al. (1995). Although para-
sitic helminths do not synthesize purines
de novo, but obtain them from the host, they
do possess elaborate purine salvage pathways
for a more economical management of this
resource. Pyrimidines, on the other hand,
are synthesized de novo by all parasitic flat-
worms studied so far and, as with mammalian
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cells, their ability to salvage pyrimidines is
limited.

Polyamines like spermidine and spermine,
which bind tightly to nucleic acids and are
abundant in rapidly proliferating cells, are
present in parasitic helminths in amounts com-
parable to those in vertebrate cells. As the
enzymes necessary for their synthesis are lack-
ing in adult parasitic flatworms, it is assumed
that these compounds are obtained from the
host (Bacchi and Yarlett, 1995). In F. hepatica a
polyamine N-acetyltransferase has been char-
acterized, that is thought to play a major role
in the polyamine metabolism of this parasite
by inactivating excess amines (Aisien and
Walter, 1993).

Concluding Remarks

In the different stages of their life cycle, para-
sitic flatworms have to adapt their behaviour
and metabolism to the different environments
they encounter (Table 20.1). The most impor-
tant variations in the environment are the
availability of food and oxygen. Free-living
stages do not gather food and are therefore

completely dependent on the endogenous
energy stores they acquired from the previous
host. Oxygen, on the other hand, is mostly
present in the environment of free-living
stages. This enables the free-living stages to live
very economically; they use Krebs cycle activ-
ity and oxidative phosphorylation to obtain as
much energy as possible from their endoge-
nous glycogen stores. This thrifty metabolism
very well serves their only mission, becoming
a parasitic stage in the next host.

Parasitic stages, on the other hand, gener-
ally do not use oxygen as the final electron
acceptor but use fermentative processes to
obtain most of their ATP. For these stages, an
uneconomical energy metabolism is not detri-
mental, as the host provides the nutrients. Most
adult flatworms inside the final host produce end
products of a fermentative carbohydrate break-
down, such as succinate, acetate, propionate
and lactate. These end products are formed via
malate dismutation, a fermentative pathway,
which is present in all types of parasitic worms
(flatworms as well as many nematodes), but
which is also present in animals like freshwater
snails, mussels, oysters and other marine organ-
isms. Malate dismutation is linked to a specially

404 A.G.M. Tielens and J.J. van Hellemond

Table 20.1. Generalized scheme of the main differences in behaviour and metabolism between free-
living and parasitic stages of parasitic flatworms.

Free-living stages Parasitic stagesa

Feeding − +
Reproduction − +
Biosynthetic capacities − +/−
Motility ++b +/−
Energy metabolism Aerobic Anaerobic
Substrate Glycogen Glucose
Catabolic pathways used Glycolysis, Krebs cycle Glycolysis, malate dismutation
Main end products CO2 Succinate, propionate, acetate, 

lactate
Electron-transfer chain

Protein components Complexes I, II, III and IV Complex I and fumarate 
reductase

Electron carriers Ubiquinone, cytochrome c Rhodoquinone
Final electron acceptor Oxygen Fumarate
ATP production Mainly oxidative phosphorylation Substrate-level and oxidative 

phosphorylation

aMainly studied in the definitive host only.
bOften substantial motility, e.g. cercariae and miracidia of digeneans.



adapted electron-transfer chain that generates
ATP via oxidative phosphorylation without the
use of oxygen. The energy metabolism of para-
sitic flatworms is clearly and substantially differ-
ent from that of the host and, therefore, is a
suitable target for anti-parasitic drugs.

Apparently, parasitic flatworms have
adapted to exploit anaerobic niches and the

surplus of substrates that are commonly pres-
ent in their environment. This enables them not
only to use low-efficiency catabolic pathways,
but also to lose several anabolic pathways
such as those involved in the biosynthesis of
fatty acids and sterols. Obviously, parasitic flat-
worms are exquisitely adapted to an oppor-
tunistic way of life.
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Introduction

Glycosphingolipids and glycoproteins of par-
asitic helminths have been shown to express
multiple biological activities ranging from
molecular mimicry in order to avoid immune
recognition to modulation of the host’s
immune response. In particular, the oligosac-
charide moieties of these glycoconjugates are
known to play important roles in host–parasite
interactions. Despite this fact, however,
knowledge on the precise carbohydrate struc-
tures of these molecules is still fragmentary in
many cases. The aim of this chapter is to sum-
marize current structural data on glycopro-
teins and glycolipids expressed by parasitic
metazoa focusing exclusively on trematodes
and cestodes.

Trematodes (Digenea)

Schistosoma

In terms of its glycobiology, Schistosoma man-
soni is the most intensely studied parasitic
helminth, which reflects the importance of
schistosome glycans in host–parasite relations.
In schistosomiasis, carbohydrate determinants
are a major target of the immune response (Eberl
et al., 2001). Schistosomes express a large vari-
ety of carbohydrates, ranging from mammalian-
type structures to unique, often highly
fucosylated schistosome-specific glycan motifs.
Schistosome glycoconjugates are often surface-
exposed or secreted (Deelder et al., 1976;
Bergwerff et al., 1994; van Dam et al., 1994) and
provide a basis for direct diagnostic methods



(see, for example, de Jonge et al., 1991).
Furthermore, some of the carbohydrate determi-
nants expressed by schistosomes may induce
protective immunity (Omer-Ali et al., 1988; van
der Kleij et al., 1999; Eberl et al., 2001).

The glycobiology of schistosomes has
been reviewed several times, with a special
focus on glycoconjugate structures (Cummings
and Nyame, 1996, 1999; Khoo, 2001) or anti-
genicity (van Dam and Deelder, 1996; Hokke
and Deelder, 2001; Nyame et al., 2004). In this
chapter, we will give a comprehensive overview
of carbohydrate structures of schistosomes
attached to proteins and lipids with a focus on
the stage-specific expression of glycans and
the sharing of carbohydrate determinants
between parasite and mammalian hosts.

Glycosphingolipids of schistosomes

While elongated mammalian glycosphingolipids
are based on lactosylceramide (Gal(β1-
4)Glc(β1-1)ceramide) (Kolter et al., 2002),
S. mansoni expresses a unique GalNAc(β1-

4)Glcβ1-disaccharide moiety attached to
ceramide which has been termed the ‘schisto’
core (Makaaru et al., 1992; Wuhrer et al.,
2000b). Besides glucosylceramide and galac-
tosylceramide, this schisto-specific glycosph-
ingolipid GalNAc(β1-4)Glc(β1-1)ceramide
seems to be expressed in all life-cycle stages,
although considerable variation in the ceramide
structures is exhibited (Wuhrer et al., 2000b;
Figs. 21.1 and 21.2).

For more complex S. mansoni glycolipids,
epitope typing with monoclonal antibodies and
infection sera revealed a marked antigenicity
and stage-specific expression of glycolipid
species (Weiss et al., 1986; Wuhrer et al., 1999).
Elongated cercarial glycolipids, for example,
were shown to be based on the GalNAc(β1-
4)Glc(β1-1)ceramide ‘schisto’ core and con-
tained mainly terminal Lewis X trisaccharide
units (Wuhrer et al., 2000c; Fig. 21.1). Some of
these glycolipids carried an additional fucose
(α1-3)-linked to galactose, thus forming a
pseudo-Lewis Y motif (Fig. 21.1) named in
analogy to the Lewis Y blood group determinant.
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Fig. 21.1. Glycosphingolipids of S. mansoni cercariae. Data on the glycosphingolipid structures are
compiled as described in Wuhrer et al. (2000b) [1] and (2000c) [2]. Lewis X and pseudo-Lewis Y
epitopes are boxed. Cer, ceramide.

Gal(β1-4)GlcNAc(β1-3)GalNAc(β1-4)Glc(β1-1)Cer  [2]
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Both Lewis Y and pseudo-Lewis Y are based on
the Lewis X trisaccharide unit and differ only in
the (α1-2)- or (α1-3)-linkage of a second
fucose to galactose, respectively.

While the majority of S. mansoni cercarial
glycolipids carry Lewis X or pseudo-Lewis Y
units, another group of cercarial glycolipids is
highly antigenic and shares antigenic motifs
with the large glycolipids of eggs (Weiss et al.,
1986; Wuhrer et al., 1999). In contrast to a
structural model of Levery et al. (1992), which
postulated a backbone structure of alternating
HexNAc and fucose residues, further analysis
by Khoo et al. (1997a) and Wuhrer et al. (2002)
revealed for S. mansoni egg glycolipids a back-
bone of N-acetylhexosamine residues deco-
rated with oligofucosyl side chains (Fig. 21.2).
S. mansoni egg glycolipids exhibit significant
biological activities as they were shown to
induce cytokine production in human mono-
cytes, thus leading to elevated interleukin-10,
interleukin-6 and tumour necrosis factor alpha
levels (van der Kleij et al., 2002). Furthermore,
both human and animal S. mansoni infection
sera strongly react with S. mansoni egg gly-
cosphingolipids (Weiss et al., 1986; Wuhrer

et al., 1999). The major antigenic determinant
of these glycosphingolipids is recognized by
the monoclonal antibody (mAb) M2D3H
(Wuhrer et al., 1999, 2000a), and has been
identified as Fuc(α1-3)GalNAcβ1- (Kantelhardt
et al., 2002).

Schistosome infection sera as well as the
mAb M2D3H cross-react with glycans of key-
hole limpet haemocyanin (KLH), the oxygen-
transporting protein of the haemolymph of the
marine snail Megathura crenulata (Hamilton
et al., 1999; Wuhrer et al., 1999, 2000a;
Kantelhardt et al., 2002), a phenomenon
which allows the use of KLH in antibody-based
diagnosis of schistosomiasis (Mansour et al.,
1989; Alves-Brito et al., 1992; Yuesheng et al.,
1994) as well as vaccination trials (Bashir
et al., 1994; Taylor et al., 1998). The putative
target epitope on KLH, which is bound by
schisto-reactive antibodies, has been assigned
to N-glycans of KLH, which exhibit a Fuc-
(α1-3)GalNAc(β1-4) [Fuc(α1-3)]GlcNAc-
β1-antenna (Geyer et al., 2004).

Besides KLH, other molluscan glycopro-
teins were shown to be recognized by schisto-
some-directed antibodies due to a shared
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GalNAc(β1- 4)GlcNAc(β1- 4)GlcNAc(β1-3)GalNAc(β1-4)Glc(β1-1)Cer  [4]
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Fig. 21.2. Glycosphingolipids of S. mansoni eggs and adults. The elucidation of the glycosphingolipid
structures is reported in Makaaru et al. (1992) [1], Wuhrer et al. (2000b) [2] and (2002) [3], and Khoo
et al. (1997a) [4]. Cer, ceramide.



cross-reactive determinant defined by the mAb
IPLSm1 (Dissous et al., 1986). The mAbs
IPLSm1 and M2D3H likewise seem to recog-
nize this cross-reactive determinant. This cross-
reactivity might be of biological relevance,
since the haemolymph of the S. mansoni
intermediate host, Biomphalaria glabrata, also
exhibits cross-reactivity with parasite glyco-
proteins and glycolipids (Dissous et al., 1986;
Wuhrer et al., 2000a). This sharing of carbohy-
drate determinant(s) between parasite and
intermediate host could be interpreted as an
attempt to evade defence mechanisms of the
snail by camouflage and fits into the concept
of ‘molecular mimicry’ (Damian, 1989).

Protein glycosylation of schistosomes

CERCARIAL STAGE. The first report about protein
glycosylation in cercariae described the struc-
tures of the major O-glycans of its highly
immunogenic glycocalyx (Khoo et al., 1995;
Fig. 21.3). These glycans share the motif of oligo-
fucosyl chains attached to a GalNAc(β1-
4)GlcNAc(β1-(LacdiNAc)) unit with schistosome
egg glycosphingolipids (Khoo et al., 1997a;
Fig. 21.2). While these cercarial O-glycans are
based on type 1 and 2 cores, a second group of
cercarial O-glycans is based on a novel core
structure comprising an O-linked GalNAc with

β-linked Gal residues in both the 3rd and 6th
positions (Huang et al., 2001). This O-glycan
core may carry Lewis X trisaccharide units
(Fig. 21.3). N-glycans of S. mansoni cercariae
are core-(α1-6)-fucosylated throughout and
show often additional (β1-2)-core xylosylation
(Khoo et al., 2001). The N-glycans possess
mainly hybrid-type or diantennary structures
ending in Lewis X trisaccharide units
(Fig. 21.3). Taken together, Lewis X has been
found as a major epitope on cercarial glycol-
ipids (Fig. 21.1) as well as N-glycans and has
also been described for certain O-glycans of
this life-cycle stage (Fig. 21.3). Hence, this car-
bohydrate unit seems to be a general motif of
cercarial glycosylation.

ADULT STAGE. N-glycans of S. mansoni adult
worms have been structurally characterized by
various groups applying a wide range of tech-
niques such as metabolic labelling, lectin- or
immuno-affinity chromatography, mass spec-
trometry and NMR. A large proportion of the
N-glycans has been shown to be non-fucosy-
lated, oligomannosidic or core-(α1-6)-fucosy-
lated, paucimannosidic structures (Nyame et al.,
1988; Khoo et al., 2001). Xylosylated species
were not detected. Moreover, a great variety
of complex-type structures were described
(Khoo et al., 2001). Complex-type species may
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Cercarial multifucosylated O-glycans [2,3] n+m= 0,1,2,3 or 4
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Cercarial Lewis X-containing O -glycans [2]
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Fig. 21.3. Protein glycosylation of S. mansoni cercariae. Cercarial N-glycan structures were reported
by Khoo et al. (2001) [1]. O-glycan structures were elucidated by Huang et al. (2001) [2] and Khoo et al.
(1995) [3].



contain two LacdiNAc antennae, which may be
fucosylated (Srivatsan et al., 1992a; Fig. 21.4).
Alternatively, N-glycans may contain two to
four N-acetyllactosamine antennae with addi-
tional fucosylated N-acetyllactosamine repeats,
resulting in oligomeric Lewis X structures
(Srivatsan et al., 1992b; Fig. 21.4). Furthermore,
studies on potential O-glycosylation in adult
worms revealed the presence of O-linked Tn-
antigen (GalNAcα1-Ser/Thr), T-antigen (Gal(β1-
3)GalNAcα1-Ser/Thr), and O-linked GlcNAc
(Nyame et al., 1987; Cummings and Nyame,
1996).

In contrast to the studies mentioned above,
in which the glycosylation of complex protein
extracts from adult worms has been analysed,
there are two publications focusing on the
carbohydrate structures of two purified, highly
antigenic glycoproteins from schistosome
adults: the circulating cathodic antigen (CCA)
and the circulating anodic antigen (CAA). CCA
exhibits large O-glycans with multimeric Lewis
X entities (van Dam et al., 1994; Fig. 21.4),
whereas CAA carries highly negatively charged

O-glycans constructed of a polymeric (β1-6)-
linked GalNAc backbone substituted with (β1-3)-
linked glucuronic acid residues (Bergwerff
et al., 1994; Fig. 21.4). These two examples
indicate that a more detailed look at the car-
bohydrate structures of specific sets of S. man-
soni antigens might reveal additional, novel
glycosylation features, which are easily over-
looked when analysing complex mixtures.

EGG STAGE. Egg extracts are known to contain
many glycoproteins, which differentially express
carbohydrate determinants (Weiss and Strand,
1985). While the glycosylation of soluble egg
antigen (SEA) is thought to have a role in piv-
otal immunological processes in schistosomia-
sis infection (Faveeuw et al., 2002, 2003) and
the induction of hepatic granulomas (Weiss
et al., 1987; van de Vijver et al., 2004), data
regarding the precise structures of the glyco-
protein-glycans expressed in this life-cycle
stage are still incomplete. It is known, how-
ever, that both N-glycans and O-glycans con-
tain fucosylated and non-fucosylated variants
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Core structures of egg N -glycans [1]
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Fig. 21.4. Protein glycosylation of S. mansoni adults and eggs. N-glycans of egg glycoproteins were
characterized by Khoo et al. (1997b) [1]. The presented adult worm N-glycans were published by
Srivatsan et al. (1992a) [2] and (1992b) [3]. O-linked GlcNAc as well as T- and Tn-antigen were reported
by Nyame et al. (1987) [4]. The repetitive O-glycan structures of the circulating antigens CAA and CCA
were described by Bergwerff et al. (1994) [5] and van Dam et al. (1994) [6], respectively. R, terminal
sequences (see text).



of HexNAc, N-acetyllactosamine (Gal(β1-
4)GlcNAcβ1-) and LacdiNAc (GalNAc(β1-
4)GlcNAcβ1-) units at their non-reducing ends
(Khoo et al., 1997b; abbreviated as ‘R’ in
Fig. 21.4). Respective N-glycan core structures
were found to contain optionally an (α1-6)-
linked fucose residue. A portion of the core-
fucosylated structures was found to contain
xylose(β1-2)-linked to the β-mannose, and/or
an additional (α1-3)-fucose unit at their inner-
most GlcNAc to yield highly unusual difucosy-
lated core structures (Khoo et al., 1997b;
Fig. 21.4). In the case of O-glycans, the data
indicated a heterogeneous pattern of core
structures, which have not yet been studied in
detail (Khoo et al., 1997b).

The Lewis X epitope and the host–parasite
relationship

Several observations indicate a major role for
schistosome Lewis X-containing glycoconju-
gates in the interaction with the mammalian
host:

(i) The temporal and spatial expression pattern
of Lewis X in schistosomes favours this interac-
tion. While anti-Lewis X monoclonal antibod-
ies (mAbs) allow the detection of this
carbohydrate epitope only around gland open-
ings of the cercaria (van Remoortere et al.,
2000), this pattern changes dramatically when
the parasite enters the mammalian host. Upon
transformation, the highly antigenic glycocalyx
is stripped off, the tail is lost, and Lewis X-positive
patches can be observed after antibody stain-
ing all over the newly formed surface of the
schistosomulum (Ko et al., 1990; Köster and
Strand, 1994; van Remoortere et al., 2000). In
later life-cycle stages, Lewis X remains con-
stantly exposed at the site of parasite–host
interactions. Adult schistosomes, for example,
weakly express Lewis X epitopes in their own
tegument and gut. In addition, they secrete
Lewis X-containing gut antigens a major one of
which is CCA. Likewise, the shell of S. mansoni
eggs is recognized by anti-Lewis X mAbs (van
Remoortere et al., 2000), thus verifying again
the exposure of this epitope.
(ii) Lewis X, which is also termed CD15 or stage-
specific embryonic antigen I (SSEA I), is shared
between the parasite and the mammalian host.
Lewis X is expressed in a wide range of mouse

and human tissues (Fox et al., 1983). On a struc-
tural basis, Lewis X has been detected, often in
parallel to sialyl-Lewis X, on glycolipids (Fukuda
et al., 1985; Symington et al., 1985) and glyco-
proteins (Fukuda et al., 1984; Spooncer et al.,
1984) of human granulocytes.
(iii) The Lewis X epitope is the target of an
immune response in schistosomiasis, leading to
autoimmunity (Nyame et al., 1996, 1997,
1998). Anti-Lewis X autoantibodies have been
shown to mediate complement-dependent
cytolysis of Lewis X-presenting host cells
in vitro (Nyame et al., 1996, 1997; van Dam
et al., 1996), an effect which might cause the
mild neutropenia observed in schistosomiasis
(Borojevic et al., 1983).
(iv) Parasitic Lewis X also seems to be targeted
by the innate immune system through the
C-type lectin dendritic cell-specific ICAM-
3-grabbing non-integrin (DC-SIGN), which
binds to SEA of S. mansoni as well as to Lewis
X-containing neoglycoconjugates (van Die
et al., 2003) and might be involved in the early
cellular immune reaction to schistosomula.
(v) Finally, Lewis X-containing glycoconjugates
have an immunomodulatory effect in murine
and human schistosomiasis as demonstrated
by the induction of cellular secretion of inter-
leukin 10 in vitro (Velupillai and Harn, 1994;
Velupillai et al., 2000).

Fasciola

So far, no structural studies on protein glycosy-
lation in Fasciola have been reported yet,
whereas neutral and acidic glycosphingolipid
structures have been recently characterized.
The results revealed that both Fasciola hepatica
and Fasciola gigantica contain galactosylce-
ramide, glucosylceramide, lactosylceramide
and globotriaosylceramide, thus exhibiting
glycolipids of the globo-series (Wuhrer et al.,
2001; Fig. 21.5). Schisto-series glycosphin-
golipids could not be detected. Besides globo-
triaosylceramide, adult F. hepatica flukes have
been further shown to contain isoglobotriao-
sylceramide as well as Forssman-type glycosph-
ingolipids with terminal GalNAc(α1-3)GalNAc
β1-motifs (Wuhrer et al., 2004; Fig. 21.5).
Histochemical studies indicated Forssman
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glycolipids to occur mainly in the gut of the
parasite (Wuhrer et al., 2004). Analyses of lipid
moieties of the Forssman glycolipids purified
from the parasite indicated that the Forssman
glycosphingolipids found in F. hepatica seem to
be taken up from sheep (Wuhrer et al., 2004). In
contrast, the smaller glycosphingolipids (gluco-
sylceramide, galactosylceramide, lactosylce-
ramide and globotriaosylceramide) exhibit, in part,
ceramide structures with 4-hydroxysphinganine
derivatives (phytosphingosines, t18:0 and
t20:0) and 2-hydroxy fatty acids (Wuhrer et al.,
2001), which resemble the ceramide structures
of schistosome glycosphingolipids (Khoo et al.,
1997a; Wuhrer et al., 2000b). Hence, these gly-
colipids may be assumed to be of parasitic ori-
gin. Intriguingly, F. hepatica further exhibits
glycosphingolipids with unusual Gal(β1-
6)Galβ1-motifs (Wuhrer et al., 2004; boxed
structures in Fig. 21.5). This finding is remark-
able as the same structural units are present on

neogala-series glycosphingolipids of
Cyclophyllida (see below). Corresponding
neogala-reactive antibodies were detected in
F. hepatica infection sera based on their binding
to Echinococcus granulosus and Taenia crassi-
ceps neogala glycosphingolipids. These anti-
bodies might contribute to the known
serological cross-reactivity between F. hepatica
and cestode infection sera.

In addition to the neutral glycosphingolipid
species described above, F. hepatica was found
to express a novel type of acidic, antigenic glyco-
lipid with a structure of GlcNAc(α1-HPO3-6)
Gal(1-1)ceramide (Wuhrer et al., 2003;
Fig. 21.5). In terms of ceramide composition,
this acidic glycolipid seems to be highly
related to the F. hepatica ceramide monohexo-
sides comprising mainly phytosphingosines
and 2-hydroxy fatty acids. Due to its recogni-
tion by F. hepatica infection sera, the
GlcNAc(α1-phosphate) moiety might be of
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Gal(β1-1)Cer    [1]

Glc(β1-1)Cer    [1]

Gal(β1-4)Glc(β1-1)Cer    [1]

Gal(α1-4)Gal(β1-4)Glc(β1-1)Cer    [1,3]

Gal(α1-3)Gal(β1-4)Glc(β1-1)Cer    [3]

Gal(β1-6)Gal(β1- 4)Glc(β1-1)Cer    [3]

Gal(β1-6)Gal(α1- 3/4)Glc(β1-4)Glc(β1-1)Cer    [3]

Gal(β1-6)Gal(β1-6)Gal(α1 -3/4)Gal(β1-4)Glc(β1-1)Cer    [3]

GalNAc(α1-3)GalNAc(β1-3/4)Gal(α1-3/4)Gal(β1-4)Glc(β1-1)Cer    [3]

GlcNAc(α1-HPO3-6)Gal(β1-1)Cer    [2]

Neutral glycolipids

Acidic glycolipid

Fig. 21.5. Glycosphingolipids of F. hepatica adults. The elucidation of the glycosphingolipid structures is
reported in Wuhrer et al. (2001) [1], (2003) [2] and (2004) [3]. Gal(β1-6)-epitopes mediating cross-
reactivity with glycosphingolipids from cestodes are boxed. Cer, ceramide.



potential relevance in the serodiagnosis of fas-
ciolosis. Furthermore, an inositol-containing
species was characterized as 1-O-hexadecyl-
sn-glycerol-3-phosphoinositol (Wuhrer et al.,
2003), which might be a member of a group of
phosphatidylinositol lipids in F. hepatica. Since
this molecule does not represent a glycolipid,
it is not listed in Fig. 21.5.

Cestodes

Glycosphingolipids of cestode species (tape-
worms) analysed so far can be structurally
divided into two different groups and are, there-
fore, separately discussed. As far as available,
structural data on glycoprotein-glycans are pre-
sented independently.

Pseudophyllida

Structural analyses of the neutral glycosphin-
golipids from plerocercoids of the parasites
Spirometra erinacei (Kawakami et al., 1993,
1995, 1996), Spirometra mansonoides (Singh
et al., 1987), Diplogonoporus balaenopterae
(Kawakami et al., 1997) as well as adult worms
and plerocercoids of Diphyllobothrium hottai
(Iriko et al., 2002) revealed the presence of a
novel and so far unique biosynthetic series
(spirometo-series) which is based on galacto-
sylceramide and characterized by the mono-
saccharide sequence Gal(β1-4)Glc(β1-3)Gal-
ceramide (Fig. 21.6). Glycolipids of this type
have been also termed ‘spirometosides’. As
a characteristic feature, these compounds are,
in part, further substituted by (α1-3)-linked fuco-
syl and/or (β1-6)-linked galactosyl residues.
Although the presence of Gal(β1-6)Gal units
(marked by boxes in Fig. 21.6) provides some
structural similarity to the neogala-series gly-
cosphingolipids found in Cyclophyllida (see
below), the occurrence of penultimate glucose
residues clearly differentiates these com-
pounds from all other glycosphingolipids
analysed so far. Hence, these glycosphin-
golipids might be of taxonomic significance.
Since spirometosides have been predomi-
nantly detected at the external surface of the
worm, it is further suspected that these glycol-
ipids might play a functionally important role

in the host–parasite interaction (Yanagisawa
et al., 1999).

In contrast to the striking divergences in
the carbohydrate parts, respective ceramide
moieties resemble those of other cestode gly-
cosphingolipids in so far as sphinganine (d18:0)
and 4-hydroxy-sphingoid bases (t18:0, t20:0)
as well as, in part hydroxylated, fatty acids with
16 to 28 carbon atoms, in particular C26:0 and
C28:0, represent predominant ceramide con-
stituents, which might be an indication of sim-
ilar biosynthetic routes.

Cyclophyllida

Glycosphingolipids

Neutral glycosphingolipids derived from
metacestodes of Echinococcus multilocularis
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Gal(β1-1)Cer    [1,4,6]

Glc(β1-1)Cer    [1,6]

Gal(β1-4)Glc(β1-3)Gal(β1-1)Cer    [2,5,6]

Fuc(α1-3)

Fuc(α1-3)

Gal(β1-4)Glc(β1-3)Gal(β1-1)Cer    [3,6]

Glc(β1-3)Gal(β1-1)Cer    [6]

Glc(β1-3)Gal(β1-1)Cer    [6]

Gal(1-3)Gal(1-1)Cer    [6]

Gal(β1-6)

Gal(β1-6)

Fig. 21.6. Glycosphingolipids of Pseudophyllida.
Glycolipids of Spirometra erinacei were analysed
by Kawakami et al. (1995) [1], (1993) [2] and
(1996) [3]. Glycolipids of S. mansonoides were
analysed by Singh et al. (1987) [4]. Glycolipids of
D. balaenopterae and D. hottai were characterized
by Kawakami et al. (1997) [5] and Iriko et al.
(2002) [6], respectively. Gal(β1-6)-units are
marked by boxes. Cer, ceramide.



(Persat et al., 1990, 1992) or T. crassiceps
(Dennis et al., 1992), Taenia solium cysts
(Lopez-Marin et al., 2002) as well as adult ces-
todes of Metroliasthes coturnix (Nishimura
et al., 1991) express almost exclusively
neogala-series carbohydrate moieties (Fig. 21.7)
despite originating from different parasites,
different life-cycle stages and different verte-
brate hosts. The only exceptions are the
ceramide disaccharide from M. coturnix which
corresponds to the gala-series (Gal(α1-4)Gal
(β1-1)Cer) and a ceramide tetrasaccharide
derivative of T. crassiceps terminating in
a Gal(α1-4)Gal(β1-6)-unit. A fraction of
ceramide disaccharide and ceramide trisaccha-
ride components of E. multilocularis is further
fucosylated, thus forming a Fuc(α1-3)[±Gal
(β1-6)]Gal(β1-6)-moiety. Intriguingly, such
neogala-series glycosphingolipids inhibit the
proliferation of human peripheral blood
mononuclear cells (PBMCs), which suggests
that this type of glycolipid may play an immuno-

logically relevant role in alveolar hydatid dis-
ease (Persat et al., 1996).

The ceramide moieties of these glycol-
ipids display again considerable heterogeneity
in both sphingoid-base and fatty acid compo-
sition. The long-chain bases are typified by
the predominance of dihydrosphingosine
(sphinganine; d18:0) and phytosphingosine
(4-hydroxysphinganine; t18:0) in glycosphin-
golipids from T. crassiceps (Dennis et al.,
1992) and E. multilocularis (Persat et al., 1990,
1992), whilst M. coturnix ceramide moieties
are composed of C18–C20 sphinganine
(d18:0, d20:0) and 4-hydroxysphinganine
(Nishimura et al., 1991). As a characteristic fea-
ture, glycolipids from all sources carry amide-
bound long-chain fatty acids like hexacosanoic
(C26:0) and octacosanoic acids (C28:0), along
with short-chain, partially hydroxylated fatty
acids with 16 or 18 carbon atoms in the
case of E. multilocularis glycolipids, or long-
chain 2-hydroxy fatty acids (e.g. C26h:0) in
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Gal(β1-6)Gal(β1-1)Cer    [2,3]

Gal(β1-6)Gal(β1-6)Gal(β1-1)Cer    [2−4]

Gal(β1-6)Gal(β1-6)Gal(β1-1)Cer    [2]

Gal(β1-6)Gal(β1-6)Gal(β1-6)Gal(β1-1)Cer    [2−4]

Gal(α1-4)Gal(β1- 6)Gal(β1-6)Gal(β1-1)Cer    [3]

Gal(β1-6)Gal(β1-1)Cer    [2]

Glc(β1-1)Cer    [1]

Gal(β1-1)Cer    [1,3−5]

Fuc(α1-3)

Fuc(α1-3)

±Gal(1-4)Gal(1- 3)GalNAc-   [7]

Gal(1-3)GalNAc-   [7]

GlycosphingolipidsO-glycans

N-glycans

±Gal(α1-) ±Gal(β1- 4) ±GlcNAc(β1-2)Man(α1-6)

±Gal(α1-) ±Gal(β1- 4)GlcNAc(β1-2)Man(α1-3)

±Gal(1-4) ±Gal(1- 3)GalNAc-    [7]

±GlcNAc(1-6)

Man(β1-4)GlcNAc(β1-4)GlcNAcβ1-Asn  [6]

Fuc(α1-6)

±Gal(1-4)Gal(1- 4)GalNAc(1-6)

Gal(α1-4)Gal(β1- 1)Cer    [4]

Fig. 21.7. Glycosphingolipids and protein glycosylation of Cyclophyllida. Glycolipids of E. multilocularis
were analysed by Persat et al. (1990) [1] and (1992) [2]. Glycolipids of T. crassiceps and M. coturnix
were characterized by Dennis et al. (1992) [3] and Nishimura et al. (1991) [4], respectively. The major
glycolipid of T. solium was analysed by Lopez-Marin et al. (2002) [5]. Cer, ceramide. N-glycans of
E. granulosus and O-glycans of E. multilocularis were described by Khoo et al. (1997c) [6] and
Hülsmeier et al. (2002) [7], respectively. Possible Galα1-4)Gal1- structural elements are boxed.



M. coturnix ceramide. Intriguingly, fucosylated
glycolipids obtained from E. multilocularis
were found to possess only short-chain fatty
acids with 16 and 18 carbon atoms (mainly
C16:0 and C18h:0), which might indicate that
the (α1-3)-fucosyltransferase involved in the
biosynthesis of such compounds requires an
acceptor substrate with shorter fatty acids,
whereas (β1-6)-galactosyltransferase from this
source obviously accepts all kinds of galacto-
sylceramide precursors (Persat et al., 1992).

In addition to neutral compounds,
cestode-derived glycosphingolipids have been
reported to comprise also small amounts of
gangliosides, i.e. acidic, sialic acid-containing
glycolipid molecules (Dennis et al., 1993;
Persat et al., 1994). Structural studies per-
formed on the acidic glycosphingolipids from
E. multilocularis led to the identification of
GM1, GM3, GD1a and, to a lesser degree, GM2, all
belonging to the same a-ganglio-series (Persat
et al., 1994). Structural analyses of the respec-
tive ceramide moieties, however, revealed that
E. multilocularis gangliosides contain com-
pletely different ceramide moieties character-
ized by the presence of sphingosine (d18:1)
and non-hydroxylated fatty acids with 16 to 24
carbon atoms. Since the ceramide composi-
tion and the structures of the respective carbo-
hydrate chains resemble that of mammalian
gangliosides, it has been concluded that these
minor components of E. multilocularis
metacestode-derived glycosphingolipids are
probably taken up from the host (Persat et al.,
1994, 1995). Therefore, these structures are
not listed in Fig. 21.7.

Glycoproteins

Carbohydrates have been shown to contribute
significantly to the antigenicity of cestode gly-
coproteins (Obregón-Henao et al., 2001;
Elayoubi et al., 2003). Furthermore, there is
evidence that the laminated layer of E. multi-
locularis metacestodes is largely composed of
carbohydrates (Ingold et al., 2000) which may
be involved in immunosuppressive events that
occur at the host–parasite interface (Walker
et al., 2004). At the structural level, however,
little is known about the carbohydrate moieties
of cestode glycoproteins in general. One excep-
tion is the highly species-specific E. multilocu-

laris antigen referred to as Em2(G11) which is a
major component of the laminated layer.
Carbohydrate structure analyses (Hülsmeier
et al., 2002) revealed that Em2(G11) is a
mucin-type glycoprotein carrying O-linked
glycans with core 1 (Gal(β1-3)GalNAc) or core
2 (GlcNAc(β1-6)[Gal(β1-3)]GalNAc) structures
(Fig. 21.7). As a characteristic feature, these
glycans are capped, in part, by Gal(1-4)Gal-
units, thus forming novel O-linked oligosac-
charide structures. Although the anomeric
configurations of the respective monosaccha-
ride constituents have not been determined,
this Gal(1-4)Gal-epitope appears to be homol-
ogous to the Gal(α1-4)Galβ-determinant found,
at least in part, in cestode glycosphingolipids
(Fig. 21.7). The identification of O-linked
Tn antigen (GalNAc-O-Ser/Thr) in this cestode
glycoprotein is in agreement with lectin-based
studies which demonstrated the presence of
this epitope in both larval and adult worm
extracts of E. granulosus (Alvarez Errico et al.,
2001).

Structural characterization of N-linked
glycans, enzymatically released from crude
extracts of E. granulosus hydatid cyst mem-
branes and protoscoleces, demonstrated
that carbohydrates from the cyst membra-
nes represent predominantly non-charged
oligosaccharides with partially truncated N-
acetyllactosamine (Gal(β1-4)GlcNAc) anten-
nae and core-fucosylation (Khoo et al.,
1997c). A significant proportion of these anten-
nae were found to be capped by α-galactose,
thus forming again Galα-Galβ-terminal struc-
tures (Fig. 21.7). Although the exact linkage
position of α-Gal has not been established,
this finding supports the hypothesis that
Gal(α1-4)Galβ-determinants represent a car-
bohydrate epitope which may be shared by
both cestode glycosphingolipids as well as N-
and O-linked glycoprotein-glycans. In addition
to the complex-type carbohydrates men-
tioned above, N-glycans recovered from pro-
toscoleces extracts comprised small
proportions of high mannose and truncated
core structures, as well. In principle, analo-
gous results were obtained for N-linked gly-
cans from T. solium metacestodes (Haslam
et al., 2003). In this case, however, sugar
chains with terminal Galα–Galβ structures
have not been reported.
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Concluding Remarks

Flatworms express a vast variety of carbohy-
drate structures. While fucosylation makes a
major contribution to glycan diversity and
antigenicity in schistosomes (e.g. core-α1-3/6-
fucosylation, oligofucosyl chains, Lewis X,
pseudo-Lewis Y), the trematode F. hepatica as
well as cestodes of the genera Echinococcus
and Taenia exhibit a variety of antigenic galac-
tosylated glycoconjugates (e.g. neogala- and
globo-series type of structures). Besides the
production of highly antigenic glycoconju-
gates, which often function as major targets of
the host’s immune response, presentation of
host-like glycans occurs. This phenomenon is
well described for schistosomes (expression of
Lewis X epitopes), but seems to be more gen-
eral and has been also reported for F. hepatica

(presence of Forssman antigen and globotriao-
sylceramide). Surface-expressed carbohydrate
determinants, which are shared between para-
site and host, can be interpreted as a camou-
flage coat according to the concept of
‘molecular mimicry’. In addition, they may
have an immunomodulatory role.

While future work will certainly come
up with many more structural features of flat-
worm glycoconjugates, the rapid progress of
the flatworm genome projects should lead to
the identification and allow the characteriza-
tion of many enzymes of the glycosylation
machinery. Together with immunological
studies and the expected establishment of
methods for the genetic manipulation of flat-
worms, future research should be able to
generate a much more detailed picture of
flatworm glycobiology.
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Introduction

RNA interference (RNAi) is defined as the
mechanism by which gene-specific double-
stranded RNA (dsRNA) triggers degradation of
homologous mRNA transcripts. One paper
refers to this as ‘killing the messenger’; the
result is sequence-specific gene silencing
(Tabara et al., 1998; Hunter, 1999; Grishok
and Mello, 2002; Malhotra et al., 2002;
Dykxhoorn et al., 2003). The phenomenon was
first discovered in the free-living nematode,
Caenorhabditis elegans when it was observed
that dsRNA was at least 10-fold more potent at
suppressing the expression of a target gene
than either sense or antisense RNAs alone (Fire

et al., 1998). This silencing by dsRNA in C. ele-
gans has since been found to have a number of
remarkable properties. First, RNAi can be
induced either by injecting dsRNA into the
worm or by introducing dsRNA through feed-
ing either the dsRNA itself or bacteria engi-
neered to express it (Tabara et al., 1998;
Timmons et al., 2001). Second, RNAi is potent
since only a small number of molecules of
dsRNA per cell can trigger gene silencing
throughout the treated animal (Grishok et al.,
2001; Zamore, 2001). Third, the phenomenon
can be relatively long-lasting and can often be
detected in the F1, or first generation, progeny
of treated animals, and beyond (Grishok and
Mello, 2002).
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Molecular Mechanisms of Silencing

Our present understanding of the mechanisms
underlying dsRNA-induced gene silencing is
derived largely from genetic studies in C. ele-
gans and plants and from biochemical studies
of Drosophila extracts (Klink and Wolniak,
2000; Maine, 2001; Worby et al., 2001;
Hutvagner and Zamore, 2002a,b; Schmid
et al., 2002). A current model for RNAi and
related silencing phenomena is shown dia-
grammatically in Fig. 22.1. Silencing first
involves the recognition of dsRNAs by RNAse
III ribonucleases that convert them into 20–26
nucleotide-long RNAs (Step 1, Fig. 22.1)
(Carthew, 2001). These small interfering RNAs
(siRNAs) are double-stranded and contain
5′-phosphorylated termini and two-nucleotide
3′-overhangs that are a signature of the silencing
pathways of plants and animals (Fjose et al.,
2001; Lipardi et al., 2001). One class of RNAse
III ribonucleases, called the Dicer enzymes,
process dsRNA into siRNAs (Grishok et al.,
2001). Dicer enzymes are multidomain, evolu-
tionarily conserved proteins comprising heli-
case, RNAse III and dsRNA-binding regions
(Hannon, 2002). Dicer enzymes also possess a
PAZ domain, which is named after the proteins
Piwi, Argonaut and Zwille; the PAZ domain is
about 150 amino acids long and contains an
RNA-binding fold (Lingel et al., 2003). siRNAs,
generated through dsRNA cleavage by Dicer,
are proposed to next join with an effector
nuclease, known as the RNA-induced silenc-
ing complex (RISC) (Step 2, Fig. 22.1) (Grishok
and Mello, 2002). In an ATP-dependent step,
siRNAs are unwound and RISC is activated
(Step 3, Fig. 22.1) (Nykanen et al., 2001). The
siRNAs are presumed to identify homologous
mRNA substrates through Watson–Crick base-
pairing (Step 4, Fig. 22.1). The RISC recognizes
and destroys such target mRNAs in an
endonucleolytic manner (Step 5, Fig. 22.1)
(Grishok et al., 2001; Grishok and Mello,
2002). Cleavage requires extensive comple-
mentarity between the target mRNA and an
antisense siRNA and occurs near the middle of
the region bounded by the siRNA strand
(Schwarz et al., 2003).

The RISC assembly pathway and the full
composition of the silencing complex are under
active investigation and several proteins have

been identified as being RISC-associated (Pham
et al., 2004). In C. elegans, RDE proteins bind
to long dsRNAs and are thought to present
these to Dicer for processing (Tabara et al.,
1999, 2002). Argonaute protein family mem-
bers appear to be essential components of the
RISC (Tabara et al., 1999; Hammond et al.,
2001; Shi et al., 2004). These proteins have
conserved structural features; they are basic
proteins of about 100 kDa that possess two
characteristic domains: PAZ and Piwi. The
~150 amino acid PAZ domain is also located
in Dicer and, as noted above, contains an
RNA-binding fold (Lingel et al., 2003). The
Piwi domain is approximately 330 amino acids
long and is found at the carboxyl-terminus of
Argonaute-family proteins where it functions to
interact with the RNAse III domain of Dicer
(Tahbaz et al., 2004). In some organisms
(plants, fungi, C. elegans), an RNA-dependent
RNA polymerase is also essential for RNAi but
in other organisms (Drosophila, mammals) this
is not the case (Baulcombe, 1999; Smardon
et al., 2000; Volpe et al., 2002). In a similar
manner, the RNAi response can spread
throughout some organisms (plants, C. elegans)
but not others (Drosophila, mammals) and this
may be related to the presence or absence of
dsRNA uptake or transport systems in some
creatures (Feinberg and Hunter, 2003). In C.
elegans, the putative transmembrane protein
SID-1 has been implicated as a channel for
dsRNA that facilitates the spread of RNAi
(Winston et al., 2002).

Biological Functions of
Gene Silencing

A variety of functions have been proposed for
the endogenous role of the RNAi machinery
within cells. These include a role in the
destruction of viral RNAs. The fact that some
viruses encode inhibitors of RNAi supports
the contention that RNAi represents a viral
defence system in some organisms (Silhavy
et al., 2002). RNAi may also suppress the
expression of potentially harmful segments of
the genome such as transposons which might
otherwise destabilize the genome by acting
as insertional mutagens (Hannon, 2002).
RNAi has also been suggested to participate



in the regulation of mRNA stability or in
nuclear microdomain organization. It has
been further suggested that components of
the RNAi machinery may function in several
pathways of gene regulation (Djikeng et al.,
2001; Allshire, 2002; Hannon, 2002; Hu

et al., 2002; Zilberman et al., 2003; Shi et al.,
2004). C. elegans worms lacking Dicer are
sterile and show alterations in developmental
timing, highlighting the important role this
enzyme plays in nematode biology (Knight
and Bass, 2001).
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Fig. 22.1. A model of gene silencing. Long, double-stranded RNAs (dsRNAs) are processed into 20–26
nucleotide small interfering RNAs (siRNAs) by Dicer (Step 1). The siRNAs associate with an RNA-
induced silencing complex (RISC, Step 2), unwinding and activating in the process (Step 3). The
antisense strand of the siRNA guides the RISC to complementary mRNA molecules (Step 4), which are
cleaved and destroyed (Step 5). Sense and antisense RNA strands are indicated by thick and thin lines,
respectively.



Over the past several years, many groups
have described endogenous RNA substrates
that enter silencing pathways (Lagos-Quintana
et al., 2002; Reinhart et al., 2002; Ambros
et al., 2003; Lai et al., 2003). These substrates
are called microRNAs (miRNAs) and are short
non-coding RNAs that form hairpin structures.
This makes the stem of the miRNA hairpins
largely double-stranded but the sequences
contain mismatches. These miRNAs enter
silencing pathways, leading to gene silencing
through either mRNA destruction or the sup-
pression of protein synthesis (Hutvagner and
Zamore, 2002a,b). miRNAs are transcribed
from the genomes of a variety of organisms. In
the cytoplasm, pre-miRNAs are processed by
Dicer into mature, ~22 nucleotide miRNAs.
Such molecules were first described as con-
trolling the timing of C. elegans development
(Lee et al., 1993).

Introducing long dsRNA (>30 nucleotides)
into mammalian cells initiates a potent antivi-
ral response, exemplified by the non-specific
inhibition of protein synthesis and RNA degra-
dation. The mammalian antiviral response can
be bypassed, however, by the introduction
or expression of smaller (generally 21–23
nucleotide long) dsRNAs (Elbashir et al.,
2001). These siRNAs can suppress mammalian
gene expression in a highly specific manner
without eliciting a vigorous, non-specific
antiviral response.

RNAi as a Molecular 
and Therapeutic Tool

In addition to the considerable interest in
understanding the biology of endogenous
gene-silencing phenomena, there is awareness
that RNAi is an immensely valuable molecular
tool for analysing gene function. One of the
most effective ways to determine the biological
function of a protein is to examine the pheno-
type of organisms that have reduced levels of
the protein. Classically, this has been achieved
by mutating the gene encoding the protein
using either molecular genetics or chemical
mutagens. Alternative methods for suppressing
specific genes, such as RNAi, have more
recently proved very powerful. In recent years,
RNAi has permeated all fields of eukaryotic

biology as a central technology of molecular
analysis and this is particularly true in those
organisms that are not amenable to classical
genetic approaches. For key model organisms
too, RNAi has proven invaluable. For instance,
in C. elegans testing the functions of individual
genes by RNAi has extended to analysis of all
of the worms predicted approximately 19,000
genes (Carpenter and Sabatini, 2004). A similar
genome-wide functional screen in Drosophila
melanogaster has also been undertaken and
similar strategies are being pursued in other
organisms (Carpenter and Sabatini, 2004).

The potency and specificity of RNAi has
resulted in a focus on its therapeutic use for the
prevention and treatment of a variety of condi-
tions, including infectious diseases (McCaffrey
et al., 2003; Park et al., 2003; Song et al.,
2003; Zhang et al., 2003). For instance, intra-
venous siRNA administration was used to suc-
cessfully suppress gene expression in brain
cancer in vivo in adult rats (Zhang et al., 2003).
Local gene knockdown in specific brain tissues
of adult mice was earlier reported (Hommel
et al., 2003). Treatment of mice with siRNA
duplexes targeting the Tnfrsf6 gene (encoding
the Fas receptor) was able to protect mice from
liver failure and fibrosis in two models of
autoimmune hepatitis (Song et al., 2003).
Work with RNAi in the development of treat-
ments for infectious disease has, so far, focused
on viral infection. For example, administration
of siRNA targeting the HIV-1 env gene resulted
in this gene being specifically silenced in
peripheral blood mononuclear cells (Park
et al., 2003). In experiments involving hepati-
tis B virus (HBV) infection, RNA administration
in vivo blocked replication of HBV in hepato-
cytes of infected mice (McCaffrey et al., 2003).
In this case, immunohistochemical detection
of HBV core antigen revealed more than 99%
reduction in stained hepatocytes upon RNAi
treatment, demonstrating the validity of the
approach in the treatment of viral diseases.

RNAi Protocols

It is important to note that RNAi suppresses gene
expression but does not abolish gene function.
The degree of suppression observed depends
on the amount of dsRNA that enters the RNAi
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pathway and on the half life and abundance of
the corresponding protein. In addition, tissue
types can differ in their degree of RNAi pene-
trance such that suppression can vary between
different tissues (Timmons et al., 2001). A num-
ber of experimental strategies exist for induc-
ing RNAi and several are illustrated in
Fig. 22.2. Target organisms can be exposed to
long dsRNA or short, siRNA. To generate long
dsRNA, a fragment of the target’s coding DNA
is first obtained, routinely by PCR. The PCR
may be carried out using primers encoding
part of the target as well as terminal RNA poly-
merase promoter sites. In this way, the result-
ant DNA product is bounded by RNA
polymerase promoter sequences (depicted by
‘flags’ in Fig. 22.2, upper left); the PCR product
can then be purified and used as a template
in vitro to generate single-stranded RNAs, using
appropriate RNA polymerases (Fig. 22.2, A).

Complementary, single-stranded RNAs are
annealed in vitro to generate the final, dsRNA
product (Fig. 22.2, B). This dsRNA may be
cleaved by Dicer to generate siRNAs (Fig. 22.2,
E) that can participate in gene silencing as
illustrated in Fig. 22.1.

Synthesis, purification and annealing of
siRNA by industrial chemical processes, for
direct use in gene suppression experiments, is
becoming increasingly popular. The character-
istics of those sequences that constitute the
most inhibitory siRNAs are unresolved; it is not
currently possible to predict the degree of gene
suppression a particular siRNA will produce. It
is recommended that the siRNA target site be
located >100 nucleotides from the initiation
codon and >50 nucleotides from the termina-
tion codon (Sui et al., 2002). For optimal
siRNA secondary structure, the GC ratio
should ideally be between 45% and 55%. It is
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Fig. 22.2. Protocols for gene silencing. To induce gene silencing, target organisms are exposed to
double-stranded RNA (dsRNA). Sense and antisense RNA sequences are indicated by thick and thin
lines, respectively. To generate long dsRNA, a fragment of the target’s coding DNA is obtained, routinely
by PCR using primers that contain RNA polymerase promoter sites (black and white ‘flags’). The PCR
product is used as a template to generate single-stranded RNAs in vitro, using appropriate RNA
polymerases (A). The complementary, sense and antisense RNAs are annealed in vitro to generate a
dsRNA product (B). This dsRNA may be cleaved by Dicer to generate siRNAs (E). Small interfering
RNAs (siRNAs) can be synthesized chemically for direct use in gene silencing studies. siRNAs can also
be produced with DNA plasmids or expression cassettes (upper right) that are used to generate RNA
molecules containing inverted repeats (C). By folding back on themselves, these RNA molecules
effectively become double-stranded and are then termed short hairpin RNAs (shRNAs) (D). As is the
case for longer dsRNAs, these shRNAs may also be processed by Dicer into siRNAs (E) to participate
in gene silencing, as illustrated in Fig. 22.1.



important to ensure that the sequence is spe-
cific to the target gene by performing a data-
base search. This minimizes the chance that
non-target genes will be suppressed by the
introduced siRNA.

In some cases, long dsRNAs have been
cleaved using recombinant ribonuclease III to
produce multiple siRNAs (Yang et al., 2002).
siRNAs can also be produced using DNA plas-
mids or expression cassettes (Fig. 22.2, upper
right). These constructs are used to generate
inverted repeats that are separated by a spacer
of three to nine nucleotides (Fig. 22.2, C). By
folding back on themselves, the RNA mole-
cules effectively become double-stranded and
are termed short hairpin RNAs (shRNAs)
(Fig. 22.2, D). These shRNAs are processed by
Dicer into siRNAs (Fig. 22.2, E) and these can
participate in gene silencing as illustrated in
Fig. 22.1.

RNAi in Flatworms

RNAi has been described in organisms of
diverse phylogeny – plants, fungi, insects, nema-
todes, African trypanosomes, Dictyostelium
discoideum, spiders and vertebrates (Wianny
and Zernicka-Goetz, 2000; Schoppmeier and
Damen, 2001; Caplen et al., 2002; Hutvagner
and Zamore, 2002a,b; Martens et al., 2002;
McRobert and McConkey, 2002; Morris et al.,
2002; Urwin et al., 2002; Ullu et al., 2004).
However, the phenomenon is not universal;
several organisms have been described that do
not display RNAi. These include the unicellu-
lar parasites Leishmania major, Trypanosoma
cruzi and the yeast Saccharomyces cerevisiae
(Robinson and Beverley, 2003; DaRocha
et al., 2004; Ullu et al., 2004). In the case of
flatworms however, the machinery for tar-
geted gene suppression through RNAi is
known to exist for both free-living and parasite
forms (Sanchez Alvarado and Newmark, 1999;
Boyle et al., 2003; Sanchez Alvarado, 2003;
Skelly et al., 2003).

Planaria

In flatworms, RNAi was first described in the
free-living planarian Schmidtea mediterranea

(Sanchez Alvarado and Newmark, 1999).
Planarians have long been used as models to
study the development and the regeneration
(Salo and Baguna, 2002; Sanchez Alvarado,
2003). Small fragments of planarians are capa-
ble of regenerating complete individuals and
recent effort has focused on investigating the
molecular mechanisms underlying such extraor-
dinary regenerative capabilities. To investigate
the role of body wall myosin in regeneration,
individual S. mediterranea were cut trans-
versely into several pieces and myosin dsRNA
was injected into the exposed parenchyma
and/or the gastrovascular system (Sanchez
Alvarado and Newmark, 1999). The fragments
were then allowed to heal and regenerate at
room temperature. After 3 days, immunofluo-
rescence analysis revealed that animals
injected with the myosin dsRNA exhibited lit-
tle, if any, regeneration of the body wall mus-
culature within their blastemas relative to
controls (injected with water or single-stranded
RNA) (Sanchez Alvarado and Newmark,
1999). Similarly, 1 day after injecting head
fragments with opsin dsRNA, opsin mRNA was
undetectable in the retinular cells of the pla-
narian photoreceptor, as determined by in situ
hybridization. In contrast, the expression level
of opsin was unchanged in the photoreceptors
of control heads (injected with water or an
irrelevant (α-tubulin) dsRNA) (Sanchez
Alvarado and Newmark, 1999). These experi-
ments suggest that dsRNA in planarians acts in
the manner described for other organisms – by
reducing the normal accumulation of endoge-
nous RNA transcripts. In addition, since RNAi
was observed away from the site of dsRNA injec-
tion, this implies the presence of a dsRNA deliv-
ery system in planarians.

Rather than introducing dsRNA by microin-
jection, other workers simply soaked the flat-
worms in dsRNA (Orii et al., 2003). Fragments
of Dugesia japonica were soaked in water con-
taining dsRNA encoding the DjIFb protein that
is expressed in the body margin. Immuno-
fluorescence analysis showed that this treatment
suppressed DjIFb expression in regenerated
worms (Orii et al., 2003). This soaking method
requires more RNA than microinjection and
the RNAi effect is dependent on the concen-
tration of dsRNA used. However, the effect
observed at high concentration could also be
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achieved by repeated treatment at a lower con-
centration of dsRNA. RNAi was never seen in
worms fragmented after dsRNA treatment
(Orii et al., 2003). This suggests that the intact,
mucous-covered, body surface is impermeable
to dsRNA.

Ingestion of bacteria expressing dsRNA
by planarians can also trigger the RNAi
response, leading to specific gene inhibition,
albeit with lower penetrance (Newmark et al.,
2003). The method was used to target genes in
a variety of cell types including secretory
cells, cells of the gastrovascular system and
neurons (Newmark et al., 2003). This is in
contrast to C. elegans whose mature neurons
are refractory to RNAi (Timmons et al., 2001).
From the experiments reported so far, the
inhibitory effect observed in planarians fol-
lowing ingestion or injection of dsRNA has
been put at about 3 weeks (Pineda et al.,
2000; Newmark et al., 2003).

Given that flatworms are sensitive to RNAi
following dsRNA treatment by soaking, feed-
ing or microinjection, the technology is being
used to investigate aspects of planarian biol-
ogy. For instance, expression of the sine oculis
gene (Gtso) of Girardia tigrina has been specif-
ically suppressed by dsRNA treatment (Pineda
et al., 2000). The gene is expressed exclusively
in photoreceptor cells. Loss of function of Gtso
by RNAi during planarian regeneration com-
pletely inhibits eye regeneration. Gtso is also
essential for maintaining the differentiated
state of photoreceptor cells (Pineda et al.,
2000). Other work involves the nou-darake
(ndk) gene which encodes a fibroblast growth
factor receptor-related protein of D. japonica.
RNAi of ndk expression results in ectopic brain
formation throughout the planarian (Cebria
et al., 2002). This work suggests that ndk mod-
ulates fibroblast growth factor signalling in pla-
narian stem cells (neoblasts) to restrict brain
tissue to the head region (Cebria et al., 2002).

Schistosomes

RNAi has also been used to suppress gene
expression in another type of flatworm,
specifically the trematode Schistosoma man-
soni (Boyle et al., 2003; Skelly et al., 2003).
Schistosomes are parasitic platyhelminths

that cause a chronic, debilitating disease
called schistosomiasis that afflicts over 200
million people globally. The disease is char-
acterized by the presence of adult worms, or
blood flukes, within the portal and mesen-
teric veins or within the veins of the bladder
(depending on the precise schistosome
species). These worms, living as male/female
pairs, can survive for many years during
which time the female produces hundreds of
eggs per day. The primary pathological conse-
quences of schistosome infection are the
host’s immunological response to these eggs
within host tissues.

The schistosome life cycle is extraordinary
for its complexity and dramatic transforma-
tions. Eggs produced by adult S. mansoni pass
through the intestinal wall into the environ-
ment. Once in fresh water, the egg hatches to
release a multicellular, free-swimming, ciliated
organism called a miracidium. Using chemo-
taxis, the miracidium finds and infects a fresh-
water snail intermediate host and undergoes a
complicated maturation. The miracidium first
transforms into a mother sporocyst (in a process
called miracidial transformation) and later
spawns numerous daughter sporocysts that
migrate to different sites within the snail. These
sporocysts asexually produce schistosome lar-
vae called cercariae that are released daily into
the environment. Water-borne cercariae use
their propulsive tails to find and infect verte-
brate hosts. With the aid of secreted enzymes,
the cercariae penetrate the skin and transform
into juvenile forms called schistosomula, in a
process called cercarial transformation.
Transformation involves complex biochemical
and morphological changes including the
shedding of the cercarial tail, the release of the
cercarial tegument and the biogenesis of a
new, intra-vertebrate tegumental covering.
Over the next 6 weeks or so, the schistosomula
migrate via the bloodstream to the lungs, then
to the liver and eventually to the mesenteric
veins where the male/female pairs begin to
produce eggs.

Two different developmental stages of
S. mansoni have been tested for RNAi – the
intra-vertebrate larval form called the schisto-
somulum and the intra-molluscan larval stage
called the sporocyst (Boyle et al., 2003; Skelly
et al., 2003). In schistosomula, the cathepsin
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B gene was targeted for suppression by RNAi.
Cathepsins are proteolytic enzymes that are
involved in haemoglobin digestion; the haemo-
globin is obtained from red blood cells that are
eaten by the blood-dwelling schistosomes.
A family of cathepsins has been described in
S. mansoni including the major gut-associated
papain-like cysteine proteinase cathepsin B
(also known as Sm31) (Gotz and Klinkert,
1993; Tort et al., 1999). In these RNAi experi-
ments, cercariae recovered from infected
snails were vortexed to separate tails from bod-
ies and the bodies were recovered by centrifu-
gation. Cathepsin B dsRNA was then added to
the parasites that were incubated in RPMI cul-
ture medium at 37°C. Under these conditions
the parasites undergo transformation; it was
hypothesized that the dsRNA may gain easier
access into the schistosomes during this period
when their external membranes are in a state
of flux (Skelly et al., 2003). It was shown that
after 6-day incubation, the expression of the
cathepsin B gene was suppressed in parasites
exposed to cathepsin B dsRNA but not in par-
asites exposed to control dsRNAs. Immuno-
fluorescence analysis using anti-cathepsin B
antibodies showed that the enzyme was unde-
tectable in most cathepsin B dsRNA-treated
parasites (63%), while the remainder of these
parasites (37%) did stain for the protein. In
contrast, in the majority of parasites treated
with control dsRNAs, cathepsin B was evident
(74–85%) (Skelly et al., 2003). Enzyme activity
measurements in these parasite populations
also revealed the suppressive effect of cathep-
sin B dsRNA treatment; activity levels detected
in soluble extracts of treated parasites were
five- to sixfold lower than those of controls
(Skelly et al., 2003). Finally, using reverse
transcriptase-PCR, gene suppression was evi-
denced by the inability to detect cathepsin B
cDNA using RNA obtained from treated para-
sites. Despite the substantial suppression of
expression of the cathepsin B protease, treated
parasites did not exhibit an overtly altered phe-
notype and all groups exhibited equivalent via-
bility at the end of the 6-day culture period.
This means that exposure to cathepsin B dsRNA
is not lethal for cultured parasites at the devel-
opmental stage examined. This is not surprising
given the proposed primary role of cathepsin B

in degrading haemoglobin in the host blood-
stream and the fact that treated parasites were
young schistosomula maintained in vitro in
nutrient-rich medium.

To examine RNAi at the sporocyst stage of
the S. mansoni life cycle, two genes were tar-
geted for suppression; the glycolytic enzyme
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and a glucose transporter protein
(SGTP1) (Charrier-Ferrara et al., 1992; Skelly
et al., 1994). For these experiments, miracidia
were cultured with GAPDH or SGTP1 dsRNA
in a balanced salt solution. This mimics the salt
concentration of the intermediate snail host of
S. mansoni and promotes miracidial transforma-
tion and sporocyst development. After 6 days
in culture, significant reductions (60–90%) in
target gene transcript levels were detected by
quantitative PCR analysis while non-target
transcript levels were unaltered (Boyle et al.,
2003). As little as 10 nM SGTP1 dsRNA was
sufficient to reduce SGTP1 transcript levels.
Additionally, the glucose uptake capacity of
sporocysts treated with SGTP1 dsRNA was sig-
nificantly diminished relative to controls
(Boyle et al., 2003). In some experiments,
sporocysts were washed following 6-day expo-
sure to dsRNA and were then further cultured
for 14 or 28 additional days in the absence of
dsRNA. The level of SGTP1 transcripts was sig-
nificantly reduced at both time points, while
non-target transcript levels were unaltered.
This demonstrates that the effects of SGTP1
dsRNA treatment persisted for up to 4 weeks
(Boyle et al., 2003). The time frame for persist-
ence of an RNAi effect in schistosomes is
comparable to that reported above for planari-
ans (Pineda et al., 2000; Newmark et al.,
2003).

RNAi in larval schistosomes was only
observed if dsRNA was administered at, or
shortly after, the initiation of miracidial trans-
formation. As the time between transformation
initiation and the addition of dsRNA increased,
the effectiveness of the treatment decreased;
by 24 h, dsRNA treatment was completely
ineffective at reducing target transcript levels
(Boyle et al., 2003). As noted earlier, both
miracidial transformation and cercarial trans-
formation involve complex outer tegumental
membrane reorganizations; it may be that the
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parasites are most susceptible to RNAi when
dsRNA is administered during these processes.
The dsRNA may most efficiently gain entry into
the larvae at these times. To test this, miracidia
were exposed to rhodamine-labelled SGTP1
dsRNA either at the start of transformation or
20 h later. After 4 h exposure, larvae were fixed
and the degree of labelled dsRNA entry into
both groups was assessed. It was reported that
qualitatively both the fluorescence intensity
and the proportion of larvae that were fluores-
cent did not differ between the groups and
label was clearly detected within the bodies of
some larvae in both groups (Boyle et al.,
2003). This means that it is unlikely that
dsRNA entry is responsible for differences in
the effects of dsRNA in the two life stages
examined. However, it remains possible that
dsRNA cannot enter in sufficient amounts to
exert a demonstrable effect at lengthy time
points beyond miracidial transformation
(Boyle et al., 2003). As noted, dsRNAs have
been introduced into flatworms by soaking the
organisms in dsRNA-containing solutions, by
microinjection or by feeding some species
with bacteria expressing dsRNA. In other sys-
tems, transfection reagents (mostly liposomal
or amine-based) have been used to promote
nucleic acid uptake. Attempts to optimize
RNAi in S. mansoni with one such reagent
(Lipofectamine) were not successful (Skelly
et al., 2003).

Concluding Remarks

These studies examining the impact of expos-
ing schistosomula and sporocysts to dsRNA
have demonstrated the susceptibility of these
S. mansoni life stages to dsRNA-mediated
interference. This ability to manipulate gene
expression through RNAi represents a power-
ful new tool for investigating gene function in
these debilitating human parasites and adds to
the growing arsenal of gene manipulation
techniques being developed for use with para-
sitic flatworms (Davis et al., 1999; Wippersteg
et al., 2002; and see Chapter 7, this volume).
With suitable molecular genetic tools such as
RNAi, it will now be possible to more fully
exploit flatworm genome databases that are
currently under development (Hu et al., 2003;
Verjovski-Almeida et al., 2003). In this manner,
it will be possible to identify worm genes and
gain a fuller understanding of platyhelminth
cellular and molecular biology. All of which
should help to highlight the vulnerabilities of
parasitic forms to immunological, chemothera-
peutic or other interventions.
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