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Preface

Echinostomes are parasitic intestinal trematodes that infect a wide range of verte-
brate host species, including humans, in their adult stage, and also parasitize numer-
ousinvertebrateand cold-blooded vertebrate hostsintheir larval stages. Echinostomes
have been studied for many years in relation to their role as basic research models
in biodiversity and the systematics of helminths, particularly since the systematics
of echinostomes are problematic because of interspecific homogeneity of character-
istics to distinguish species. Apart from these aspects, echinostomes have been used
extensively as experimental models in parasitology. In a pragmatic sense, echinos-
tomes offer many advantages in experimental parasitology, i.e., easy maintenance of
their life cycles in the laboratory, wide distribution of larval and adult stages, and a
broad spectrum of intermediate and definitive hosts. For these reasons, echinostomes
have contributed significantly to numerous developments in many areas studied by
parasitologists and experimental biologists.

In this context, the application of novel techniques is moving the echinostomes
into the frontline of parasitology in several areas. In recent years, a number of find-
ings of importance for present and future developments in parasitology have been
made using echinostomes as experimental models. Of particular interest are
advances in fields such as immunobiology of snails and rodent hosts against
parasitic infections, effects of echinostomes and echinostome-like trematodes on
natural populations of amphibians, metabolic profiling of trematodes, assessment
of anthelminthic drugs, and proteomic studies of intestinal helminth infections.
Extensive coverage of the aforementioned topics is included in this book.

A book which presents echinostomes as experimental models should be well
received by research workers and advanced students. This book reviews the recent
literature on echinostomes, mainly from 1998 to 2007, supplementing the literature
covered in the coedited book by B. Fried and T.K. Graczyk in 2000 on Echinostomes
as Experimental Models for Biological Research (Kluwer, Dordrecht). In this new
book several chapters cover the research and literature on such echinostome-like
trematodes as Ribeiroia spp. Emphasis is placed on recent advances and gaps in
knowledge that must be filled to determine the importance of this group of digene-
ans as experimental models. This is critical to gain a full understanding of the
potential role of echinostomes in the field of experimental parasitology.



Vi Preface

Thelist of chaptersincludes some basic subject matter as well as some new top-
ics. All chapters are covered from a modern point of view, considering matters such
as the applications of novel techniques and analysis of data in the context of host-
parasite interactions. In summary, the main goal of this book is to present the echi-
nostomes in the context of modern parasitology and to show applications of new
methodologies and concepts to a group of trematodes that may be useful to obtain
information of great value in both parasitology and general biology.

Easton, PA Bernard Fried
Burjassot, Valencia Rafael Toledo
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Chapter 1
Echinostomes. Systematics and Life Cycles

José Guillermo Esteban and Carla Mufioz-Antoli
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Abstract Thischapter providesareview of the most significant literaturein the last
decade on the systematics and biology of echinostomes and echinostome-like dige-
neans. Thisreview is primarily concerned with members of the genus Echinostoma,
although members of other genera (Echinoparyphium, Echinochasmus, Himasthla,
Hypoderaeum, Petasiger, Euparyphium, Sephanoprora, Isthmiophora, and
Acanthoparyphium) and echinostome-related genera (Parorchis, Philophthalmus
and Ribeiroia) are also considered. The literature on molecular systematics and
morphometrics of these trematodes is reviewed. Specific mention is made of the
life cycle patterns of echinostome and echinostome-like digeneans along with an
overview of recent advances on different topics in the biology of these trematodes;
the review covers various aspects of the different stages of these organisms, i.e.,
free-living stages (miracidia and cercariae), and parasitic stages in the invertebrate
hosts (sporocysts, rediae, and metacercariae) and vertebrate hosts (adults).

J.G. Esteban (><) and Carla Mufioz-Antoli
Departamento de Biologia Celular y Parasitologia, Facultad de Farmacia, Universidad
de Valencia, Av. Vicent Andrés Estellés s/n, 46100, Burjassot-Valencia, Spain

B. Fried and R. Toledo (eds.) The Biology of Echinostomes, 1
DOI: 10.1007/978-0-387-09577-6_1, © Springer Science+Business Media, LLC 2009
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1.1 Echinostomes. Systematics and Life Cycles

1.1.1 Introduction

Echinostomes are intestinal trematodes with an extensive literature dealing with
them. In the last decade, three major reviews (Fried 2001; Fried and Graczyk 2004;
Toledo et al. 2006), and the edited book by Fried and Graczyk (2000), pro-
vided ample evidence of the importance of these digeneans. Furthermore, the use of
echinostomes as experimental models in host-parasite relationships between adult
parasites and vertebrate hosts, and between larval trematodes and invertebrate and
cold-blooded vertebrate hosts, has been highlighted by Toledo and Fried (2005) and
Toledo et a. (2007), respectively.

In order to conduct studies in different areas of research, such as systematics,
experimental, manipulative, ecological, physiological, biochemical, immunological,
molecular, treatment, and control, two important features are needed: knowledge of
which echinostome species are involved and the ability to maintain life cyclesto do
research on all echinostome stages, i.e., free-living, intramolluskan, and the adult
stages.

Relative to these topics, this chapter provides an overview of the most relevant
literature on the systematics and biology of echinostomes and echinostome-like
digeneans. This review is mainly focused on the most significant literature of the
last decade, although other previous papers are mentioned if needed; this review is
mainly concerned with members of the genus Echinostoma because most research
hasfocused on them; however, members of the other genera of the Echinostomatidae
are also mentioned, including the echinostome-like digeneans.

1.1.2 Systematic Studies

Since the previous book edited by Fried and Graczyk (2000), some new papers and
significant exhaustive revisions have appeared relative to the echinostomes. Of
these, Cribb et al. (2001), and particularly Kostadinova and Jones (2005) and
Kostadinova (20053) in the recent volume 2 of the “Keys to the Trematoda,” have
defined the current classification of the Echinostomatoidea to the generic level.
Among the eight families recognized by Kostadinova and Jones (2005),
Echinostomatidae is characterized by the presence of a circumoral head-collar
armed with one or two crowns of large spines interrupted ventrally; theses spines
are larger than the tegumental spines (Fig. 1.1).

At the generic levd, relatively few changes have been made, mainly in relation
to the genus Singhia, reallocated to Echinostomatinae (see Table 1.1), whereas at
the specific level, two new 37-collar spined species of Echinostoma belonging to
the “revolutum” group have been described in the last decade. E. friedi was
described from Spanish material on the basis of several morphological and biological
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Fig. 1.1 Scanning electron micrograph of the anterior third region of an 11-day-old adult of
Euparyphium albuferensis recovered from the intestine of an experimentally infected albino
mouse. Scale bar: 100 um

features of the life cycle stages and in its cercarial chaetotaxy (Toledo et al. 2000).
E. deserticum was described from African materials (Kechemir et a. 2002). E. luis-
reyi has been described from Brazilian materials on the basis of the oral corner spines
that increased in sizefrom thelatero-ora to the ventro-oral regions, aswell asthe excre-
tory pore radialy wrinkled and dorsally subterminal (Madonado et a. 2003).

The remaining published studies refer to descriptions of new species belonging
to other genera of Echinostomatidae, and to refined diagnoses and redescriptions of
both type specimens and/or newly collected materials, and critical evaluation of the
published data belonging to different species of genera, i.e, Stephanoprora
(Ostrowski de Nunez and Quintana 2007) and Uroproctepisthmium (Kostadinova
and Gibson 2001a) (Echinochasminae), Drepanocephalus (Kostadinova et al.
2002), Echinoparyphium (Kostadinova et a. 2003), Echinostoma (Kostadinova et
a. 2000a, b, 2003; Maldonado et al. 2001a), Euparyphium (Kostadinova and
Gibson 2002; Kostadinova et a. 2003), Hypoderaeum (Kostadinova et a. 2003),
Isthmiophora (Kostadinova and Gibson 2002; Kostadinova et a. 2003),
Paryphostomum (Kostadinova et a. 2002), Petasiger (King and Van As 2000;
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Table 1.1 Type species, genera, and subfamilies included in the last Echinostomatidae
classification according to Kostadinova (2005a)

Subfamily

Genus

Type species

Chaunocephalinae

Echinochasminae

Echinostomatinae

Himasthlinae

Ignaviinae
Neophrostominae

Chaunocephalus Dietz, 1909

Balfouria Leiper, 1908

Dissurus Verma, 1936
Echinochasmus Dietz, 1909
Mehrastomum Saksena, 1959
Microparyphium Dietz, 1909
Pulchrosomoides Freitas et Lent, 1937

Stephanoprora Odhner, 1902

Saakotrema Skrjabin et Bashkirova,
1956

Uroproctepisthmium Fischtal et Kuntz,
1976

Bashkirovitrema Skrjabin, 1944

Drepanocephalus Dietz, 1909

Echinodollfusia Skrjabin et Bashkirova,
1956

Echinoparyphium Dietz, 1909

Echinostoma Rudol phi, 1809

Euparyphium Dietz, 1909

Hypoderaeum Dietz, 1909

Isthmiophora L tihe, 1909

Longicollia Bykhovskaya-Pavlovskaya,
1954

Lyperorchis Travassos, 1921

Moliniella Hibner, 1939

Neocanthoparyphium Yamaguti, 1958

Pameileenia Wright et Smithers, 1956
Parallelotestis Belopol’skaya, 1954

Paryphostomum Dietz, 1909

Petasiger Dietz, 1909

Prionosoma Dietz, 1909
Prionosomoides Freitas et Dobbin, 1967

Snghia Yamaguti, 1958
Acanthoparyphium Dietz, 1909
Aporchis Stossich, 1905
Artyfechinostomum Lane, 1915
Caballerotrema Prudhoe, 1960
Cloeophora Dietz, 1909
Curtuteria Reimer, 1963
Hismasthla Dietz, 1909
Ignavia Freitas, 1948
Nephrostomum Dietz, 1909

C. ferox (Rudolphi, 1795)
Dietz, 1909
B. monogama L eiper, 1908
D. farukhabadi Verma, 1936
E. coaxatus Dietz, 1909
M. minutum Saksena, 1959
M. facetum Dietz, 1909
P. elegans Freitas et Lent,
1937
S ornata Odhner, 1902/
S spinulosa Dietz, 1909
S metatestis (Saakova, 1952)

U. taiwanense Fischtal
et Kuntz, 1976
B. incrassatum (Diesing,
1850)
D. spathans Dietz, 1909
E. stenon (Doallfus, 1950)

E. elegans (Looss, 1899)
E. revolutum (Frélich, 1802)
E. capitaneum Dietz, 1909
H. conoideum (Bloch, 1782)
I. melis (Schrank, 1788)
L. echinata Bykhovskaya-
Pavlovskaya, 1954
L. lyperorchis Travassos, 1921
M. anceps (Molin, 1859)
N. petrowi (Nevostrueva,
1953)
P. gambiensis Wright
et Smithers, 1956
P. horridus Belopol’skaya,
1954
P. radiatum (Dujardin, 1845)
P. exaeretus Dietz, 1909
P. serratum (Diesing, 1850)
P. scalaris Freitas
et Dobbin, 1967
S thapari (Singh, 1953)
A. phoenicopteri (Luhe, 1898)
A. croaticus (Stossich, 1905)
A. sufrartyfex Lane, 1915
C. brasiliense Prudhoe, 1960
C. micata Dietz, 1909
C. numenii Reimer, 1963
H. rhigedana Dietz, 1909
|. venusta Freitas, 1948
N. ramosum (Sonsino, 1895)

(continued)
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Table 1.1 (continued)

Subfamily Genus Type species
Patagifer Dietz, 1909 P. bilobus (Rudolphi, 1819)

Pegosominae Pegosomum Ratz, 1903 P. saginatum (Ratz, 1897)

Pelmatostominae Pelmatostomum Dietz, 1909 P. episemum Dietz, 1909

Ruffetrematinae Ruffetrema Saxena et Singh, 1982 R. indirae Saxena et Singh,
1982

Sodalinae Sodalis Kowalewski, 1902 S spathulatus (Rudol phi,
1819)

Zamparo et al. 2005; Kostadinova and Skirnisson 2007), and Singhia (Kostadinova
and Gibson 2001b) (Echinostomatinae), and Acanthoparyphium, Caballerotrema,
Curtuteria and Himasthla (Himasthlinae) (Kostadinova and Gibson 2001b; Diaz
and Cremonte 2004; Desclaux et a. 2006; Martorelli et a. 2006).

The echinostome-like trematode group has had a confusing and controversial
taxonomic history. Numerous authors have commented on the close relationship
between this group, basically the genus Ribeiroia, and echinostomatids based on
morphological (“wish-bone” type of intestine with solid esophagus and cecae;
excretory bladder shape, collecting tubule pattern and concretion character and
amount; and flame cell pattern) and ecological (infecting amphibians, fishes, birds,
and mammals) similarities. However, the genus Ribeiroia appears to be more spe-
cies specific at the level of the first intermediate host and is not known to form
metacercariae within snails (Johnson et al. 2004). In addition, Ribeiroia lacks a
typical echinostome collar and circumoral spines, and possesses characteristic
esophageal cecae or diverticula. All these features have allowed Kostadinova
(2005b) to consider the genus Ribeiroia, and 12 other genera within the family
Psilostomidae. Other genera also considered echinostome-like digeneans, such as
Parorchis and Philophthalmus, are included within the family Philophthalmidae
(Kanev et al. 2005).

1.1.2.1 Recent Information on Molecular Systematics and M orphometrics

The echinostomes constitute a group of digeneans characterized by great confusion
regarding their systematic classification. Thisis attributable to a number of factors,
including misidentified species or species that have been insufficiently described,
aswell asthe existence of substantial interspecific homogeneity of the morphol ogical
characteristics of the adult stage. Such confusion is evidenced not only in the
37-collar-spined Echinostoma belonging to the “revolutum” group, but also in
members of 43- and 45- collar-spined Echinoparyphium (E. elegans complex and
E. recurvatum complex, respectively). However, the studies published in the last
decade, and basically those of Kostadinova and coauthors, have contributed to further
our understanding of the systematics of the echinostomes.
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Kostadinova and Gibson (2000), in their exhaustive and rigorous review, contrib-
uted an update to our knowledge on the systematics of echinostomes, particularly in
relation to the 37-collar-spined “revolutum” group of Echinostoma. These authors
studied morphologically some of the materials used by different workers in their
descriptions and analyzed the causes of the errors made in many of the diagnoses.
In addition, they established the characteristic features of the species-rich genera
(Echinochasmus, Echinoparyphium, Echinostoma, Himasthla, and Stephanoprora)
and the features of the species recognized to date within the “revolutum” group:
E. revolutum Frélich 1802, E. echinatum (Zeder 1803), E. jurini (Skvortsov 1924),
E. caproni Richard 1964, E. trivolvis (Cort 1914), E. paraensei Lie et Basch 1967,
E. parvocirrus Nassi et Dupouy 1988, E. miyagawai Ishii 1932, and E. friedi
Toledo, Mufioz-Antoli et Esteban 2000.

Of relevance is the exhaustive analysis made to date by Kostadinova and Gibson
(2000) on the main features used for differentiation at the specific level in the “revo-
lutunm” species group, that is: number and disribution of the paraesophageal gland-cell
outlets in cercariae; patterns of the distribution of sensilla in cercariae; adult
morphology; fina host-parasite compatibility; behavior related to distribution of
adults along the intestine of definitive host; mating behavior; geographical distribu-
tion; and finally genetic characteristics, related to karyotyping or chromosome
counting and comparison, isoelectric focusing, and enzyme electrophoresis.

These criteria have been the subject of a recent critical comment by Fried and
Toledo (2004), who point out that these characters considered individually are of
limited value overall when trying to identify the 37-collar-spined Echinostoma
group, and suggest that for the diagnosis and description of new species integrated
and comparative studies involving adegquate morphological and biological features
are necessary.

However, morphological and biological studies are complicated a priori, since
in many cases they imply the development and maintenance of the full life cycle,
as well as the description of each of the different parasite stages in the cycle.

As an alternative to the classical morphological studies, molecular tools, espe-
cialy primary sequence comparisons, are now being used for life cycle elucidation,
the examination of potential cryptic species, the examination of species complexes
and their phylogeographical genetic structure, and phylogenetic studies (Nolan and
Cribb 2005; Vilas et a. 2005). Logically, the molecular data have the capacity to
allow comparisons that remove confounding factors of age, host or geographically
based variation; and the nature of molecular techniques means that it is possible to
bypass studies of the biology of parasites.

However, relatively few molecular-based studies on echinostomes have been
carried out to date. Earlier studiesinvolved molecular techniques such as karyotyping
and enzyme electrophoresis. More recent studies are based on the analysis of dif-
ferent DNA sequences and their utility for the species differentiation, to analyze the
echinostome phylogenetics, and for the diagnosis of the echinostomes.

The random amplification of polymorphic DNA (RAPD) using polymerase
chain reactions (PCR) is useful for identifying closely related echinostome species,
i.e., E. trivolvis and E. caproni (Fujino et al. 1995), E. caproni and E. paraensei
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(Petrie et al. 1996), and Echinochasmus fujianensis (conspecific to E. liliputanus)
and E. japonicus (Cheng et al. 1999).

Sequence data from both mitochondrial DNA (mtDNA), nicotinamide adenine
dinucleotide dehydrogenase subunit 1 (ND1) and cytochrome ¢ oxidase subunit 1
(C0O1), and nuclear ribosomal DNA (rDNA), internal transcribed spacers 1 and 2
(ITS1 and ITS2), have aso been used as markers for identifying species of echinostomes
and severa strains of echinostomes isolated from different geographical locations,
particularly for the four most studied species in the 37-collar-spined “revolutum’
group, i.e., E. caproni, E. paraensei, E. revolutum, and E. trivolvis (Sorensen et a.
1998; Morgan and Blair 1995, 1998a,b, 2000; Madonado et al. 2001a; Kostadinova
et al. 2003).

Molecular studies on genera other than Echinostoma, or those on echinostome-
like genera, are scant. Grabda-Kazubska et al. (1998) sequenced ITS1 from rediae
and cercariae to distinguish Echinoparyphium elegans, E. recurvatum, E. pseudor-
ecurvatum, Pseudechinoparyphium echinatum, Neocanthoparyphium echinatoi des,
and Hypoderaeum conoideum. These authors suggested a close relationship
between H. conoideum and the three species of Echinoparyphium.

Special mention should be made of the results obtained by Kostadinova et al.
(2003). These authors sequenced the ND1 and I TS genes of six speciesin the genera
Echinostoma (including E. revolutum), Echinoparyphium, Hypoderaeum and
Isthmiophora, and concluded that ND1 sequence provided useful information for
the construction of a phylogenetic tree, which agrees with morphological identifi-
cations, and that the ITS gene provided insufficient resolution for distinguishing
echinosome species. In addition, these authors reviewed the morphol ogy of selected
individuals and demonstrated congruence between morphological and molecular
identification of the species examined.

In relation to the echinostome-like group, i.e., Ribeiroia, studies on ITS2
sequences have alowed for the recognition of three species within this genus:
R. ondatrae, R. congolensis, and R. marini (Wilson et al. 2005). These results are
in accord with the previous morphological studies and systematic classification of
Yamaguti (1971, 1975). However, Wilson et al. (2005) noted that further molecular
studies will be needed to elucidate the correct classification of Ribeiroia spp. into
either Psilostomidae or Cathaemasiidae.

However, molecular techniques for the identification of echinostomes also have
problems. Probably, the most relevant of which are questions related to materials
used for these studies. The molecular studies require the availability of materias
morphologically referred to a genus and species, in order to alow for adequate
sequencing and an introduction of the datain the GenBank. It is therefore clear that
the deposited type sequence of each echinostome species should be obtained from
the “voucher” of type material, or alternatively from materials corresponding to the
type locality (“terratypica’). This would allow comparative analysis of the results
of the sequences of materials presumably based on morphologica grounds to the
same or other species, and from the same or different geographical origins. The
rigorous retention of morphological vouchers for all sequenced samples, and ide-
ally their placement in museums, would be the most correct approach.
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However, some type specimens cannot be located, are inaccessible, or are in too
poor astate of preservation to alow for detailed morphological examination. In this
case, efforts must be made to obtain materials from the type locality, or alterna-
tively, the material must be described morphologically before applying molecular
studies since several problems may occur. It should possibly be considered that
there exists more than one species in a sample and/or that two different samples
represent the same species as a conseguence of a misidentification error, mislabe-
ling, or contamination. These aspects have been addressed by Kostadinova and
coworkers, who observed that even the type material vouchers deposited in muse-
ums may in fact contain a pool of different species, rather than a single species only
(Kostadinova and Gibson 2000; Kostadinova et a. 2000a,b, 2003).

Molecular studies are not usually accompanied by morphological studies to
confirm the identity of the material. This represents an added problem, making it
difficult to do comparative studies in situations where the application of molecular
techniques may not be feasible.

Overall, molecular studies for species differentiation have not yielded results
truly different from those already known through traditional morphological research
— when the latter research has been exhaustive and rigorous. Moreover, in those
cases where there is no agreement between schemes of classification based on
morphology and those based on molecular techniques there are problems funda-
mentally related to voucher of type material and/or the incorrect identification of
samples used.

Although the new technologies tend to displace the traditional systematic meth-
ods, the most reasonable approach in view of the aspects commented is that both
systematic studies, i.e., based on morphological and molecular data, should be
regarded as complementary and should coexist.

1.1.3 An Overview and Recent Advances in the Biology
of Echinostomes and Echinostome-Like Digeneans

In the present section, information published from 2000 to date will be considered.
Most of this information is concerned with four Echinostoma species of the
“revolutum” group, i.e., E. caproni, E. paraense, E. trivolvis, and E. friedi. For
other Echinostoma species (E. revolutum, E. miyagawai, and E. luisreyi), other
echinostomatidgenera(Echinoparyphium, Echinochasmus, Himasthla, Hypoderaeum,
Petasiger, Euparyphium, Stephanoprora, |sthmiophora, and Acanthoparyphium) or
echinostome-related genera, such as Parorchis, Philophthalmus, and mainly
Ribeiroia, the literature is not extensive.

The most relevant reviews on the biology of echinostomes and echinostome-like
digeneans are as follow:

Huffman and Fried (1990) reviewed thesignificant earlier literature on Echinostoma
and echinostomiasis to about 1988 and covered, among others, different aspects
related with the biology of 37-collar-spined echinostomes, basically on E. caproni,
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E. trivolvis, E. paraensei, E. revolutum, and E. echinatum, as well as the infectivity
studies in first and second intermediate hosts, and the infectivity, growth, and devel-
opment in vertebrate hosts. Later on, Fried and Huffman (1996) published an exhaus-
tive monographic review of all the citations relating to E. caproni up to that date.

The review of Kanev et a. (2000), in the edited book by Fried and Graczyk
(2000), compiled the echinostome citations from 1970 to 1998. Moreover, the most
significant contributions to the biology of echinostomes from the eighteenth to the
twentieth century are listed, and specific mention is made on the life cycle pattern
of echinostomes and on the form and function for each of the different echinostome
stages: egg, miracidium, sporocyst, redia, cercaria, metacercaria, and adult. The
most recent reviews of Fried (2001) and Fried and Graczyk (2004) have served as
a background for this overview of biology of echinostomes.

Among the echinostome-like digeneans, the genus Ribeiroia has the largest
number of citations, because it can cause severe pathology and mortality in snails
and amphibian intermediate hosts. The recent revision of Johnson et al. (2004) also
serves as a compilation for this genus. For Philophthalmus and philophthalmiasis,
the reviews of Nollen and Kanev (1995) and Nollen (1997) serve as an overview of
this genus. Moreover, Graczyk and Fried (2007) discussed the transmission of
human and animal philophthalmids by contaminated water.

1.1.3.1 LifeCycles

Members of echinostome and echinostome-related genera follow a three-host life
cycle: avertebrate definitive host, an invertebrate first intermediate host (usually an
aquatic gastropod mollusk), and a second intermediate host carrying the encysted
metacercarial stage. The life cycle consists of six phases (Fig. 1.2):

1. Passage of eggs from the definitive host to the outside environment and their
subsequent development;

2. Hatching of miracidia, and search for and penetration of the first intermediate
snail host;

3. Development and multiplication of the parasites inside the snail;

4. Emergence of the cercariae from the snails and search for the second intermedi-
ate host;

5. Penetration and encystment of the cercariae in the second intermediate host;

6. And, finally, ingestion of infective metacercariae by the final hosts and develop-
ment to adult worms.

Some differences in relation to this general life cycle pattern may be observed.
For example, fully developed eggs of E. caproni may hatch in the snail gut (Idris
and Fried 1996), or even lymnaeid snails may become infected by ingestment of
unhatched embryonated E. revolutum eggs (Davis 2005). The cercariae of
Himasthla quissetensis infect directly domestic chicks through the cloaca, with
worm development occurring in the ileum (Herman and Bacha 1978). Cercariae of
Echinochasmus spp. infect humans and other mammals when they are ingested by
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Fig. 1.2 Generalized life cycle of an echinostome. (a) definitive hosts; (b) first intermediate
hosts; (c): second intermediate hosts

the host in contaminated water (Xiao et al. 1992, 1995). Cercariae of Parorchis
acanthus, an echinostome-like species, emerge from infected dogwhelks (Nucella
lapillus) and after a brief period of free swimming, they encyst on solid objectsin
the nearby locality (Rees 1966).

In the period reviewed, some studies have involved the description of life cycles:
E. friedi in Spain, E. miyagawai in Bulgaria, E. deserticumin Niger, and E. luisreyi
in Brazil (Toledo et a. 2000; Kostadinova et a. 2000b; Kechemir et a. 2002,
Maldonado et al. 2003); Echinoparyphium recurvatumin Korea (Sohn 1998), and E.
megacirrus and Echinoparyphium sp. in Argentina (Semenas et a. 1999; Prepelitchi
and Ostrowski de Nufiez 2007); Hypoderaeum conoideumin Spain (Mufioz-Antoli et
al. 2000); and Petasiger variospinosus in South Africa (King and Van As 2000), P.
combes in Costa Rica (Zamparo et al. 2005), and P. idandicus from Iceland
(Kostadinova and Skirnisson 2007); Stephanoprora uruguayense and S. aylacostoma
in Argentina (Ostrowski de Nufiez 2007; Ostrowski de Nufiez and Quintana 2007);
Acanthoparyphium tyosenense in Korea (Chai et a. 2001; Kim et a. 2004) and
Himasthla escamosa in Argentina (Diaz and Cremonte 2004); and Philophthalmus
lucipetus and P. distomatosa in Israel (Radev et al. 1999, 2000).
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Additional scant literature has covered reports of new first and second interme-
diate hosts of some echinostome species, i.e., E. revolutumin Finland (Vayrynen et
al. 2000); E. cinetorchis in Korea (Chung et a. 20014, b; Park et al. 2006), and
Curtuteria australisin New Zealand (McFarland et a. 2003)

1.1.3.2 FreelLiving Stages

Miracidia and cercariae are the two free-living stages in the life cycle of the
echinostomes.

Miracidium

The echinostome egg isreleased by a definitive host in an aquatic environment. The
egg is undeveloped when laid and consists of afertilized ovum surrounded by yolk
granules. It istypically oval in shape, variable in size and yellow, dark brown, or
silver-white in color. It has an operculum at one end and a distinct knob at the
abopercular end (Fig. 1.3a, b).

Fujino et al. (2000) provided a comparative study of ultrastructure of eggs in
E. paraensel, E. caproni, and E. trivolvis using light microscopy, scanning electron
microscopy, and transmission electron microscopy. Differences among these spe-
cies are observed in relation to size and the aboperculum region, but no difference
in eggshell structure was detected in any species.

The egg takes about 10-21 days at 22—28°C, depending on the echinostome spe-
cies, to reach the fully developed miracidial stage. Several physicochemical factors
influence embryonation, and the eggs can be maintained for at least 5 months at
4°C and till retain their ability to develop and hatch.

The miracidium is about 100 um in length, broad anteriorly, and tapering poste-
riorly to a blunt end. The tegument is ciliated, and possesses a variable number of
the ciliated epidermal plates and argentophilic papillae with a special arrangement.
Retractile apical papillae followed by a pyriform gland have been described. Two
dark-brown eye-spots, consisting of two pairs of pigmented bodies are located side
by side, and the excretory system consists of two flame cells, two excretory ducts,
and two excretory pores (Fig. 1.3c).

Pinheiro et a. (2004a) described the morphology and topography of E. paraensei
miracidium by light and electron microscopy. The 19 papilla-like structures are
arranged in three axes and four groups are observed at the terebratorium of this
miracidium, which differs from the number of argentophilic papilla-like structures
observed in E. caproni, E. jurini and E. trivolvis. The ultrastructural organization
of the E. paraensel miracidium has been studied by Pinheiro et a. (2005) using
transmission electron microscopy.

Among the large cells located in the posterior of E. caproni and E. paraensei
miracidia are secretory cells, germinal cells, and undifferentiated cells. Secretory
cells do not give rise to progeny, whereas germinal cells do. Undifferentiated cells
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Fig. 1.3 Parasitic stages of thelife cycle of Echinostoma friedi: (a) undeveloped egg; (b) embry-
onated egg; (c) miracidium recently hatched from an egg; (d) sporocyst in ventricle of snail;
(e) first generation redia; (f) second generation redia; (g) cercarial body; (h) cercarial tail; (i)
metacercariag; (j) redia containing encysted metacercariae; (k) anterior third of an adult. A, B, C,
G, H, I, and J: fresh-living eggs, miracidia, cercaria, metacercariae, and metacercariae encysted in
redia observed between slide and cover-dlip; D, E, and F: fixed in Bouin’s fluid under coverslip
pressure, stained with Grenacher’s borax carmine, mounted in Canada balsam, and observed with
interference contrast microscopy; K: head collar region of a fresh-living adult observed between
a dide and cover-dlip with lactophenol fluid by interference contrast microscopy. Scale bars:
A, B, and C: 50 um; D, G, H, |, and J: 100 um; E: 200 um; F: 300 um; K: 150 um

develop into germinal cells that can also divide to produce embryos. Differences
into the germinal cells of miracidia help to explain differences detected in the next
of the intramolluskan echinostome stages (Ataev et al. 2001).
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The behavioral patterns of echinostome miracidia have been reviewed by Haas
(2000). The hatching of miracidiafrom eggsis stimulated by different factors; light
is the mgjor stimulus, athough the pattern is different according to species.
Whereas E. paraensei and E. caproni miracidia hatch in a strict diurna pattern
between 11.00 and 16.00 h, E. trivolvis does not show a daily hatching pattern.

Development, hatching, and infectivity of E. caproni eggs were described by
Idris and Fried (1996). No significant differences in development were seen in the
eggs maintained under conditions of light or darkness. The eggs maintained in the
dark for 10 days and exposed to incandescent light produced a large synchronous
hatch of miracidia within 3 h of exposure to light.

Maldonado et al. (2001b) found that miracidia of E. paraensei hatched after 10
days of incubation in the dark, and began to hatch 1 h after exposure to incandes-
cent light, although most of them hatched between 3 and 4 h of exposure.

The effect of snail-conditioned water from B. glabrata snails on hatching rates
of E. caproni miracidia was studied by Fried and Reddy (1999). Significantly
greater hatching was obtained when snails were maintained in intact or perforated
dialysis sacs in multiwell chambers as compared with sacs without snails.

The effects of salinity, pH, and temperature on the half-life and longevity of
E. caproni miracidia have been analyzed by Ford et al. (1998). Miracidia tolerated
pH ranges from 3 to 11 showing half-lives of 2.4 h, or greater under these condi-
tions. At lower than ambient temperatures, E. caproni miracidia lived longer, the
greatest being a half-life of 5.0 and a maximum life span of 15 h at 5°C.

After hatching, the miracidia swim and respond to environmental stimuli, such
as light and gravity. The miracidia of E. caproni and E. trivolvis showed a negative
geotaxis which was dominated by a positive phototaxis, meanwhile, E. paraensei
miracidia showed no distinct geo-orientation and only weak photo-orientation.

The miracidia also respond to stimuli emanating from the host. The main host-
finding signals for E. caproni miracidia detected have been complex macromole-
cules from snail mucus (Haberl et al. 2000).

The presence of nonhost snails, in a given snail community, may interfere
with the ability of miracidia to orientate, reach, and successfully penetrate
their normal host snail. These effects on echinostome miracidial host-finding
behavior are poorly understood. A radioisotope assay system was used for testing
the host finding of E. revolutum miracidium (Christensen 1980); two studies
examined the response of E. caproni (Behrens and Nollen 1991) and E. tri-
volvis (Nollen 1994) miracidia to chemicals; a study was done on the different
suitabilities of two lymnaeid shails for H. conoideum miracidia (Toledo et al.
1999a); a complete study was done on the host-finding process in E. caproni
miracidia and cercariae (Haberl et al. 2000); and a recent study was done on
the interactions related to host, nonhost snails, and water-conditioned snail on the
host-finding processes of the miracidia of Euparyphium albuferensis and
E. friedi; both species share the same natural habitat (Esteban et al. 1997,
Mufioz-Antoli et al. 2003).

Mufioz-Antoli et al. (2002) studied the survival and infectivity of E. friedi
miracidia, which was determined to be age dependent. This finding was in accord
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with the previous study on the survival of H. conoideum miracidia (Mufioz-Antol i
et al. 2000). The maximum life span and the time to 50% mortality were deter-
mined to be 10.0 and 6.8 h, respectively. A gradual increase of infectivity in the few
first hours after hatching was not observed, and the lack of a preinfective period in
E. friedi miracidiawas related to the low specificity of this echinostome species for
its intermediate host (Mufioz-Antoli et al. 2002).

Toledo et al. (2004) found that the age of adult worms significantly influenced
E. friedi miracidial infection in Lymnaea peregra snails. Infective miracidia only
were obtained from adult worms in the age range from 4 to 9 weeks p.i., and the
infectivity was maximal in those miracidia derived from adults collected 8 and 9
weeks p.i., which corresponds with maximum egg output. These authors suggested
that adult worms producing viable eggs require additional maturation in order to
yield eggs containing infective miracidia. However, these results differed from
those obtained by Fried and Bandstra (2005) for E. caproni miracidia These
authors determined the percentage of fully developed miracidia in terms of eggs
derived from adult worms obtained from laboratory miceat 2, 4, 6, and 8 wk postin-
fection, and obtained a percentage of fully developed miracidia>90% and 60-80%
of the eggs hatched.

Although it was suggested that each species of echinostome infects only one or
afew closely related snail species (Huffman and Fried 1990), more recent studies
show marked differences in that the spectrum of first intermediate host species for
each echinostome species may be broader than previously expected. Maldonado
et al. (2001b) infected three sympatric snail species, belonging to the Planorbidae
(Biomphalaria glabrata), Physidae (Physa marmorata), and Lymnageidae (Lymnaea
columella) families, with a Brazilian isolate of E. paraensei. Mufioz-Antoli et a.
(2006) studied the infectivity of E. friedi miracidia in a range of sympatric and
allopatric laboratory-reared snails, and the results showed that the miracidia were
able to infect and develop in snail species belonging to three different families
(Lymnaeidae, Planorbidae, and Bulinidae) and from different geographical origins,
although the rates of infection were low for all these species.

In relation to echinostome-like digeneans, Ribeiroia is more species specific
than echinostomes in its use of first intermediate hosts. The members of this genus
use only 12 species of Planorbidae belonging to the genera Biomphalaria,
Helisoma, and Planorbella (Johnson et al. 2004).

The effect of E. friedi miracidial infection on survival, growth, and fecundity
of two susceptible first intermediate host snails, Radix peregra and Biomphalaria
glabrata, has been studied by Mufioz-Antoli et al. (2007). Infected B. glabrata
showed gigantism and had a shorter life span that R. peregra; infected R. peregra
reduced normal development; E. friedi produced total parasitic castration of both
infected snails species. These differences allowed the establishment of the level
of host compatibility: R. peregra would be considered as the required snail host,
and it is able to transmit the parasite and to maintain the parasite population
without other snail hosts; B. glabrata would be considered only an adequate
experimental snail host, being able to maintain the E. friedi life cycle in the
absence of R. peregra.



1 Echinostomes. Systematics and Life Cycles 15
Cercaria

The echinostome cercariaistypically distomate, gymnocephal us with an oral collar
of spines, not always visible, and a simple tail (Fig. 1.3g, h). Differences in size
among echinostome species are common. The main excretory ducts of the excre-
tory system are simple and short, containing a large number of excretory granules.
The number (from 10 to 100) and the arrangement (in pairs, by three or by four) of
flame cells are of importance in the diagnosis echinostome cercariae. In addition to
openingsof penetration and cystogenous glands, some cercariae contai n paraesopha-
geal and esophageal glands. The number and distribution of tegumentary papillae,
the so-called cercarial chaetotaxy patterns, has proved to be of taxonomic value for
echinostomatid species (Toledo et al. 1998a, b, 2000; Kostadinova 1999; Nakano et
al. 2003). The cercaria tail of most Echinostoma species has fin-fold structures, not
described on the cercarial tail of other genera such as Echinoparyphium,
Euparyphium, Hypoderaeum, and Isthmiophora. The general morphology of
cercariae of different echinostome genera has been reviewed by Kanev et a. (2000).

The presence of two laterally projecting esophageal diverticula, located approxi-
mately halfway along the length of the esophagus, and the presence of a conspicu-
ously rose-pink-colored structure located between the oral sucker and the pharynx,
constitute two relevant morphological structures of the echinostome-like cercaria of
Ribeiroia (Johnson et a. 2004).

Using indirect immunocytochemistry to demonstrate neuroactive substances and
the phalloidin-fluorescence technique for staining myofibril F-actin, the muscle
systems and aminergic and peptidergic innervation of E. caproni cercariae have
been examined (Sebelové et a. 2004). Combined studies of high-performance thin-
layer chromatography with lipid histochemistry of neutral lipids in cercariae of
E. caproni showed the major lipid fraction to be free sterol, and this parasite stage
had 6.5 times more free sterol than the encysted metacercaria (Marsit et al. 2000).

The free-swimming cercariae escape from their first intermediate host 46
weeks postinfection. The cercariae are short lived and rarely survive beyond 48 h
at ambient temperatures.

Numerous papers have been published focusing on different aspects of echinostome
cercariae. The movement patterns of cercariae (in Echinoparyhphium, Himasthla,
Pseudechinoparyphium, Echinostoma, and Hypoderaeum species), the chemo-
orientation of swimming cercariae (in Echinostoma, Pseudechinoparyphium, and
Hypoderaeum species), and the cercarial attachment and host invasion (in
Echinostoma, Hypoderaeum, Pseudechinoparyphium, and Isthmiophora species)
have been extensively reviewed by Haas (2000).

McCarthy (19994) studied phototactic responses of the cercariae of E. recurvatum
from infected L. peregra snails and found that cercariae have an initially positively
phototactic, low infectivity, dispersal phase followed by a negatively phototactic,
maximally infective host location, and infection phase.

The effect of light and gravity on orientation of cercariae was studied in
Echinostoma, Hypoderaeum, Pseudechinoparyphium, and Isthmiophora species
(Loy et a. 2001). These authors demonstrated that each of the 4 species studied has
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an individual behavior pattern of horizontal photo-orientation and geo-orientation,
with distinct changes during the time after emergence. This diversity of behavioral
responses corresponds with that of their chemo-orientation toward the intermediate
hosts. Hypoderaeum approaches its host snails by direct chemotactic orientation aong
concentration gradients of snail-emitted peptides, whereas Pseudechinoparyphium
and Echinostoma swim back when the concentration of snail-emitted amino acids,
urea, and ammonia decreases, and |sthmiophora seemsto show no chemo-orientation
at all toward its amphibian and fish hosts. The geo-orientation was controlled
differently in each species by the intensity and the direction of light radiation, and
the different orientation patterns suggest functions such as leaving the habitats of
the host snails emitting the cercariae, dispersal, and frequenting the microhabitats
of potential hosts (Loy et al. 2001).

Temperature is a determinant factor in survival and longevity, and survival is
shorter at higher temperatures (Evans 1985). Schmidt and Fried (1996) studied the
emergence of E. trivolvis cercariae from naturally infected H. trivolvis snails. Of
the numerous laboratory conditions tested, the only significant factors that had an
impact on cercarial emergence were temperature related. Recently, Fried and
Ponder (2003) observed that the effects of temperature on cercarial survival in arti-
ficial spring water and on infectivity of E. caproni are temperature dependent, and
the infective life span of the cercariae is shorter than the total life span. Moreover,
the temperature has also a mgjor effect on in vitro encystment of the cercariae of
E. caproni.

Schmidt et al. (1996) studied the effect of storage on the survival of the
intramolluskan stages of E. trivolvis in H. trivolvis (Pennsylvania strain) snails.
Twenty snails were stored at 4°C in artificial spring water for 10 months; three snails
were alive at 10 months and released cercariae. The number of cercariae released
and their infectivity to a Colorado strain of H. trivolvis snails was significantly
lower than that of cercariae from freshly collected snails.

The survival and infectivity characteristics of echinostome cercariae have been
the subject of several studies. McCarthy (1999b) studied the influence of tempera-
ture on the survival and infectivity of E. recurvatum cercariae; cercarial survival
was temperature dependent with the maximum survival time being reduced from 68
h at 10°C to 12 h at 30°C. However, the surviva and infectivity of E. friedi cer-
cariae was found to be markedly age dependent (Mufioz-Antoli et a. 2002). The
maximum life span at 20°C and time to 50% mortality was determined at 28.00 and
23.5 h, respectively. These results are consistent with those observed for other sym-
patric echinostome species, such asH. conoideum and E. albuferensis (Toledo et &l
1999h), but the times observed in the latest two species were significantly shorter
than those reported for other echinostome cercariae such as E. caproni, E. trivolvis,
and E. recurvatum for which the time to 50% mortality ranged from 29 to 31 h at
similar temperatures. Moreover, the cercarial infectivity of E. friedi gradually
increased during the first few hours, and reached a peak after a prior period of
aging. The existence of this preinfective period may represent a dispersal phase that
aids cercarial dissemination, thus reducing superinfection and parasite associated
mortality of the first intermediate host (Mufioz-Antoli et al. 2002).
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The emergence pattern under different conditions has been analyzed in the
E. trivolvis-H. trivolvis, E. recurvatum:-L. peregra, and E. albuferensis-G.chinensis
systems. Schmidt and Fried (1996) described the number of E. trivolvis cercariae
released during 1 h under different conditions, whereas McCarthy (1999c) studied
the photoperiodic cercarial emergence of E. recurvatumfrom L. peregra. Cercariae
emerged during the light phase of the experiment from 08.00 to 20.00 h. Toledo
et a. (1999d) studied the production and chronobiology of the emergence of cer-
cariae of E. albuferensis from G. chinensis experimentally infected with a single
miracidium. These authors noted that although the daily cercarial shedding rates
were very variable, a progressive increase in cercarial production was observed in
the first several weeks of cercarial shedding. Under a 12-h light-dark cycle, the
cercariae emerged in the light and the rhythm was circadian. A sudden change in
the light-dark cycle resulted in corresponding changes in the emergence patterns,
showing that cercarial emergence in this speciesis correlated to light-dark changes.

Nevertheless, in the echinostome-like Ribeiroia, the emergence is rhythmic
under continuous darkness. The cercariae emerge at night, usually between 7 PM
and 3 AM, and may swim actively for at least 12 h or more. Infected snailstypically
release around 300400 cercariae per night for 3—7 months (Théron and Moné
1986), though some individuals produced more than 1,000 cercariae per night.
However, significant diurnal emergence of cercariae was a so observed (Fried pers.
com. to Johnson).

Maldonado et a. (2001b) studied the kinetics of cercarial emergence for the
sympeatric snails infected with cercariae of a Brazilian isolate of Echinostoma
paraensei. Differences in relation to the miracidial doses (one vs five miracidia)
were detected, and the length of the prepatent period differed significantly between
snail species. Fried, LaTerra and Kim (2002) examined various physicochemical
factors related to optimal release of E. caproni from experimentally B. glabrata
snails. Among the numerous conditions tested, e.g., the addition of |ettuce, the use
of snail-conditioned water from B. glabrata, and a high temperature (35°C) signifi-
cantly increased the shedding of E. caproni cercariae.

Snail size is another relevant factor in determining the mortality associated with
echinostome cercarial penetration and encystment in the second intermediate host
(Ponder and Fried 2004b; Schneck and Fried 2004). In general, neonata snails are
more susceptible to infection but show a significant decrease in survival.

Studies on the effects of pollutants on echinostome cercariae are limited. Evans
(1982) and more recently Morley et al. (2002) studied the toxic effects of copper
and zinc, and cadmium and zinc, respectively, on the transmission of E. recurvatum
cercariae toward the second intermediate host snails. These authors detected a dif-
ferential response in infectivity of cercariae dependent on the snail species to be
infected; the exposure of different snails to toxic pollutants caused a different sus-
ceptibility to E. recurvatum cercariae depending on the snail species exposed.
Similar results were obtained in the study on effects of tributyltin and copper on
cercariae of Parorchis acanthus (Bennett et al. 2003). Reddy et al. (2004) analyzed
the effects of copper toxicity on cercariae of E. caproni and E. trivolvis, as well as
on the survival of B. glabrata snails, and suggested that copper sulfate, used in
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concentrations sufficient to kill juvenile snails, was also sufficient to eliminate the
cercariae of both echinostomes. More recently, Koprivnikar et al. (2006) analyzed
the effects of the herbicide Atrazine, commonly used in North America, on longevity,
activity, and infectivity of E. trivolvis cercariae, and observed that the viability of
these cercariae is compromised by exposure to this herbicide.

Free-swimming cercariae normally come in contact with a compatible second
intermediate host. The specificity of echinostomes toward the second intermediate
host islow, and usually numerous species of snails, clams, tadpoles, frogs, and even
fishes, other invertebrates, and natural products such as snail mucus may serve as
second intermediate hosts of echinostomes (Huffman and Fried 1990). Recently, an
ectosymbiotic flatworm, Temnocephala chilensis, was found naturally parasitized
with metacercariae of Echinoparyphium megacirrus (Viozzi et al. 2005).

Cercarial preference toward second intermediate hosts has been the subject of
some studies (Anderson and Fried 1987; McCarthy 1990d; Fried 2001). Studies on
E. albuferensisand E. friedi cercarial infectivity toward different snail communities
composed of combinations of 4 sympatric snail species were performed to evaluate
the level of parasite-snail host compatibility. The results obtained from single- to
four-host exposures showed that high densities of low compatible hosts may reduce
the level of parasite transmission; however, the presence of gastropods of high
compatibility in the communities contributes to an increase in the susceptibility of
those snail species showing low compatibility (Mufioz-Antoli et a. 2008).

Effects of snail diet on transformation from cercaria to metacercariain the second
intermediate host have been poorly studied. Recent studies have demonstrated that
snail diet may affect larval development in thefirst intermediate host (Sandland and
Minchella 2003). Glucose added to artificial spring water extended the survival
time of E. trivolvis and E. caproni cercariae (Fried et a. 1998; Ponder and Fried
20044), whereas in E. caproni, the glucose decreased the cercarial ability to infect
snails or move in alinear direction. Fried et al. (1997a) showed that the lipophilic
fraction of a Helisoma trivolvis dialysate significantly enhanced cercarial chemoat-
traction and penetration in this planorbid by E. caproni and E. trivolvis. However,
Ponder and Fried (2004b) did not detect an apparent difference in E. caproni
encystment in juvenile H. trivolvis fed either with hen’s egg yolk or with Romaine
leaf lettuce diet; in consequence, lipophilicity was not a factor in cercarial encystment.
Moreover, the diet did not enhance larval development in the snail.

In the absence of asecond intermediate host, in vitro encystment of echinostome
cercariae can occur. E. revolutum and E. liel have been reported to encyst on snail
mucus (Fried and Bennett 1979; Christensen et al. 1980), E. revolutum in Locke's
solution with or without glucose (Fried and Bennett 1979; Fried et al. 1997c),
E. paraensei and E. caproni in cultures with B. glabrata embryonic cells (Stein and
Basch 1977; Loker et al. 1999), E. caproni in Locke’'s-ASW (1:1) medium with or
without copper sulfate (Fried and LaTerra 2002; Fried and Schneck 2004),
Echinostoma cinetorchis in RPMI 1640 plus 10% fetal bovine serum (Park et al.
2006), Himasthla quissetensis in casein hydrolysate supplemented with glucose
(Laurie 1974), and Echinochasmus liliputanus in different solutions (Xiao et d. 2005).
The results showed differences in relation to echinostome species and conditions of
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culture, but the cysts formed in vitro became infective to the definitive host.
However, the infectivity was lower than those obtained from experimentaly
infected snails (Fried and LaTerra 2002; Park et a. 2006).

Recently, Schotthoefer et al. (2007) tested the cercariophagic activity of several
freshwater invertebrates on the echinostome-like species, Ribeiroia ondatrae. From
the species tested, Hydra sp., damselfly (Odonata, Coenagrionidae) larvae, dragonfly
(Odonata, Libellulidae) larvae, and copepods (Cyclopoida) consumed cercariae. In
some cases, 80-90% of the cercariae exposed to damselfly and dragonfly larvae
were consumed within 10 min.

1.1.3.3 Paraditic Stagesin the Invertebrate Host

Sporocysts and rediae in the first intermediate host and metacercariae in the second
intermediate host are the parasitic stages in the invertebrate host.

Sporocysts and Rediae

These intramolluskan stages are formed after the invasion of an aquatic snail by
miracidia and their later transformation. Kanev et a. (2000) compiled the morpho-
logical characteristics of these parasitic stages in different echinostome genera,
whereas Ataev and coauthors contributed greatly to the knowledge of echinostome
stage development in the first intermediate host (Ataev et al. 1997, 1998, 2001,
2005, 2006). Miracidia usualy enter the head foot region of the snail, shed their
ciliated plates, and transform into sporocysts at the site of penetration, typically the
mantle collar, the foot and head covering (including velum and tentacles), the mantle
cavity, and the oral cavity. These sporocysts are sac-like structures, about 100 mm
long, that after 5-8 days, develop and produce the next parasite stage, the rediae.
The ventricle and the common aorta are the final sites of infection for the mother
sporocysts after migration (Fig. 1.3d). The behavior patterns and host cues responsible
for this site-finding remain unknown, though it was suggested that the ventricle and
aorta may be recognized by sporocysts (Haas 2000).

In vitro studies by Ataev et a. (1998) showed that the presence of B. glabrata
embryonic cells in the cultures is essential for the development of E. caproni
mother sporocyst in the snail host. During E. caproni sporocyst devel opment, every
primary germinal cell gave rise to aredial embryo, whereas undifferentiated cells
gave rise to both somatic and secondary generative cells. Each mother sporocyst
produced about 15 rediae. Intramolluskan development of the E. caproni mother
sporocysts consists of 5 development steps (resting, migration, growth, reproduc-
tion, and degeneration) that are not temperature dependent (Ataev et a. 1997).
The mother sporocyst produces the first generation, which consists of maternal
rediae forming only redoid embryos (Fig. 1.3€). These initialy reside within the
ventricle and aorta of the snail, although when these sites became filled, these rediae
begin to colonize the ovotestis of the snail. The next generations are represented by
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daughter rediae (Fig. 1.3f). In the beginning of their life they produce redoid
embryos, forming later cercariae. The germinal masses, located caudally in the
mother sporocyst, are responsible for multiplication and development of generative
elements in all generations (Ataev et a. 2005, 2006). In the case of E. paraensei,
development of the so-called precocious mother redia has been observed under
laboratory conditions. This precocious mother redia attaches to the ventricle and
remains with the sporocyst for 31 days or more. This developmental stage has not
been observed in other echinostome species; the presence of this precocious
mother redia reduces the success rate of subsequent E. paraensei sporocysts to
establish in the ventricle of the snail host (Sapp et a. 1998).

Echinostome rediae are € ongate structures with an anterior mouth, pharynx, sac-like
gut, a collar-like tegumentary ring at the anterior end, and two posteriorly located
ambulatory buds. Rediae are more active than sporocysts. Sebelova et a. (2004)
investigated the musculature and associated innervation of E. caproni rediae by
confocal microscopy and detected a somatic and pharyngeal muscle and a well-
developed muscular body wall comprising a mesh of numerous, well-organized
outer circular fibers and fewer, but thicker, inner longitudina fibers. The neuroactive
elements were mainly restricted to the central nervous system, comprising essen-
tialy a bilobed cerebral ganglion or brain, and paired longitudinal nerve cords.

Rediae migrate within the snail body and prefer particular habitats, mainly the
digestive gland and gonads. Rediae use their mouth and digestive system to ingest host
tissues and hemolymph, but they may a so attack and feed upon other rediae and spo-
rocysts of echinostome and nonechinostome trematodes. E. trivolvis and E. caproni
rediae moved toward other individual rediae, including those conspecifics (Reddy and
Fried 1996). The attractants are used to recognize that the intramolluskan stages were
contained in the free sterol fractions and free fatty acid fractions of theredia excretory-
secretory products (Reddy et a. 1997). Biochemical studieson therediae of E. caproni
showed free sterol as the major lipid fraction, with lesser amounts of triacylglycerols
and steryl esters (Marsit et al. 2000). Recently, E. revolutum has been used to control
fasciolosisin West Java through antagonism between larvae of Fasciola gigantica and
E. revolutum in Lymnaea rubiginosa (Suhardono et a. 2006).

Fried and Awatramani (1992) in their light and scanning el ectron microscopical
studies on the daughter rediae of E. trivolvis reported that this stage is hematophagous
and also noted the presence of black particulate material in theredial gut, presumably
derived from the presence of hemoglobin degradation. Pinheiro et a. (2004b) studied
the morphology of E. paraensel rediae using light, scanning, and transmission
electron microscopy, and noted considerable morphologica variation in the papil-
liform processin relation to the echinostome species. Folds were the only structures
observed in the tegument of E. paraensei rediae, and the presence of mitochondria
and secretory bodiesin the outer syncytium indicated that thistegument playsarole
in nutrient absorption.

Pisciotta et al. (2005) detected that E. trivolvis daughter rediae produced ovoid
hemozoin crystals within the first intermediate gastropod host, H. trivolvis, with
insolubility characteristicsidentical to Plasmodiumfal ciparumhemozoin. However,
the rediae of E. caproni did not produce measurable pigment even though the snail
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host, B. glabrata, utilizes hemoglobin; these findings indicated that hemozoin
production varies according to the echinostome species.

Little is known about the intramolluskan parasitic stages of Ribeiroia, but the
pattern of sporocyst and rediae development is similar to that of the echinostomes.
Mature sporocysts are primarily found in the renal and pulmonary veins near the
kidney, and the germinal cells/germ balls of the posterior portion of the miracidium
are retained in the sporocyst and produce mother rediae. These rediae escape from
the sporocyst and migrate viathe heart posteriorly, and the germinal cellswithin the
mother rediae produce daughter rediae, which become concentrated in the area of
the ovotestis, and also in the gizzard, albumen gland, and between lobules of the
digestive gland. Beaver (1939) noted that mother rediae can produce both daughter
rediae and cercariae concurrently.

Detailed aspectsrelating to the dynamics of intramolluskan development and the
characterization of the echinostome capacity to interfere with the function of first
intermediate host defense cells (the so-called hemocytes) may be found in Chap. 2
of this book.

Metacercariae

Emerging echinostome cercariae infect the second intermediate host. This role may
be accomplished by severa species of gastropods, bivalves, tadpoles, and even
fishes, annelids, or temnocephalads. These cercariae encyst in different sites as
metacercariae (Fig. 1.3i). The cyst wall is composed of several layers of different
thickness. By transmission electron microscopy the cysts may show two or three
layers, with the inner cyst layer being lamellated. The metacercarial body is
enclosed inside the cyst, and numerous studies have focused on the structure,
ultrastructure, and histochemistry of both cyst walls and the larva within the cyst
(Kanev et al. 2000). Musculature and associated innervation of metacercariae of
E. caproni have been exhaustively studied by Sebelovéa et a. (2004).

The larva within the cyst is transparent in viable organisms, and excretory
concretions and cephalic spines are visible; nonviable cysts are opaque and granular.
These cysts are different in shape and size in relation to the echinostome species;
penetration sites, migration routes, and sites of localization of echinostome cercariae
and metacercariae have been the subject of different papers. Significant differences
in the cyst diameter, thickness of outer and inner cysts, and diameter of the excretory
concretions between E. caproni and E. trivolvis metacercariae were observed by
Frazer and Fried (1998). Furthermore, in concurrent infections of E. trivolvis and
E. caproni, E. trivolvis were localized exclusively in the saccular kidney, while
E. caproni occurred in both the saccular kidney and the pericardium.

The morphological featuresthat are diagnostic for echinostome-like metacercariae
of Ribeiroia include: lateral esophageal diverticula, sinuous excretory ducts con-
taining numerous, large concretions, spinose tegument, oral sucker with alongitudinal
slit opening to the outside, and a ventral sucker located in the posterior half/third of
the body.
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Cysts may remain viable within the second intermediate hosts for months.
Survival of E. caproni and E. trivolvis reached 4 and 6 months within planorbid
intermediate host snails, respectively. Furthermore, cysts of Echinostoma spp. can
be removed from snails and stored for more than 1 year in 1:1 Locke's solution at
4°C, retaining their infectivity toward the definitive host. McCarthy (1999d) exam-
ined the potential influence of the second intermediate host species on the infectivity
of metacercarial cysts of Echinoparyphium recurvatum and concluded that the
species of second intermediate hosts did not influence the infectivity of the meta-
cercarial cyst of E. recurvatum, nor the subsequent reproductive status, growth, or
development of this echinostome in an experimentally infected definitive host.

The localization of echinostome metacercariae is variable. In gastropods, the
cercariae have a predilection for the kidney-pericardial region; in bivalves the gills
and gonads serve as a preferred site; in amphibians the kidney and cloaca are pre-
ferred sites; and the skin, subtegument, and musculature are preferred in fishes
(Huffman and Fried 1990). Toledo et a. (1999c) studied the encystment sites of
metacercariae of H. conoideum in different freshwater gastropods, and metacercariae
were found primarily in the lumen of the pericardial cavity and also in the kidney.
No other organs or tissues were found infected, although the heart has been usually
reported a site of metacercarial encystment.

In the case of Ribeiroia, numerous species of amphibians and freshwater fishes
may become infected, but metacercariae do not form within snails (Johnson et al.
2004). In amphibians, metacercariae are found primarily around the base of the
hind limbs, cloaca, and to alesser extent within the posterior celom near the urinary
bladder, gill resorption sites, nares, and along the ventral margin of the mandible;
whereas in fishes, the metacercariae locations include the lateral line canals of the
head, the lateral line scales along the body, the gills, lips, and internal nares.

Metacercariae of some echinostomes have aso been found in freshwater snails
harboring rediae and cercariae and serving as the first intermediate host; some
metacercariae encyst within the rediae of the same echinostome species (Fig. 1.3)).
Metacercariae of some echinostome species become infective to definitive hosts
within 4 h of encystment in the second intermediate host; and other species require
alonger period (from 7 to 20 days) of cyst maturation before the metacercaria is
infective to the definitive host.

Although echinostome cercariae typically encyst in the heart, pericardium, and
kidney, some ectopic encystment does occur, mainly on snail mucus or in vitro in
a tissue culture medium. These ectopic cysts become infective to definitive hosts,
but infections with cultured metacercariae of E. caproni and E. cinetorchis showed
alower recovery rate of adult worms than those from experimental snails (Fried and
LaTerra, 2002; Park et al. 2006). These results suggest that faster maturation of
metacercariae occurs in the snail’s hosts. Xiao et al. (2005) studied in vivo and in
vitro encystment of Echinochasmus liliputanus cercariae released from Bellamya
aeruginosa. In vivo encystment of cercariae occurred in the gills of goldfish, and
Locke's or NaCl solutions were shown to be appropriate for in vitro encystment.
The cysts formed in vivo and in vitro were equally infective to experimental rabbit
definitive hosts.
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The neutral lipids present in encysted metacercariae are free sterol, but they are
present in considerably lesser amounts than in the cercariae (Marsit et a. 2000).

Morley et a. (2004b) observed in the E. recurvatum — L. peregra system an
increase in the mean number of cysts per host in relation to host size and time of
exposure. Aggregation resulting from host and habitat-related factors increased
with host size and time of exposure; the encystment within the host was restricted
to the peripheral organs in smaller juvenile snails, but as snails increased in size,
metacercariae were distributed throughout other tissues.

The pathology induced by echinostomes in their second intermediate hosts has
been the subject of few studies, mainly in their amphibian hosts, despite the fact
that this infection causes edema, mortality, and growth inhibition in tadpoles (Fried
et a.1997b). Recently, Schotthoefer et al. (2003) studied this topic using E. trivolvis
and tadpoles of Rana pipiens as model. They noted that success of infection was
significantly influenced by tadpole stage, exposure dose, and interactions of both
factors, which agrees with the previous report by Fried et a. (1997b). Moreover, the
tadpoles died only when metacercariae were concentrated in the functional portion
of the kidney with the most limited renal capacity. Thiemann and Wassersug (2000)
reported a biased distribution of E. trivolvis metacercariae in the nephric system of
Rana tadpoles. The distribution of encysted metacercariae was biased in favor of the
right kidney. The authors suggested that the high frequency of unilateral encystment
in anurans may be the result of a coevolved relationship that benefits both the host
and the parasite by ensuring host survival.

Echinostome metacercarial cysts often need to be stored for several monthsto a
year in laboratory. Keeler et a. (2007) examined the bacteria associated with
encysted metacercariae of E. caproni stored at 4°C. Different Gram-negative and
Gram-positive organisms were isolated. Aeromonas hydrophila, Pseudomonas sp.,
Enterobacter cloaceae, and Alcaligenes sp. were the Gram-negative bacteria iso-
lated from the stored cysts, and A. hydrophila, Citrobacter freundii, and E. cloaceae
were isolated from the infected and noninfected snails. The number of species of
bacteria associated with E. caproni metacercariae increased during the first 4
months of storage, and the bacterial contamination may contribute to the decreased
excystation of the E. caproni cysts over time. For this reason, the authors suggested
storage of the metacercariae in media containing antibiotics and refreshing the
storage solutions monthly.

The effects of pollutants on echinostome and echinostome-like genera cysts
have recently been studied. Bennett et al. (2003) analyzed the effects of tributyltin
and copper on metacercariae of Parorchis acanthus and concluded that tributyltin
and copper had adetrimental effect on P. acanthus metacercariae at high concentra-
tions, but the cyst wall afforded an element of protection if formed in unpolluted
seawater before the larval stages were subjected to the pollutants. A similar effect
on P. acanthus metacercariae was previously attributed to Cd, Zn, and Cd/Zn
mixtures by Morley et al. (2002).

Recently, Morley et a. (2004a) investigated the viability of metacercaria cysts
of E. recurvatum parasitizing two common freshwater snails, Lymnaea peregra and
Physa fontinalis, and demonstrated that exposure to antifouling biocides, especially
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TBTO and copper, reduced the viability of these metacercaria cysts after prolonged
exposure periods, principally through death of the snail host; this may, in turn, have
detrimental effects on successful parasite transmission. These authors concluded
that the survival of metacercariae and host is interlinked and that host mortality has
a subsequent influence on the long-term viability of the metacercarial population.
Furthermore, the copper molluskicide, in the form of copper sulfate, was capable
of killing excysted metacercariae of E. caproni and E. trivolvis, but not the encysted
metacercariae (Reddy et al. 2004).

Further details on echinostomes in the second intermediate host are covered in
Chap. 3 of this book.

1.1.3.4 Parasitic Stagesin the Vertebrate Hosts

The definitive host is a vertebrate, which finaly becomes infected when metacercariae
are ingested with the second intermediate host. Within the definitive host, metacer-
carial cysts excyst usualy in the ileum of the vertebrate host, and newly emerged
juveniles establish in the intestine within 4 h postfeeding on the cysts; the excysted
metacercariae gradually mature into adults.

Much is known on the activation and excystment of metacercariae (Fried 1994,
2000). During excystation, the organism breaches the |lamellated layer prior to final
disruption of the outer cyst. Conditions in the intestine, i.e., alkaline pH, trypsin-
bile salts, and a temperature of 37—43°C, influence the excystation process.
Excystation in vitro in an alkaline bile sats-trypsin medium at 37-41°C in the
absence of acid-pepsin pretreatment has been reported for several species of
echinostomes. Different host cues stimulating the metacercarial excystment behavior
have been described, such as pH conditions, bile components, carbon dioxide, and
various enzymes (Fried 1994). It is probable that the various host cues activate the
coordinated emergence behavior via sensory receptors.

Rossi et a. (2001) provided information on excystation and infectivity of
E. caproni metacercarial cysts after prolonged storage. The percentage of excystation
in trials with fresh cysts was 98.3% compared to 51.5% for cysts stored in Locke's
1:1 solution for 5 months. Cysts stored for 8 or 12 months did not excyst in an
artificial trypsin-bile salts excystation medium.

The effects of tonicity, digestive enzymes and bile salts, and various nutrients
added to Locke's solution have been studied on the chemically excysted metacer-
cariae of E. caproni (Fried et al. 2004). The findings suggest that the acidic pepsin
environment in the stomach of a definitive host would be detrimental to the survival
of excysted metacercariae, but prolonged surviva in akaline trypsin-bile salts
would facilitate establishment of this larval stage in the mucosa of the host small
intestine. Furthermore, the addition of exogenous glucose to the incubation medium
of Locke's solution significantly increased the survival of the excysted metacercariae,
because this glucose provided an energy source for the enhanced survival of this
larval stage. Similar results were obtained with Locke's solution supplemented with
hen’s egg yolk. Fried and Peoples (2007) demonstrated that E. caproni metacercariae
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excystation was strongly affected by vinegar treatment, boiling for 1 min, and
increased potassium permanganate concentrations.

Adult echinostomatids are predominantly found in birds, and also parasitize
mammals, including man, and occasionally reptiles and fishes (Huffman and Fried
1990). The main characteristic feature of the echinostome adult is the cincumoral
collar armed with one or two ventrally interrupted crowns of large spines (Fig.
1.3k). Other morphological features of echinostome genera containing numerous
species of the Echinostomatidae have been summarized by Fried (2001). This
author provided the most relevant morphological criteria of Echinostoma,
Echinoparyphium, Echinochasmus, Stephanoprora, and Himasthla at level of body
shape and size, forebody, collar and collar spines, and male and female reproduc-
tive systems.

The echinostome-like genus Ribeiroia utilizes a broad range of definitive hosts,
including numerous avian and severa mammal host species. Among the birds,
Ribeiroia has been recorded from 40 avian species, with the highest prevalence
among ciconiforms, falconiforms, and pelicaniforms. The raccoon (Procyon lotor),
the muskrat (Ondatra zibethica), the black and Norwegian rats (Rattus rattus and
R. norvegicus), and the badger (Taxidea taxus) are the recorded mammalian definitive
host species. Experimentally, adult Ribeiroia have been recovered from hamsters,
muskrats, mice and rats. An exhaustive list of natural and experimental definitive
hostsin the life cycle of Ribeiroia has been compiled by Johnson et al. (2004).

The adult stage isthe most studied in the life cycle of echinostomes and has been
the subject of extensive reviews (Huffman and Fried 1990; Fried and Huffman
1996; Fried 2001; Fried and Graczyk 2000, 2004; Toledo et al. 2006).

The establishment of adults in the definitive host varies greatly for each host-
echinostome species system. Factors such as host species, immunological status,
and age of the hogt, the infective metacercarial doses, and coinfection with other
parasites or with other echinostome species influence the course of infection.
Although the general pattern for the distribution of several species of echinostomes
has been well established, there are severa factors that may alter the distribution of
echinostome species. The species of echinostome, egg production, population density,
age of infection, and host species are factors that affect the fecundity of echinostomes.
More recently, in vitro and in vivo investigations of trematocidal activity of different
drugs (praziquantel, artemisinin derivatives, and tribendimidine) on echinostomes
have been the subject of some papers.

These aforementioned topics are not further reviewed here since they are ana-
lyzed in more detail in Chap. 4 of this book.

1.1.4 Concluding Remarks

In this chapter, salient information on the systematic and biological studies done on
echinostomes and echinostome-like digeneans in the past 10 years has been pro-
vided. Although the available significant literature pertains mainly to Echinostoma
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species, in particular to E. caproni, E. trivolvis, E. paraensel, and E. friedi, some
relevant information on genera of echinostomatids other than Echinostoma is also
covered. Information on some echinostome-like digenean generawas also included
because the organisms selected are important in human and veterinary medicine, in
wildlife disease, or serve as models for biological research. Specificaly, the genus
Ribeiroia and some literature on Parorchis and Philophthalmus have been consid-
ered in the review.

Although molecular studies are proving decisive in certain aspects related to
echinostome’s phylogenetics and diagnostics, systematic studies based on morpho-
logical dataare both necessary and essential, and must be updated in arigorous and
exhaustive manner.

From the biological perspective, and although a great amount of information is
available in the literature, a number of areas of biological research still remain to
be explored. The echinostomes and echinostome-like genera possess complicated
life cycles in which three hosts are normally involved: two intermediate hosts and
one definitive host. However, the easy maintenance of echinostome life cyclesin
the laboratory makes these digeneans good experimental models for studies on
host-parasite rel ationships.
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Abstract Echinostomes rely on a molluskan host to achieve the asexual
multiplication phase of larval stages in their complex life cycle. Here we present
prominent characteristics of the Biomphalaria-Echinostoma systems and detail
recent advances in our understanding of their molecular interactions. Remarkably,
studies using these echinostomes, pathogens with relatively modest medical impact
have shed light on important aspects of parasite strategies for immune evasion,
invertebrate internal defenses, and general immunology.

2.1 Echinostomes and Snails: Exploring Complex I nteractions

2.1.1 Introduction

Echinostomes, together with most of the 6,000 known digenean species, rely on amol-
luskan host to achieve the asexual multiplication phase of larva stages in their com-
plex life cycle. This obligatory association is often highly specific. An echinostome
that invades a nonhost species usudly fails to complete its life cycle and faces rapid
immune elimination. Depending on the echinostome species, one or a small number
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of freshwater or marine snail species may serve as an effective first intermediate host
(Kanev et a. 2000). Echinostome miracidia penetrate the host gastropod mollusk and
rapidly transform into mother sporocyst. According to species, sporocysts may settle
near the site of miracidia entry, or migrate through the host tissues and settle in the
heart areawithin 1-2 days (Lo 1995; Ademaand Loker 1997; Ataev et a. 1998; Sapp
et al. 1998; Kanev et a. 2000). There, they undergo an asexua multiplication process
resulting in the production of generations of mother rediae (see Fig. 2.1), daughter
rediag, and finally cercariae (see Chap. 1) that will emerge from this host and infect
the secondary intermediate host.

This fascinating development, often occurring in a host-specific association,
raises anumber of questions. Why are gastropods uniquely suited to serve as inter-
mediate hosts for echinostomes? How does the parasite regulate the complex
differentiation steps between its larval stages? What are the physiological interac-
tions between host and parasite? What determines the specificity of this parasite
host interaction? How do nonhost gastropods manage to rapidly eliminate the
parasite? How can the parasite avoid destruction by the immune system of a suitable
snail host? These issues are not only relevant for a general understanding of all
parasites that have a complex life cycle, but they also relate to all host-pathogen
interactions. Even considering results from other, more frequently studied vertebrate-
pathogen model systems, it is obvious that these general parasitological questions
remain largely unanswered to this date. Work continues to elaborate at least partial
answers for echinostomes and snails.

The main model for study of snail-digenean interactions involves the snall
Biomphal ariaglabrataand the human blood fluke Schistosoma mansoni (Strigeidida,

Fig. 2.1 Rediae (R) of Echinostoma paraensei in the pericardical cavity of a Biomphalaria
glabrata snail
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Digened). This is logically motivated by the continued negative impact that
schistosomiasis exerts on global health (Fenwick et al. 2006; King et al. 2006).

By comparison, the number of studies of associations of B. glabrata with
echinostome flukes such as Echinostoma paraensei and Echinostoma caproni
(Echinostomida, Digenea) is modest. However, several biological aspects of
echinostome infection in B. glabrata are more obvious for observation relative to
schistosome infection. As described later these studies have provided invaluable
insights in immunoparasitology, several of which transcend beyond the field of
snail-digenean immunoparasitology. Comparative study of echinostome infections
in B. glabrata will likely facilitate functional interpretation of factors that charac-
terize digenean-snail interactionsin general. Thisis highly relevant, especially now
that factors that take part in the parasite-host interactions are being cataloged in
unprecedented numbers as sequence data by gene discovery efforts with modern
molecular (transcriptomic and proteomic) techniques and as part of genome
projects for digeneans such as S. mansoni and Schistosoma haematobium) and for
B. glabrata as snail intermediate host.

Herewewill present prominent characteristics of the Biomphalaria-Echinostoma
systems and detail recent advancesin our understanding of their molecular interac-
tions. Remarkably, studies using these echinostomes, pathogens with relatively
modest medical impact, have shed light on important aspects of parasite strategies
for immune evasion, invertebrate internal defenses, and general immunology.

2.1.2 The Mystery of Specificity for Snail | ntermediate Hosts

When considering the complex ontological development that takes place in the
snail host, including complex migration paths through the tissues, the intensive
multiplication that gives rise to hundreds of larvae, and the tremendous metabolic
requirements to fuel these parasite activities, it seems easy to intuitively assume
that echinostomes must be highly adapted to exploit a particular species of host
snail and that they cannot develop in other species. Surprisingly, it seemsthat digeneans
are highly permissive of varying physiological conditions, and that such factors
contribute only modestly to compatibility. A number of studies have investigated
the various steps possibly involved in determining this host specificity, and follow-
ing is an overview of these contributions.

2.1.21 Host-Finding Behavior of Miracidia

Thefirst requirement to be met in any digenean life cycle isthat the free-swimming
larval miracidium (see Fig. 2.2) encounters and penetrates an appropriate molluskan
species. Therefore, potential variations in the attractiveness of various potential
snail hosts to miracidia, and in the ability to perforate the tegument of a host viathe
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Fig. 2.2 Scanning electron micrograph of Echinostoma caproni newly hatched miracidium (a)
and transforming miracidium after one day in culture (b) Scale bar is 10 mm. The loss of ciliate
plates (cp) typical of the transformation process normally occurring shortly after snail infection
isinduced under in vitro conditions. Such in vitro transformed sporocysts were used in the coc-
ultivation experiments, and the culture supernatants were used as source of excretory-secretory
products

secretion of cytolytic enzymes from the apical glands of the miracidium may govern
specificity. Early studies on snail-trematode specificity (reviewed by Cheng 1968)
showed that chemotaxy does exist but that it operates only within very restricted
distances and in a nonspecific manner. Miracidia can detect and utilize gradients of
macromolecular components that diffuse from surface mucus-covering snails to
locate potential host snail in the aquatic environment (Haas et al. 1995; Haberl et al.
2000). Sapp and Loker (2000a, b) compared the miracidial attachment and penetra-
tion behavior of four digenean species including two echinostome species
(Echinostoma trivolvis, E. paraensei) and two schistosome species by arranging
encounters with host and nonhost snail species (Biomphalaria glabrata, Helisoma
trivolvis, Lymnaea stagnalis, Stagnicola elodes, and Helix aspersa) representing 3
gastropod families. Miracidia from all digenean species attached to the tentacles
and head-foot region of snails and attempted penetration of both compatible
(specific host) and noncompatible (nonhost) snail species. This demonstrated that
miracidia of these parasites, including echinostomes, do not discriminate between
compatible and incompatible snails (Sapp and L oker 2000a, b). When assessing the
number of miracidia achieving snail penetration (determined by the number of free
miracidiaremaining after the exposure interval), the results showed significant differ-
ences between host and nonhost snails with a higher penetration rate of host species.
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However, half of the miracidia from each digenean species did penetrate nonhost
snail species (Sapp and Loker 2000a, b). In support of these observations, Haberl
et a. (2000) concluded that differently from schistosome miracidia (from an
Egyptian isolate of S. mansoni), the miracidia of E. caproni were not able to
differentiate between different snail species. Altogether these results show that
preferential attachment or penetration of miracidia does not explain the high degree
of specificity of echinostomes for their snail hosts.

2.1.2.2 Host Physiological Suitability vs. Host-Par asite
Immunobiological Interactions

Theoretically, once in the host tissues, parasites face two major types of challenge:
(2) exploiting host internal milieu for their growth and development; and (2) evading
host immune response. Successful host exploitation depends on complex physio-
logical conditionsincluding the presence and availability of appropriate nutriments
as well as physicochemical parameters such as oxygen tension or osmolarity. It is
anapriori expected fact that variations in these parameters from species to species
may play a major role in digenean-snail specificity (Cheng 1968).

Only alimited number of past biochemical studies have investigated physiological
interactions between mollusks and digeneans. While the free-living larval miracidia
usually employ aerobic respiration, intramolluskan stages of digeneans are able to
switch after penetration of the snail host and rely mostly on anaerobic metabolism
(Tielens et a. 1991, 1992; Boyunaga et al. 2001), likely to accommodate the occa-
sional hypoxic environment that may occur within snail hosts.

Digeneans utilize carbohydrates as energy source and also take up free amino
acids from host hemolymph and lipids, in the form of short-chain fatty acids
(Cheng 1968). Studies on S. mansoni/B. glabrata interactions indicate that host
glutamine may play a central role in this interaction (Coustau et al. 2003; Kayath
et a. 2006), as it promotes sporocyst growth and differentiation through its use for
neosynthesis of glucose, in aminor part, and of glycerol, in a more important part
(Kayath et al. 2006).

Although differences in physicochemical properties of the internal milieu of
mollusks probably exist and the physiological requirements of different digeneans
may vary, thereis no current evidence for the notion that such parameters figure in
determining parasite-host specificity. Conversely, thereisintriguing indirect evidence
to suggest that the importance of physiological parameters for intramolluskan
development of digenean parasites is actually limited. Several so-called cocultiva-
tion studies have investigated the ability of digeneans to develop under in vitro
conditions (Fig. 2.1), in the presence of Biomphalaria glabrata embryonic (Bge)
cells. The Bge cell line (Hansen 1976; ATCC CRL 1494; Rockville, MD) is unique
because it represents the only cell line that is available for mollusks to date. These
studies have involved E. caproni, an echinostome species that normally developsin
B. glabrata, but not other echinostome species that employ other snail species as
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intermediate host. However, comparisons of in vitro development of sporocysts
from S mansoni, E. caproni, Schistosoma japonicum, Schistosoma mattheel,
Schistosoma intercalatum, and Fascioloides magna, revealed that advanced devel-
opment of intramolluskan larvae of all these digeneans was achieved, regardless of
the phylogenetical distance separating B. glabrata from the natural snail host
(Yoshino and Laursen 1995; Coustau et al. 1997; Ataev et a. 1998; Coustau and
Yoshino 2000). For example, both S japonicum and F. magna, hormally develop-
ing in Oncomelania (prosobranchia) and Lymnaea (gastropoda) snails, produced
daughter sporocysts/rediae in the presence of Bge cells (Coustau and Yoshino
2000). Yet another study showed that S. mansoni sporocysts develop in vitro in
culture medium independent of host factors, under low oxygen pressure. Parasite
yield was sharply reduced under ambient oxygen levels, except when sporocyst-
conditioned culture medium was applied. Likely, antioxidant properties of the
secreted-excreted products of sporocysts are critical for parasite development and
survival. Axenic culture did not yield cercariae, however, leading to the hypothesis
that cercariogenesis may need atrigger from host components (Bixler et a. 2001).

These observations are consistent with the idea that although the physiological
environment and nutrients is critical to support parasite development, it probably
plays a limited role in determining snail/digenean (including echinostome)
specificity. Therefore, the success or failure of an infection may largely depend on
immunobiological interactions, that is, interactions between parasite immune
evasion strategies and host immune responses.

2.1.3 Immune Evasion Strategies of Larval Echinostomes

All parasites are known to evade host immune responses through mechanisms such
as molecular mimicry, antigenic variation, immune modulation, or immune suppres-
sion (see Wirzner 1999; Zambrano-Villa et al. 2002; Maizels et a. 2004). Studies
focused mainly on E. paraensel and E. caproni suggest that echinostomes’ immune
evasion strategy largely relies on suppression of host cellular immune functions.

2.1.3.1 InVivo Studies

Inthe 1970s Lie and coworkers performed a series of landmark studiesthat provided
evidence for immune suppression by larval echinostomes of host defense responses
in experimentally infected snails. They showed, for example, that B. glabrata snails
that are normally resistant to S. mansoni, no longer encapsulate S. mansoni when
they harbored a previous E. paraensel infection (Lie et al. 1976). Similar observa-
tions were made with several other echinostome species (Lie and Heyneman 1977a),
suggesting echinostomes actively interfere with their snail host’s internal defense
system (Lie 1982).
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2.1.3.2 ExVivo Studies

The notion that echinostomes aggressively interfere with their host immune response
was then supported by ex vivo studies. Hemocytes collected from E. paraensei-
infected B. glabrata exhibited significantly lower adhesion, spreading and phagocytic
abilities than hemocytes from control snails (Noda and Loker 1989a, b). Hemocytes
from uninfected B. glabrata snails do not encapsulate live sporocysts of E. paraensei,
but vigorously encapsulate dead sporocysts (Loker et al.1989). This parasite must be
metabolically active to maintain suppression of hemocyte function. Time-lapse
videomicroscopy showed that B. glabrata hemocytes exposed to live E. paraensel
sporocysts or rediae move away from the parasites (Adema et a., 1994a). Hemocytes
closest to sporocysts were affected before more distant cells, suggesting that the para
site continuously releases active factor(s) to generate gradient of interference around
the sporocyst. Indeed, the potency of excretory-secretory (ES) products collected from
in vitro transformed E. paraensei sporocysts to cause rounding and loss of adherent
properties of B. glabrata hemocytesin vitro, was correlated with the infectivity rate for
B. glabrata snails of miracidia derived from the same batch of E. paraensei eggs
(DeGeffe and Loker 1998). Whereas the mechanism by which ES products inhibit
hemocyte function remains to be resolved, interference may be effected through inter-
action with signal transduction pathways of the snail (Walker 2006).

The in vitro exposure of B. glabrata hemocytes to E. paraensel sporocysts or
their ES products yields a calcium wave in the cytoplasm of adherent hemocytes
(indicative of activation of signaling pathways that employ Caions as second mes-
senger) prior to the rounding up of these cells. Both processes are not necessarily
related because they could be evoked independently by severa different bioactive
molecules. Thus, E. paraensei may affect hemocyte function in different ways
(Hertel et a. 2000). Similarly, excretory-secretory (ES) products collected from in
vitro transformed E. caproni sporocysts (Fig. 2.2) induced a total loss of B. gla-
brata hemocyte defense functions encompassing adhesion, spreading, and phago-
cytosis (Fig. 2.3) (Humbert and Coustau 2001).

Interestingly, thisimmuno-suppressive effect of E. paraensei and E. caproni ES
products may significantly contribute to the specificity of host-parasite compatibility,
as the potency of ES products to affect hemocytes correlated with echinostome
infectivity (DeGaffe and Loker 1998), the degree to which hemocyte function was
interfered was less in snails exposed to but not infected with echinostome (Noda
and Loker 1989b), and ES productsfailed to affect hemocytes from nonhost species
(Ademaet al. 19944, b) or from genetically selected resistant strains of host species
(Humbert and Coustau 2001).

2.1.3.3 Insightsfrom Proteomic Studies

In order to start the characterization of the molecular processes underlying echinos-
tome immune evasion, Guillou et al. (2007b) performed a comparative proteomic
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Fig. 2.3 Representative effect of echinostome excretory/secretory products on Biomphalaria
glabrata hemocytes. (a) Control hemocytes after 3 h in saline solution. They are well spread and
present pseudopodia. (b) Hemocytes after 3 h in saline solution containing excretory/secretory
products from Echinostoma caproni

analysis of mother sporocyst excretory-secretory (ES) products from E. caproni
and from S. mansoni. Because ES products from S. mansoni have not been shown
to suppress hemocytes immune functions in ways comparable to the dramatic
effects from echinostome ES products (reviewed by Loker 1994; Loker and Adema
1995), this comparison was expected to help toward identification of particular ES
factors that contribute to immune suppression from among the complex mixture of
ES proteins, components of which are likely involved also in other aspects of the
host-parasite interactions.

Interestingly, after 24 h of in vitro culture, most proteins recovered from the ES
products of both S. mansoni and E. caproni sporocysts belonged to the same func-
tional categories. Abundantly present in both ES proteomes were (@) proteins that
function in the detoxification of oxidative stress, and (b) glycolytic enzymes
involved in the Embden-Meyerhof-Parnas pathway. Based on previous observations
and experimental data, it is likely that these two groups of proteins function as
antioxidants and protect sporocysts from oxidative damage (Guillou et a. 20073,
b). Protozoan parasites for instance employ glycolysis to counter oxidative stress
(Roth 1990; Cordeiro et al. 2004), and glycolysis may be indirectly involved in the
glutathione red-ox cycle through the production of NADH (Kum-Tatt et al. 1975,
Guillou et a. 20073, b).

In addition, other glycolytic enzymes (enolase and GAPDH) identified from the
ES of both E. caproni and S. mansoni could bind host plasminogen and thus facili-
tate invasion and migration of the parasite in host tissues (Jolodar et a. 2003;
Bergmann et d. 2004; Kolberg et a. 2006). Findly, a Mica-like protein was identified
in the ES proteome of E. caproni. This protein, known to play akey rolein repulsive
neuronal guidance, could be involved in immune evasion strategies, particularly in
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the observed inhibition of adhesion and phagocytosis capabilities of hemocytes
(Adema et a. 19944, b; DeGaffe and Loker 1998; Humbert and Coustau 2001,
Guillou et al. 20073, b).

Inlight of the dramatically different strategies for immune evasion of schistosomes
(immune evasion through molecular mimicry) and echinostomes (interference)
(Loker 1994; Loker and Adema 1995), it is especially intriguing that the ES prod-
ucts of both E. caproni and S. mansoni include similar sets of proteins that provide
protection against oxidative stress by scavenging (detoxification) reactive oxygen
species (ROS). Several studies have shown that the cytotoxic armament of hemo-
cytes includes the respiratory burst; immune activation causes hemocytes to
generate and release toxic ROS that play a crucia role in the killing of parasites
(Dikkeboom et al. 1988; Adema et al. 19944, b; Bayne et a. 2001; Hahn et al.
2001; Bender et a. 2005). The release of antioxidant factors may protect the
postmiracidium larval stage of S. mansoni and E. caproni from initial host
responses during the first hours of infection. The parasite is likely to be highly
vulnerable during this stage as it is remodeling anatomy and metabolism to trans-
form into the sporocyst stage. An immediate, early immunoprotective strategy
against hemocyte-mediated cytotoxicity could help digenean parasites to mount
a secondary immune evasion strategy relying either on molecular mimicry or
immunosuppressive strategy, thus avoiding the recognition and elimination of the
parasite for the rest of its intramolluskan cycle (Loker et al. 1986; Damian 1997,
Abu-Shakra et al. 1999; Guillou et al. 2007a, b). Most likely, these disparate
strategies are affected by entirely different molecular mechanisms. This differ-
ence is underscored by the realization that none of the gene transcripts specific to
the sporocyst stage of E. paraensei sporocysts, for which in vivo expression was
confirmed by hybridization involving cDNA extracted from parasites that had
developed in B. glabrata, had significant similarity to any of over 200.000
sequences derived from S. mansoni. Moreover, only 21 of 69 sequences from
E. paraensei displayed similarity to any of the known sequences present in
GenBank (Nowak and Loker 2005).

While this clearly indicates that much remains to be learned about the biology
of echinostome sporocysts, it is aso evident that the biology of the echinostome
and schistosome digeneans differs considerably. Failure to establish an effective
secondary means for immune evasion leads to elimination of the (noncompatible)
parasite. Typically, noncompatible digenean parasites are met almost immediately
(within hours after penetration) with vigorous encapsulation responses, but actual
elimination by hemocyte-mediated cytotoxicity may take up to 72 h.

Trematodes are exposed to ROS throughout their life cycle and are known to
suppress or modulate the immune response of their vertebrate hosts (Van der Knaap
and Loker 1990; LoVerde 1998; Maizel et a. 2004). ES products from adult schis-
tosomes were described to counteract host adaptive response (LoVerde 1998; Perez-
Sanchez et d. 2006). Antioxidant protective systems and proteins that scavenge ROS
were described in schistosomula and adult worms (Mkoji et al. 19883, b; Mei and
LoVerde 1997), and were found in the ES products of cercariae and adults of echi-
nostomes and schistosomes (Knudsen et a. 2005; Bernal et al. 2006; Perez-Sanchez
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et a. 2006). In addition, antioxidant proteins are involved in immune evasion in
other host-parasite systems involving both invertebrate and vertebrate hosts (Mei
and LoVerde 1997; Berna et a. 2004, 2006; Knudsen et al. 2005; Kolberg et al.
2006; Perez-Sanchez et al. 2006; Zhang et al. 2006).

The aforementioned observations illustrate that ROS-scavenging molecules
figure importantly in immune evasion strategies that are applied by parasites across
the phylogenetic spectrum. The recent insights from larvae of E. caproni and S
mansoni (Guillou et al. 2007a, b) are consistent with the idea that also these para-
sites rely on a set of factors with scavenging activity that counter oxidative stress
resulting from ROS to gain ameasure of protection against initial defense responses
from a snail host. Building on this idea, the successful establishment of these
digeneans in their intermediate host may rely on a two-stage deployment of
survival strategies, a first general approach to temporarily counter ROS toxicity
followed by parasite-specific strategies that emphasi ze either molecular mimicry or
interference.

While molecular approaches are beginning to facilitate the functional interpreta-
tion of digenean survival mechanisms, the identification of the factors involved so
far is restricted to abundant proteins with known function. A multitude of novel
sequences (proteins, but possibly also other compounds) with unknown function
indicates the need for substantial additional efforts toward characterize the active
factors that alow digeneans to exert their survival strategies, for a more complete
understanding of specific parasite-host compatibility.

2.1.4 Echinostomes as Tools for Exploring Snail
I nnate | mmunity

A future understanding of the interactions between trematodes and their first
intermediate host also requires a comprehensive knowledge of snail immune
system. Considerable efforts have been made in the last decade to start character-
izing molecular processes underlying B. glabrata immune response, and some
major findings have been achieved while exploring B. glabrata-echinostome inter-
actions. Here, we present a brief chronological overview of studies on B. glabrata
immunity.

2.1.4.1 General Features of Biomphalaria Glabrata | mmune System:
Insights from “PreMolecular” Era

The immune system of B. glabrata relies on both cellular and humoral factors that
cooperate in the recognition and elimination of nonself-invaders (Loker and Bayne
1986; Yoshino and Vasta 1996; Lardans and Dissous 1998).
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Circulating hemocytes are the major effector cells responsible for parasite
encapsulation and killing. The major hemocyte type, referred to as granulocytes,
type A cells, or adherent hemocytes (Yoshino and Granath 1985; Loker and Bayne
1986; Coustau C, & Yoshino T.P. 1994 Surface), are actively phagocytic; they rap-
idly spread on glass and are involved in the formation of the multilayer hemocytic
capsules around multicellular invaders (Loker and Bayne 1986). Also present are
two other cell types: hyalinocytes (function unknown) and so-called round cells,
nonadherent spherical cells (Loker and Bayne 1986), and it is not established
whether they represent an undifferentiated stage of young granulocytes or an
ontologically different cell type. In addition to the key role of cellular effectors,
many studies have demonstrated that humoral factors contribute to promoting or
modulating cellular responses or function in inducing parasite degeneration and
death (Granath and Yoshino 1984; Loker and Bayne 1986; Fryer and Bayne 1989,
1996; Ataev and Coustau 1999). In particular, amultitude of soluble plasma opson-
ins and agglutinins or lectins was evident, but experimental characterization was
not usually devel oped beyond molecular weight of protein fractions, binding activ-
ity of particular carbohydrates, or the ability to agglutinate experimenta target
cells. As a conseguence the identity of such factors has largely remained unknown
(e.g., Jeong et a. 1981; Loker and Hertel 1987).

2.1.4.2 Historically Perceived Simplicity of Invertebrate |mmunity

For a long time, the innate defenses of invertebrates have been considered to be
rather unsophisticated, especially compared to the immune capabilities of jawed
vertebrates. In addition to innate type immunity for initial protection to pathogens,
this latter group also disposes overacquired immunity; somatic mutations are
employed for rearranging genes to generate increasingly specific antigen receptors
(antibodies and T-cell receptors) that can efficiently direct immune responses to
pathogens. Clonal expansion of B cells that produce effective antibodies amplifies
the immune response, and creation of memory cells leads to an immunological
memory (acquired immunity) such that defense responses are immediate if the
same pathogen is encountered again. The absence of obvious homologs of lymphocytes,
lymphocytic tissues, and antibodies from invertebrates, along with arguments that
most invertebrates had only limited life spans and bodies too small to accommodate
clonal expansion of antigen receptor-producing cells, led to the consideration that
invertebrates were not able to generate diverse and specific antigen receptors and
that they not possess acquired immune capabilities (e.g., Klein 1989).

As alternative to antibodies, nonself-recognition of pathogens by invertebrates
was mediated by lectins. These are nonenzymatic proteins that specifically bind
particular carbohydrates (e.g., Vasta et a. 2004). The pattern recognition model
(Medzhitov and Janeway 2000) proposed that even a limited set of nonchanging
lectins (encoded by a modest number of genes in the genome of invertebrates)
could afford an effective system for nonself-recognition in the context of (inverte-
brate) innate immunity. Groups of pathogens are characterized by so-called
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pathogen-associated molecular patterns (PAMPS), repetitive carbohydrate
structures such as L PS for Gram — bacteria and peptidoglycan for Gram + bacteria.
Thus, lectins with nonchanging specificity for a particular PAMP can serve as
pattern recognition receptors (PRRs) not only to detect invaders, but also identify
the type of pathogen and activate an innate immune response. Recently, it is
becoming clear that innate immunity systems function far lessrigidly and display
aremarkable level of sophistication. Important contributions to these new insights
regarding innate immunity in general stem from studies of the interactions between
echinostomes and their invertebrate host snail B. glabrata.

2.1.4.3 Immunological Memory in I nvertebrates?

The exploration of the echinostome-mediated interference with snail host defenses
by Lie, Heyneman and coworkers led to experiments that involved irradiated
echinostome miracidia to produce nonviable infection in the snail host. The irradi-
ated parasites penetrated B. glabrata normally, but subsequently failed to develop
and died. This experimental model yielded the observation that previous exposure
with nonviable echinostomes rendered normally susceptible B. glabrata refractory
to infection when exposed to untreated, viable miracidia of the same parasite (Lie
and Heyneman 1976, 1979; Lieet al. 1975; Jeong et al. 1980; Lieet a. 1982). Thus,
a previous exposure caused B. glabrata to gain an “acquired resistance” that also
provided some crossprotection against closely related echinostome species.
Intriguingly, irradiated echinostome larvae did not induce resistance to S. mansoni
infection (Lie and Heyneman 19773, b), and an effort to induce acquired resistance
in alymnaied snail proved unsuccessful (Dondero et a. 1977). The methodologies
availablein that eradid not yet permit molecular characterization of the parameters
underlying the acquired immunity, but snails with acquired resistance responded to
parasite infection with a more rapid increase in the number of circulating hemo-
cytes as compared to naive B. glabrata (Lie et al. 1982).

Possibly, previous exposure to nonviable (noncompatible) parasites caused a
state of “immune priming” where innate immune defenses remain at a heightened
activation level for some interval of time after the pathogen has been eliminated.
Newly entering parasites are then met by a more rapid defense response. This
hypothesis does not readily account for the specificity of “acquired resistance” in
B. glabrata, however. Alternatively, the previous immune interaction did give rise
to some as yet unresolved form of immunological memory to counter specific
parasites. Whatever the underlying mechanism, the phenomenon of acquired resist-
ance in B. glabrata deserves continued investigative attention, especialy given
recent reports of specific immune memory also from other invertebrate organisms
such as the copepod Macrocyclops albidus and Drosophila (Kurtz 2005; Little
et al. 2005; Pham et a. 2007).

With the realization that noncompatible echinostome parasites (and other
digeneans?) may continuously penetrate and challenge B. glabrata in its natural
habitat, the likelihood of induction of potentially crossprotective “acquired
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resistance” must be considered as a significant modifier of host-parasite compat-
ibility patternsin the field.

2.1.44 AntiDigenean Responsesin Biomphalaria Glabrata
are Complex and Dynamic

Likely due to their highly effective interference strategy aimed at inhibition of the
function of host defense cells, echinostomes seem to not try to avoid recognition as
pathogen by the snail host. In fact ES products of E. paraensei actually stimulate
the amoebocyte-producing organ (Noda 1992) where the hemocytes (defense cells)
originate, and echinostome infection leads to higher numbers of circulating hemo-
cytes as well as increased concentration of plasma proteins. By comparison, the
responses of B. glabrata to schistosome infection are very modest (see Loker and
Adema 1995).

Echinostome parasites have proven to be a good experimental tool for immune
challenge of B. glabrata and have provided valuable insights into the plasma
polypeptides that are part of the humoral responses to infection.

Initial experiments revealed that the response of B. glabrata to E. paraensei
infection comprised a complex mixture of plasma proteins with a wide range of
molecular weights (Loker and Hertel 1987).

A variety of carbohydrate-binding and agglutinating activities identified several
of these plasma factors as lectins (Monroy et a. 1992; Monroy and Loker 1993;
Hertel et a. (1994). potential nonself-recognition factors of B. glabrata.

A potential nonself-recognition function was further indicated by showing that
severa plasma polypeptides bound parasite antigens, a precipitate formed when ES
products from in vitro cultured E. paraensei sporocysts were mixed with the cell-
free plasma from B. glabrata that had been exposed to E. paraensei. SDS-PAGE
analysis revealed that the snail-derived components of this precipitate fell into 3
different groups of proteins, that grouped as fuzzy bands around molecular weights
of ~200kD, 80-120 kD, and ~65kD, respectively (Ademaet al. 1997).

This precipitation reaction depended on lectin-like properties of the snail
polypeptides; the formation of the precipitate was reversible by addition of excess
antigens and proved inhibitable by the monosaccharide fucose. The ~65-kD snail
plasma lectins, produced in response to echinostome infection and reactive with
parasite antigens, were selected for further study with molecular techniques.
Molecular sequence analysis revealed that these snail plasma lectins were FREPs
or fibrinogen-related proteins, consisting of N-termina immunoglobulin super-
family (1gSF)-domains and a fibrinogen (FBG)-like domain at the C-terminus
(Ademaet al. 1997).

The exact function of FREPs is subject of ongoing research, but considering the
pattern-recognition hypothesis (Medzhitov and Janeway 2000), as parasite-reactive
lectins, FREPs may well serve to mediate nonself-recognition and immune activation
in B. glabrata. At this time however other functions have not been excluded. Once
identified, FREP-encoding sequences were also detected from other (families of)
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snail species. A comparative study evidenced that both B. glabrata and H. trivolvis,
a related planorbid, each react to both compatible and incompatible echinostome
parasites with similar complex response patterns of multiple plasma polypeptides,
including FREPs. Because such responses do not automatically correspond with
elimination of the infecting echinostome parasites, the FREP response is consid-
ered to represent a best-effort response to an invading pathogen. The ultimate out-
come of the parasite-host interaction likely depends on the success of theinterference
capabilities of the parasite (Adema et al. 1999).

FREPs have never been obvious from snail plasma protein profiles derived from
B. glabrata/S. mansoni interactions. With the availability of nucleic acid sequence
it became possible to track FREP activity with aternative methods. Reverse tran-
scription PCR did not detect FREP expression in B. glabrata following infection
with a compatible S mansoni, but resistant B. glabrata do deploy FREPs in
response to incompatible S. mansoni (Hertel et al. 2005).

It remains to be resolved whether detection on protein gels of FREPSs produced
in response to schistosomes is hampered by low concentrations of these lectins or
whether FREPs do not circulate freely in the plasma but perhaps more closely
associate with parasites and/or snail cells and tissues.

Asforetold by the fuzzy banding of FREPs as bands on SDS-PAGE gels, FREPs
form a highly diverse gene family. To date at least 13 subgene families of highly
similar FREP-encoding sequences have been documented, the members of which
are distinguished by sequence differences, intron-exon structure, and the presence
of either one single or two tandemly arranged |gSF domains upstream of the single
FBG domain. Based on predicted molecular weight it is likely that FREP proteins
with two IgSF domainsfall in the 80-120kD molecular weight range, similar to that
observed from another component of the parasite-reactive plasma polypeptides
produced by B. glabrata (Léonard et al. 2001; Zhang et al. 2001).

Full-length characterization of FREP cDNA transcripts and FREP gene
sequences (genomic DNA) identified additional levels of diversity due to alterna-
tive splicing (Zhang and Loker 2003) as well as the frequent occurrence of single
nucleotide polymorphisms (SNPs) in otherwise identical FREP-encoding sequences
(Léonard et a. 2001; Zhang et al. 2001).

This level of diversity presented an apparent inconsistency with the notion that
pattern recognition in the context of (invertebrate) innate immunity relied only a
limited, unchanging set of broad specificity lectins for nonself-recognition (Klein
1989; Medzhitov and Janeway 2000). To investigate this issue, genomic DNA from
two individual B. glabrata was used to PCR amplify a sequence region from exon
2 of FREP3, the resulting amplicons were shotgun cloned and multiple inserts were
sequenced for each snail. The sequences obtained all were clearly derived from
FREP3 (>84% sequenceidentify), but 45 and 37 different sequences were recovered
from the respective individual snails, and only one sequence was held in common
by both snails. Thisinter- and intraindividual diversity was all the more surprising
given that experimental estimation predicted no more than five FREP loci in the
genome of B. glabrata. Similar levels of diversity of FREP3 sequences were evident
at both DNA and (MRNA) cDNA levels. Computer-aided biomathematical
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analysisrevealed that the compl ete range of sequence diversity of FREP3 sequences
could be explained by somatic mutation (involving gene conversion or point muta-
tions or both) of a limited number of so-called source sequences, similar to the
estimated number of FREP3 loci. The resulting diversity of FREP lectins is
assumed to afford B. glabrata with an increase in the range of antigens that can be
recognized. Also, diversification over time would prevent pathogens from tracking
a susceptible genotype (Zhang et al. 2004).

In practice, a continually diversifying repertoire of FREP sequences might
change the immune-recognition capabilities and possibly with that the compatibility
of individual B. glabrata for particular digeneans as a function of time. This report
was among the first to invoke somatic diversification of genes with relevance for
innate immunity in invertebrate metazoans. Currently, no mechanisms have been
described from B. glabrata to explain somatic mutation. However, diversification
of various immune genes has since been reported from avariety of both protostome
and deuterostome animals that do not have lymphocyte-based capabilities of
acquired immunity such as shrimp, mosquito, Drosophila, sea urchins, amphioxus,
and from lamprey, a jawless vertebrate. These findings have blurred the distinction
between innate and adaptiveimmunity. The* pattern recognition model” (M edzhitov
and Janeway 2000) with innate immunity type recognition relying on limited sets
of broad spectrum lectins may now be updated with the notion that diversification
of recognition proteins is a common feature of animal immunity in general (see
reviews by Loker et al. 2004; Litman et al. 2005b; Litman et al. 20053).

It is remarkable to realize that through revealing diversity of FREP sequences,
the study of interactions between E. paraensei and the snail B. glabrata has
indirectly contributed to a change in the paradigm of how innate immunity functions
across animal phylogeny.

2.1.45 Insightsfrom Transcriptomic and Proteomic Studies

In the last decade, tremendous efforts have been mounted to identify immune-
relevant genes or gene products from B. glabrata. Complementary strategies have
been developed by various laboratories, such as random sequencing of hemocyte
expressed genes (Mitta et al. 2005), comparative analysis of ESTs pre- and postim-
mune challenge (Miller et a. 2001; Raghavan et al. 2003; Lockyer et a. 2004;
Nowak et al. 2004; Guillou et al. 20073, b; Lockyer et a. 2007), or comparative
analysis of ESTs in susceptible or resistant snails (Schneider and Zelck 2001,
Bouchut et al., 2006b; Bouchut et al. 2007; Lockyer et al., 2007b). In addition,
proteomic techniques have been focused on characterizing B. glabrata proteins that
are differentially represented in the plasma or hemocytes from E. caproni-susceptible
and -resistant B. glabrata (Vergote et al. 2005; Bouchut et al. 20063, b).
Altogether, these studies yielded a multitude of immune-relevant genes that fall
in several major functional categories (see Table 2.1). Although more work is
needed to gain a comprehensive understanding, the efforts to date provide considerable
insightsinto the immune capabilities of B. glabrata. For thefirst time sequence data
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Table2.1 Predicted identity of immune-relevant genes (Other than freps) identified in published

gene discovery studies

Nonself-recognition

Antimicrobial proteins

Peptidoglycan Recognition Proteins (Mitta
et a. 2005; Zhang et a. 2007)

Cell-cell or cell-matrix adhesion

Cadherin like (Bouchut et al. 20063, b)

Dermatopontins (Mitta et a. 2005; Bouchut
et a. 20063, b)

Focal adhesion kinase (Lockyer et al.
2007a,b)

F-spondin precursor (Mitta et al. 2005)

Galectins (Mitta et a. 2005)

Integrin b-related (2) (Davids et al. 1999;
Mitta et al. 2005)
Integrin a2 (Bouchut et al. 2006a, b)

Integrin a-3 precursor (Mitta et al. 2005;
Lockyer et al. 2007a)

Integrin a5 precursor (Mitta et a. 2005)

Matrilins (Mitta et al. 2005; Bouchut et al.
20064a)

Selectin (Duclermortier et al. 1999)

Thrombospondin (Bouchut et a. 2006a)

von Willebrand domain-containing proteins
(8) (Bouchut et al. 20063, b)

Galectin lla (Mitta et a. 2005; Yoshino et
al. 2008)

Galectin llla (Mitta et al. 2005)

Matrilin 1 (Mitta et al. 2005)

F-spondin precursor (Mitta et a. 2005)

Proteases and protease inhibitors

Cystatins (Mitta et a. 2005, Guillou et al.
2007)
Inter a-trypsin inhibitor (Mitta et a. 2005)

Kunitz protease inhibitor (Coustau et al.
2003)

o 2-macroglobulin (Lockyer et al. 2007a)

Metalloproteinases (Mitta et al. 2005)

Serine proteases (Lockyer et al. 2007b)

Serine proteinase inhibitor (Mitta et al.
2005)

LBP/BPIs (Mitta et al. 2005; Guillou et al. 2007)

Theromacins (Mitta et a. 2005)
Achacin (Guillou et al. 2007)
Aplysianin (Jung et al. 2005)

Immune regulators

Macrophage Migration Inhibitory Factor (MIF)
(Mitta et a. 2005)

Allograft inflammatory Factor (AIF) (Mitta
et al. 2005)

Oxidative stress

Dual oxidases (Mitta et al. 2005; Lockyer et al.
2007a)
Glutathione S Transferase (Guillou et al. 2007)

Peroxidase (Lockyer et a. 2007a)
Peroxidasin (Lockyer et a. 2007a)

Peroxinectin (Lockyer et al. 2007a)

Cu/Zn Superoxide dismutases (Jung et al. 2005;
Goodall et a. 2006; Guillou et a. 2007)

Mn SOD (Jung et al. 2005)

Thioredoxin (Guillou et a. 2007)

Thioredoxin peroxidase (Mitta et a. 2005)

Others

C-type Lectins (Guillou et al. 2007)

Ca-Binding proteins (Vergote et al. 2005;
Guillou et al. 2007)

Ca-Binding Protein (1 EF-HAND) (Guillou
et al. 2007)

Cyclophilin domain-containing Protein (Guillou
et a. 2007)

Endo-1,4-b-mannanases (2) (Vergote et al. 2005

Ferritin (Lockyer et a. 20064, b)

Heat Sock Proteins 2 (Laursen et al. 1997;
Lockyer et a. 2004; Guillou et a. 2007)
Serine/threonine protein Kinase (Guillou et al.

2007)
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have identified various types of putative nonself-recognition proteins, immune
regulators, adhesion proteins, and antimicrobial proteins (Table 2.1). Importantly,
genesinvolved in toll and MAPK-associated signaling pathways now open possibili-
tiesto investigate the activation and regulation of defense responses (Humphrieset al.
2001; Lockyer et al. 20073, b), also in the context of parasite-snail interactions.

2.1.4.6 Echinostoma vs. Schistosoma: Tools for Functional Validation
of Candidate Immune Genes

The B. glabrata/S. mansoni interaction is of particular interest due to the medical
and veterinary importance of the parasite. To date, however, study of this host-
parasite combination at the transcriptomic level has not provided evidence for
strong activation of a snail immune response. It is possible that S. mansoni, when
it is recognized as nonself, is rapidly eliminated by constitutively expressed
immune molecules and circulating defense cells, either before or without eliciting
a substantial induction of transcription of immune-relevant genes.

In contrast to the modest responses to S. mansoni, infections with E. caproni (or
E. paraensei) significantly modify expression of a variety of (candidate) immune
genes of B. glabrata genes (Mitta et al. 2005; see Fig. 2.4). In al cases, encapsula-
tion of E. caproni correlates with significant increasesin transcripts levels, whereas
encapsulation of S, mansoni does not. Such results further underscore differences
in theimmunobiological interactions between B. glabrata and these two trematodes,
and make it abundantly clear that echinonostomes represent valuable biological
tools for investigating the immune response of Biomphalaria. It is anticipated that
their use in future larger-scale studies will help deciphering molecular processes
underlying antiparasitic response.

2.2 Concluding Remarks

In this day and age, only few organisms are generally considered to have the status
of model organism. The (imminent) availability of a completed genome sequence
seems a prerequisite for this status. Due to the considerable costs and effort
required, it is expected that only organisms that are of great economic value or that
have medical impact will be selected for full genome characterization within the
near future. It is due to this reasoning that the genomes of S. mansoni and S. japonicum
are currently being characterized, while it is far less likely that comprehensive
genomic sequence data for any echinostome species will become available in the
near-to-distant future. However, as described, echinostomes are in fact valuable
model organismsfor the study of generd parasitological and immunological questions.
Insights derived from study of echinostome biology and snail host interactions may
guide and direct studies aimed at further general understanding of transmission of
digean parasites by snails. Asone example, the discovery of FREPs as antidigenean
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Fig. 2.4 Expression profiles of 6 immune-relevant genes after exposure to Schistosoma mansoni
and Echinostoma caproni at 3, 6, 12, 24, 48, and 96 h after miracidia exposure. In both cases
white boxes indicate expression in compatible combinations (successful development of the spo-
rocysts), whereas black boxes indicate expression during an encapsulation response. Expression
ratios were determined using real-time quantitative PCR and are expressed relative to S19 expres-
sion levels

response factors is a direct result of experimental use of echinostomes. The inves-
tigation of the mechanisms that govern expression and diversification of FREPs
will inform considerably on basic immunology. This issue has figured importantly
alongside several other arguments used to motivate, organize (http://biology.unm.
edu/biomphalaria-genome/index.html), and successfully arrange for funding the
characterization of the full genome sequence of B. glabrata. (see http://genome.
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wustl.edu/ancillary/data/whitepapers/Biomphalaria_glabrata WPpdf, and http://
genome.wustl.edu/genome.cgi?GENOME = Biomphalaria%20glabrata). Whereas
the main rationale for obtaining the genome sequence of this snail species is to
allow continued modern investigation of the B. glabrata-Smansoni association,
preliminary experiments have shown that the BBO2 strain of B. glabrata (Ademaet
a. 2006) is aso compatible with E. paraensei (unpublished results). Thus the
genomic data forthcoming from the B. glabrata genome project will be valid also
in the context of studying echinostome-snail host interactions. With or without
these genomics-era devel opments, echinostomes will continue to remain important
model organismsin the field of general immunoparasitology.
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Abstract Echinostomes have a wide range of both invertebrate and vertebrate
second intermediate hosts. The most studied hosts are molluskan, particularly the
gastropods and bivalves; next most studied hosts are the amphibians, particularly
tadpoles and frogs. The encysted metacercaria or cyst is the dominant stage in
the second intermediate host of echinostomes. This cyst is usually formed in or
on tissues of the involved invertebrate or vertebrate second intermediate hosts. In
gastropods the preferred site for encystment is usually the kidney or pericardium.
In anurans the preferred site is often the kidney or the limb buds in echinostome-
like forms such as Ribieroia sp. This chapter reviews the biology, development,
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distinguishing morphological characteristics, site selection, behavioral changes in
vertebrate and vertebrate hosts, pathology, and the effects of pesticides, herbicides,
and marinades on the metacercariae of the Echinostomatidae.

3.1 Introduction

Echinostome trematodes target a diverse collection of second intermediate hosts
both taxonomically (gastropod and bivalve mollusks, amphibian larvae, and fishes)
and ethologically (lentic, pelagic, sessile). The nature and structure of the echinos-
tome cysts, and their localization will vary (Huffman and Fried 1990; Fried 2001).
Therole of habitat and habitat structure on the distribution of echinostomes among
and within intermediate host populations can play an important role in influencing
the probability of contact between the parasite and potential host. Some intermediate
hosts behave in ways that can increase or decrease the risk of infection (Mouritsen
and Poulin 2003). Echinostomes can impact on host behavior and can be significant
determinants of animal community structure and function. The metacercariae may
also affect the general condition of the host. The pathogenicity of encysted echinos-
tomes will depend on their localization in the host.

This chapter will address encystment, site selection, development of echinostome
metacercariae, behavioral and morphological changesin the second intermediate hogt,
and excystation of echinostome metacercariae. The effects of pesticides, herbicides, and
marinades on echinostome metacercariae will be reviewed.

3.2 Echinostome M etacercariae

Histochemical and biochemical studies of echinostomes show considerable variability
in the formation, ultrastructure, and biochemical composition of metacercaria cysts,
reflecting diverse evolutionary adaptations. As indicated by Macy et al. (1968), the
nature of the cyst wall also determines the conditions needed for excystment and may
be important in determining final host specificity after ingestion. Although several
biological functions (e.g., transport of nutrients or metabolites) have been attributed
to the cyst wall, none, other than protection, has been clearly defined.

3.3 Encystment of Echinostome M etacercariae

Mechanisms of encystment either in vivo or in vitro for species of Echinostoma are not
well understood. Cercariae of Echinostoma contain a complex array of tegumentary
papillae (Fried and Fujino 1987) and a complicated neuromusculature (Humphries
et al. 2000). Additionally, cystogenous glands are present throughout the cercarial
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body. Coordination of the sensory, nervous, and muscular systemswith the cystogenous
gland network is obvioudly involved in cercaria encystment.

Some echinostome species have been reported to encyst on snail mucus and
Himasthla rhigedana encysts on vegetation (Adams and Martin 1963; Fried and
Bennett 1979; Christensen et al.1980). Most echinostome cercariae require a second
intermediate host for encystment. These hosts are usually gastropod and bivalve mol-
lusks, amphibian larvae, and fishes. The site of encystment is variable. In gastropods,
the cercariae have a predilection for the kidney-pericardial region; in bivalvesthe gills
and gonads serve as a preferred site. In amphibians the kidney and the cloaca are
preferred sites; and in fishes the skin, subtegument, and musculature are preferred
(Marquardt and Demaree 1985; Huffman and Fried 1990). Species of Echinochasmus
and Petasiger encyst within the gills of fish. Xiao et a. (2005) reported that
Echinochasmus liliputanus cercariae encysted in vitro, in human gastric juice. This
finding may explain the direct infection of fina hosts by the cercariae.

For some species of 37-collar-spined Echinostoma, their cercariae successfully
encyst and develop to metacercariae in vitro. Park et al. (2006a) cultured
Echinostoma cinetorchis cercariae in 12 different media to study the formation of
metacercariae. Gorbushin and Levakin (2005) evaluated trigger and toxic effects of
Mytilus edulis (Bivalvia) hemolymph on encystment of cercariae Himasthla elon-
gata obtained from infected Littorina littorea (Prosobranchia). The contact of H.
elongata larvae with the whole hemolymph or mussel acellular plasma led to an
intensive transformation of cercariae into metacercariae. In both tested media, the
cercariae had to complete the encystment phase within 2 h; otherwise, the risk of
injury to the larvae by humoral and cellular components of the mussel hemolymph
would increase dramatically. The cercarial mortality after 24 h in the whole hemo-
lymph was twice higher than in plasma (40 and 20%, respectively) and much higher
than in the control medium (sea water). Both toxic and trigger effects of plasma
were revealed to depend on concentration.

3.4 Metacercarial Site Selection in Second Intermediate Hosts

The site of encystment within gastropod hosts varies between species of echinos-
tome. Echinostoma trivolvis mainly encysts within the kidneys, while Echinostoma
caproni encysts within the heart, pericardium, and kidneys (Jeyarasasingam et a.
1972; Anderson and Fried 1987). Echinoparyphium elegans encyst within the peri-
cardium and kidneys (Mouahid and Mone 1988). Morley et a. (2007) investigated
the establishment and distribution of Echinoparyphium recurvatum metacercariae
in the second intermediate host, Lymnaea peregra, at a temperature range of
5-29°C. The effect of temperature on encystment site choice (mantle cavity, kidney,
pericardium) by metacercariae showed that the mantle cavity was the prime site of
encystment, followed by the pericardium and the kidney. Temperatures at the lower
and upper ranges (14 and 29°C), however, caused asignificant reduction in encystment
in the mantle cavity, but not in the pericardium or kidney.
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Utilization of a single-species molluskan community of L. peregra by metacer-
cariae of E. recurvatum over asummer (July—September) period in southeast England
showed an increase in the mean number of cysts per host with host size and time of
exposure. Aggregation resulting from host and habitat-related factors increased with
host size and time of exposure. Encystment within the host was restricted to the
peripherd organsin smaller juvenile snails, but as snailsincreased in size, metacercariae
were distributed throughout the tissues (Morley et al. 2004b).

Laruelle et al. (2002) reported that zebra mussels (Dreissena polymorpha)
served asthe secondintermediate host for trematodesin thefamily Echinostomatidae.
Cysts were typically found embedded in epithelial tissues in the mantle cavity
(including on gill surfaces) or in connective tissue just interior to the epithelial
covering of the visceral mass, in regions near the digestive gland and gonads. Cysts
were also occasiondly recorded in the kidney, hemolymph sinuses, pericardial cavity,
suprabranchial cavity, intestinal lumen, and gonads.

Many Echinostoma spp. have been reported to use larval anurans asintermediate
hosts. The cercariae enter the tadpoles via the cloacal opening and form metacer-
caria cysts in the kidneys, pronephroi, and Wolffian ducts. Thiemann and
Wassersug (2000b) examined the distribution of Echinostoma metacercariae in
Rana sylvatica and Rana clamitans tadpoles; 200 individuals of each species were
exposed to free-swimming cercariae. There was a significant left: right bias in the
distribution of metacercariae within both R. sylvatica and R. clamitans tadpole
hosts, with trematodes preferentially encysting in nephric structures on the right
side. In R. sylvatica and R. clamitans 56.7 and 96.8% of the metacercariae, respec-
tively, were on the tadpoles' right side. Asymmetry in the distribution of parasites
followed the direction of the asymmetry in tadpole kidney size, but was much
greater. Trematodes preferentially encysted in the head kidneys of R. clamitans,
which regress at metamorphosis. The right head kidney was the most commonly
infected structure in R. clamitans tadpoles, containing 72.7% of all cysts in that
species. Despite the preference of trematodes to encyst in the head kidney, there
was ho correlation between the number of cystsin the right kidney and the number
in the right head kidney. This suggests that limited space in the head kidney does
not influence metacercarial formation in the kidney proper. The high frequency of
unilateral encystment in both anurans, and in the head kidneys of R. clamitans, may
be the result of a coevolved relationship that ultimately benefits both the host and
the parasite by ensuring host survival (Thiemann and Wassersug, 2000b).

Light and scanning electron microscopy were used to examine the localization of
echinostomatid metacercariae infecting the kidneys of leopard frogs, Rana pipiens;
and green frogs, R. clamitans. Cysts occurred predominantly in the ventrolateral renal
cortex, and at |east some were confined to the lumen of the Bowman's capsules. Each
vermiform metacercaria body was enclosed by a spherical cyst wall that had a uni-
form thickness. The wall was composed of a homogeneous materia containing basic
and keratin-like proteins, with sulfated acid mucopolysaccharides on the outer sur-
face. Most cystswere enclosed by afibrous capsule of host origin or were surrounded
by an inflammatory focus (Martin and Conn 1990).
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3.5 Development of Echinostome M etacercariae
in the Second Intermediate Host

The mechanisms of cercarial encystation remain poorly understood. It isreasonable
to speculate that cercarial encystation is mediated by chemoreceptors and the nerv-
ous system. Although there is no experimental evidence that any of the supposed
digenean sense organs mediate sensory modalities, it is believed that ciliated papil-
lae on the cercarial surface may act as chemoreceptors. Many studies have demon-
strated that the ciliate papillae have both argentophilic characteristics, i.e., Agl
binds selectively to the ciliated papillae, and cholinesterase activity. Silver staining,
along with scanning electron microscopy, has revealed the presence of uniciliate
and multiciliate papillae, which are undoubtedly sensory structures in some echi-
nostome cercariae (Fried and Fujino 1987). Similar results were also obtained in
E. liliputanus cercariae using scanning electron microscopy (Xiao et a. 2005).

The cysts of echinostome metacercaria are transparent and contain two to three
cyst walls (Irwin and Fried 1990; Krejci and Fried 1994). Scanning electron micro-
scopy studies have determined that Echinoparyphium aconiatum and Echinostoma
luisreyi only have two cyst layers (Gorchilova and Kanev 1986; Maldonado et al.
2003). E. trivolvis, E. echinatum, E. revolutum, and E. caproni all have three meta-
cercarial cyst layers (Gorchilovaand Kanev 1986; Irwin and Fried 1990; Krejci and
Fried 1994). Most echinostomes have an outer cyst, which may be smooth or rough
in appearance and often has associated host-derived collagen fibers. The outer cyst
layer of E. trivolvis was described to be more electron dense than underlying layers
based on TEM observations (Gulka and Fried 1979). SEM and TEM observations
of the outer cyst layer of Himasthla quissetensis found the layer to be homogeneous
and derived from granules released from the tegument of the metacercaria (Laurie
1974). Species with three layers contain an amorphous middle layer (Gorchilova
and Kanev 1986; Irwin and Fried 1990; Krejci and Fried 1994). Most species have
alamellated inner layer (Gorchilova and Kanev 1986; Irwin and Fried 1990; Krejci
and Fried 1994). The inner layer of both E. trivolvis and H. quissetensis has been
reported to have whorled or scrolled lamellar structures (Gulka and Fried 1979;
Laurie 1974).

The cyst shape varies between the many species of echinostome from spherical
as seen in Echinoparyphium and Echinostoma to oval and elliptical as seen in
Echinochasmus and Himasthla, respectively (Laurie 1974; Krejci and Fried 1994;
Kanev et al. 2000). The diameter of the cysts ranges from 100to 400 pm (Kanev
et al. 2000). The diameter of the cyst of E. caproni is midsized about 150 pm, and
the outer cyst wall is relatively smooth when compared to the coarser cyst wall of
E. trivolvis (Krejci and Fried 1994).

Stein and Basch (1977) reported that cercariae of Echinostoma paraensei
encysted normally in the presence of Biomphalaria glabrata embryo (Bge) cellsin
culture, partially in culture-conditioned medium, and not at al in fresh culture
medium alone. At the ultrastructural level the cyst is composed of 2 well-defined
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regions. The outer cyst wall (OCW) is particulate to fibrous in nature, formed from
secretory granules released from the cercarial tegument. Membranous scrolls or
rodlets secreted from the subtegumental cystogenous gland cells are then added to
thislayer, forming theinner cyst wall (ICW). After 24 h, the cultured cyst isenclosed
by a thin cellular capsule similar to that found around cysts in the snail host. The
capsule a'so contains collagen fibers, not found elsawhere in Bge cell cultures.

A detailed study of the surface topography of the echinostome digenean
Mesorchis denticulatus (Rudolphi 1802) Dietz 1909 was carried out using scanning
electron microscopy by Kgie (1987). The infective metacercariae, which occur in
the gill filaments of euryhaline fishes, have conspicuous collar spines and smaller
pointed spines, and occur on most of the body surface.

Metacercarial cysts of E. revolutum are infectious to the definitive host within 4
h of encystment, while other echinostomes, such as Echinoparyphium, have been
reported to require up to 7 days of maturation (Donges 1969; Anderson and Fried
1987). Not much isknown about morphological changes of metacercariae within the
cyst. The excysted metacercariae of Himasthla Ieptosoma were observed by SEM
and TEM (Irwin et a. 1984). The spines of the metacercarial collar were often with-
drawn into pits (Irwin et a. 1984). Sensory papillae were observed around the oral
sucker, but were not present around the ventral sucker (Irwin et al. 1984). Tegumental
spines were observed and ranged from peg-like to palmate with an anterior-to-
posterior distribution (Irwin et al. 1984). Fried and Reddy (2000) observed morpho-
logical changes of chemically excysted E. caproni metacercarial cysts that were
maintained in vitro. Metacercaria of E. caproni have numerous excretory concre-
tionsin the protonephridial tubules, but the excretory concretions are absent in adults
(Fried and Huffman 1996; Fried and Reddy 2000). Two days postexcystation (PE)
most metacercariae were observed to contain 4 to 8 concretions, but by day 4 PE no
concretions were present (Fried and Reddy 2000). Over the course of 2 days, PE
collar and tegumentary spines became more pronounced (Fried and Reddy 2000).
Protuberances and vacuolar blebbing were also observed in some metacercariae by
day 4 PE, but these features are not typical of adult worms and may be the result of
an inhospitable environment (Fried and Reddy 2000).

The potential influence of second intermediate host species on the infectivity of
metacercarial cysts of E. recurvatum to the definitive host Anas platyrhynchos was
examined experimentally by McCarthy (1999). E. recurvatum metacercarial cysts
were obtained from the following experimentally infected second intermediate
hosts 14 days postexposure to cercariae: L. peregra, Physa fontinalis, L. stagnalis;
Planorbis planorbis; Biomphalaria glabrata; tadpoles of the amphibian Rana tem-
poraria. Metacercarial cysts from each of these hosts were fed, in doses of 50 cysts
per individual, to separate groups composed of between four and eight, 3-day-old
Anas platyrhynchos ducklings. All A. platyrhynchos were necropsied 15 days
postinfection, and the number, size, and reproductive status of E. recurvatum
worms in the intestine were recorded. All worms recovered were gravid. McCarthy
(1999) concluded that the species of second intermediate host utilized does not
influence the infectivity of the metacercarial cyst of E. recurvatum, or the subsequent
establishment and reproductive status of the parasite in A. platyrhynchos.
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3.6 Excystation of Echinostome M etacercariae

The process of excystation from the metacercarial cyst varies between species of
echinostomes. Fried (2000) reviewed the process of excystation for echinostome
metacercariae. For some species, excystation is accomplished through digestion of
the cyst wall by host-derived enzymes. For other species, excystation is accom-
plished through a combination of host-derived and parasite-derived enzymes
(Sommerville and Rogers 1987). Scanning and transmission electron microscopy
studies have been performed on E. trivolvisand E. caproni during in vitro excystation.
The excystation process of both echinstomes was determined to be identical (Irwin
and Fried 1990). The inner cyst layer undergoes fraying and fragmenting at a point
on theinner layer containing lamellae and the metacercaria exits through the frayed
area (Irwin and Fried 1990). The inner cyst layer of H. leptosoma contains regions
lacking lamellae (Irwin et al. 1984). Electron microscopy studies of the excystation
of H. leptosoma showed that the larva emerged from the inner cyst layer at these
sites, and no fraying or fragmentation was observed (Irwin et al. 1984). Electron-
dense globules were observed at the site of rupture in both Echinostoma species,
and the authors speculated that these may be glandular secretions from the trema-
todes that may be involved in the disruption of the inner layer (Irwin and Fried
1990). The metacercaria enters the middle layer. Excystation is completed when the
outer layer is ruptured and the larva emerges from the cyst (Irwin and Fried 1990).
The outer layer of both E. trivolvis and E. caproni was observed to rupture at a
single site, which allowed the larva to escape (Irwin and Fried 1990). The reader
can find further information on the metacercarial excystment of echinostomes in
Chap. 4 of this book.

3.7 Invertebrate and Vertebrate Second | ntermediate
Hosts of Echinostomes

Members of the family Echinostomatidae utilize a broad range of invertebrate and
vertebrate organisms as second intermediate hosts. The hostsinclude multiple species
of gastropods and bivalves, and numerous species of fish. Tables 3.1 and 3.2 summarize
many of the reported hosts that harbor metacercariae of echinostomes.

The marine echinostomes of the genera Acanthoparyphium and Himasthla utilize
multiple species of gastropods and bivalves as their second intermediate hosts.
Acanthoparyphium spinulosum has also been reported to utilize polycheate worms
(Bearup 1960; Martinand Adams1961). M etacercariaeof thegenusEchinoparyphium
have been reported in multiple species of gastropods, amphibian larvae, fish, and
turtles. Echinoparyphium megacirrus was reported to utilize the ectoparasitic flatworm,
Temnocephala chilensis, which is a common parasite of freshwater crustaceans,
insects, and turtlesin Australia(Viozzi et al. 2005). Species of the genus Echinostoma
have been reported in awide range of gastropods, amphibian larvae, and fish. The genus



Table 3.1 Invertebrate hosts of echinostome metacercariae

Echinostome Species Host Species Reference
Acanthoparyphium sp. n. Austrovenus stutchburyi (marine bivalve) Martorelli et al. (2006)
Acanthoparyphium paracharadrii Cerithium ornata (marine gastropod) Velazquez (1964a)

Acanthoparyphium spinulosum

Acanthoparyphium tyosenense
Curtuteria australis
Curtuteria arguinae
Echinoparyphium aconiatum
Echinoparyphium cinctum
Echinoparyphium dunni

Echinoparyphium echinatoides
Echinoparyphium elegans

Echinoparyphium flexum
Echinoparyphium megacirrus
Echinoparyphium mordwilkoi
Echinoparyphium paraulum
Echinoparyphium ralphaudyi

Echinoparyphium recurvatum

Echinoparyphium serratum
Echinostoma caproni

Salinator spp. and Pyrizus spp. (freshwater gastropod) and
species of polychaete worm; Cerithidea californica and
Crassostrea virginica (marine gastropod)

Mactra veneriformis(marine bivalve)

Austrovenus stutchburyi(bivalve)

Cerastoderma edule(bivalve)

Lymnaea stagnalis (freshwater gastropod)

Lymnaea spp. (freshwater gastropod)

Lymnaea rubiginosa, Gyraulus convexiusculus, Indoplanorbis
exustus, and Bellamya ingallsiana (freshwater gastropods)

Dreissena polymorpha (bivalve)

Bulinus truncates, B. globosus, Physa acuta, and Biomphalaria
glabrata (freshwater gastropods)

Lymnaea spp, Helisoma spp., and Physa spp. (freshwater gas-
tropods)

Temnocephala chilensis (flatworm)

Valvata piscinalis (freshwater gastropod)

Dreissena polymorpha (bivalve)

Bulinus truncatus, B. glabrata,and B. alexandrina (freshwater
gastropods)

Radax auricularia ; Lymnaea spp. (gastropod); Dreissena poly-
mor pha (bivalve)

Isidorella brazier (freshwater gastropod)

Bulinusspp., Biomphalaria spp., Physa spp., Lymnaea spp., and
Helisoma spp.; Pisidium casertanum and Melania tubercu-
lata (freshwater gastropods)

Bearup (1960); Martin and Adams (1961); Little
et al. (1966)

Kim et a. (2004)
Allison (1979)
Desclaux et al. (2006)
Fatynkova et al. (2007)
Kanev et a. (1994)

Lie and Umathevy 1965

Molloy et a. (1997)

Mouahid and Mone (1988); King and Van As
(1996)

Najarian (1953, 1954)

Viozzi et a. (2005)

Kiseliene and Grabda-K azubska (1990)
Molloy et a. (1997)

Lieet d. (1975)

Sohn (1998); Evans and Gordon (1983); Molloy
et a. (1997)

Howell (1968)

Christensen et al. (1980); Richard and Brygoo
(1978)
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Echinostoma cinetorchis

Echinostoma echinatum (Echinostoma

lindoense)
Echinostoma friedi
Echinostoma hortense
Echinostoma hystricosum
Echinostoma ilocanum
Echinostoma luisreyi

Echinostoma jurini
Echinostoma macrorchis

Echinostoma malayanum
Echinostoma melis
Echinostoma miyagawai

Echinostoma paraensei
Echinostoma parvocirrus

Hippeutis cantori; Radix auricularia coreana, Physa acuta,
Segmentina hemisphaerula, Austropeplea ollula and
Cipangopaludina spp. (freshwater gastropods); Corbicula
fluminea (bivalve)

Lymnaea spp. , Planorbarius spp., Planorbis spp., Anisus ssp.,
Gyraulus spp, Biomphalaria spp. and Viviparus spp. (fresh-
water gastropods); Corbicula spp. (bivave)

Lymnaea peregra, L. corvus Gyraulus chinensis, and Physella
acuta (freshwater gastropods)

Radixs pp., Physa spp., Planorbis spp., and Lymnaea spp.
(freshwater gastropods)

Lymnaea rubiginosa, Cyraulus convexiusculus,and
Indoplanorbis exustus (freshwater gastropods)

Gyraulus phrasadi; Pila conica, Viviparus javanicus and
Lymnaea rubiginosa brevis (freshwater gastropods)

Physaspp. and Biomphalaria glabrata (freshwater gastropods)

Mollusks, frogs, and freshwater turtles

Cipangopaludina malleata, C. japonica, Segmentina nitidella,
\Viviparus spp., Assiminea taiwanensis, Thiara granifera;
Gyraulus spp., Segmentina hemisphaerula,Hippeutis cantor,
Bulinus truncates, Physaspp., and Lymnaea spp. (freshwater
gastropods); Corbicula fluminea (bivalve)

Lymnaea cumingiana and Pila luzonica ; Digoniostoma
pulchella (freshwater gastropods)

Corbicula flumineaand Unis spinfoel (bivalve);
Cipangopaludina chinensis, C. miyazagii, and Snotia
Quadrata (freshwater gastropods)

Planorbis planorbisand Anisus vortex (freshwater gastropods)

Biomphalaria glabrata(freshwater gastropod)

Biomphalaria glabrata(freshwater gastropod)

Leeetal. (1990); Lee et al. (1988); Ahn et al.
(1989); Chung and Jung (1999); Chung
et al., (20014, b)

Carney et al. (1980); Kostadinova and Gibson
(2000)

Toledo et al., (2000)

Chai and Lee (1990)

Lie and Umathevy (1966)

Cross and Basaca-Sevilla 1981, 1986
Maldonado et al. 2003

Kanev et a. (1995b)
Beaver et a. (1984); Lo (1995)

Monzon and Kitikoon (1989); Maji et a (1993)
Lu (1982)
Kostadinova et al. (2000)

Stein and Basch (1977)
Nassi and Dupouy (1988)

(continued)
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Table 3.1 (continued)

Echinostome Species

Host Species

Reference

Echinostoma revolutum

Echinostoma trivolvis
Euparyphium albuferensis

Euparyphium albuferensis
Euparyphium paramurinum
Himasthla ambigua
Himasthla avosettae
Himasthla compacta
Hypoderaeum conoideum

Himasthla continua
Himasthla elongata
Himasthla escamosa
Himasthla incisa
Himasthla interupta
Himasthla leptosoma
Himasthla limnodromi (alincia)
Himasthla littorinae
Himasthla megacotyla
Himasthla militaris
Himasthla muehlensi
Himasthla multilecithosa
Himasthla piscicola

Corbicula flumineaand Unis spinfoei (bivalve); Physa spp. and
Lymnaea spp., Cipangopaludina chinensis, C. miyazagii,
and Sinotia Quadrata (freshwater gastropods)

Helisoma trivolvis; pulmonate and prosobranch snails,
mussels,and planarians

Lymnaeaspp., Gyraulus chinensis, Physa acuta (freshwater
gastropods)

Lymnaeaspp. and Physa spp. (freshwater gastropods)

Viuipara angularis (freshwater gastropod)

Tapes decussates (bivalve)

Marine mollusks

Mya arenaria and other Marine mollusks

Lymnaea spp., Physa spp., and Gyraulus chinensis; Planorbis
planorbis (freshwater gastropods)

Marine mollusks

Unknown

Unknown

Unknown

Marine mollusks

Scrobicularia tenuis (bivalve)

Marine mollusks

Marine mollusks

Unknown

Marine mollusks

Marine mollusks

Marine mollusks

Snails or other invertebrates

Lu (1982); Kanev (1994)

Schmidt and Fried (1996); Kanev et a. (1995a)

Toledo et al. (1998)

Esteban et a. 1997

Velazquez (1964b)

Palombi (1934)

Diaz and Cremonte (2004)
Stunkard (1960)

Toledo et a. (1999); Yurlova (1987)

Diaz and Cremonte (2004)
Stunkard (1960)

Diaz and Cremonte (2004)
Stunkard (1938); Diaz and Cremonte (2004)
Diaz and Cremonte (2004)
Stunkard (1960)

Didyk and Burt (1997)

Stunkard (1966)

Diaz and Cremonte (2004)
Vanoverschelde and Vaes (1980)
Stunkard (1960)

Mendheim (1940)

Kohn and Fernanades (1981)
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Himasthla quissetensis

Himasthla rhigedana
Himasthla secunda
Himasthla schachtachtinskoi
Hypoderaeum conoideum
Hypoderaeum cubanicum

Hypoderaeum dingeri
Paryphostomum sufrartyfex
(Artyfechinostomum mehrail)

Mya spp., Mytilus spp., and Pectin spp. (marine bivalves);
Crepidula spp. (marine gastropod)

Encyst on vegetation

Mytilus galloprovincialis (bivalve)

Marine mollusks

Lymnaea spp. (freshwater gastropod)

Lymnaea tumidaand Planorbis planorbis (freshwater gastro-
pods)

Lymnaea rubiginosa(freshwater gastropod)

Indoplanorbis exustus(freshwater gastropod)

Stunkard (1938)

Adams and Martin (1963)
Stunkard (1960)

Diaz and Cremonte (2004)
Mathias (1925)

Yurlova (1987)

Lieet a.(1973)
Roy and Tandon (1996)

1SOH Sl IPSLLRIU | PUOJSS BU) Ul SAWOISOUIYOT €

TL



72 S.P. Keeler and J.E. Huffman

Table 3.2 Vertebrate hosts of echinostome metacercariae

Echinostome Species Host Species Reference
Echinochasmus angustitestis ~ Fish Yu et a. (1994)
Echinochasmus bagulai Aplocheilus panchax, Oryzias Dhanumkumari et al. (1991)
melastigma, Gambusia affinis,
and Channa punctata (fish)

Echinochasmus donal dsoni Notropisspp, Eucalia inconstans, Beaver (1941b)
Pfrille neogaeus, and Anzia

calva (fish)
Echinochasmus fujilanensis Fish Yu et a. (1994)
Echinochasmus liliputanus Fish Yu et a. (1994)
Echinochasmus japonicus Pseudorashora parva Abbottina Chai et a. (1985); Lin et a.
springeri, Gnathopogon (1985); Rhee et al. (1984)
coreanus, and several other
species of fish
Echinochasmus leopoldinae  Cichlasoma spp. (fish) Scholz et al. (1996)
Echinochasmus Astyanax fasciatus Ditrich et al. (1996)
macrocaudatus
Echinochasmus milvi Salmo gairdneri (fish) Uxmann and Hayduk (1964)
Echinochasmus perfoliatus Characid fish Dimitrov et al. (1998)
Echinoparyphium cinctum Frogs and turtles Kanev et a. (1994)
Echinoparyphium flexum Ranaspp, Hyla spp., and Najarian (1953, 1954)
Pseudacris spp. (tadpoles)
Echinoparyphium Tadpoles and fish Kiseliene and Grabda-
pseudorecurvatum Kazubska (1990)
Echinostoma caproni Ranaspp. (tadpoles) Richard and Brygoo (1978)
Echinostoma cinetorchis Misgurnus anguillicaudatus (fish);  Seo et a. (1984); Chung et a.,
Rana nigromaculata (tadpole) (2001)
Echinostoma hortense Misgurnus anguillicaudatus (fish) Fan and Sun (1989)
Echinostoma macrorchis Ranaspp. and Bufo bufo (tadpoles);  Orchi (1931); Mori (1935);
Hynobius nigrescens larvae Lo (1995)
(salamander)
Echinostoma melis Fish Lu (1982)
Echinostoma revolutum Ameriurusrnelas (Fish), Rana spp.  Lu (1982); Kanev (1994);
tadpoles, and freshwater turtles Holland et a. (2006)
Echinostoma trivolvis Rana spp. tadpoles; fishes, other Martin and Conn (1990); Kanev
amphibian larvae, et a. (1995a)
and freshwater turtles
Episthmium caninum Fish Radomyos et al. (1991)
Hypoderaeum conoideum Tadpoles Toledo et a. 1999
Isthmiophora beaveri Tadpoles Beaver (1941a)
Isthmiophora melis Tadpoles and fish Kostadinova and Gibson (2002)
Petasiger grandivesicularis Puntius spp. and other fish species  Kostadinova and Chipev (1992)
Petasiger nitidus Fish Beaver (1939a)
Petasiger variospinosus Xenopus laevis (larval tadpoles) King and Van As (2000)
(natural host)
Sephanoprora aylacostoma  Cnesterodon decemmaculatusand ~ Ostrowski de Nunez and
Poecilia reticulata (fish) Quintana (2007)
Sephanoprora denticulata Fundulus heteroclutus(fish) Schell (1985)

Sephanoprora uruguayense  Cnesterodon decemmaculatus (fish)  Ostrowski de Nunez (2007)
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Hypoderaeum has been reported in gastropods and amphibian larvae. The genera
Eyparyphium and Paryphostomum have only been reported in freshwater gastro-
pods. Many genera have only been reported to utilize vertebrates as second interme-
diate hosts including Isthmiophora and Petasiger, which utilize amphibian larvae
and fish, and Stephanoprora, which have only been reported in fish. Although the
majority of the echinostomes encyst within a second intermediate host, some species
have been reported to undergo ectopic encystment. H. rhigedana has been reported
to encyst on vegetation (Adams and Martin 1963). Ectopic encystment has also been
induced in vitro in many species of Echinostoma and H. quissetensis (Laurie 1974;
Stein and Basch 1977; Fried and Bennett 1979).

The fingernail clam, Pisidium coreanum, is traditionally consumed raw as a
so-called drug therapy by patients with bone fractures in Korea. Park et a.
(20064, b) confirmed the possibility of these clams serving as an experimental
second intermediate host of E. cinetorchis; 20 of them were exposed to E. cinetorchis
cercariae from experimentally infected Segmentina hemisphaerula that had
been previously exposed to miracidia of E. cinetorchis; al exposed clams became
infected. Metacercariae from clams at 14 days postinfection were fed to rats, and
adult worms were recovered from the ileocecal regions. This suggests that
P. coreanum can serve as a second intermediate host of E. cinetorchis (Park et al.
20063, b).

Studiesof oysters, Crassostreavirginica, collectedfrom 10sitesintheCal oosahatchee
River and Estuary, Florida, revealed a varied parasitic and symbiotic faunathat had
never been reported in this area. Echinostoma sp. occurred at five (1% to 93%) sites
and were found infecting the gonoducts of their hosts (Winstead et a.2004).

3.8 Behavioral and Morphological Changes
in Invertebrate and Vertebrate Hosts I nfected
with Echinostome M etacer cariae

One of the most widely described examples of behavioral manipulation by echinos-
tome parasites of their second intermediate host involves the trematodes Curtuteria
australis and Acanthoparyphium sp (Thomas and Poulin 1998; Babirat et al.2004).
Curtuteriaaustralisisacommon trematode of the New Zealand cockle, Austrovenus
stutchburyi (Allison 1979). Echinostome metacercariae accumulate in a cockle's
foot, displacing host muscle tissue and preventing growth (Thomas and Poulin
1998). The disruption of the host muscle tissue prevents the cockles from burrow-
ing into the sediment, which enhances predation by the parasite’s definitive host
oystercatchers (Thomas and Poulin 1998). This phenomenon has major implica-
tions for the benthic community, because surfaced cockles alter habitat properties
such as sedimentation rates and availability of hard substrate, with consequences
for other organisms. It was later determined that a second species of echinostome,
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Acanthoparyphium sp., often coinfects the cockles and al so utilizes the oystercatch-
ers as their definitive host (Babirat et a.2004). The life cycle of both trematode
species is enhanced by host manipulation, but the cockles are also subject to
increased predation by species that are not suitable hosts for the parasites. To ater
the cockles' behavior, the metacercariae need to encyst within the tip of the
cockles' foot but fish will regularly nip the foot of stranded cockles (Mouritsen and
Poulin 2003).

The patterns of association between parasites within a particular host are
determined by a number of factors. One of these factors is whether or not infec-
tion by one parasite influences the probability of acquiring other parasite species.
Leung and Poulin (2007a) investigated the pattern of association between various
parasites of the New Zealand cockle Austrovenus stutchburyi. Hundreds of cock-
les were collected from one locality within Otago Harbour, New Zealand, and
examined for trematode metacercariae and other symbionts. Two interspecific
associations emerged from the study. First, the presence of the myicolid copepod
Pseudomyicola spinosus was positively associated with higher infection intensity
by echinostomes. The side effect of the copepod’s activities within the cockle is
suggested as the proximate mechanism that facilitates infection by echinostome
cercariae, leading to a greater rate of accumulation of metacercariae in cockles
harboring the copepod. Second, a positive association was also found between
infection intensity of the metacercariae of foot-encysting echinostomes and that
of gymnophallid metacercariae. This supports earlier findings and suggests that
the gymnophallid is a hitch-hiker parasite because, in addition to the pattern of
positive association, it (a) shares the same transmission route as the echinos-
tomes, and (b) unlike the echinostomes, it is not capable of increasing the host's
susceptibility to avian predation. Thus, both active hitch-hiking and incidental
facilitation lead to nonrandom infection patterns in this parasite community
(Leung and Poulin 20073, b).

Echinostomes decrease amphibian performance in laboratory studies; however,
the impact of echinostomes in nature has not been examined. Echinostomes have
been reported in the kidneys of many North American anuran species (McAlpineand
Burt 1998, Beasley et al. 2005). Echinostome cercariae penetrate a broad range of
second intermediate hosts, including tadpoles, and subsequently migrate to the
host’s kidneys, where they encyst as metacercariae (Beaver 1937; Anderson and
Fried 1987; Huffman and Fried 1990; Martin and Conn 1990; Fried et a.1997).
Several laboratory studies have indicated that echinostomes slow growth and cause
mortality in infected tadpoles (Fried et al.1997; Schotthoefer et a. 2003).
Schotthoefer et a. (2003) demonstrated that the impact of echinostome infection on
leopard frog tadpoles is dependent on the developmental stage. In another study,
echinostome infection resulted in a significant decrease in the mean length and
weight of the infected tadpoles (Fried et al.1997). Together, these studies indicate
that echinostomes have a stage-dependent impact on growth and survival of leopard
frog tadpoles in a laboratory setting. However, the impact of echinostomes on
tadpoles in nature remains unknown.
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3.9 Pathology of Metacercariaein Invertebrate
and Vertebrate Hosts

Kuris and Warren (1980) reported that cercarial penetration and metacercarid encyst-
ment of E. caproni (referred to as Echinostoma liei in that study) in B. glabrata caused
high mortality of juvenile snails (3-8 mm in diameter) after 46 days of continuous
exposureto about 150 cercariae per snail per day. Larger snails(10-13 mmin diameter)
withstood cercariad penetration longer, significant mortality appearing 16 days after
exposure. The high rate of cercarial penetration needed to cause snail mortality suggests
that echinostome penetration and encystment will not cause much mortality of snail
intermediate hosts in nature unless the density of echinostome cercariae is high.

Encysted echinostome metacercariae infecting the gonoducts of oysters, beyond
taking up space and dliciting localized hemocytic responses to necrotic worms,
caused no significant damage to the host (Winstead et a. 2004).

Occasional signs of inflammation and hemocyte infiltration were observed in
zebra mussels (Dreissena polymorpha) infected with echinostomatids, but hemo-
cytic encapsulation was not seen (Laruelle et al. 2002). Bower et al. (1994) reported
that most species of Echinostomatidae infecting marine mussels were relatively
nonpathogenic, but such infections could, however, cause compression of adjacent
tissues, reduce byssal production, or induce pearl formation.

Echinostome cercariae enter the tadpol es viathe cloacal opening and form meta-
cercarial cysts in the kidneys, pronephroi, mesonephroi, and Wolffian ducts
(Thiemann and Wassersug 2000b; Schotthoefer et al. 2003). Figure 3.1 depicts an

Fig. 3.1 Echinostoma trivolvisin the kidney of a naturally infected green frog (Rana clamitans)
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encysted metacercaria of E. trivolvisin the kidney of anaturally infected green frog
(R. clamitans). Experimental studies have shown that metacercarial infection
causes edema, growth inhibition, and mortality of the tadpoles (Fried et al.1997;
Schotthoefer et al. 2003).

In freshwater systems, environmental changes, such as eutrophication, are occur-
ring that could impact the outcome of host—parasite interactions. Using tadpole
infections with trematode cercariae as a host—parasite system, Belden (2006)
examined growth, development, and maintenance of E. trivolvis infection levelsin
second intermediate host larval wood frogs (R. sylvatica) and postinfection impacts
of eutrophication on R. sylvatica tadpolesinfected to varying degreeswith cercariae
of this echinostome. Belden (2006) demonstrated that infection with E. trivolvis
can impact R. sylvatica survivorship, at least above some threshold infection level,
and that eutrophication may have minimal impacts on tadpole hosts once infection
has occurred.

Johnson and Sutherland (2003) found that ponds in which anuran tadpoles were
heavily infected with echinostomes showed a lower recruitment of tadpoles than
ponds that had tadpoles with low echinostome infections. Several observations sug-
gest that human-induced changes to aquatic ecosystems may increase the preva-
lence of echinostomeinfectionsor even changethe dynamicsof echinostome-tadpole
interactions that may harm tadpole populations (Thiemann and Wassersug 2000a).

Skelly et al. (2006) have suggested that echinostome infection is an emerging
disease in green frogs (R. clamitans) in urbanized environments. Echinostomes are
widely distributed, and the infection intensity and prevalence in tadpoles is gener-
aly low, but this study demonstrated that echinostome infection prevalence in green
frog tadpoles in some urban ponds can approach one, with mean infection intensi-
ties ranging from hundreds to thousands of echinostomes. Beasley et a. (2005)
found that cricket frogs Acris crepitans populations experiencing high levels of
echinostome infection had low rates of larval recruitment. A comparison of histo-
logical sections of renal tissue by Holland et a. (2006) from infected and unin-
fected green frog tadpoles revealed that echinostome-infected tissue often had
fewer glomeruli. Histological sections from uninfected Gosner stage 33 tadpoles
contained 10-20 glomeruli, while glomeruli were not apparent in similar sections
from infected Gosner stage 33 tadpoles. Some metacercariae encysted within the
renal ducts. The walls of ducts within infected renal tissue, especialy those con-
taining metacercarial cysts, consisted of athick secretory columnar epithelium that
was not observed in uninfected renal tissue. As observed by Martin and Conn
(1990) in adult green frogs, an inflammatory response comprised mostly eosi-
nophils and macrophages developed around some of the metacercariae in infected
tissue. Holland et a. (2006) found no overall difference in the leukocyte population
in infected versus uninfected histological sections.

Martin and Conn (1999) reported that the kidneys in leopard frogs (R. pipiens)
and green frogs (R. clamitans) infected with echinostomatid metacercariae fibrosis
were always focal. The degree of fibrosis varied between individua hosts and
between different cysts within the same host. Some heavily encapsulated cysts were
darkened and contained disintegrating worms. In heavily infected kidneys, conflu-
ence of fibrotic or inflammatory foci resulted in the displacement of functional
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renal tissue. These data suggest that infection by echinostomatids may impair renal
function and that the host’s response affects parasite viability (Martin and Conn
1990). The importance of echinostome infections as an emerging disease will be
analyzed in Chap. 11 of this book.

3.10 Effectsof Pesticides, Herbicides on Echinostome
M etacer cariae

Reddy et al. (2004) reported on the effects of copper sulfate toxicity on cercariae
and metacercariae of E. caproni and E. trivolvis, and on the survival of Biomphalaria
glabrata snails. [My paper] Studies were done on the effects of various concentra-
tions of CuSO4 in artificial spring water (ASW) on the survival and infectivity of
E. caproni and E. trivolvis cercariae. Solutions containing 1.0, 0.1, and 0.01%
CuS0O4 were 100% lethal within 2 h of exposure for both species. Time to 50%
mortality in 0.001% CuSO4 was 8 h for E. caproni and 16 h for E. trivolvis; at 24
h, the controls showed 50 and 65% mortality, respectively. Treatment of cercariae
of both speciesfor 0.5 hin 0.001% CuSO4 had no effect on the ability of cercariae
to form normal cystsin juvenile B. glabrata snails. However, treatment with 0.01%
CuS04 for 0.5 h caused a significant reduction in the ability of cercariae of both
species to encyst in snails. Treatment of encysted metacercariae of both speciesin
0.001% CuSO4 for | h had no effect on subsequent excystation of these echinos-
tomesin atrypsin-bile salts medium, whereas concentrations of 1.0, 0.1, and 0.01%
CuS04 and 1.0 and 0.1% CuSO4 decreased chemical excystation of E. caproni and
E. trivolvis cysts, respectively. Survival studies on the effects of CuSO4 in Locke's
solution on chemically excysted metacercariae of both species were also done.
Excysted metacercariae of both species were killed by 2 h in either 0.1 or 0.01%
CuS0O4 in Locke's solution. However, time to 50% mortality for both species of
excysted metacercariae in 0.001% CuSO4 was approximately 5 h. Time to 50%
mortality for the controls was about 12 h. Survival of juvenile B. glabrata snails
was also examined. All B. glabrata snails were dead by 6 hiin 1 and 0.1% CuSO4
in ASW. B. glabrata snails showed 50% mortality by about 6 h in 0.01% CuSO4
and about 80% were still alive at 24 hin 0.001% CuSO4. All controls were alive at
24 h, at which time the experiment was terminated. Concentrations greater than
0.001% CuSO4 increased snail mortality, as well as that of the cercariae and
excysted metacercariae of E. caproni and E. trivolvis. Their findings suggested that
concentrations of copper sufficient to eliminate juvenile B. glabratta snails were
also sufficient to kill the cercariae and excysted metacercariae of these digeneans,
but not the encysted metacercariae, which may be protected by their cyst walls.
The toxicity of the antifouling biocides tributyltin (TBTO), copper, and Irgarol
1051 (irgarol) at anominal concentration of 10 g/l over a30-day period was inves-
tigated against the viability of metacercarial cysts of E. recurvatum resident within
the body of two common freshwater snails, L. peregra and Physa fontinalis.
Reduced parasite viability was found under most exposures in both snail species.
However, agreater effect of toxicant exposure was found in cystswithin P. fontinalis
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compared to those in L. peregra. This was associated with an increased mortality
of the host snail. Among all tested biocides, TBTO exposures induced the highest
mortality to both the parasite and their hosts. These results suggest that parasite
viabhility isinterlinked with survival of the host snail (Morley et a.2004a, b).

Griggs and Belden (2007) examined the impact of two common herbicides, metol-
achlor and atrazine, on a host—parasite system consisting of the trematode, E. trivolvis
and itstwo intermediate hosts, the snail Helisoma trivolvis (referred to as Planorbella
trivolvisin the study), and larval Rana spp. tadpoles. Metolachlor and atrazine are two
widely used agricultural herbicidesthat inhibit the growth of pre-emergent vegetation.
Residues of these pesticides are commonly found in water bodies near agricultural
areas. Griggsand Belden (2007) examined changesin survivorship when the echinos-
tome cercariae were exposed to alow concentration (10 ppb: 15 ppb) and high con-
centration (85 ppb: 100 ppb) mixture of metolachlor and atrazine, respectively. These
exposure levels were chosen to represent the higher end of herbicide levels that have
been documented in aquatic systems. There was a significant decline in cercaria
survivorship in the high concentration treatment at 14 h. Echinostomes, the second
intermediate host tadpoles, or both echinostomes and the tadpoles, were exposed to
the pesticide mixtures for a maximum of 10 h prior to infection, and subsequent
tadpole infection levels were examined. The atrazine and metolachlor mixtures had
no significant effects on the echinostome load, although newly shed cercariae were
more likely than 10-h-old cercariae to infect tadpoles. Outdoor mesocosms were used
to expose echinostomes, infected snail hosts, and R. sylvatica tadpolesto the pesticide
mixtures. The pesticides had no significant effect on tadpole echinostome loads in the
mesocosms. Griggs and Belden (2007) suggest that atrazine and metolachlor mix-
tures at the doses examined do not significantly alter the short-term dynamics of
E. trivolvisinfection in aquatic systems.

To examine the interactions of disease and pollution on amphibian populations,
Budischak (2007) investigated the effect of infection on contaminant susceptibility
in pickerel frog, Rana palustris, larvae. Toxicity tests were conducted to determine
the effect of E. trivolvis infection (0, 10, or 30 cercaria) on the susceptibility of
pickerel frog tadpoles to the widely used organophosphate insecticide, malathion.
No differencein susceptibility to malathion was noted among echinostome treatments.
Thereverseinteraction, the effect of pesticide exposure on susceptibility to echinostome
infection, showed that tadpoles previously exposed to malathion as embryos suffered
increased echinostome encystment rates compared to controls.

3.11 Effectsof Marinades of Echinostome M etacer cariae

Human echinostome infection results from ingestion of metacercariae that
encyst in secondary intermediate hosts, usually freshwater snails, tadpoles, or fish.
E. malayanum uses various species of gastropod mollusks for primary and secondary
intermediate developmental stages (Garrison 1908; Waikagul 1991; Monzon et al.
1993; Radomyos et al.1994). Certain species of fish may also serve as secondary
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intermediate hosts (Monzon 1993). Several mollusks that may serve as primary and
secondary intermediate hosts have been identified in the Philippines, including
Lymnaea (Bullastra) cumingiana, Radix quadrasi, and Physastra hungerfordiana
for E. malayanum, and Pila luzonica for E. ilocanum (Radomyoset a. 1998; Belizario
et al. 2004).

In terms of eating habits, humans are infected with echinostomes by eating raw
fish which are often dipped in a salt and vinegar mixture, known as kinilaw. Other
methods of fish preparation are tinola (boiled), ginataan (stewed in coconut milk),
and sinugba (charcoal-grilled). All echinostome-infected patients had a history of
having eaten snails, kuhol and kiambu-ay, prepared raw with coconut milk and lime
juice (kinilaw), especially when found in greater abundance during the rainy season.
This suggests that various types of marinades and food preparations may not affect
the viability of echinostome metacercaria (Belizario et a. 2007).

Wiwanitkit (2005) found that freshly killed freshwater fish (Cyclocheilichthys
armatus), purchased from a local market in Thailand, were infected with large
numbers of Echinostoma metacercariae. These infected fish were used to evaluate
the effect of traditional food preparation on the viability of the metacercariae.
The metacercariae in situ were evaluated using the following parameters: (1) left to
dry at room temperature; (2) frozen; (3) refrigerated; (4) marinated in saline; and
(5) marinated in 5% acetic acid solution. Degeneration of the metacercariae was
slowed by cooling: degeneration of al metacercariae took approximately 10 h in
the refrigerated or frozen fish, compared with 4 h in al other dishes left at room
temperature and in the marinades.

Various physical and chemical factors were studied by Fried and Peoples (2007)
to determine their effects on the viability of encysted metacercariae of E. caproni.
Viability was equated with chemical excystation in an akaline trypsin-bile salts
(TB) medium. Of numerous marinades tested, the one that was most harmful to
isolated and in situ cysts was vinegar. Concentrated solutions of NaCl and sucrose
had no effect on the viability of isolated and in situ cysts, suggesting that their use
in food preparations for mollusks would not be effective in killing echinostomatid
cystsin tainted snalil tissues.

3.12 Concluding Remarks

Information on the dynamics of the biology of echinostome metacercariae was
presented. The review contributes to our understanding of the ecology and popula-
tion dynamics between the echinostome metacercariae and the second intermediate
host. The study of echinostomes has relevance to amphibian conservation and human
health, as well as serving as important models for understanding how anthropo-
genic changes in the environment favor trematode transmission and lead to their
negative effects on host populations. Prevention of human echinostome cases is
dependent on eating habits, since raw or insufficiently cooked mollusks, fish, and
amphibians are sources of infection for humans.
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Abstract Echinostomes are hermaphroditic digeneans that parasitize, as adults,
numerous vertebrate hosts of all classes. In this chapter, the main features of the
development of adult echinostome in the definitive host are analyzed in detail. The
stage of the echinostome in the definitive host undergoes a number of features such
as metacercarial excystment, establishment, habitat location, adult development,
mate, and release of eggs. These features are documented with an emphasis in their
potential use as experimental models. The analysis is focused on members of the
genus Echinostoma, although members of other genera of the Echinostomatidae are
mentioned when they are relevant to the discussion. Although some of the nomen-
clature for echinostome species is disputed, the names used are those currently
accepted names.
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4.1 Introduction

Echinostomes are a rather heterogeneous group of cosmopolitan hermaphroditic
digeneans that inhabit, as adults, the intestine of a great spectrum of vertebrate
hosts, such as birds, mammals and, occasionally, reptiles, and fishes. These hosts
become infected after ingestion of the second intermediate host harboring the
encysted metacercariae (see Chap. 3). The stage of the echinostomes in the defini-
tive host involves a number of processes such as metacercarial excystment, estab-
lishment, habitat location, adult development, mating, and release of eggs. In the
present chapter, these features will be analyzed with emphasis on two aspects: their
interest in general biology and the characteristics that convert the echinostomes into
useful experimental models.

Echinostomes are an ideal model for the study of several aspects of the biology
of intestinal helminths since they present a number of advantages such as their large
worm size or the facility for the maintenance of their life cycles in the laboratory
among other features. For these reasons, they have been used for decades as experi-
mental models. Recently, a number of findings using echinostomes as models have
shown that echinostomes may be of great importance for future developments in
parasitology, particularly in regard to the study of intestinal helminths—vertebrate
host relationships. Herein, these findings will be documented and related to previ-
ous knowledge in an attempt to establish a basis for the use of echinostomes as
experimental models at this life cycle stage.

4.2 Host Specificity and I nfectivity

Echinostomes are cosmopolitan parasites that infect a large number of different
warm-blooded hosts, both in nature and the laboratory. The broad host specificity of
echinostomes toward the definitive host is the result of phylogenetic, physiological,
and ecological accommodations between the parasite and the host in an evolutionary
dynamic process (Huffman and Fried 1990; Fried and Huffman 1996). For adult
echinostomes, the main factor influencing the host specificity is host behavior, par-
ticularly the feeding habits of the vertebrate hosts (Huffman and Fried 1990; Fried
and Huffman 1996; Graczyk and Fried 1998; Graczyk 2000). However, physiologi-
cal factors, such as the characteristics of the digestive system or the host response,
are also involved (Toledo and Fried 2005; Toledo et al. 2006a). Echinostomes have
been reported in a wide range of species of birds, and domestic and wild mammals
such as rodents, pigs, dogs, and foxes. Huffman (2000) provided a detailed list of the
natural and experimental definitive hosts for selected species of Echinostoma.
However, the ability of a single echinostome species to infect a wide range of
vertebrate hosts does not imply that the course of the infections is similar among
the different host species. The course and the characteristics of an infection with
a single species of echinostome are largely dependent on host-related factors
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(Toledo and Fried 2005). This fact has allowed workers to define hosts of high and
low compatibility for several echinostome species. The differences between both
categories of host species are reflected mainly in worm establishment and growth,
egg output, parasite fecundity, and survival of the worms. The comparative study of
these features in different host species may be useful to analyze the factors on
which depends the course of an intestinal helminth infection.

In highly compatible hosts, such as mice and hamsters, Echinostoma caproni
infections become chronic, and the parasite can survive for up to 20 weeks postinfec-
tion (wpi) (Odaibo et al. 1988, 1989; Christensen et al. 1990; Hosier and Fried 1991,
Toledo et al. 2004a; Mufioz-Antoli et al. 2007). In contrast, the worms are rapidly
expelled in hosts of low compatibility such as rats (Hansen et al. 1991; Toledo et al.
2004a). Furthermore, significant differences in the egg output and growth of the adult
worms have been observed in both types of hosts. In rats, E. caproni releases a sig-
nificantly lower number of eggs than in hamsters and mice during the patent period
(Toledo et al. 2004a; Mufioz-Antoli et al. 2007). Moreover, a significant greater worm
growth has been observed in hamsters than in rats (Toledo et al. 2004a).

A similar situation has been described for other echinostome species such as
E. friedi and E. trivolvis. Infections in rats with E. friedi are characterized by lower
infection rate, worm survival, egg output, and growth than in hamsters (Mufioz-Antoli
etal. 2004a). In the case of E. trivolvis, hamsters become 100% infected, and the infection
is retained for at least 120 days postinfection (dpi), whereas the infection is expelled
in mice at 2—4 wpi (Franco et al. 1986; Hosier and Fried 1986; Mabus et al. 1988).

Interestingly, host strain-related differences in the infectivity of E. hortense also
have been observed. Lee et al. (2004) evaluated the susceptibility of five different
strains of mice (C3H/HeN, BALB/c, C57BL6, FvB, and ICR) to this echinostome
infection on the basis of the worm expulsion rate, worm size, and egg production
during the first 8 wpi. It was observed by the authors that E. hortense is highly
infective to ICR and C3H/HeN mice, but not to the other strains of mice. Based on
the results obtained, the authors suggested that the susceptibility to E. hortense
infection is dependent on the genetic and immunological background of the host.

In summary, the characteristics of the echinostome infections are dependent on
the host species. The differences of the infection with an echinostome species in
different host species are reflected in several parasitological features, though the
origin appears to be on the genetic background of the host and the characteristics
of the interactions in each host—parasite combination. The study of the intimate
relationships of the echinostome with their vertebrate hosts may be of great utility
in the context of the host—parasite relationships.

4.3 Metacercarial Excystment

Echinostome infections of the definitive hosts invariably begin with the excystation
of the metacercariae in the digestive tract of its host. As mentioned the metacercar-
cariae of Echinostoma spp. are passively transported with the ingesta to the intestine,
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where the excystment process is initiated. There are probably more studies on
excystment behavior than for any aspect of trematode behavior, and numerous
reviews have been written on this topic (Lackie 1975; Sommerville and Rogers
1987; Sukhdeo and Mettrick 1987; Fried 1994; Irwin 1997). The signals that trigger
excystation tend to be related to the physicochemical conditions within the intestine,
and these may include pH, PCo, , enzymes, secretions, and bile (Fried 1994).

Several in vitro studies have provided valuable information on the metacercarial
excystment of echinostomes. Although the details vary in terms of the echinostome
species studied, the stages in the metacercarial excystment appear to be common
for most of the echinostome species studied. Smoluk and Fried (1994) provided
arbitrary stages during excystation of E. trivolvis cysts in an artificial medium. The
following stages were considered:

1. Encysted stage with the organism quiescent and occupying most of the space
within the inner cyst.

2. Activated stage with the organism rotating rapidly within the inner cyst.

3. Breached stage with the organism partially released from the inner cyst through
an opening in the inner cyst wall.

4. Trapped stage with the organism trapped between the inner and outer cyst wall.

Several media and procedures have been used to study in vitro the excystation of
metacercariae of echinostomatids (Howell 1968; Fried and Roth 1974; Irwin et al.
1984). Howell (1968) used a chemical excystation procedure for Echinoparyphium
serratumincluding an acid pepsin pretreatment, followed by treatment in a 0.02-M
sodium dithionite reductant solution. The percentage of excystation within 10 min
was 75%. Other similar procedures have been also used (Kirschner and Bacha
1980; LeFlore and Bass 1982; Bass and Leflore 1984). Fried and Roth (1974)
developed a medium to excyst Parorchis acanthus that was used thereafter for
several species of Echinostomatidae. Similarly, Irwin et al. (1984) used a medium
for excystation studies on the echinostomatid Himasthla leptosoma. This medium
has since been used successfully on a number of nonechinostomatids (Irwin 1997).
The composition, preparation, and use of all these media are described in detail in
Fried (1994).

The use of these media has shown that excystation depends on a series of factors
related to the metacercaria (intrinsic factors) and also to the procedure used for
excystation (extrinsic factors). There is some evidence suggesting that metacer-
cariae may play an active role in the excystation processes. The use of the medium
of Irwin et al. (1984) results in intense metacercarial activity, and the larva emerges
through the cyst wall after 20 min. The juvenile fluke emerges through a small area
of the cyst that was devoid of a layer of lamellae present elsewhere toward the inner
most surface. The appearance of the ruptured cyst walls indicated that they had
been softened by the excystment medium. However, the intense activity of the
organism during excystation and the possible release of metacercarial enzymatic
factors also suggested an active role of the organism during excystation (Irwin et al.
1984). Moreover, Fried and Emili (1988) showed that excystation of E. caproni is
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higher than E. trivolvis using the medium of Fried and Roth, revealing a species-
specific response to identical excystation conditions.

Regarding the extrinsic factors, excystation of echinostomes appears to be
dependent on a synergistic effect of bile salts and trypsin, whereas acid pepsin
pretreatment and reductants or special gas phases do not seem to be required (Fried
and Emili 1988; Fried 1994). Metacercariae of E. trivolvis excyst using the Fried
and Roth medium, but excystation does not occur in the absence of either the bile
salts or the trypsin (Fried and Butler 1978). The alkaline pH and the high tempera-
ture were necessary for a high rate of excystation within a reasonable time (Fried
and Emili 1988). Other authors have also shown that a number of factors such as
acid pepsin treatment or the sodium dithionite reductant solution are not essential
for excystment but increase the rate of excystment (Howell 1970; Mohandas and
Nadakal 1978; Fried et al. 1997).

Moreover, there are a number of other factors that also may affect the excysta-
tion of echinostome metacercariae. Rossi et al. (2001) analyzed the effect of pro-
longed storage on the excystation of E. caproni metacercariae. Storage for 5 months
in Locke’s solution significantly diminished the metacercarial ability to excyst and
to infect a vertebrate host. Cysts stored for more than 8 months did not excyst. Fried
and Peoples (2007a) showed that excystation of E. caproni metacercariae was
strongly affected by several physical and chemical factors such as vinegar treatment
and boiling for 1 min. They also showed that concentration of potassium perman-
ganate from 300 to 1,200 mg/I killed the cysts within 5 min.

In vivo excystment of echinostomes has been poorly studied. Fried and Kletkewicz
(1987) studied the excystation in vivo of E. trivolvis in chicks. They fed domestic
chicks large number of cysts and necropsied the hosts at intervals from 15 min to
24 h later. The authors also evaluated the viability of the cysts retained in the giz-
zard in an excystation medium and found that a sojourn in the gizzard for 3 h made
the cysts nonviable. Thus, the long-term treatment of the cysts in an acid environ-
ment was detrimental. Moreover, they detected that intestinal emptying time influ-
enced the rate of excystation in the host. A similar experiment was performed by
Fried et al. (2001) using the combination E. caproni-ICR mice. Excystation of this
echinostome occurred in the stomach and the anterior part of the small intestine. By
4 h the metacercariae had either excysted or were voided. Excysted metacercariae
were widely scattered throughout the small intestine, with about 75% located in the
duodenal-jejunum zone.

4.4 Establishment in the Definitive Host

After excystment, Echinostoma spp. remain as browsers in the intestine. However,
ectopic parasitism in the bile duct, pancreas, gall bladder, and liver has been
described in hamsters experimentally infected with E. trivolvis (Huffman et al.
1988). The infectivity and establishment of echinostomes vary greatly for each
host—parasite combination, which makes it difficult to elaborate generalizations and
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to define rules. Furthermore, there are a number of factors such as infective doses,
immunological status and age of the host, and coinfection with other helminths that
also influence the course of the infection.

Several studies have analyzed the establishment of echinostomes in avian hosts
(Beaver 1937; Senger 1954; Fried and Weaver 1969; Fried and Butler 1978; Fried
and Alenick 1981; Fried 1984; Fried and Freeborne 1984; Fried et al. 1988; Kim
and Fried 1989; Humphries et al. 1997). These studies have shown that some birds,
such as domestic chicks, can serve as suitable experimental hosts for several echi-
nostome species. Fried (1984) reported 100% infectivity with E. trivolvis cysts and
a worm recovery of 25% in domestic chicks. Survival of adult worms in chicks was
reported to be of at least 44 dpi. This is in contrast with other studies in which the
infectivity of E. trivolvis in chicks was of 83-85% and the worm recovery of
15-22% (Simpkins and Fried 1999; Mullican et al. 2001). The infectivity and the
worm recovery of E. revolutum in chicks seem to be less than those of E. trivolvis,
ranging from 64 to 67% and 9 to 32%, respectively (Humpries et al. 1997; Mullican
et al. 2001). The values for E. caproni in chicks are 100% for infectivity and 24%
for worm recovery (Mullican et al. 2001).

The use of rodents as experimental hosts of Echinostoma spp. has served to
increase our knowledge on these topics. As mentioned, several studies have allowed
workers to define rodent species of high and low compatibility with each echinostome
species (Toledo and Fried 2005). These categories of hosts are differentiated on the
basis of the rates of establishment and the survival of the worms among other fea-
tures. This fact is useful to study the factors determining the course of the infection.

The course of E. caproni infections has been studied in detail in several rodent
species. Hamsters and mice are considered as highly compatible hosts, whereas rats
and jirds display a low degree of compatibility with the parasite. The rates of infec-
tion of E. caproni in hamsters and mice are almost 100% independent of the infec-
tive doses employed (Odaibo et al. 1988, 1989; Isaacson et al. 1989; Christensen
et al. 1990; Balfour et al. 2001; Toledo et al. 2004a; Fried and Peoples 2007b;
Mufioz-Antoli et al. 2007). Moreover, the worm recovery over the course of the
infection in both host species can be considered high. Christensen et al. (1990)
studied the survival of E. caproni in hamsters during the first 13 wpi and reported
that worm burden remained stable during the observation period. Toledo et al. (2004a)
extended this observation up to 20 wpi. E. caproni infections in mice show a persistence
that may reach 23 wpi (Odaibo et al. 1988, 1989; Fried and Peoples 2007¢; Mufioz-
Antoli et al. 2007). However, the worm burden is not uniform during this period.
Mufioz-Antoli et al. (2007) observed a progressive decrease of the worm recovery
from 5 wpi. In fact, Fried and Peoples (2007c) detected that only two of the five mice
exposed to metacercariae of E. caproni remained infected at 23 wpi. Interestingly,
no signs of atrophy were observed in the adult worms collected at 23 wpi.

Rats are considered as hosts of low compatibility with E. caproni. In a compara-
tive study, Toledo et al. (2004a) showed that 100% of rats experimentally exposed
to metacercariae of E. caproni became infected, though the weekly worm recovery
was significantly lower than in hamsters. Moreover, all the worms were expelled
from rats at 7-8 wpi (Hansen et al. 1991; Toledo et al. 2004a).
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In the case of E. trivolvis, the compatibility with hamsters appears to be greater
than with mice. Franco et al. (1986) reported 100% infection of hamsters with
E. trivolvis, and the worm recovery averaged 38%. Mabus et al. (1988) showed that
hamsters remained infected for 123 dpi. Although ICR and Swiss Webster mice can
be infected with metacercariae of E. trivolvis, the worm recovery rapidly decreases
(Hosier and Fried 1986). The parasite was eliminated at 4 wpi in both strains of
mice (Hosier and Fried 1986).

A similar situation occurs with E. friedi. This echinostome species is able to
infect different rodent species and, even, birds (Toledo et al. 2000). However,
E. friedi shows a higher degree of compatibility with hamsters than with rats. The
rate of infection in rats (48%) is significantly lower than in hamsters (100%) (Toledo
et al. 2003, 2006b; Mufioz-Antoli et al. 2004a). Moreover, the infection is expelled
at 4 wpi in rats, whereas the longevity of the worms in hamsters is of at least 12 wpi
(Toledo et al. 2003). Interestingly, no differences in the worm recovery between both
host species were observed during the first 4 wpi (Mufioz-Antoli et al. 2004a).

Recovery rates for E. paraensel were reported by Meece and Nollen (1996) to be
15% in mice. This low recovery rate appeared to be due to elimination of worms after
14 dpi. In contrast, worm recovery rates in hamsters were significantly higher (37%).

Factors causing the earlier expulsion of worms in hosts of low compatibility are
difficult to elucidate. In this sense, differences in the local immune responses,
including inflammatory responses, could be of great importance (Toledo et al.
20064, 2006¢). These aspects are reviewed in detail in Chap. 8. However, there are
a number of other factors that also may influence the determination of the course
of the echinostome infections in the definitive host.

Increased dosage levels influence several aspects of the worm development in
the host intestine such as the parasite maturation, growth, or total weight gain
(Huffman and Fried 1990; Fried and Huffman 1996). Regarding the effect of
increased metacercarial doses on the rate of establishment, the available data are
somewhat confusing. Several authors have indicated that primary worm establish-
ment of E. caproni is infection-dose independent (Odaibo et al. 1988; Christensen
et al. 1990; Balfour et al. 2001). In contrast, Yao et al. (1991) reported that the
percentage of worm recovery of E. caproni in hamsters was significantly higher
(63%) using 15 metacercariae/hamster than using 50 or 200 metacercariae/hamster
(21 and 23%, respectively). The authors suggested that the negatively dose-dependent
pattern could be related with the phenomenon of competition. However, this topic
should be explored further.

Concurrent infections with other helminths may affect the rate of establishment
of echinostomes in the definitive host. lorio et al. (1991) demonstrated that concur-
rent infections of E. caproni and E. trivolvisin ICR mice increased the worm recov-
ery rates of both echinostome species. The worm recovery of E. caproni increased
from 38 to 73% in single and concurrent infections, respectively. The worm burden
of E. trivolvis was of 6% in single infections versus 14% in concurrent infections.
E. paraensal showed an increase in infectivity from 15 to 30% in concurrent infections
with E. caproni in mice (Meece and Nollen 1996). In contrast, E. caproni recovery
rates were much less in concurrent infections than in single infections (34% in
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concurrent versus 61% in single infections). Mufioz-Antoli et al. (2004b) reported
that the recovery rate of the echinostomatid Euparyphium albuferensis was not
affected by coinfection with E. friedi, whereas the recovery rate of this latter species
increased from 8 to 17% in the concurrent infections. Furthermore, it has been
shown that primary infections with the nematode Nippostrongylus brazliensis may
have a dramatic effect on the establishment of E. caproni and E. trivolvis in mice
(Fujino et al. 1996). All the E. caproni and E. trivolvis metacercariae used to chal-
lenge mice 8 dpi after primary infection with N. brazliensis were expelled. In con-
trast, considerable numbers of E. caproni (67%) and E. trivolvis (49%) remained in
the intestine of hosts challenged on day 16 after primary infection with N. brazliensis.
Interestingly, the expulsion of the worm coincided with a peak of goblet cells in mice
infected with N. brazliensis (Fujino et al. 1996).

The nature of the changes induced on the worm recoveries due to concurrent
infections is difficult to evaluate, though histopathological and immunological
alterations induced by the coinfections appear to be involved. In this sense, it
should be noted that dexamethasone treatment of C3H/HeN mice infected with
E. trivolvis caused inhibition of worm expulsion (Fujino et al. 1997). However,
these topics are analyzed in detail in Chap. 8.

45 Worm Distribution and Habitat L ocation

Relatively few studies have considered how echinostomes select their habitat within
the vertebrate hosts. In fact, it is not known what mechanisms and host cues govern
this orientation. However, it is well established that echinostomes have specific
niches within the small intestine of their definitive hosts. Echinostomes are typi-
cally dispersed in the initial phases of the infection (Nollen 1996a, b) and, thereaf-
ter, they become confined to a small area of the intestine. Reviews by Huffman and
Fried (1990) and Fried and Huffman (1996) report the distribution of E. caproni
and E. trivolvis in the domestic chick. E. trivolvis occupies numerous sites in the
intestine such as the ileum, rectum, cloaca, cecum, and the bursa of Fabricius.
Mucha et al. (1990) reported that E. trivolvis in experimentally infected ducks
(Anas platyrhynchus) was located in the cloaca and lower ileum. Humphries et al.
(1997) and Fried et al. (1997) detected that E. revolutum occurred mainly in the
posterior part of the intestine of chicks. Huffman (2000) examined the distribution
of E. caproni, E. trivolvis, and E. revolutum in the intestine of domestic chickens.
E. caproni was located in the midthird of the intestine, between the gizzard and the
cloaca. Both E. trivolvisand E. revolutum were found more posteriorly, near to the
cloaca, but typically E. revolutum was located more posteriorly than E. trivolvis.
The distribution of several species of echinostomes in the intestine of rodents
also has been well established. E. caproni and E. paraensei show great specificity
for the ileum and the duodenum, respectively (Odaibo et al. 1988, 1989; Yao et al.
1991; Meece and Nollen 1996; Huffman 2000). On the other hand, E. trivolvis can
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be found clustered, but spread along the entire intestinal tract (Hosier and Fried
1986; Huffman 2000). E. friedi occupies mainly the jejunum (Toledo et al. 2000).

Although this is the general pattern, several factors may alter the distribution of
the worms. Firstly, the distribution may be subjected to changes over time and,
secondarily, the coinfection with other echinostome species may affect the normal
distribution of the worms.

The location of E. paraensel in mice and hamsters over time was studied by
Meece and Nollen (1996). Adult worms were recovered throughout the entire
length of the small intestine until 17 dpi. Thereafter, they were found clustered at
the pylorus-duodenum surface with some worms extending into the stomach. After
20 dpi, the worms were again distributed throughout the small intestine.

Barus et al. (1974) demonstrated how in a double infection with E. revolutum
and Echinoparyphium recurvatum, the final distribution of both fluke species in the
intestine of the definitive host was the result of antagonistic interactions between
both parasite species. Several worm distribution patterns have been observed in
echinostome coinfections. lorio et al. (1991) found that worm distribution was not
affected in E. caproni—E. trivolvis coinfections in mice. Similarly, the normal dis-
tribution of E. albuferensis and E. friedi was not changed in coinfections in ham-
sters (Mufioz-Antoli et al. 2004b). This is in contrast with the situation described
by Fried et al. (1997) for E. revolutumand E. trivolvis infections in chicks. In single
infections, E. revolutum was found in the rectum, whereas E. trivolvis was in the
lower ileum. In concurrent infections, both were found in the rectum.

4.6 Growth and Development of Adult Echinostomes

The growth and the development of preovigerous echinostomes have been studied
in detail for E. caproni (Fried et al. 1988; Manger and Fried 1993; Fried and
Huffman 1996). Excysted metacercariae are honprogenetic and contain only genital
anlage. Preovigerous adults from rodent or chicks show distinct testes from 2 to
3 dpi, an ovary distinct from the ootype by 4 dpi, and coiling of the uterus by day
5; the vitellaria are present by 6 dpi and the worms become ovigerous by 7-8 dpi.
During development from the excysted metacercariae to ovigerous adult in rodents
and chicks, the worm body area may increase some 80 times (Fried et al. 1988;
Manger and Fried 1993; Fried and Huffman 1996).

The main features of the development of ovigerous adults over time have been
studied for E. caproni, E. trivolvis, and E. friedi (Franco et al. 1988; Odaibo et al.
1988; Yao et al. 1991; Humphries et al. 1997; Toledo et al. 2003, 2004a; Mufioz-
Antoli et al. 20044, 2007; Stillson and Platt 2007). To this purpose, different meth-
odologies and morphological markers have been used. In general, most of the
morphometrical variables show a rapid increase during the first 2-3 wpi. Thereafter,
the values continue the increase at a lower rate or even become stable.

Probably of particular interest are the works in which the growth of the echinos-
tomes is studied in relation to other variables. In this context, echinostomes have
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served for studies on the influence of host species and the population density on the
growth of digenetic trematodes.

Because most echinostomes can develop in different host species displaying dif-
ferent degrees of compatibility, they are good subjects for studies on the effect of
host species on the development of digeneans. Toledo et al. (2004a) made a com-
parative study on the development of E. caproni in hosts of high (hamster) and low
(rat) compatibility with the parasite. This study showed that the host species has a
dramatic effect on most of the morphometrical features analyzed. The values were
significantly greater in hamsters than in rats. Furthermore, time-host species inter-
actions were detected for several variables, indicating that the kinetics of worm
growth in each host species is different. The curves for all these variables showed
a different pattern in hamsters and rats. Similar results were reported for E. friedi
in the hamster (high compatible host) and the rat (low compatible host) (Mufioz-
Antoli et al. 2004a).

As mentioned, echinostomes also have served for studies on the crowding effect
in trematodes. Franco et al. (1988) studied the effect of crowding on adults of
E. trivolvis in hamster. Their study reported that increased dosage levels and thus
infrapopulation size influences several aspects of worm development, including a
delay in maturation. Yao et al. (1991) found that E. caproni adults in golden hamsters
fed a large number of cysts (200 cysts/hamster) were stunted compared with worms
obtained from hosts only fed 15 cysts per host. Balfour et al. (2001) reported that
E. caproni adult worms in mice infected with 100 metacercariae showed lower wet
and dry weight than those collected from mice infected with 25 metacercariae.

Recently, Stillson and Platt (2007) made one of the most interesting approaches
to the effect of population density or crowding on the morphometrical variability of
E. caproni in mice. The hosts were infected with 25, 100, and 300 metacercariae
each, and a total of 31 morphometrical variables (25 direct measurements and 6
ratios) were evaluated at 22 dpi. Univariate and multivariate statistical analyses
revealed significant differences between worms from all three groups. A total of 27
characters showed significant intragroups differences, with the primary differences
between worms from 25/100 versus 300 cysts infection. In general, there was an
inverse relationship between inoculums size and worm size as described in previous
studies. Reproductive structures were most sensitive to crowding effect. This fact
had been previously reported (Yao et al. 1991; Balfour et al. 2001; Toledo et al.
2004a; Mufioz-Antoli et al. 2004a). Future studies on the effect of population size
on the development of echinostomes may be of great interest for further under-
standing of host—parasite relationships in helminth infections.

4.7 Mating Behavior of Adult Echinostomes

Due to their availability and easy handling in the laboratory, echinostome species
are favorite subjects for reproductive studies of digenetic trematodes. This is of
great importance since reproductive strategies constitute a major factor shaping
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the evolution of organisms. Indeed, mating systems influence the genetic variabil-
ity as well as the genetic structure of populations (Jarne 1995). In this context,
hermaphroditic organisms, such as echinostomes, offer the possibility to analyze
the evolution of several reproductive modes since a single individual can self- or
crossfertilize. Echinostomes are hermaphroditic trematodes that undergo sexual
reproduction in the intestine of their vertebrate host. The structure and the devel-
opment of the reproductive system of echinostomes, together with processes such
as oogenesis, vitellogenesis, spermiogenesis, and egg formation, have been
reviewed in detail by Nollen (2000). The present section will focus on functional
aspects of the reproduction of echinostomes such as chemoattraction of adults and
mating behavior.

4.7.1 Chemical Attraction and Mate Finding

In some species of echinostomes adult worms are confined to a small area of
the host’s intestine, but in other species the adults may be spread out. Thus,
interindividual communication is important to enhance pairings with other indi-
viduals for maintaining a viable species. In vitro studies showed that the worms
find each other and that the nature must be chemical communication among the
individuals (Fried 1986; Haseeb and Fried 1988). Several efforts have been
made to investigate these chemical cues, and the excretory/secretory products
appear to be involved in this process. Fried and Haseeb (1990) found that the
compounds which stimulate the worm-to-worm attraction in excretory/secre-
tory products were found to be lipophilic and the lipid fraction containing the
free sterols. Trouve and Coustau (1998) investigated the differences in excre-
tory/secretory products of three strains of E. caproni by electrophoresis. They
found that although the three strains shared most of polypeptide bands, a few
were strain specific. The authors suggested that this difference could be of great
importance in evolutionary processes such as assortative mating or local host
adaptation.

More information is needed on the nature of the attracting components and on
the orientation mechanisms guiding the worms together, particularly considering
that the available data are somewhat confusing. Using agar-containing petri dish
cultures, Fried and Haseeb (1990) investigated intra- and interspecies chemoattrac-
tion between E. caproni and E. trivolvis adults. E. trivolvis showed significantly
greater intraspecific attraction that E. caproni. Trouve and Coustau (1999) analyzed
the chemical communication and mate attraction between two geographical isolates
of E. caproni (Madagascar and Egypt) and another species of the same genus,
Echinostoma sp. The results showed that echinostomes attracted each other and
tended to pair under in vitro conditions, suggesting that this pairing can occur in the
absence of external factors such as intestinal factors. However, echinostomes
appear to lack a marked mate preference. The mate attraction was similar for any
intra-, interisolate, or interspecific combination.
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4.7.2 Mating Behavior

Echinostomes can either self- or crossinseminate depending on the situation. The
species studied (E. caproni, E. trivolvis, and E. paraensei) self-inseminate in single
infections with resulting viable eggs (Fried et al. 1990; Nollen 2000). In multiple
infections, they cross- and self-inseminate (Nollen 2000). The act of copulation has
been rarely directly observed, but the mating behavior was indirectly determined by
sperm radiolabeling, transplantation of labeled worms, and subsequent autoradiog-
raphy (Nollen 1997a, 2000). In general, the mating barriers in echinostomes appear
to be weak, but individuals can identify partners of their own species. In concurrent
infections, they show interspecies mating, which does not occur when individuals
of the same species are available (Nollen 2000).

The mating patterns of echinostomes in multiple infections have been the subject
of several investigations. The three species studied (E. caproni, E. trivolvis, and
E. paraensei) showed an unrestricted pattern with cross- and self-insemination with
other species present in the infection (Nollen 1990, 1993, 19964, b). However, the
percentage of cross- and self-insemination varied widely among the three species.

The cross- and self-insemination between different strains of E. caproni was
studied by Trouve et al. (1996). Infections of mice with two individuals from two
different isolates of E. caproni (originated from different geographic areas) showed
that the parasite exhibit an unrestrictive mating pattern including both cross- and
self-insemination. Moreover, in a mate-choice experiment in which mice were
infected with three individuals, two of the same isolate and one of another isolate,
it was found that both related individuals produced very few outcrossed offspring
with the unrelated individual (Trouve et al. 1996). Although it was not possible to
distinguish selfed from outcrossed offspring, this result suggests a marked prefer-
ence of E. caproni between individuals of the same isolate. This prezygotic isola-
tion seems to be followed by a postzygotic isolation characterized by hybrid
breakdown. Indeed, it has been shown that the hybrids of the second and third gen-
erations display a significant lower fecundity compared to both parental isolates
and to the F1 (i.e., hybrid breakdown) (Trouve et al. 1998).

Further investigation on this topic was made by Trouve et al. (1999). These
authors showed that in mice infected with two individuals of the same isolate of
E. caproni there were no differences between intra- and interisolate selfing rates. In
triple infections, where two of the three individuals originated from the same isolate
and the third from another isolate, a preferential outcrossing between individuals
from the same isolate was observed. This latter fact may be useful to avoid hybrid
breakdown. These results emphasize the important and synergistic roles of selfing,
inbreeding depression, and hybrid breakdown in the evolution of echinostome
reproductive strategies (Trouve et al. 1999).

Interspecies mating also has been studied in echinostomes. The first of these
studies investigated the mating behavior between E. caproni and E. paraensei in
concurrent infections in mice (Nollen 1996b). No interspecies mating was found,
showing the strong mating barriers between these species. Nollen (1997b) looked
at mating behavior between E. caproni and E. trivolvis in hamsters. Interspecies
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mating only was detected when E. caproni was the sperm donor. However, the
percentage of interspecific mating was very low. Nollen (1999) analyzed the mating
behavior of E. trivolvis and E. paraensei in concurrent infections in hamsters.
Results of this study showed that interspecific mating occurred utilizing E. trivolvis
as the sperm donor, though in a very low percentage. Further interspecific mating
studies are needed since the possibility of producing hybrids between different
echinostome species has not yet been pursued.

4.8 Fecundity of Echinostomesin the Vertebrate Host

Much of the interest in describing and modeling the population dynamics of
helminths has concerned parasite fecundity in the definitive host. In this context,
the easy handling of the echinostomes in the laboratory makes them excellent mod-
els for the study of the fecundity of helminths and the ability of different hosts to
transmit a parasite species. Several studies have been conducted to develop quanti-
tative methods for the measurement of these topics using echinostomes.

Quantitative approximations to the reproductive output of the echinostomes have
been made on the basis of uterine egg counts (Christensen et al. 1990), eggs per
gram of feces (Odaibo et al. 1988, 1989), and total amount of eggs in the feces of
the host (Mahler et al. 1995; Mufioz-Antoli et al. 2004a, 2007; Toledo et al. 2003,
2004a). However, the analysis of reproduction on the basis of egg output constitutes
only a partial measurement of the parasite fecundity. In this section, we analyze the
factors that affect the fecundity of echinostomes and the methods developed to
quantify the fecundity of these parasites in the definitive host.

4.8.1 Factors Affecting the Fecundity of Echinostomes

Adult worms of echinostomes may be ovigerous from 7 to 8 dpi. However, the first
eggs in feces may appear later. The length of time for an echinostome species to
begin the release of eggs in feces of the host generally ranges from 8 to 15 dpi
(Huffman 2000). However, the prepatent period of an echinostome can be delayed
depending on the host species. Mufioz-Antoli et al. (2004a) showed that the prepat-
ent period of E. friedi is significantly longer in a host of low compatibility (rat) than
in a highly compatible host (hamster).

During the patent period, the egg output of echinostomes depends on a number
of factors such as echinostome species, population density, age of infection, and
host species. The number of eggs produced is also characteristic of each echinos-
tome species. However, this topic has been poorly studied. The egg production of
E. caproni and E. trivolvis in hamsters was studied by Huffman (2000). In this
study, two groups of hamsters were each infected with 25 metacercariae of either
E. caproni or E. trivolvis. The results showed that E. trivolvis produced significantly
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more eggs than did E. caproni, with fecal egg counts from hamsters infected with
E. trivolvis. Mahler et al. (1995) estimated the total number of eggs in the uterus of
E. caproni in hamsters. The total number increased from around 600 at 15 dpi to
over 1,700 by 50 dpi. Thus, it takes 2 days to fill the uterus. The peak of egg pro-
duction would be approximately 855 per day (Mahler et al. 1995; Nollen 2000).

Population density strongly affects the egg production of echinostomes. In this
sense, Christensen et al. (1990) detected that the number of eggs in the uterus of
adult worms of E. caproni seems to be negatively infection dose dependent. In
contrast, the number of eggs released in the feces is directly related to the infective
dosage and, consequently, with the number of adult worms established in the intes-
tine (Odaibo et al. 1988; Mahler et al. 1995).

The kinetics of egg release is similar for all the echinostome species studied.
Egg release rapidly increases during the first weeks of infection to reach a maxi-
mum. Thereafter, the values become stable for a period and, finally, the egg release
steadily declines (Odaibo et al. 1988, 1989; Christensen et al. 1990; Mahler et al.
1995; Toledo et al. 2003, 2004a; Mufioz-Antoli et al. 2004a, 2007). The decline of
egg release has been often attributed to a decrease in the number of worms releasing
eggs due to mortality. However, there is some evidence suggesting the involvement
of other factors. The egg output of a parasite is the result of two separate influences:
(1) number of reproducing parasites after the effect of host mortality; and (2) age-
specific changes in the fecundity of the surviving worms (Whitfield et al. 1986).
The results obtained by Toledo et al. (2003) suggest that the decline in egg output
observed in E. friedi reflects functional changes in the adult worms that affect their
fecundity. These changes could be related to worm age and/or the host response.
Toledo et al. (2003) detected a progressive decline in egg output from 3 to 4 wpi,
though neither worm mortality nor decline in the worm recovery was observed.
Furthermore, this observation was also supported by the dynamics of viable eggs
released, which does not depend on the number of surviving worms. The percent-
age of viable eggs of E. friedi produced steadily decreased in the last weeks of the
study, though the worm recovery remained stable (Toledo et al. 2003).

Several studies have shown that the host species plays an important role in the
egg output of echinostomes. In general, the egg output of an echinostome species
is greater in a highly compatible host than in a host of low compatibility. Several
studies illustrate this situation. Mahler et al. (1995) showed that the number of
E. caproni eggs released is significantly greater in hamsters than in jirds. Toledo et al.
(2004a) compared the number of eggs of E. caproni released in experimentally
infected hamsters and rats during the course of the infection and concluded that the
number of eggs released is time postinfection and host species dependent. The
kinetics of egg release were similar in both host species, though the number of eggs
released was significantly greater in hamsters. In the case of E. caproni, the lower
number of eggs released in rats was correlated with a lower value of worm recovery
in this host species. However, the results obtained with E. friedi suggest that the
host species affects the functional processes of echinostome adult worms related to
their capacity to produce eggs. Mufioz-Antoli et al. (2004a) found that the weekly
worm recovery of E. friedi in hamsters and rats was similar during the first 4 wpi
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(period of survival of E. friedi in rat). Despite this fact, the number of eggs released
weekly was significantly lower in rats than in hamsters indicating that the egg
release of an echinostome species is host species dependent and is not only related
to the number of adult worms established in each host species.

4.8.2 Methods for Measuring the Fecundity of Echinostomes

As shown earlier, the fecundity of echinostomes is the result of a complex set of
interrelating factors. This makes it difficult to make estimations of the reproductive
output of an echinostome in a host species and also for any other intestinal helminth.
The approximations on the basis of egg counts may not reflect the dynamics of the
reproductive output in trematode infections since other parameters should be taken
into account (Whitfield et al. 1986). This suggests the need for further studies on
the reproductive output and the standardization of the experimental procedures and
criteria for elucidating the parasite fecundity. In this context, echinostomes may be
of great utility.

In an attempt to complete and to standardize the studies on the parasite fecundity
in echinostome infections, Mahler et al. (1995) defined the reproductive capacity of
E. caproni in a particular host species considering the percentage of parasite estab-
lishment, the survival of adult worms, and the egg production rates. Using these
parameters, the authors showed that the reproductive capacity of E. caproni in
hamsters is significantly greater than in jirds. This method may be useful, but it
cannot constitute a measure of the reproductive success since the total egg produc-
tion is considered and only the output of viable eggs should be considered. In this
context, Toledo et al. (2003) formulated a simple method to describe the population
dynamics of E. friedi in hamsters from metacercariae to viable eggs. Using the
concepts developed by Whitfield et al. (1986), Toledo et al. (2003) calculated the
Reproductive Success of E. friedi defined as the total number of viable eggs pro-
duced by the cohort of adult worms infecting a host per metacercariae at which the
host was exposed. This parameter takes into account all the variables that, accord-
ing to Whitfield et al. (1986), influence the reproductive output of a digenean
trematode in the definitive host. Furthermore, Toledo et al. (2003) developed the
concept of Weekly Reproductive Success that may be defined as the total number
of viable eggs produced each week per metacercariae at which the host was
exposed. The results obtained showed that the reproductive success of E. friedi in
hamsters is not constant over time attaining its maximum at 4 wpi. This variation
seems to be related to changes in the egg output and the viability of the eggs pro-
duced over time. Moreover, the authors suggested that the transmission of E. friedi
in hamsters is only viable from 3 to 8 wpi.

This methodology provides a framework for measuring the reproductive success
of an echinostome throughout the phase of the life cycle from metacercaria to egg
and its variations over the course of the infection. However, the parameters used by
Toledo et al. (2003) only give a partial view of the ability of a host species to transmit
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an echinostome (or other helminth) to the next host and, thereby, to maintain its
suprapopulation. Transmission success of an echinostome is also determined by
other factors, i.e., the infectivity of the miracidia produced and its variations over
time. In this sense, Toledo et al. (2004b) investigated the effect of aging of E. friedi
adult worms on the miracidia yielded. Miracidia were obtained after hatching of
eggs collected from adults of different ages. Miracidial infectivity, measured in
terms of percentage of infection in Lymnaea peregra, was significantly influenced
by the age of the adult worms from which the miracidia were derived. Infective
miracidia only were obtained from adult worms in the age range of 4-9 wpi, with
a maximal infectivity in the miracidia from adults of 8-9 wpi. This observation
shows that the miracidial infectivity should be considered to measure the capacity
of a host to transmit an echinostome species to the next host in its life cycle.
Using E. friedi as an experimental model, Toledo et al. (2006b) developed the
concept of Experimental Transmission Success defined as the number of hosts B that
became infected after exposure to a number of infective stages derived from a host
A per unit of inoculation at which host A was exposed. In the case of echinostomes,
this concept can be simply defined as the number of snail first intermediate hosts that
become infected per unit of inoculation (metacercariae) at which the definitive host
was exposed. Toledo et al. (2006b) calculated the Experimental Transmission
Success of E. friedi in hamsters and rats experimentally infected. The results of this
study showed that E. friedi is better adapted to successfully pass through this phase
of its life cycle when using hamsters as final host than rats. The advantages of ham-
sters as final host are the result of a greater life span, egg output, and viable egg
production which resulted in an Experimental Transmission Success of 91:1 with
respect to rats. Moreover, Toledo et al. (2006b) calculated the Experimental
Transmission Success of E. friedi for each week of the infection in both host species
(Weekly Experimental Transmission Success). The results suggested that although
the maturation of E. friedi in hamsters is slower, they are able to transmit E. friedi
for a longer period than rats and with higher Experimental Transmission Success
values. The application of Experimental Transmission Success allows for the quan-
tification of rates under experimental conditions of transmission of a helminth in a
definitive host and to estimate the contribution of a host species in the maintenance
of a parasite population. Moreover, this method allows comparative studies between
different hosts of a particular echinostome species to improve the efficacy in life
cycle maintenance in the laboratory. The development of the Experimental
Transmission Success concept constitutes an example of how echinostomes may
serve as experimental models in the study of population dynamics of helminths.

4.9 Concluding Remarks

In the present chapter, the main features of the course of echinostome infections in
the definitive host are analyzed. Although there are many aspects of these infections
that should be explored further, the information presented indicates that echinostomes
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can be exploited further with regard to the study of relationships between vertebrate
hosts and adult parasites. As shown earlier, the course of echinostome infections is
dependent on host- and parasite-related factors. This fact, together with the easy
maintenance of the echinostome life cycles in the laboratory, makes these digene-
ans excellent tools for the study of host- and parasite-dependent variables determin-
ing the course of intestinal helminth infections and their consequences in the other
counterparts of the host—parasite combination. In this context, research with echi-
nostomes holds great promise in the search for factors determining the course of
intestinal helminth infections.
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Abstract This review covers the salient studies on maintenance, cultivation, and
excystation of echinostomes from 2000 to 2007. Some significant studies on these
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ries where known species of echinostome life cycles are maintained are given.
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intermediate and definitive hosts. The relatively sparse information from 2000 to
2007 on in ovo and in vitro cultivation and transplantation of larval and adult echi-
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5.1 Introduction and Significance

Fried (2000) reviewed the early literature on these topics. In this chapter we often
refer the reader to that review. However, information of importance prior to 2000
on these topics is given in this chapter, so that dependence on the material in Fried
(2000) is not absolutely necessary.

The need for consistent and reliable sources of living material is important for
continued research on echinostomes and echinostomiasis. Often only a particular
echinostome stage is available for research, and workers have used that stage. For
instance, the rediae of Echinostoma trivolvis from naturally infected Helisoma tri-
volvis snails have been used to compare hemozoin pigment in the rediae with that
of the malarial parasite Plasmodium falciparum (Pisciotta et al. 2005). The hemo-
zoin pigment characteristics from both species were found to be very similar. Thus,
a source of E. trivolvis material from naturally infected H. trivolvis snails served as
a reliable supply for continuing research on the biology of this echinostome.
Surveys indicate that this species of echinostome is a prevalent digenean in
H. trivolvissnails in the USA, at least in the states of PA and NJ (Schmidt and Fried
1997; Klockars et al. 2007).

The optimal situation for continuing research on echinostomes is to raise in
the laboratory the entire life cycle of species that are easy to maintain. Toledo
and Fried (2005) obtained information from numerous parasitologists to deter-
mine how many echinostome species were maintained in laboratories world-
wide. Table 5.1 from Toledo and Fried (2005) is reproduced herein (also as
Table 5.1) with some modifications based on recent correspondence with most
of the workers mentioned in the table. As of July 2007 of the ten species men-
tioned in the table, the most frequently maintained is E. caproni, and six of 13
research groups maintain this species. Next in frequency of maintenance is
E. paraensei (maintained in three labs). A search of the citation literature from
2000 to 2007 in the ISI Web of Science made by us in July 2007 showed that
most citations were available on E. caproni (98). Listed later are a number of
widely used laboratory species and in parenthesis are the numbers of citations
during 2000-2007 for these species: E. trivolvis (53); E. paraensei (36);
E. friedi (14); Echinoparyphiumrecurvatum(8); E. cinetorchis(7); Hypoderaeum
conoideum (6)

Although echinostome material from a number of sources is available, identifi-
cation of these organisms to species (Fried and Toledo 2004) may be difficult;
however, in most cases identification at least to the generic level may be made with
the aid of the excellent recent key of Kostadinova (2005). One intent of this chapter
is to make people aware of the sources of echinostome material and what type of
work can be (and has been) done with such material. Table 5.2 provides a list of
studies with useful information on work using echinostomes as experimental mod-
els in biology and chemistry from 2000 to 2007; the material compiled in the table
is based on studies done by one of us (BF) in collaboration with numerous col-
leagues and students.



Table 5.1 Laboratories in which echinostome life cycles are currently maintained

Laboratory Species

Fayez Bakry Echinostoma caproni
Department of Environmental Research and Medical Malacology,
Theodore Bilharz Research Institute, Egypt
(http://www.tbri.sci.eg/about/htm)
Christine Coustau E. caproni
Unite de Parasitologie Fonctionnelle, Universite de Perpignan, France
(http:/Aww.univ-perp.fr/see/rch/parasito/GB/perso/coustau.html)
Jillian Detwiler Echinostoma revolutum
Department of Biological Sciences, Purdue University, USA
(http://web.ics.purdue.edu/~jdetwile)
Armand Kuris E.caproni
Department of Ecology, Evolution and Marine Biology, University
of California, Santa Barbara, USA
(http://www.lifesci.ucsb.edu/eemb/labs/kuris/index.html)
Bernard Fried E. caproni
Department of Biology, Lafayette College, USA
(http:/iwww.ufrj.br/)
Reinalda Marisa Lanfredi Echinostoma paraensei
Laboratorio de Biologia de Helminthos Otto Wucherer,
Universidade Federal do Rio de Janeiro, Brasil
(http:/www.ufrj.br/)
Eric S. Loker E. paraensei
Department of Biology, University of New Mexico, USA
(http://biology.unm.edu/biology/esloker/)
Arnaldo Maldonado, Jr. E. paraensei
Laboratério de Biologia e Parasitologia de Mamiferos Silvestres
Reservatérios, Instituto Oswaldo Cruz, Brasil
(http://www.ioc.fiocruz.br/)
Attef Saad Echinoparyphium
recurvatum
Department of Zoology, Cairo University, Egypt
(http://www.cu.edu.eg/)
Guillermo Salgado-Maldonado E. recurvatum
Istituto de Biologia, Universidad Nacional Autonoma de Mexico, Mexico
(http://www.ibiologia.unam.mx/directorio/s/salgado_guillermo.htm)
Gregory J. Sandland Echinostoma revolutum
Department of Biological Sciences, Purdue University, USA
(http://www.purdue.edu/)

Allen W. Shostak E. caproni
(http://www.biology.ualberta.ca/faculty/allen_shostak./)
Woon-Mok Sohn Echinostoma cinetorchis;

Department of Parasitology, Gyeongsang National University, Korea Echinostoma hortense
(http://www.gsnu.ac.kr/)

Rafael Toledo, Carla Munoz-Antoli and J. Guillermo Esteban E. caproni; Echinostoma
friedi; Euparyphium
albuferensis; Hypoder-
aeum conoideum

Departmento de Parasitologia, Universidad de Valencia, Spain

(http://www.uv.es/~toledo/)

All entries current as of December 2007. Information reprinted from Table 1 in Toledo and Fried
(2005) with the permission of Elsevier. Some minor additions to this table were made



Table 5.2 Studies from Dr. Bernard Fried’s laboratory that provide information on echinostome work from 1999 to 2007

Studies

Information

References

Echinostoma caproni infection and

intestinal mucosa
TLC of lipids
Immunology
Nutrition
Immunology

Ultrastructure of echinostome eggs

Postmortem worm survival
TLC of lipids

Cyst inoculum
Excystation

Infectivity and pathology
Cyst storage

TLC of sugars

Cercarial encystment
Cercarial emergence
TLC of adult worms
Heart rate in snails
Cercariae of E. caproni
Sensory structures

TLC analysis

TLC analysis
Immunology

TLC of pigments

Copper sulfate toxicity
Treatment of metacercariae
Snail size

Glucose in culture

Effects of infection on metal ions in the mouse gut

Neutral lipids in cercariae of E. trivolvis and Echinoparyphium sp.
Mouse immune response to acute E. caproni infection

Effects of high-carbohydrate diet on growth of E. caproni in ICR mice
Expulsion of E. trivolvis from various hosts

SEM and TEM on eggs of various species of echinostomes

Survival and distribution of E. caproni in mouse gut after death of the host
Neutral lipids in various larval stages of E. caproni

Effects of various cyst inocula on mice infected with E. caproni

In vivo excystation of E. caproni in mice

Infectivity and comparative pathology of echinostomes in domestic chicks
Effects of prolonged storage on metacercarial cysts of E. caproni
Analysis of sugars in Biomphalaria glabrata infected with E. caproni
Encystment of E. caproni

Emergence of E. caproni from B. glabrata under various conditions
Analysis of amino acids and sugars in E. caproni

Effects of larval E. caproni on heart rate of B. glabrata

Effects of temperature on in vitro encystment

Papillae patterns of E. caproni cercariae

Free pool amino acids in larval E. caproni

Tonicity affects release of amino acids from adult E. caproni
Detection of coproantigens in E. caproni

Effects of echinostome infection on snail lutein and beta-carotene profiles in

echinostomes

Effects of copper sulfate treatment on in vitro encystment of E. caproni cercariae

Effects of tonicity, bile salts, and enzymes on E. caproni metacercariae
Effects of snail size on E. caproni cercarial infectivity
Glucose affects survival and linear movement of E. caproni cercariae

Layman et al. (1999)

Muller et al. (1999)
Brunet et al. (2000)
Daras et al. (2000)
Fujino et al. (2000a)
Fujino et al. (2000b)
Heim et al. (2000)
Marsit et al. (2000)
Balfour et al. (2001)
Fried et al. (2001)
Mullican et al. (2001)
Rossi et al. (2001)
Wagner et al. (2001)
Fried and LaTerra (2002)
Fried et al. (2002)
Pachuski et al. (2002)
Fried and Kim (2003)
Fried and Ponder (2003)
Nakano et al. (2003)
Ponder et al. (2003a)
Ponder et al. (2003b)
Toledo et al. (2003)
Evans et al. (2004)

Fried and Schneck (2004)
Fried et al. (2004)

Ponder and Fried (2004a)
Ponder and Fried (2004b)
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TLC of amino acids
Copper sulfate toxicity
Snail size

Neutral lipid release
TLC of neutral lipids
Confocal microscopy
Immunology
Development of adult worms
Immunology

Miracidial development
Tail loss

Redial pigments

Growth of snails
Immunology

Calcium carbonate in shells
TLC of lipids

Intestinal pathology

Seasonal survey of larval trematodes

TLC of lipids
Cyst viability of E. caproni

Factors that kill cysts of E. caproni

Worm burden and crowding

Longevity

Effects of E. caproni infection on amino acids in B. glabrata

Effects of copper sulfate treatment on larval E. caproni

Effects of B. glabrata size on cercarial encystment of E. caproni

Effects of tonicity on release of neutral lipids in E. caproni

Lipids in snail-conditioned water and feces of B. glabrata infected with E. caproni

Neuromuscular studies in various stages of E. caproni

Characterization of somatic and excretory antigens of E. caproni

Comparative development of E. caproni in experimental hosts

Kinetics of antigens in feces and serum of hamsters and rats infected with E. caproni

Age of adult E. caproni did not affect miracidial development

Tail loss in E. caproni cercariae during encystment; effects of copper sulfate treatment
on tail loss

Hemozoin pigment in E. trivolvis

Maintenance of B. glabrata for echinostome studies

Antigen and antibody kinetics in mice infected with E. caproni

E. caproni reduced calcium carbonate in infected B. glabrata

E. caproni infection depleted snail lipids

E. caproni infection in compatible and non compatible hosts

Isolation of Helisoma trivolvis snails and identification of larval trematodes

E. caproni infection altered fecal lipids in mice

Chemical excystation better determined of viability than light microscopy

Chemical and physical agents used to Kill cysts

Effects of a 300-metacercarial cyst inoculum on worm recovery and crowding of E.
caproni in Balb/C mice

Longevity of Echinostoma caproni in Balb/C mice

Ponder et al. (2004)
Reddy et al. (2004)
Schneck and Fried (2004)
Schneck et al. (2004b)
Schneck et al. (2004a)
Sebelova et al. (2004)
Toledo et al. (2004a)
Toledo et al. (2004b)
Toledo et al. (2004c)
Fried and Bandstra (2005)
Fried and Schneck (2005)

Pisciotta et al. (2005)
Schneck and Fried (2005)
Toledo et al. (2005)
White et al. (2005)
Bandstra et al. (2006)
Toledo et al. (2006)
Klockars et al. (2007)
Bandstra et al. (2007)
Fried and Peoples (2007a)
Fried and Peoples (2007b)
Fried and Peoples (2007c)

Fried and Peoples (2007d)
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5.2 Obtaining Material

Fried (2000) provided extensive information on obtaining preserved and living
echinostome material from various commercial suppliers including Wards Biological
Co., Carolina Biological Supply, Jones Biological Supply, and the Marine Biology
Lab. The websites and/or catalogs of these and other suppliers should be consulted
before attempting to get material from them.

The medically important snail Biomphalaria glabrata is a good experimental
second intermediate host for cercarial encystment of many species of echinos-
tomes. It is also a good experimental first intermediate host for some echinostome
species including E. caproni and E. paraensei. This snail can be obtained for teach-
ing and research purposes by qualified workers from Dr. Fred Lewis, Head,
Schistosomiasis Laboratory, Biomedical Research Institute, 12111 Parklawn Drive,
Rockville, MD 20852, USA.

In obtaining material from the wild, particularly from vertebrates and in some
cases even invertebrates, care must be taken to follow the necessary country, state,
and institutional guidelines for the care and handling of animal materials. Fried
(2000) has discussed this issue in greater detail in his earlier review.

We have compiled Table 5.3 to help workers obtain material from the wild. The
Table has 26 selected entries based on information compiled mainly from 2000 to
2007 from studies on eight genera of echinostomatids. The cosmopolitan nature of
these entries is apparent based on the fact that the information was compiled from
research done in more than 20 countries. The entries are based on selected studies
in which echinostomes were obtained in the wild from naturally infected interme-
diate or definitive hosts. Most of the work examined freshwater echinostome life
cycles, but some studies (see entries 19, 21, 26) were concerned with life cycles
which occur in marine and brackish water. The marine forms have as second inter-
mediate hosts, edible bivalves (cockles and mussels), which serve as potential
vectors for transmitting echinostomes to humans who eat raw or undercooked
mollusks tainted with metacercarial cysts. Such infections can cause human
echinostomiasis.

Some entries in Table 5.3 show the value of collecting first or second intermedi-
ate hosts to initiate life cycles in the laboratory. For example, entry 1 mentions the
use of naturally infected Lymnaea peregra snails in Spain to initiate the life cycle
of E. friedi from cercariae and/or encysted metacercariae from the snail. Various
laboratory animals including hamsters, rats, and chickens serve as experimental
definitive hosts of this species to obtain adult worms. Other examples in the table
in which life cycles were initiated based on naturally infected snails include entries
5,7,12, 19, 23, 24, and 26.

In many parts of the world, encysted metacercariae from naturally infected fish
are used to initiate life cycles, or at least raise echinostomatid adults in vertebrate
definitive hosts. Such examples from Table 5.3 include entries 2, 3, and 15. Not
included in Table 5.3 are situations in which frogs (both tadpoles and adults) and
snakes are infected with metacercarial stages. Cases of echinostomiasis in humans



Table 5.3 Relationships between echinostomes and their natural intermediate and definitive hosts in studies from more than 20 countries

Entry
no.  Species First intermediate host ~ Second intermediate host ~ Definitive host Reference and (country/location)
Echinostoma
1 E. friedi Lymnaea peregra L. peregraand Physella  Rattus norvegicus (Norway rat)  Toledo et al. (2000) (Spain)
acuta
2 E. cinetorchis ND Freshwater fishes Rats, cats, and dogs Chai and Lee (2002) (South Korea)
3 E. hortense ND Freshwater fishes Rats, cats, and dogs Chai and Lee (2002) (South Korea)
4 E. revolutum ND ND Birds of prey in numerous Borgsteede et al. (2003) (Netherlands)
families
5 E. luisreyi Physa marmorata P. marmorata ND Maldonado et al. (2003) (Brazil)
6 E. revolutum ND ND Branta canadensis (Canada Davis (2005) (New Zealand)
goose)
7 E. trivolvis Helisoma trivolvis H. trivolvis ND Klockars et al. (2007) (New Jersey, USA)
8 E. malayanum ND ND Humans Belizario et al. (2007) (Siargao Island, The
Philippines)
Echinopary-
phium
9 E. agnatum ND ND Birds of prey in falconiformes Borgsteede et al. (2003) (Netherlands)
and strigiformes
10 E. hydromyos ND ND Rattus coiletti (dusky rat) and Mulder and Smales (2006) (Northern
Hydromys chrysogaster Territory, Australia)
(water rat)
11 E. recurvatum ND ND Aythya novaeseelandiae (New Davis (2006) (New Zealand)
Zealand scaup)
12 E. psuedorecur- Lymnaea stagnalis Lymnaeids and other ND Faltynkova and Haas (2006) (S.E.
vatum snails Germany)
13 E. aconiatum  Lymnaea stagnalis L. stagnalis ND Faltynkova et al. (2007) (Central Europe:
i.e., Austria, Czech Rep., Germany,
Poland)
14 Echinopary- Lymnaea viatrix ND (exp: in Biomphalaria ND (exp: in domestic chicks) Prepelitchi and de Nufiez (2007)
phium sp. glabrata) (Patagonia, Argentina)

(continued)
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Table 5.3 (continued)

Entry
no.  Species

First intermediate host

Second intermediate host

Definitive host

Reference and (country/location)

Echinochasmus
15 E. liliputanus
16 E. japonicus

17 Echinochasmus
sp.
18 E. liliputanus
Himasthla

19 H. elongata

20 H. elongata
21 Curtuteria
arguinae
Euparyphium

22 Euparyphiumsp.
23 E. albuferensis

Other Genera
24 Hypoderaeun
conoideum
25 Patagifer
bilobus
26 Acanthopary-
phium
tyosenense

ND

Parafossar ulus manou-
ricues

ND

ND

Littorina littorea

ND
ND

ND
Gyraulus chinensi
Lymnaea peregra
ND

Lunatia fortans, a
marine gastropod

gills of goldfish

gills of Pseudorasbora
parva, a freshwater
fish

ND

ND

Cerastoderma eduli
(cockles and edible
bivalves)

Mytilus eduli (mussels)

Cerastoderma eduli
(cockles)

ND
Gyraulus, lymnaeids, and
physids

Gyraulus, lymnaeids, and
physids
ND

Mactra veneriformis, a
marine bivalve

ND
ND

Chelydra serpentina (snapping
turtle)

Dogs

ND

ND
ND

Procyon lotor (Racoon)

Rattus nonvegicus and R. rattus
ND

Plegadis chihi (white faced ibis)

ND (exp: in Larus crassiones, a
seagull)

Xiao et al. (2005) (Anhui Province, China)

Choi et al. (2006) (South Korea)

Platt (2006) (Tennessee, USA)

El Gayar (2007) (Egypt)

de Montaudouin et al. (2005) (France)

Nikolaev et al. (2006) (White Sea, Russia)

Desclaux et al. (2006) (Arcachon Bay,
France)

Matoba et al. (2006) (most islands of Japan)

Esteban et al. (1997) (Spain)

Mufioz-Antoli et al. (2000) (Spain)

Digiani (2000) (Buenos Aires Province,

Argentina)
Kim et al. (2004) (South Korea)

ND not defined, Exp experimental infection. Except for entry 23, all entries are from 2000 to 2007
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eating raw frog and snake meat tainted with cysts have been reported (Fried et al.
2004a).

Mammals in the wild are a good source of initiating life cycles. Stray cats, dogs,
and wild rats are often used to initiate various echinostome life cycles once the
adult worms were obtained from these infected vertebrates. See entries 2, 3, 10, 18,
22, and 23 for such studies. Birds, particularly waterfowl, provide a good starting
point for initiating echinostome life cycles. Davis (2005, 2006) pioneered such
studies using Canada geese, Branta canadensis, as a starting point for maintaining
the life cycle of E. revolutumand the New Zealand Scaup for initiating the life cycle
of Echinoparyphium recurvatum (Table 5.3, entries 11 and 6).

Lastly, mention should be made of humans as a starting point for obtaining
echinostome adults and eggs. A recent case of E. malayanum in humans in the
Philippines provides a good example (see Belizario et al. 2007) as noted in entry 8
of Table 5.3. In this work, infected humans were purged with Dulcolax™, followed
by treatment with praziquantel to allow the subject to expel echinostome eggs and
adults into the stool. These stages were used for identification purposes in the
Belizario et al. (2007) study. However, such samples may also provide a source of
human material to initiate life cycles if suspected gastropod hosts are available to
serve as experimental intermediate hosts.

5.3 Maintenance of Larval and Adult Echinostomes
and the Inter mediate and Definitive Hosts

Material relevant to this subject matter has been covered in detail by Fried (2000)
and also recently reviewed by Toledo et al. (2007) in a section titled “Techniques
for the maintenance of the life cycle in the laboratory.” References from those
sources should be consulted by workers who aim to maintain echinostomes in the
laboratory.

In brief, echinostomes can be maintained in the appropriate first intermediate
snail host following miracidial infection. Miracidia can be used to expose snails
individually or en masse. For individual infections, 1-10 miracidia per snail may
be used with 1-3 ml of natural or artificial spring water (ASW). These infections
can be carried out conveniently in small Petri dishes or in multiwell chambers.
Miracidia must be active and typically used in less than 6 h after hatching in order
to optimize the host infection. Development of the intramolluskan stages will
depend upon temperature and other factors, and cercarial sheds can be expected
from 4 to 8 weeks postmiracidial infection. Cercariae can be obtained by isolating
snails using standard procedures and then used to infect snails or other susceptible
second intermediate hosts in multiwell chambers or fingerbowls. For many species
of echinostomes, cysts are formed in the second intermediate host and are infective
within 24 h postcercarial infection. Cysts can be removed from snails, tadpoles, or
other second intermediate hosts to infect vertebrate hosts (Huffman and Fried 1990)
or can be used for chemical excystation studies (Fried 1994).
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Numerous vertebrate hosts serve as experimental definitive hosts; typically
mice, hamsters, rats, domestic chicks, or ducklings are used. Trial and error are
needed to determine optimal metacercarial dosage used to infect definitive hosts.
Infection is by either per os or by gastric tube. The number of worms recovered
does not always reflect the number of cysts given to the experimental host as noted
in Fried and Peoples (2007c). Reasons for this situation are many, including opera-
tor error, viability of cysts, cyst age, and types and strains of hosts used.

Echinostome stages (eggs and cysts) can be stored at 4°C in saline for relatively
long periods, enhancing the use of such material for teaching and research pur-
poses. Eggs can be obtained from adult worms by teasing the uteri of worms and
collecting and storing the eggs at 4°C in saline for up to 6 months (ldris and Fried
1996). Such eggs, transferred to ASW and maintained at 22—-28°C, embryonate and
produce miracidia that are infective to snails (Idris and Fried 1996). Eggs can also
be obtained from the feces of definitive hosts as described in Toledo et al. (2007).
Likewise, metacercarial cysts can be removed from snails or other second interme-
diate hosts and stored at 4°C for up to at least 6 months and still be infective to
vertebrate hosts or capable of excystation (Rossi et al. 2001). The ability to store
eggs and cysts of echinostomes for relatively long periods enhances the value of
these organisms as research tools.

5.4 In Ovo Cultivation

The earlier literature was reviewed by Fried (2000). The most significant study on
the topic was the cultivation of E. caproni on the chick chorioallantois from the
excysted metacercaria to the ovigerous adult. The eggs contained miracidia, but
attempts to infect snails with miracidia derived from chorioallantois-grown worms
were not done. See Chien and Fried (1992) for details. In ovo cultivation studies on
echinostomes or other digeneans have not been done during the 2000-2007 period
covered in this review.

55 InVitro Cultivation

The earlier work on in vitro cultivation of excysted metacercariae to young adults
has been reviewed in Fried (2000). In spite of many attempts to cultivate echinos-
tomes from the excysted metacercaria to the sexually mature adult, success in this
area has been limited. Studies from 2000 to 2007 have been minimal. Irwin
(1997) summarized the reasons for the lack of work in this area, including
attempts to cultivate any digenean from the excysted metacercaria to the oviger-
ous adult. These reasons are as follow: inherent difficulties in such tasks, lack of
consistent positive results leading to problems in publishing the work, and very
labor-intensive studies.
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Since the Fried (2000) review, there has been only one study on the development
of an echinostome metacercaria in vitro. In that study, Fried and Reddy (2000)
examined postmetacercarial changes in excysted metacercariae of E. caproni main-
tained in upright test tube cultures in the defined medium Mixture 199 plus 20%
calf serum for 7 days at 41°C with a gas phase of air. Each culture was inoculated
with 25 excysted metacercariae. Although some somatic changes were noted in
metacercariae, and the organisms survived for up to 7 days, at which time the cul-
tures were terminated, there was no indication of germinal development. Hence, as
in earlier in vitro culture studies on echinostomes, the ability to stimulate genital
development in vitro was not successful. Fried (2000) reviewed the earlier work on
culturing echinostomes from the adult stage in either defined media or a defined
medium plus natural products. Since that review, there have been no additional
studies on the topic.

The relatively few studies on culturing the intramolluskan stages of echinos-
tomes in vitro were reviewed by Fried (2000). There has been one significant study
on that topic since that review by Gorbushin and Shaposhnikova (2002) using the
rediae of Himasthla elongata obtained from the digestive gland of naturally
infected marine snails Littorina littorea. The rediae were maintained in Leibovitz’s
L-15 medium at 14°C in atmospheric air. The cultured rediae were active and
showed high synthetic activity in metabolic labeling experiments. Long-term culti-
vation showed 50% redial survival by 70 days postcultivation. The authors sug-
gested that this culture method would be useful to obtain redial excretory—secretory
products free of host-derived contaminants.

5.6 Transplantation of Larval and Adult Echinostomes
to New Sites

The early studies on the transplantation of larval and adult echinostomes to new and
altered sites have been reviewed by Fried (2000). This subject has not been explored
since that review except for mention by Rossi et al. (2001) of transplanting chemi-
cally excysted metacercariae of E. caproni by the oral route into the intestines of
ICR mice. The percentage of worm recovery from mice receiving excysted meta-
cercariae from fresh cysts was 44% compared with 13% in mice receiving excysted
metacercariae from cysts stored in Locke’s solution for 5 months. Thus, cyst viabil-
ity was determined by transplanting excysted metacercariae into the mouse gut.

5.7 InVivoand In Vitro Excystation of Metacercariae

Fried (2000) reviewed the earlier literature on excystation of echinostomes and
noted two significant works on excystation of digeneans, i.e., Fried (1994) and
Irwin (1997). Both reviews provide considerable information on echinostomes as
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well as digeneans in general. Significant papers on this topic from 2000 to 2007 are
related to work on E. caproni and all the in vitro excystation studies used the Fried
and Roth (1974) alkaline trypsin-bile medium prepared in Earle’s balanced salt
solution. This medium is hereafter referred to as the TB medium.

Rossi et al. (2001) studied excystation of E. caproni metacercariae stored in
Locke’s 1:1 solution at 4°C for up to 12 months or maintained in B. glabrata for
up to 3 months; comparisons were made to excystation in the TB medium of
encysted metacercariae that were stored for 1-14 days postinfection (Pl) and
considered fresh cysts. Cysts stored for 8-12 months did not excyst, but excysta-
tion occurred in all the other cysts maintained in vitro and in vivo. Fried et al.
(2001) studied in vivo excystation and distribution of encysted metacercariae of
E. caproni fed to ICR mice. Each mouse was fed 400 metacercariae and necrop-
sied at various intervals from 1 to 24 h PI. In vivo excystation of E. caproni
occurred in the stomach and intestines of the mice; recovery of excysted metacer-
cariae in these sites was seen mainly from 1 to 2 h Pl and occurred less frequently
after 3 h PI.

Fried et al. (2004b) excysted cysts of E. caproni in the TB medium and then
studied the effects of various treatments on the excysted metacercariae; these treat-
ments consisted of adding bile salts, digestive enzymes, and other nutrients to a
Locke’s 1:1 solution containing the excysted metacercariae. The results of the study
suggested that the acidic pepsin environment in a host’s stomach was detrimental
to the survival of excysted metacercariae; however, prolonged survival in alkaline
trypsin-bile salts probably facilitated the establishment of the metacercariae in the
intestinal mucosa of the host.

Fried and Peoples (2007a) studied the viability of encysted metacercariae of E. caproni
stored in Locke’s 1:1 solution at 4°C for 1-24 week. Viability was judged by light
microscopy based on morphological characteristics of the encysted metacercariae
versus chemical excystation of the cysts in the TB medium. The percent viability
was similar using both methods of assessment at 4-, 8-, and 16-week poststorage.
At 1- and 24-week poststorage, viability was judged to be about two times greater
based on excystation than using light microscopy. The authors concluded that light
microscopy alone underestimated the viability of cysts and that determination of
cyst viability was more accurate using assessment by chemical excystation than by
light microscopy.

Fried and Peoples (2007b) observed the effects of various physical and chemical
factors on the viability of encysted metacercariae of E. caproni. Viability was
equated with chemical excystation in the TB medium. Cysts stored for 7 days at
28°C in a Locke’s 1:1 solution showed 97% excystation. Isolated and in vivo
formed cysts were killed by boiling for 1-3 min, but freezing at —10°C did not kill
all isolated or in vivo formed cysts after 24 h. Concentrations of potassium perman-
ganate ranging from 300 to 1,200 mg I™* killed most isolated cysts within 5 min, but
in vivo cysts survived these concentrations for 24 h. However, concentrated solu-
tions of NaCl and sucrose had no effect on the viability of isolated and in vivo cysts.
The killing effect of these agents could have economic implications, especially on
the shellfish industry.
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5.8 InVitro Encystment of Cercariae

Studies on in vitro encystment of echinostome cercariae were not covered by Fried
(2000). A number of species of echinostomes show some ability of their cercariae
to encyst in vitro or ectopically on the surfaces of shells of aquatic invertebrates.
A few earlier studies documented the experimental in vitro encystment of some
cercariae of echinostomes (e.g., Fried and Bennett 1979). The implications of such
in vitro encystment in the transmission of echinostomes as waterborne contami-
nants have been reviewed by Graczyk and Fried (2007). Of particular concern in
transmission of water-borne echinostomatids are members of the genus
Echinochasmus. Species of Echinochasmus are also transmitted to humans and
domestic animals as waterborne parasites via the cercarial stage, when humans and
animals inadvertently swallow such cercariae in tainted waters (Graczyk and Fried
2007). Some work from 2000 to 2007 on echinostome cercariae that encyst in vitro
has been reported and key studies are listed below.

Fried and LaTerra (2002) observed encystation in vitro of E. caproni cercariae.
Of the 15 media tested for the encystation of the in vitro cysts, only two were effec-
tive. They were a Locke’s ASW (1:1) medium which yielded 67% encystment and
a B. glabrata embryonic cell line medium which yielded 23% encystment. In vitro
formed cysts treated in the TB medium were capable of excystation and also capa-
ble of infecting ICR mice.

Xiao et al. (2005) studied the in vivo and in vitro encystment of Echinochasmus
liliputanus cercariae and the biological activity of the associated metacercariae.
The cercariae encysted in vivo on the gills of goldfish, the second intermediate host.
The cercariae also encysted in vitro in a Locke’s solution containing artificial and
human gastric juices. Full-strength Locke’s was optimal for encystment within 24
h. Encystment of cercariae in vitro could be inhibited when the cercariae were
treated with 1 umol of silver nitrate. The authors suggested that these findings
might be helpful in determining the mechanisms of the definitive hosts that allow
for direct infection by the cercariae.

5.9 Concluding Remarks

This review has covered the salient literature on maintenance, cultivation, excysta-
tion, and in vitro encystment of echinostomes from 2000 to 2007. Significant ear-
lier studies on these and related topics have also been mentioned. The review
includes information on workers who are maintaining life cycles of known species
of echinostomes in their laboratories. Also, an emphasis is placed on ways to obtain
echinostome material from the wild as a way of initiating research on these digene-
ans. The period 2000-2007 saw little or no work on the in vitro or in ovo cultivation
of echinostomes from the encysted metacercaria or adult stage. Some new work on
chemical excystation of metacercarial cysts, cultivation of rediae, and in vitro
encystment of the cercariae was done during 2000-2007 and covered in this review.
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Useful information on echinostome research from the laboratory of one of us (B.F.)
has been included to help new researchers plan future studies.
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geographic distribution has been recorded. The zoonotic potential of echinostomes
has been related to the ingestion of raw mollusks, fishes, and amphibians which
are naturally found parasitized by these parasitic larvae. The identification of new
natural hosts and the demonstration of their life cycles under experimental conditions
have favored the understanding of biological variables involved in parasite trans-
mission and may be useful predictors of human infection. The impact of echinostome
parasitism in wildlife conservation needs more attention, since most of the known
natural hosts are wild animals. The introduction or spread of echinostome species
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in new environments may imply a loss of biodiversity and increase the probability
of new cases of zoonoses. Human behavior and the expansion of land use in a global
context help to bring about changes in climate and induce new interfaces between
humans and wildlife. Trade among nations and the exchange of new ideas and
customs increase our concern about the spread and emergence of etiologic agents
of animal and human diseases.

6.1 Introduction

The global biodiversity of animals in the wild is enormous. Each landscape
encompasses many different habitats for a large number of animal species, and
each species hasits own parasite fauna. In the wild, most of the known echinostome
species have been described mainly in wild birds, mammals, and reptiles and less
frequently recorded in domestic animals. Echinostome infections are closely related
towildlife, and interest at thislevel is due to the importance of echinostomes as para-
sites of wild fauna (i.e., in the biodiversity of helminths) and also in their increasing
significance in emerging and re-emerging zoonoses due to human activities, including
arapid increase of the human population, migration, and behavioral changes, among
other factors.

Environmental changes have been associated with a major risk for wildlife, and
the preservation of this fauna depends on the knowledge of the life history of each
speciesin its natural environment in order to improve management to preserve the
fauna without affecting the sustainable development of the planet.

Long-term studies of these parasites may allow scientists to gain a better com-
prehension of the transmission dynamics, both in the intermediate and definitive
hostsin nature, their involvement in the risk for wildlife conservation, and, moreover,
of the possibility of the spread of parasites to, thus, decreasing the food production
of animals of economic importance. The aim of this chapter is to highlight some
aspects of the biology of certain species of echinostomesin the wild and the experi-
mental models developed with the purpose to gain a better understanding of the
biology of this group of parasites.

6.2 Major and Minor Species of Echinostomesin the Wild

The Family Echinostomatidae comprises up to 91 genera currently considered as
valid (Kostadinova 2005). Most of the known species of these taxa never have been
studied after their original descriptions, and their life cycles in the wild remain
unknown. Furthermore, in environments whose biodiversity is still poorly known,
many other unknown echinostome species may exist.
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6.2.1 Major Echinostome Species

Several genera of Echinostomatidae have biological, medical, veterinary, and
experimental importance. From these genera, Echinostoma is the one genus with
the largest number of species used as experimental models and whose biology has
been well studied. Selective listings of Echinostoma species and their known natural
intermediate and definitive hosts, and their geographical distributions are presented
in Tables 6.1-6.5.

Table 6.1 Species of Echinostoma of wild animalsin North America

Species Definitive host Intermediate hosts  Country References
Echinostoma  Hawks, owls USA Taft et al. (1993)
trivolvis
Dendrocygna bicolor USA Forrester et al. (1994)
Didelphis virginiana USA Alden (1995)
Ondatra ziberthicus USA Zabiega (1996)

Helisoma trivolvis ~ USA Kanev et a. (1995)
Rana catesbiana; Canada McAlpine and

R. clamitans; Burt (1998)
R. pipiens
Echinostoma Lymnaea elodes USA Sorensen et al. (1997)

revolutum

Table 6.2 Species of Echinostoma of wild animalsin Central and South America

First/second
Species Vertebrate hosts intermediate hosts ~ Country References
Echinostoma  Birds Biomphalaria Guadeloupe Nassi and Dupouy
parvocirrus glabrata (1988)
Echinostoma  Nectomys squamipes Brazil Maldonado et al.
paraensei (2001b)
- Biomphalaria Brazil Lie and Basch
glabrata (1967)
Echinostoma.  Akodon sp. Physa marmorata  Brazil Maldonado et al.
luisreyi (2003)
Echinostoma  Cairina moschata Brazil Lutz (1924)
revolutum
- Brazil Carvaho et a.
(1975)
- Brazil Travassos et a.
(1968)
Gallus gallus Brazil Mello (1933)
Sus scrofa Brazil Kohn et al. (1972)
Rattus norvegicus Brazil Barbosa (1991)
Passer domesticus Brazil Brasil and Amato

(1992)
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Table 6.3 Species of Echinostoma of wild animalsin Europe

First/second
Species Vertebrate hosts intermediate hosts ~ Country References
Echinostoma  Anas platyrhynchus Yugoslavia  Kanev (1994)
revolutum
Buteo buteo Czech Rep.  Sitko (1998)
Turdos philomelos Netherlands Borgsteed et al.
(2000)
Ciconia ciconia Germany Schuster et al.
(2002)
Laurus dominicanus New Zealand Latham and Poulin
(2002)
Anser albitrons; Slovak Rep. Macko et al.
A. tabalis; Branta (2002)
Canadensis
Accipiter gentilus; Netherlands Borgsteed et al.
Aquila pomaring; (2003)
Buteo buteo;
B. lagopus;
Circaetus gallicus,
Falco subbuteo;
Acthene noctua;
Srix aluco; Tyto
alba
Lymnaea Finland Niewiadomska
stagnalis et a. (1997)
Lymnaea stagnalis ~ Filand Vayrynen et al.
L. perega (2000)
Echinostoma  Rattus norvegicus Lymnaea peregra Spain Toledo et al.
friedi (2000)
Echinostoma Kostadinova and
echinatum Gibson (2000)
Echinostoma Planorbis planorbis; Bulgaria Kostadinova et al.
miyagawai Anisus vortex (2000)
Table 6.4 Species of echinostomes of wild animalsin Asia
Vertebrate First/second
Species hosts intermediate hosts Country  References
Echinostoma Rat domestic, Lymnaea pervia, Radix Japan Asada (1926)
hortense dog auricularia, Misgurnos ~ Korea Chal and Lee
unguiculatus (2002)
Echinostoma Korea Chal and Lee
echinatum (2002)
Echinostoma Rat domestic ~ Segmentina hemisphaerula,  Japan Ando and Osaki
cinetorchis Misgurnos unguiculatus ~ Korea' (1923)
Chal and Lee
(2002)
Echinochamus Birds Fish Korea Tanabe (1926)
japonicus China
Acanthoparyphium Bird Mactra veneriformes, Solen  Korea Kimet a.

tyosenense grandis; Neverita bicolor (2004)
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Table 6.5 Species of echinostomes attributed to zoonotic infections and main intermediate hosts

Second intermediate

Species host Country References
Echinostoma Snails and clams Indonesia Carney (1991)
revolutum Clams Taiwan Lu (1982)
Echinostoma Fresh water fish Korea Chai and Lee (2002)
hortense Misgurus Japan Miyamoto (1987)
unguillicaudatus,
Burbatula toni
Echinostoma Fresh water fish China Carney (1991)
japonicus Fresh water fish Korea Chai and Lee (2001)
Fresh water fish Japan Rim (1982)
Echinostoma Lymnaea cumingiana Malaysia, Singapore Rim (1982)
malayanum Philippines Monzon and Kitikoon (1989)
Pila luzonica Indonesia
Snails and clams Carney (1991)
Echinostoma Snails and clams Indonesia Carney (1991)
ilocanum Snails and tadpoles ~ Thailand Radomyos et al. (1982)
Echinostoma Clam Taiwan Lu (1982)
cinetorchis Fresh water fish Korea Chai et a. (2005)
Fresh water fish Japan Rim (1982)
Echinostoma Snails and clams Indonesia Carney (1991)
ilocanum Philippines Monzon and Kitikoon (1989)
Thailand Radomyos et al. (1982)
Echinostoma Corbicular sp. Indonesia Cross (1984)
lindoense
Echinoschamus. Fresh water fish Japan Chai and Lee (2001)
japonicus
Echinoparyphium  Clam Taiwan Indonesia Lu (1982)
recurvatum
Achantoparyphium Mactra veneriformis, Korea Chai and Lee (2001)
tyosenense Solen grandis,

Neverita bicolor

Echinostoma revolutum is the most cosmopolitan speciesfound in natural infections

and has been recorded from wild and domestic animals and humans. In addition,
Echinostoma hortense, originally described in humans, and E. cinetorchis,
E. japonicus, and E. malayanum are parasites of wild animals and may cause zoonoses
(Sohn and Chain 2005; Chai and Lee 2002).

In addition to Echinostoma, some other genera of Echinostomatidae are also
noteworthy for their medical, veterinary, and biological importance, i.e., Echinop-
aryphium, Echinochamus, Himasthla, Hypoderaeum, Petasiger, Euparyphium,
Sephanoprora, Isthmiophora, Acanthoparyphium, and Patagifer (Fried 2001).
Moreover, several species of these genera have significance as parasites of humans
causing zoonoses, i.e., Echinoparyphium recurvatum, Echinochasmus liliputanus
(commonly occurring in dogs and cats), Himasthla quissetensis. H. rhigedana, and
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Hypoderaeum conoideum, usually found in natural infections in ducks, fowl, and
rats (Fried 2001).

From these genera some species are commonly used as experimental modelswhich
have contributed to the knowledge of the biology and physiology of this group of
Digenea, i.e, Echinostoma paraensel, E. caproni, E. trivolvis, E. friedi, and
Echinoparyphium recurvatum (Fried and Graczyk 2004 and Toledo and Fried 2005).

6.2.2 Minor Echinostomes Species

From the 91 genera of Echinostomatidae considered valid by Kostadinova (2005),
85 include species parasitic in birds, mammals, and reptiles, with major importance
in the biodiversity as parasites of wild animals. However, most of them have been
recorded only once or afew times after their initial description. The knowledge of
such biodiversity is important to improve diagnosis of parasites of wildlife and to
assess the risk of such parasites in wild animal conservation and management,
together with the aim to gain a better understanding of their potential role as a
zoonotic disease.

6.3 Echinostomes as Experimental M odels

The life cycle of echinostomatids includes two invertebrate hosts (first and second)
and a vertebrate host (Fig. 6.1).(Maldonado et al. 2001a)

It isinteresting to note that in most cases the echinostome species were described
exclusively on the basis of one developmental stage isolated from a snail or other
intermediate host species or from vertebrate hosts collected in the wild. Thus, only
one of the hostsis known in such cases. In some cases, life cycles were experimen-
tally established starting from one of the developmental stages collected in nature,
using snails and vertebrates from the laboratory for the completion of the cycle. The
life cycle of some species, such as E. macrorchis and E. elegans, was completed
from materials collected in trapped wild birds as described by Lutz (1924). Thus,
caution should be used with this approach since the finding of small samples of
hosts infected with echinostomes in field surveys may lead to false interpretations
in relation to the usual natural hosts of such species.

Some species of echinostomes have been used as experimental models with dif-
ferent aims, i.e., to clarify aspects of the biology of these platyhelminths, to analyze
the parasite-vertebrate or invertebrate host relationships, including pathology,
dterations of the snail biology and physiology, and to study coinfections in the
vertebrate and invertebrate hosts, and biological control of different parasitosis,
among others (Toledo and Fried 2005; Toledo et al. 2007).
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Fig. 6.1 Schematic representation of the life cycle of Echinostoma spp. in the wild

6.3.1 Experimental I ntermediate Hosts of Major
Echinostome Species

The maintenance of the life cycle of echinostomes requires the use of snail inter-
mediate hosts. In this context, it is of interest to note that the specificity of echinos-
tomes toward the first and second invertebrate hosts seems to be low since, in
general, it is possible to infect more than one species of snail with one species of
echinostome (Table 6.6).

Haas et a. (1995) analyzed the cercarial capacity of Echinostoma revolutum,
Pseudechinoparyphium echinatum, and Hypoderaeum conoideum to recognize
their respective snail second intermediate hosts and determined that each of these
echinostome species was attracted by its specific intermediate hosts, mediated by
the mucus compounds. This stimulus was inhibited by silver nitrate added to the
water, since it binds to the cercaria receptors, inhibiting the capacity to find the
host, snail, or fish, by the cercariae (Korner and Haas 1998). Under experimental
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Table 6.6 Natural and experimental intermediate and definitive hosts of major Echinostoma

species
First intermediate Second intermediate
host host Definitive host References
E. paraensei Biophalaria gla- Biomphalaria Mouse, hamster, Lie and Basch,
brata, Physa mar- glabrata, Physa and Rattus 1967
morata, Lymnaea marmorata, norvegicus  Maldonado et d.,
columella, Lymnaea colume- Nectomys 2001
B. tenagophila Ila, B. tenagophila squamipes
E. trivolvis  Helisoma trivolvis Helissoma trivolvis-  Birds, marsu-  Kanev et dl.,
Biophalaria Biophalaria pial Birds 1995
glabrata, glabrata, Fried et al.,
Helissoma 1998
trivolvis
E. caproni Biomphalaria Molluscs and amphib- Falco newtoni  Richad and
pfeifferi ians Biomphalaria Hamster, Brigood,
Biomphalaria spp spp, Bulinus spp Mouse, 1978
birds Fried and
Huffman,
1996
E. luizreyi Physa marmorata Biomphalaria gla- Hamster, Maldonado
brata mouse et a., 2003
E. friedi Lymnaea peregra Lymnaea peregra Rattus Toledo et al.,
L. corvus, Gyraulus L. corvus, Gyraulus norvegicus, 2000
chinenses chinenses, hamster and
chicken

Physella acuta

conditions, echinostome cercariae are attracted, penetrate, and develop in a wide
range of snails. When non-natural invertebrate host combinations were tested, ran-
dom combinations of potential host species could produce minor biological adjust-
ment (Maldonado et al. 2001b). This shows that the specificity of the echinostomes
to the intermediate hosts may be adaptative. If the specific host is present, the effi-
ciency isprobably raised. Alternatively, if the specific host is not present larvae can
locate, penetrate, and develop in an alternative snail species, athough this will
probably result in low cercarial release or metacercarial production.

Because of the zoonotic potential of echinostomes, it is important to determine
the natural intermediate hosts to assess the risk of the ingestion of metacercariae
harbored by raw mollusks, fishes, and/or amphibians, which in nature are found
naturally infected. The experiments done by Park et a. (2006) demonstrated in a
field research the capacity of the bivalve Pisidium corneum for the E. cinetorchis
cercarial and metacercarial development in the field. This is of importance since
this clam is usually consumed raw as a treatment for human bone fractures in
Korea. Nevertheless, only mollusks are used as experimental intermediate hosts,
mainly species of planorbids and lymnaeids.

The effect of echinostome infections on the survival and development of the snail,
amphibian, and fish intermediate hosts has been investigated. It was demonstrated
that tadpole Rana pipiens development can be modified by echinostome infection,
and it was also observed that variations in the susceptibility to infection may occur in
relation to the amphibian development stage (Schotthoefer et a. 2003).
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Coinfection of snails with two different species of trematodes has been tested in
an attempt to analyze the possibility to control schistomiasis using echinostomes.
Sandland et al. (2007) demonstrated that attempts of coinfection with Schistosoma
mansoni and E. caproni of Biomphalaria glabrata resulted in prevalences of infec-
tion of 23 and 63%, respectively, and the fecundity and egg production of the snail
significantly decreased, demonstrating the antagonism of these trematode species
in this host. This result corroborated the findings of Chai and Lee (2002) that also
proposed the use of echinostomes as control agents for schistosomiasis.

6.3.2 Experimental Definitive Hosts of Major
Echinostomes Species

Echinostoma revolutum has been reported from a large variety of definitive hosts,
such as birds, pig, dog, rat, among others (Lutz 1924). This may serve as example
of the wide range of hosts that an echinostome can use. However, this also may be
caused by misidentification of the recovered helminths from natural hosts and, in
any event, further investigations are required.

Among the mammal's, mice and hamsters are the most used models as definitive
hosts of echinostomatids, and among birds domestic chickens and ducks are the
most commonly used (Table 6.6).

Thelife cycle of E. paraensei was reproduced in experimental conditions using
the natural vertebrate host Nectomys squamipes reared in laboratory and sympatric
snailsB. glabrata, Physa marmorata, and Lymnaea columella (Fig. 6.1) (Maldonado
et a. 2001b). Thereafter, it has been maintained in hamsters and the sympatric snail
host, B. glabrata.

In experimental infections of BALC/c and C3H/HeN mice with E. hortense, the
involvement of IL5 and immunoglobulin IgG1 in the induction of protective Th2
immunity and in worm expulsion from the intestine was observed (Cho et a. 2007).
Pathological effects resulted from experimental infection by E. caproni in the
golden hamster, and the Wistar rat are characterized by increased erosion of
mucosal villi and elevated number of goblet cells in alow compatible host (rat)
which could also be involved in the early expulsion of the parasite from this host
(Toledo et a. 2006).

Theidentification of antigenic proteins recognized by humoral immune response
in mice infected with E. caproni suggested an important role of the glycosylated
forms of enolase which could be important in worm establishment on the host
mucosal surface (Sotillo et al. 2008). The understanding of the factors which deter-
mine the fertility of adult worms during experimental infection by E. caproni was
investigated (Fried and Bandstra 2005). The rate of survival and infectivity of
in vitro encystment of the metacercariae of E. caproni was shown to be influenced
by the temperature (Fried and Ponder 2003). The process involved in the excysta-
tion of E. caproni metacercariae was verified to be mediated by inorganic and
organic molecules (Fried et al. 2004).
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6.4 Co-infection of Echinostomes and Other Helminths
in the Wild

The current knowledge of the biology of coinfection of echinostomes with other
helminths in the wild is scarce, especialy in relation to topics such as pathology,
parasite loads in the vertebrate hosts, and worm fecundity.

A long-term survey focused on the role of the semiaquatic water rat N. squamipes
in the transmission dynamics of S. mansoni revealed that concurrent infections with
E. paraensei are usual in the field. However, no significant correlation was found
between the intensity of infection between each pair of helminths. At the level of
the helminth community structure, E. paraensei was classified as codominant
exhibiting a highly aggregated pattern (Maldonado et al. 2006).

In experimental infections, it was demonstrated that E. paraensei can stimulate
an antagonistic behavior toward S, mansoni resulting in aload decrease of S mansoni.
However, it should be considered that these trematodes occupy different niches
within the host, and the mechanisms of interaction are probably indirect. In contrast,
the increased persistence of the worm load of E. paraensel within hosts harboring
S mansoni suggests that adult schistosome infections are probably downregulating
the immune response of the host, since the echinostome infection lasted for alonger
time (Madonado et a. 2001c).

Interaction between helminths during coinfections may be determined by direct influ-
ence of one species on another through secretory products, effects on the gut physiology,
interspecific competition, or crowding effects, among others (Christensen et a. 1987).
Furthermore, interactions would be mediated through the host’s immune system (Lello
et al. 2004). Simultaneous infections of two or more helminth species commonly occur
in domestic and wild animals. This raises the possibility that one species may influence
the transmission pattern or disease features caused by another (Noland et a. 2007).

Echinostomatids have specific niches within the small intestine of their defini-
tive hosts. They are typically dispersed in the initial phase of infection (Nollen
1996). E. paraensel commonly occurs in the duodenum-jejunum. From our data,
the distribution does not change when the host is challenged with S mansoni.
However, the host species may influence the E. paraensei distribution, as shown by
the predilection of E. paraensel to occupy the pancreatic duct of N. squamipes
when compared to M. musculus (Maldonado et al. 2001c). In addition, mice experi-
mentally infected by E. caproni showed a decrease in natural resistance against
S mansoni, resulting in an increase of the S. mansoni load under experimental
conditions (Christensen et al. 1985).

6.5 Pathological Aspectsin Natural and Experimental Infections

Our knowledge of the pathology caused by echinostomatids in natural hosts is
limited. However, as observed by Huffman (2000), the impact of echinostomes
on wildlife health is significant, and these digeneans play an important role
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as causative agents of diseases in waterfowl and aguatic mammals. Most of the
known cases are of migratory birds debilitated during their migrations. Moreover,
the possibility of coinfections by other pathogens has not been considered.

Generally the level of pathogenicity evoked by the wormsislow. Massive infec-
tion may induce a clinical picture of enteritis followed by hemorrhagic diarrhea,
which could result in the death of animals (Huffman 2000). In the naturally infected
water rodent, N. squamipes parasitized with E. paraensel, it was possible to observe
transitory parasitism, which lasted no longer than a few weeks Animals generally
harboring a few worms developed only minimal pathologic ateration (personal
observation).

Some critical aspects of the pathology, such as multiple exposures to a low
number of infective metacercariae or concurrent natural infection, require further
studies. In fact, it would be convenient to use natural hosts raised in the laboratory
for the study of pathological events. In this context it should be possible to get simi-
lar infection patterns or lesions as those observed in the wild.

Biological variability among isolates of E. paraensei showed distinct migratory
behavior in the rodent N. squamipes, the natural host of this echinostome species
(Maldonado et a. 2005), with temporal and spatial scale promoting differential
kineticsin the evolution of disease (Madonado et al. 2006). This makes evident the
broad spectrum of the effects induced by this parasitism.

Histopathological studies in mice experimentally infected with E. caproni
showed the modification of the intestinal wall involving modulation in the number
of goblet cells, participation of mucosal neutrophils and mononuclear inflammatory
cellsin the mesentery. These features may contribute for the parasite establishment,
enhancing the longevity of the infection and increasing the number of eggs released
(Mufoz-Antoli et al. 2007).

However, intra- and interspecific variability in relation to parasite isolates
and site of worm establishment needs to be taken into consideration (Ma donado
et al. 2006).

6.6 Potential of Wild Echinostome Zoonoses

Echinostoma sp. eggs were found in intestinal material of a partially mummified
body (dated 600-1200 years BC) in Brazil, indicating the possibility of the occur-
rence of this zoonoses in the pre-Colombian age in South American people (Sianto
et al. 2005).

Human behavior associated with globalization, i.e., ease of travel has increased
the risk of widespread diseases. This aspect was well summarized by Macpherson
(2005): “Changing demographics and concomitant alterations to the environment,
climate, technology, land use and changesin human behavior converge to favor the
emergence and spread of parasitic zoonoses.”

In endemic countries, the traditional habit to ingest raw freshwater food together
with the poverty, which pressures people to look for food in contaminated areas, has
increased the risk of the transmission of echinostomiasis, among other food-borne
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diseases. Considering that humans may become infected and release eggsin the feces,
people may act as reservoirs of such parasites. Since people can move from one place
to another carrying the infection, environmental contamination of new habitats may
occur, spreading the parasitism. In this case the lack of sanitation associated with
ignorance, and the disregard of health authorities, increase the probability of infection
to snails, elevating the transmission chances of echinostomiasis disseminated by
humans.

Most of the human echinostomiasis have been diagnosed in Southeast Asia. The
Philippines, India, Korea, and Japan are the countries with the highest prevalence
rates (Chai and Lee 1990; Carney 1991; Chai et al. 2005). The human echinosto-
miasisis caused by alarge number of echinostome species, awaysin relation to the
ingestion of raw and/or undercooked snails or freshwater fishes. Among the species
detected in human echinostomiasis, E. malayanum, E. hortense, and E. revolutum
are major species with large geographical distributions (Table 6.5).

Parasitic diseases that usually occur in a restricted country or locality may be
propagated to distant places by movements of people due to tourism, consequently
acquiring new habits and massive migration, or merely by the popularization of
dishes using raw or undercooked fishes, amphibians, and specially mollusks,
together with the introduction of exotic animals.

The introduction of fish and shellfish to nonendemic countries as a result of
international trade can result in the spread of food-borne trematode infections such
as echinostomiasis (Dixon and Flohr 1997). Moreover, in these countries, wildlife
may also harbor echinostomes representing potential reservoir of pathogensto man,
infecting local consumers (with altered alimentary customs) or immigrants who
migrate to such places.

Graczyk and Fried (1998) listed the following as the main symptoms of human
echinostomiasis. abdominal pain, violent watery diarrhea, and anorexia. This was
corroborated by the results of experimental human infections by the ingestion of
raw metacercariae of E. hortense harvested from Lymnaea japonica that promoted
variable symptoms in the volunteers such as abdominal pain and diarrhea
(Miyamoto et al. 1984).

6.7 Impact of Parasitism on Wildlife Conservation

Theliterature on theimpact of echinostomesin natural infectionsin thewild isvery
scarce. Although parasitism is common in the nature, for example, from 116
Nectomys squamipes necropsied, 7.8% were positive, in a two-year survey
(Maldonado et a. 2006), no significant mortality caused by E. paraensei, or other
etiological agents, was observed in the field or in laboratory conditions (personal
observations in extensive field work).

Based on the literature, the specificity of echinostomes toward the vertebrate
hosts is not high, and most echinostomes species are able to infect a variety of
definitive hosts at least under experimental conditions. Thus, many vertebrates may



6 Echinostomesin the Wild 141

be occasional hosts and reservoirs of species in nature. This may explain the fact
that many vertebrate species have been observed only once or just afew times natu-
rally infected, probably being only occasional hosts. This aspect raises the question
if occasional parasitism can produce more dangerous lesions to a new host than to
the natural host. As mentioned earlier, the impact of echinostomes on wildlife
health is significant, and these parasites play an important role as causative agents
of disease in waterfowl and aquatic mammals (Huffman 2000).

The spread of some parasitic diseases to new natural environments could imply
in loss of biodiversity, especially among poorly adapted host species. On the other
hand, emerging parasitic diseases in wildlife may be driven by ecological or human
environmental changes (King et a. 2007). Recognition of parasites that may repre-
sent potential threat at the species level requires further investigation.

Restriction of anima movements by establishing ecological corridors or in zoo
settings may exacerbate in some cases the intensity of infection with appreciable
impact in life expectancy by the weakening of health.

Echinostomes can infect a large number of hosts in wildlife and more recently
have been seen parasitizing domestic or peridomestic animals such as dogs in met-
ropolitan areas. This probably is a result of the increase of the interface between
wildlife and domestic animals or the reduction of the home range of wildlife.

Every year migratory birds land in the same localities to rest and to feed in their
way to and from their natural locales. The area of these resting places, despite con-
servationslaws, isbecoming smaller, increasingthedensity of animal s. Conseguently,
the environmental contamination and therisk of high intensities of infections weak-
ening the birds' health are significantly increased. This fact also can create new
niches for parasitism, that can be dangerous to the migratory birds and also wide-
spread the infection to the local fauna and to humans.

Presently, climatic changes and other anthropogenic factors (agents of transfor-
mation of global dynamics) are receiving special attention, in order to create ways
for sustaining the management of natural resources, with the principal aim of avoid-
ing species extinction. The damage to natural environments as a consequence of
demographic growth, fires, and deforestation pressure on the wildlife, induces them
to move from their natural habitats and, in some cases, to share wild and urban
interfaces when food is available.

The next decades will be crucia for life on earth, and nobody can predict with
certainty the dynamics of parasitic diseases, including echinostomiasis, and how
global environmental changes will affect each species.
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Abstract A total of 20 species belonging to nine genera of Echinostomatidae are
known to cause human infections around the world. They constitute an important
group of food-borne trematodes of public health importance chiefly in the Southeast
Asia and Far East. The largest genus is Echinostoma (seven species), followed
by Echinochasmus (five species) and others (1-2 species for each genus), i.e.,
Acanthoparyphium, Artyfechinostomum, Echinoparyphium, Episthmium, Himasthla,
Hypoderaeum, and Isthmiophora. Various types of food animals, including freshwa-
ter fish, brackish water fish, freshwater snails, brackish water snails (gastropods and
bivalves), and amphibians are the sources of human infection. The pathogenicity and
host-parasite relationships have been studied extensively in several species, includ-
ing Echinostoma hortense (human-infecting species) and Echinostoma trivolvis and
Echinostoma caproni (animal-infecting species). Mechanical damages by the worms
and toxic effects by their metabolites seem to be important factors in the pathogen-
esis of human echinostomiasis. Mucosal ulcerations and bleeding at the upper part
of the duodenum or at the distal part of the stomach are occasionally encountered
in gastroduodenal endoscopy of human E. hortense infections. However, clinical
importance of each echinostome species, as well as mucosal defense mechanisms of
different hosts, is yet poorly understood. Diagnosis of echinostomiasis can be done
by recovery of eggs in the feces, but specific diagnosis is difficult because of mor-
phological similarity of eggs. Praziquantel has been proved to be effective against
echinostomiasis. Epidemiological surveys and detection of human infections are
required for better understanding of the geographical distribution and endemicity of
each echinostome species.

7.1 Introduction

Flukes of the family Echinostomatidae (= echinostomes) are morphologically charac-
terized by the presence of a head collar with collar spines around the oral sucker, and
the number and arrangement of collar spines is an important key for taxonomic pur-
poses (Toledo et al. 2006). They consist of 50 genera, 355 species, and six subspecies
(Yamaguti 1958). They are predominantly parasites of birds, and also of mammals,
including humans (Yamaguti 1958). Among them, until 1964, a total of 13 species
were known to cause human infections (Yamashita 1964). However, at present, the
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number of human-infecting echinostomes has increased to a total of 20-21 species
(Chai 2007); in this chapter 20 species are listed (Table 7.1). They consist of three
groups of genera (Beaver et al. 1984); those with collar spines arranged in two rows,
interrupted ventrally butnotdorsally (Echinostoma, Acanthoparyphium, Hypoderaeum,
Artyfechinostomum, Echinoparyphium, and Isthmiophora), collar spines arranged in
a single row, interrupted ventrally (Himasthla), collar spines arranged in a single or
alternative row, interrupted both ventrally and dorsally (Echinochasmus and
Episthmium). The human-infecting echinostomes are distributed mainly in the
Southeast Asia and Far East (Rim 1982; Chai 2007).

Table 7.1 List of species and morphological characters of echinostomes infecting humans
Worm size (length:

Species mm) No. of collar spines References

Acanthoparyphium 2.5-3.1 23 Chai et al. (2001)
tyosenense

Artyfechinostomum 5.0-10.0 43 Belizario et al. (2007)
malayanum

Artyfechinostomum 5.5-13.9 41 Bandyopadhyay and
oraoni Nandy (1986)

Echinochasmus 1.5-2.0 24 Cheng et al. (1992a)
fujianensis

Echinochasmus 0.7-1.0 24 Seo et al. (1985a)
japonicus

Echinochasmus jiu- 0.5-0.8 24 Liang and Ke (1988)
foensis

Echinochasmus lilipu- 0.5-0.8 24 Witenberg (1932)
tanus

Echinochasmus per-  0.5-12.0 24 Rim (1982)
foliatus

Echinoparyphium 2.8-4.0 43-45 Rim (1982)
recurvatum

Echinostoma angus-  5.8-6.1 41 Cheng et al. (1992b)
titestis

Echinostoma cine- 10.8-12.6 36-38 (mostly 37) Seo et al. (1980)
torchis

Echinostoma echi- 13.0-15.0 37 Rim (1982) as E. lin-
natum doense

Echinostoma hortense  9.0-12.6 27-28 Seo et al. (1985b)

Echinostoma iloca- 25-6.5 49-51 Rim (1982)
num

Echinostoma mac- 4.6-7.8 43-47 (mostly 45) Rim (1982)
rorchis

Echinostoma revo- 6.5-30.0 37 Kanev (1994)
lutum

Episthmium caninum  0.8-1.2 24 Radomyos et al.

(1985)

Himasthla muehlens  11.0-17.7 32 Rim (1982)

Hypoderaeum conoi-  5.0-12.0 47-53 (mostly 49) Rim (1982)
deum

Isthmiophora melis ~ 4.6-7.4 27 Kostadinova and

Gibson (2002)
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Echinostomes have a 3-host life cycle; namely, the first intermediate host (aquatic
snails), the second intermediate host (snails, clams, fishes, amphibian, and reptiles),
and the definitive host (fishes, reptiles, birds, and mammals) (Toledo et al. 2006;
Chai 2007). The definitive host is mainly infected by consuming the second inter-
mediate hosts harboring the metacercariae. When infected in the definitive host,
including humans, the main habitat of the flukes is the small intestine, and probably
less frequently the pyloric area of the stomach. The clinical symptoms in humans
are mostly gastrointestinal, including abdominal pain, diarrhea, weakness, and weight
loss. In this chapter, the author focused on the taxonomy, biology, epidemiology,
geographical distribution, pathology, symptomatology, diagnosis, treatment, preven-
tion, and control of human-infecting echinostomes.

7.2 Taxonomy, Biology and Epidemiology of Echinostomes
I nfecting Humans

For taxonomic differentiation of echinostome flukes, the number, shape, arrangement,
and relative size of collar spines, the position of the cirrus sac and structure of the
seminal vesicle, the development of the pars prostatica, the size and armament of
the cirrus, the position of the ovary and testes, the location and structure of vitellaria,
the nature of the tegumental armament, the presence of a uroproct, and the body shape,
in terms of length/width ratios are important morphologic characters at the generic as
well as specific levels (Kostadinova and Gibson 2000; Maldonado et al. 2005). In addi-
tion, biological characteristics, including cercarial morphology (Kanev et al. 1995) and
chaetotaxy (Kostadinova 1999; Toledo et al. 2000), and genetic characteristics, includ-
ing gene sequences (Morgan and Blair 1995; Fujino et al. 1995b; Sorensen et al. 1998;
Kostadinova et al. 2003), are also used for species identification.

The echinostome eggs are immature when laid, but they mature after leaving the
host, and hatch in about 3 weeks in the environment (Rim 1982). Miracidia enter
the snail host, where they develop into mother rediae and in turn, daughter rediae,
and cercariae (Beaver et al. 1984). The cercariae have well-developed tails and usu-
ally bear collar spines around the oral sucker similar to that of the adults (Rim
1982). The mature cercariae may directly encyst within the body of their snail host,
or escape from the snail, and enter and encyst in other snails of the same or different
species (Rim 1982). They may also encyst in bivalves, insects, tadpoles and frogs,
fishes, or on vegetation (Rim 1982). The encysted metacercariae are round or oval,
and show two branches of the excretory bladder filled with coarse granules and a
head collar with collar spines (Rim 1982).

Humans or animals are infected through ingestion of metacercariae encysted in
the second intermediate host. Eating raw snails, clams, fishes, or vegetation harbor-
ing metacercariae is the main practical mode of infection in humans (Table 7.2).
However, it has been postulated that humans can also be infected through drinking
untreated water containing echinostome cercariae, which could become encysted
when exposed to the human gastric juice (Xiao et al. 2005).
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Table 7.2 Possible source of human or animal infections with echinostomes

Parasite species

Source of human or animal infections

Fish-borne
Echinochasmus fujianensis

Echinochasmus japonicus

Echinochasmus jiufoensis
Echinochasmus liliputanus
Echinochasmus perfoliatus
Echinostoma angustitestis
Echinostoma cinetorchis
Echinostoma hortense

Episthmium caninum

Snail-borne
Acanthoparyphium tyosenense

Artyfechinostomum malayanum
Echinoparyphium recurvatum

Echinostoma cinetorchis

Echinostoma echinatum

Echinostoma ilocanum
Echinostoma macrorchis

Echinostoma revolutum
Himasthla muehlensi

Hypoderaeum conoideum

Amphibia-borne
Echinoparyphium recurvatum
Echinostoma macrorchis
Echinostoma revolutum
Hypoderaeum conoideum
Isthmiophora melis

Freshwater fish, Pseudorasbora parva, Cyprinus
carpio
Freshwater fish, Pseudorasbora parva,
Hypomesus olidus, Gnathopogon strigatus
Unknown
Freshwater fish, Pseudorasbora parva, goldfish
Freshwater fish, Carassius sp.
Freshwater fish
Freshwater fish, Misgurnus anguillicaudatus
Freshwater fish, Misgurnus anguillicaudatus,
Misgurnusmizolepis, Odontobutisobscurainter-
rupta, Moroco oxycephalus, Coreoperca
kawamebari, Squalidus coreanus
Freshwater fish

Bivalve, Mactra veneriformis, Solen grandis,
gastropod, Neverita bicolor

Snail, Digoniostoma pulchella, large snail, Pila
scutata, Lymnaea (Bullastra) cumingiana

Freshwater snail, Planorbisplanorbis, Lymnaea
sp., Lymnaea stagnalis

Freshwater snail, Radix auricularia coreanus,
Physa acuta, Cipangopaludina chinensis
malleata

Mussel, Corbicula lindoensis, Corbicula suc-
planta, Idiopoma javanica, freshwater
snail, Biomphalaria glabrata

Large snail, Pila conica, Viviparus javanicus

Large snail, Cipangopaludina malleata,
Cipangopaludina japonica, Segmentina
nitiella, Viviparus malleatus

Snail or clam, Corbicula producta

Clams, Venus mercenaria, bivalve mollusk,
Mytilus, Mya spp.

Snail Lymnaea stagnalis, Lymnaea limosa,
Lymnaea tumidae, Planorbis planorbis

Tadpole and frog of Rana temporaria
Frog of Rana sp.

Tadpole

Tadpole

Tadpole

The history of discovery, morphology of taxonomic importance, life cycle, kinds
of intermediate and definitive hosts, epidemiology, and geographical distribution
(Table 7.3) of each human-infecting echinostome is as follows.
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Table 7.3 Geographical distribution of echinostomes infecting humans

Species Distribution

Acanthoparyphium tyosenense Republic of Korea, Japan

Artyfechinostomum malayanum Malaysia, Singapore, Thailand, Indonesia,
India, the Philippines

Artyfechinostomum oraoni India

Echinochasmus fujianensis China

Echinochasmus japonicus Japan, Republic of Korea, China

Echinochasmus jiufoensis China

Echinochasmus liliputanus Egypt, Syria, Palestine, China

Echinochasmus perfoliatus Hungary, Italy, Romania, Russia, Japan,
China, Taiwan, Denmark

Echinoparyphium recurvatum Cosmopolitan, especially Taiwan, Indonesia,
Egypt

Echinostoma angustitestis China

Echinostoma cinetorchis Japan, Republic of Korea, China

Echinostoma echinatum European countries (esp. Germany), Asia
(Indonesia), South America (Brazil)

Echinostoma hortense Japan, Republic of Korea, China

Echinostoma ilocanum The Philippines, Indonesia, China, Thailand,
India

Echinostoma macrorchis Japan

Echinostoma revolutum Asia, Europe, Africa, Australia, New
Zealand, North and South America

Episthmium caninum India, Thailand

Himasthla muehlensi USA (7)

Hypoderaeum conoideum Europe (including Spain), Russia (Siberia),
Japan, Thailand

Isthmiophora melis Europe (including Rumania), Russia, China,

Taiwan, North America

7.2.1 Acanthoparyphium tyosenense Yamaguti, 1939

The first description of this echinostome was based on worms obtained from the
small intestines of the duck Melanitta fusca stejnegeri and Melanitta nigra ameri-
cana caught in the Republic of Korea (Yamaguti 1939). It has a characteristic head
collar with a total of 23 collar spines arranged in a single row, without ventral cor-
ner spines, a long cirrus sac reaching beyond the posterior margin of the acetabu-
lum, and vitellaria extending to the level of the cirrus sac or Mehlis’ gland (Fig. 7.1)
(Chai et al. 2001). The marine megagastropods Lunatia fortuni and Glassaulax
didyma have been verified to be the first intermediate hosts in the Republic of
Korea (Kim et al. 2004). The marine gastropods, Tympanotonus microptera,
Cerithidea cingulata, and Cerithidea largillierti, shed Cercaria yamagutii in Japan
(Ito 1957), and these cercariae are now considered to have been those of A. tyosen-
ense (Kim et al. 2004). The metacercariae were detected in various species of brackish
water mollusks, i.e., four species of bivalves, Mactra veneriformis, Solen grandis,
Solen strictus, and Ruditapes philippinarum, and a species of gastropod Neverita
bicolor (Chai et al. 2001; Kim et al. 2004). The adult flukes were experimentally
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Fig. 7.1 Acanthoparyphium tyosenense adult from an
experimentally infected chick, day 15 postinfection.
Acetocarmine stain. Scale bar = 0.4 mm

obtained from domestic chicks (Chai et al. 2001; Han et al. 2003), and sea gulls
Larus crassiostris (Kim et al. 2004). In chicks, the worms grew quickly to become
ovigerous adults in 5 days and survived at least up to 38 days, chiefly in the jejunum
(Han et al. 2003). The number of uterine eggs reached a peak during day 10 and
day 15 after infection (Han et al. 2003). Human infections were discovered in ten
patients residing in two coastal villages in Chollabuk-do (Province), Republic of
Korea (Chai et al. 2001). The patients recalled that they had eaten improperly
cooked marine bivalves and gastropods. This echinostome has been reported from
the Republic of Korea and Japan (Kim et al. 2004).
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7.2.2 Artyfechinostomum malayanum (L eiper, 1911)
Mendheim, 1943

(syn. Echinostoma malayanum Leiper, 1911, Euparyphium malayanum Odhner,
1913, Artyfechinostomum sufrartyfex Lane, 1915, Artyfechinostomum mehrai
Faruqui, 1930, Paryphostomum sufrartyfex Bhalerao, 1931; Isthmiophora malay-
ana Yamaguti, 1958)

Artyfechinostomum malayanum (under the name Echinostoma malayanum)
was first described from humans in Malaysia, and then from people in Singapore,
Thailand, Indonesia, India, and the Philippines (Beaver et al. 1984; Maji et al.
1993; Radomyos et al. 1998; Yu and Mott 1994; Belizario et al. 2007). It has a
small head collar, with a total of 43 (39-45) collar spines arranged in two alternat-
ing rows at the dorsal side, two deeply lobed testes, and a large and long cirrus sac
reaching beyond the ventral sucker (Premvati and Pande 1974). Premvati and
Pande (1974) and Kostadinova and Gibson (2002) described that Echinostoma
malayanum Leiper 1911 better fits the generic features of Artyfechinostomum
Lane 1915 and thus E. malayanum should be renamed as A. malayanum. A related
species, A. sufrartyfex, was found in an Assamese girl in India (Beaver et al.
1984). Later, A. sufrartyfex was found in pigs (Ahluwalia 1962), cats, and dogs
(Dubey et al. 1969). Kostadinova et al. (2002) suggested A. sufrartyfex is conspe-
cific with A. malayanum (Leiper, 1911) that precedes A. sufrartyfex (Lane, 1915).
On the other hand, A. mehrai Faruqui, 1930, later synonymized with A. malaya-
num by Ahluwalia (1962) and Kostadinova et al. (2002), was described in 1930
from a Hindu girl with a history of diarrhea, vomiting, anorexia, and loss of
weight; worms were recovered from the vomits and from gastric contents
(Raghunathan and Srinivasan 1962). Now this fluke is known to be distributed in
Malaysia, Thailand, Indonesia, India, and the Philippines (Beaver et al. 1984; Maji
et al. 1993; Radomyos et al. 1998; Yu and Mott 1994; Belizario et al. 2007). The
first intermediate host is freshwater snails, Indoplanorbis exustus and Gyraulus
convexiusculus, and the cercariae encyst in various species of snails, i.e., Pila
scutata, Lymnaea (Bullastra) cumingiana, and Digoniostoma pulchella (Yu and
Mott 1994). The definitive hosts of this fluke include humans, pigs, rats, cats,
dogs, mice, hamsters, and house shrews (Lie 1963; Dubey et al. 1969; Premvati
and Pande 1974; Yu and Mott 1994). Human infections are occasionally reported
in Southeast Asia (Yu and Mott 1994; Belizario et al. 2007).

7.2.3 Artyfechinostomum oraoni Bandyopadhyay et al., Manna
and Nandy, 1989

This species was reported from 20 human infections in a tribal community near
Calcutta, India (Bandyopadhyay and Nandy 1986; Bandyopadhyay et al. 1989). The
freshwater snail, Lymnaea sp., was experimentally proven to be a first intermediate
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host (Maji et al. 1995). It has been proven that A. oraoni provoked fatal diarrhea in
naturally infected pigs (Bandyopadhyay et al. 1995).

7.2.4 Echinochasmus fujianensis Cheng et al., 1992

The first description of E. fujianensis was based on specimens from humans, dogs,
cats, pigs, and rats in Fujian Province, China (Cheng et al. 1992a). It has a promi-
nent head collar with 24 collar spines arranged in a single row, interrupted dorsally.
E. fujianensis differs genetically from Echinochasmus japonicus as revealed by
random amplified polymorphic DNA analysis (RAPD) patterns (Cheng et al. 1999).
The prevalence among residents in five areas of southern Fujian Province was 3.2%
(1.6-7.8%); two-third of the infected people were 3-15 years of age. In Hubei,
Anhui, and Fujian Provinces, China, E. fujianensis is the dominant species among
the three Echinochasmus species existing, i.e., E. fujianensis, E. japonicus, and
E. perfoliatus (Cheng et al. 1999). Its first intermediate host is a species of freshwater
snail, Bellamyaaeruginosa, and the second intermediate hosts include Pseudorasbora
parvaand Cyprinus carpio (Yu and Mott 1994). The natural definitive hosts include
dogs, cats, pigs, and rats (Cheng et al. 1992a).

7.2.5 Echinochasmus japonicus Tanabe, 1926

Tanabe (1926) first described E. japonicus based on specimens from experimental
animals such as dogs, cats, rats, mice, and birds that have been fed the metacer-
cariae encysted in freshwater fish in Japan (Tanabe 1926). Its characteristic mor-
phology includes a small, plump body, the presence of a total of 24 collar spines,
which are interrupted dorsally, two large and tandem testes, and a very small
number (usually less than 5) of uterine eggs (Fig. 7.2) (Chai and Lee 2002).
E. japonicus is known to exist mainly in the Far East (Chai and Lee 2002). Since
an experimental human infection was successfully reported in Japan (Ujiie 1936),
natural human infections have been found in various Provinces of China (Lin et al.
1985; Zhu et al. 1986), and the Republic of Korea (Seo et al. 1985a). The first
intermediate host is a species of freshwater snail, Parafossarulus manchouricus
(Lee et al. 1983; Choi et al. 2006). Eighteen species of freshwater fish have been
found to be the second intermediate hosts, including Pseudorasbora parva,
Hypomesus olidus, and Gnathopogon strigatus (Lee et al. 1984; Chai et al. 1985a;
Choi et al. 2006). A part of its life cycle, from cercariae to adults, has been success-
fully completed in the laboratory (Choi et al. 2006). Natural infections in avian
species such as ducks (Eom and Rim 1984) and egrets (Ryang et al. 1991), and
mammalian species such as cats (Sohn and Chai 2005) have been confirmed by the
recovery of adult flukes. In six counties of Fujian and Guangdong Provinces,
China, the prevalence was reported to be 4.9% in humans, 39.7% among dogs, and
9.5% among cats (Yu and Mott 1994).
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a b

Fig. 7.2 (a) Echinochasmus japonicus adult from an experimentally infected chick, containing
three uterine eggs, day 10 postinfection. Acetocarmine stain. Scale bar = 0.1 mm. (b) E. Japonicus
adult from an experimentally infected dog, day 12 postinfection. Acetocarmine stain. Scale bar =
0.1 mm

7.2.6 Echinochasmus jiufoensis Yu and Mott, 1994

In 1988, a new species of Echinochasmus was discovered at autopsy of a 6-month-
old girl who died from pneumonia and dehydration in Guangzhou, China (Liang
and Ke 1988). It was named as Echinochasmus jiufoensis (Liang and Ke 1988).
This fluke has 24 collar spines arranged in a single row, interrupted dorsally and
ventrally, and is closely allied to Echinochasmus beleocephalus Dietz, 1909, but
distinguished from the latter in several distinct points (Liang and Ke 1988; Yu and
Mott 1994). The life cycle and the route of infection in the child are unknown
(Liang and Ke 1988).

7.2.7 Echinochasmus liliputanus (L ooss, 1896) Odhner, 1910

The original description of E. liliputanus was based on specimens from dogs
and cats in Egypt, Syria, and Palestine (Yamaguti 1958). It has a reniform head
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collar with 24 collar spines arranged in a single row, interrupted dorsally and
ventrally, and vitellaria do not extend anteriorly up to the level of the ventral
sucker (Witenberg 1932). Human infections were first discovered in Anhui
Province, China, in 1991, with the prevalence rate of 13.4% among 2,426 peo-
ple examined (Xiao et al. 1992). Higher infection rates were observed in age
groups 3-15 years (22.7%) and 16—30 years (16.4%) than in others. In the same
place, the infection rates in dogs and cats were 60 and 45%, respectively (Xiao
et al. 1992). Since then, more than 2,500 human infection cases have been reported
in Anhui Province, China (Xiao et al. 2005). The freshwater snail Parafossarulus
striatulus (Yu and Mott 1994), and the freshwater fish Pseudorasbora parva
(Yu and Mott 1994) and goldfish (Xiao et al. 2005) were the first and second
intermediate hosts, respectively. The natural definitive hosts include badgers,
foxes, and raccoons, in addition to dogs and cats (Yu and Mott 1994; El-Gayar
2007). It was postulated that humans could be infected with this echinostome
through drinking untreated water containing the cercariae, since the infection
rate was only 1.5% in the inhabitants who did not drink raw water, whereas it
was 20.1% among those who used to drink raw water (Xiao et al. 1995). An
experimental study was undertaken to explain the mechanism of the human oral
infection with cercariae, and the phenomenon of cercarial encystment in the
presence of human gastric juice was proposed as a possible mechanism (Xiao
et al. 2005).

7.2.8 Echinochasmus perfoliatus (Ratz, 1908) Dietz, 1910

This echinostome is a common parasite of the small intestine of dogs and cats
in Hungary, Italy, Romania, Russia, Japan, China, and Taiwan (Yu and Mott
1994; Shimalov and Shimalov 2002), and of red foxes in Denmark (Saeed
et al. 2006). The body is elongated and larger than the closely related species,
E. japonicus. It has a head collar with 24 collar spines arranged in a single
row, interrupted dorsally and ventrally. An experimental human infection was
reported in Japan (Tanabe 1922), and subsequently a natural human infection
was discovered (Hirazawa 1928). Later, many human infections were reported
from China (Guangdong, Fujian, Anhui, and Hubei Provinces), the prevalence
rate being 1.8% (34/1,846), including a child who died from the infection;
about 14,000 worms were found at autopsy (Yu and Mott 1994). The mol-
luskan intermediate hosts include Parafossarulus manchouricus, Bithynia
leachi, and Lymnaea stagnalis (Yamaguti 1958). Numerous species of fresh-
water fishes such as Carassius sp., Zacco platypus, Zacco temminckii, and
Pseudorashora parva harbor the metacercariae, which are encysted only on
the gills (Rim 1982; Yu and Mott 1994). The natural definitive hosts are rats,
cats, dogs, foxes, fowls, and wild boars (Yamashita 1964; Beaver et al. 1984;
Saeed et al. 2006).
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7.2.9 Echinoparyphium recurvatum (Von Linstow, 1873)
Diez, 1909

(syn. Echinoparyphium koidzumii Tsuchimochi, 1924)

This echinostome is a cosmopolitan species infecting various species of birds
and mammals including rats (Beaver et al. 1984; Lee et al. 1990c; Yu and Mott
1994; Betlejewska and Jorol 2002). It has a relatively small narrow body (Fig. 7.3),
having a head collar with 45 collar spines arranged in two alternating rows and 4-5
end group spines on each side (Fig. 7.4), a large ventral sucker, and a short uterus

Fig. 7.3 Echinoparyphium recurvatum adult from a naturally infected
rat caught at Yangyang-gun (County), Kangwon-do (Province),
Republic of Korea. Acetocarmine stain. Scale bar = 0.6 mm
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Fig. 7.4 Head collars ((a) Ventral view; (b) Head-on view) of Echinoparyphium recurvatum bear-
ing total 45 collar spines. Specimens were from a naturally infected rat in Yangyang-gun (County),
Kangwon-do (Province), Republic of Korea. Acetocarmine stain. Scale bar = 0.04 mm

with only a few eggs (Rim 1982; Lee et al. 1990c). It has been suggested that
E. recurvatum complex consists of at least three species, including two other similar
species, i.e., E. pseudorecurvatum and E. mordwilkoi (Fried 2001). The first inter-
mediate host is planorbid snails, including Physa alexandrina, Physa fontinalis,
Planorbis planorbis, Lymnaea pervia, Lymnaea peregra, Valvata piscinalis, and
Radix auricularia coreana (Evans and Gordon 1983; McCarthy 1990; Sohn 1998).
The metacercariae encyst in tadpoles and frogs of Rana temporaria, and also in
snails, P. planorbis and Lymnaea sp. (Yu and Mott 1994), R. auricularia coreana
(Sohn 1998), and Lymnaea stagnalis (Yurlova et al. 2006). The definitive hosts
include house rats (Lee et al. 1990c), wild rats (Arvicanthis niloticus) (Beaver et al.
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1984), and species of birds (Yamaguti 1958). Human infections were found in
Taiwan, Indonesia, and Egypt (Beaver et al. 1984; Yu and Mott 1994).

7.2.10 Echinostoma angustitestis Wang, 1977

Echinostoma angustitestis was first described in 1977 based on specimens from dogs
experimentally infected with metacercariae isolated from the freshwater fish (‘Yu and
Mott 1994). Its oral sucker has a head collar with a total of 41 collar spines arranged
in two alternating rows (Cheng et al. 1992b). Two human infections were reported in
Fujian Province, China (Cheng et al. 1992b). The patients complained of dizziness,
abdominal pain, and diarrhea (Cheng et al. 1992b). Its life history is unknown.

7.2.11 Echinostoma cinetorchis Ando and Ozaki, 1923

The first description of E. cinetorchis was based on specimens recovered from the
small intestine of rats in Japan (Ando and Ozaki 1923). It was subsequently found
in dogs in Taiwan (Sugimoto 1933; Fischthal and Kuntz 1975), and rats in the
Republic of Korea (Seo et al. 1964, 1981). This fluke is also listed among the echi-
nostome species existing in China (Wu 2004). Its characteristic morphology
includes an abnormal location and/or disappearance of one or both testes (Fig. 7.5),
and the presence of 36-38 collar spines (mostly 37) around the oral sucker (Chai
and Lee 2002). The freshwater snails Hippeutis cantori (Lee et al. 1990a) and
Segmentina hemisphaerula (Chung et al. 2001) were experimentally confirmed as
the first as well as the second intermediate hosts (Lee et al. 1990a). Other freshwa-
ter snails, including R. auricularia coreana, Physa acuta, Cipangopaludina sp., and
Cipangopaludina chinensis malleata, have also been proved to be the second inter-
mediate hosts (Ahn et al. 1989; Chung and Jung 1999). In addition, tadpoles of
Rana nigromaculata, Rana rugosa, and Rana japonica (Ando and Tsuyuki 1923),
and the freshwater fish, especially the loach Misgurnus anguillicaudatus (Saito and
Tani 1982; Seo et al. 1984), were proven to harbor the metacercarial stage. Rats
(Ando and Ozaki 1923; Seo et al. 1964, 1981) and dogs (Cho et al. 1981) are the
natural definitive hosts. Rats and mice are highly susceptible to experimental infec-
tion with E. cinetorchis (Lee et al. 1988c). Human infections were first discovered
in Japan (Kawahara and Yamamoto 1933) and then in the Republic of Korea (Seo
et al. 1980; Ryang et al. 1986; Lee et al. 1988a).

7.2.12 Echinostoma echinatum (Zeder, 1803) Rudolphi, 1809

(syn. Echinostoma lindoense Sandground and Bonne, 1940)
This echinostome species was first described based on specimens from the intes-
tine of mammals in Germany under the name Distoma echinatum Zeder, 1803
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Fig. 7.5 Echinostoma cinetorchis adult from an experimen-
tally infected rat, day 17 postinfection. Both testes disappeared,
as is a characteristic feature of this echinostome species.
Acetocarmine stain. Scale bar = 0.1 mm

(Kanev 1994). It has 37 collar spines arranged in two alternating rows and closely
resembles Echinostoma revolutum, and thus was synonymized with E. revolutum
by Diez in 1909 (Kanev 1994). However, its taxonomic validity had been argued
and is now acknowledged by various authors (Huffman and Fried 1990; Kanev
1994; Kostadinova 1995; Kostadinova and Gibson 2000). Then, Echinostoma bar-
bosai Jeyarasasingam et al., 1972 and Echinostoma lindoense Sandground and
Bonne, 1940 were synonymized with E. echinatum (Huffman and Fried 1990; Fried
and Graczyk 2004). This fluke is known to be distributed in Europe, Asia, and
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South America (Fried and Graczyk 2004). Its first intermediate is freshwater snails,
including Lymnaea, Planorbarius, Planorbis, Anisus, Gyraulus, Biomphalaria, and
Viviparus (Fried and Graczyk 2004). The mode of human infection is eating raw or
insufficiently cooked mussels, Corbicula lindoensis, Corbicula sucplanta, and
Idiopoma javanica, which contain the metacercariae (Beaver et al. 1984). In Brazil,
Biomphalaria glabrata snails were the source of infection (Lie 1968). Rats and
mice are experimental definitive hosts (Beaver et al. 1984). During 1937 and 1956,
a high prevalence of 24-96% and heavy infections was reported among people in
Celebes, Indonesia under the name of E. lindoense (Yu and Mott 1994).

7.2.13 Echinostoma hortense Asada, 1926

The first description of E. hortense was based on specimens obtained from rats in
Japan (Asada 1926), and then this species was reported from rats in the Republic
of Korea (Park 1938; Seo et al. 1964, 1981; Chai and Lee 2002) and China (Fan
and Sun 1989). Its morphological characters include the presence of a total of
27-28 collar spines arranged in two alternative rows and a laterally located ovary
(Chai and Lee 2002). Kostadinova and Gibson (2002) transferred E. hortense to
Isthmiophora raising a new combination Isthmiophora hortensis, but here the name
E. hortense is retained until a definite conclusion could be drawn. The first inter-
mediate hosts are freshwater snails, L. perviaand R. auricularia coreana (Ahn and
Kang 1988; Lee et al. 1991; Chai and Lee 2002). The second intermediate hosts
include the loach, M. anguillicaudatus and Misgurnus mizolepis, and other fresh-
water fish, including Odontobutis obscura interrupta (Fig. 7.6), Moroco oxycepha-
lus, Coreoperca kawamebari, and Sgualidus coreanus (Chai et al. 1985b; Ryang
et al. 1985; Ryang 1990; Lee et al. 1988b). Tadpoles of Rana nigromaculata were
experimentally proven to be a second intermediate host (Fig. 7.7) (Lee et al. 1991).
In China, 69.7% of the loach M. anguillicaudatus from a market in Liaoning
Province was found infected with E. hortense metacercariae (Yu and Mott 1994).
Rats (Park 1938; Seo et al. 1964, 1981), dogs (Cho et al. 1981), and cats (Sohn and
Chai 2005) have been found to be natural definitive hosts. Mice, rats, and humans
have all been determined, experimentally, susceptible to E. hortense infection (Seo
et al. 1985b; Lee et al. 2004). Human infections have been found in Japan, Republic
of Korea, and China (Seo et al. 1983; Chai and Lee 2002). In Japan, more than 20
human infections have been reported based on recovery of adult flukes (Miyamoto
et al. 1983). In China, a survey was done in Liaoning Province of northeast China,
and six out of ten hospitalized hepatitis patients who had eaten raw loach were

Fig. 7.7 Metacercariae of Echinostoma hortense encysted in an experimentally infected tadpole
((a) Two metacercariae in the gill; (b) A metacercaria isolated from the gill showing characteristic
collar spines around the oral sucker, from Lee et al. (1991) with permission). Fresh preparations
without stain. Scale bars = 0.12 mm (a) and 0.028 mm (b)
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Fig. 7.6 A species of freshwater fish, Odontobutis obcura interrupta ((a) Lateral view; (b) Doral
view), a second intermediate host for Echinostoma hortense in the Republic of Korea. Scale bar
=30 mm
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found infected (Chen et al. 1993). In the Republic of Korea, a 22.4% prevalence
with heavy worm loads was reported among villagers of Cheongsong-gun,
Kyongsangbuk-do (Province); three of 35 people from whom successful worm
recovery was performed after anthelmintic medication and purgation revealed the
recovered worm numbers of 134, 475, and 649 (Fig. 7.8), respectively (Lee et al.
1988b). Clinical cases diagnosed at gastroduodenal endoscopy have been reported
occasionally in the Republic of Korea (Chai et al. 1994; Lee and Hong 2002; Cho
et al. 2003; Chang et al. 2005; Park and Kim 2006).

7.2.14 Echinostoma ilocanum (Garrison, 1908) Odhner, 1911

The eggs of E. ilocanum were first found in the feces of five prisoners in Manila,
the Philippines in 1907, and from one patient 21 adult flukes were recovered after
anthelmintic treatment (Cross and Basaca-Sevilla 1986). Its characteristic morphol-
ogy includes the presence of 49-51 collar spines and deeply lobed testes (Rim
1982; Radomyos et al. 1982). The first intermediate hosts are Gyraulus or Hippeutis
snails (Yu and Mott 1994). The sources of human infections include large snails

Fig. 7.8 (@) A specimen of Echinostoma hortense adult from an experimentally infected rat, day
120 postinfection (from Seo et al. (1985b) with permission). The laterally deviated ovary is a
characteristic feature for this echinostome species. Acetocarmine stain. Scale bar = 0.16 mm. (b)
E. hortense adults (649 worms) recovered from a heavily infected patient in Cheongsong-gun,
Kyongsangnam-do (Province), Republic of Korea
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Pila conica (Philippines) and Viviparus javanicus (Java) (Beaver et al. 1984). The
Norway rat and the dog are reservoir hosts (Beaver et al. 1984). Human infections
have been reported from Celebes, Java, Indonesia, China, Thailand, the Philippines,
and India (Radomyos et al. 1982; Cross and Basaca-Sevilla 1981, 1986; Yu and
Mott 1994; Grover et al. 1998). The prevalence among the Ilocano population in
northern Luzon, Philippines, was 11% on average (7-17% by age group) (Cross
and Basaca-Sevilla 1986).

7.2.15 Echinostoma macrorchis Ando and Ozaki, 1923

This echinostome species was first described from naturally infected rats, Rattus
rattus and Rattus norvegicus, in Japan (Ando and Ozaki 1923). This has a total of
43-47, usually 45 collar spines in two alternating rows (Rim 1982). Segmentina
nitiellaand Planorbis compressus japonicus act as the first and second intermediate
hosts (Rim 1982). Metacercarial cysts were found from freshwater snails,
Cipangopaludina malleata, Cipangopaludina japonica, S nitiella, Viviparus mal-
leatus, and the frog Rana sp. (Yu and Mott 1994). An avian species, Capella gall-
inago gallinago, has been added to the natural definitive hosts in Japan (Yamashita
1964). Human infections were reported in Japan (Majima 1927).

7.2.16 Echinostoma revolutum (Froelich, 1802) L ooss, 1899

(syn: Echinoparyphium paraulum Diez, 1909)

This is the oldest echinostome species recorded in the literature. It was originally
described as Fasciola revoluta by Froelich in 1802 in Germany with adult speci-
mens from the large intestine of naturally infected wild duck Anas boschas fereae
dissected in 1798 (Kanev 1994). Now it is known to be an intestinal fluke of the
duck, goose, muskrat, and humans in Asia, Europe, Africa, Australia, New Zealand,
and North and South America (Kanev 1994; Yu and Mott 1994; Fried and Graczyk
2004). This species is the representative of the so-called 37-collar-spined E. revo-
lutum group (Huffman and Fried 1990). The collar spines are arranged conspicu-
ously as 5-6-15-6-5, including five corner spines and six lateral spines on each
side in single rows, and 15 dorsal spines in a double row (Kostadinova et al. 2000).
The snail host includes Lymnaea sp., Physa sp., Paludina sp., Segmentina sp., and
Helisoma sp. (Beaver et al. 1984). Cercariae penetrate into the tadpoles, snails, or
clam Corbicula producta, which are the sources of infection to definitive hosts
(Beaver et al. 1984). This parasite was reported from house rats and cats in the
Republic of Korea (Lee et al. 1990c; Sohn and Chai 2005). In addition,
Echinoparyphium paraulum, a synonym of E. revolutum (Beaver et al. 1984), was
described from dogs (Yamaguti 1958) and birds (Ashford and Crewe 2002). The
first human infection with E. revolutum was reported from Taiwan in 1929
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(Anazawa 1929), and the prevalence in Taiwan was once estimated to be between
2.8 and 6.5% (Yu and Mott 1994). This fluke was also reported from human infec-
tions in Yunnan and Guangdong Provinces of China, and also in Indonesia,
Thailand, and Russia (Rim 1982; Beaver et al. 1984; Ashford and Crewe 2002).

7.2.17 Episthmium caninum (Verma, 1935) Yamaguti, 1958

Species of Episthmium have been reported from birds, and only E. caninum was
described from dogs in Calcutta, India (Yamaguti 1958). E. caninum has a total of
24 collar spines interrupted dorsally: 12 dorsal spines are arranged in a single row
and 12 lateral and ventral ones are arranged in two alternating rows (Radomyos
et al. 1985). The genus Episthmium was suggested to be tentatively regarded as a
synonym of Echinochasmus (Kostadinova and Gibson 2001). However, further
studies seem to be needed for doing this. Human infections were reported from
northeast Thailand (Radomyos et al. 1985, 1991), and the source of infection was
freshwater fish (Radomyos et al. 1991).

7.2.18 Himasthla muehlens Vogel, 1933

This fluke was described by Miihlens based on five adult specimens from a German
patient who lived in Colombia and traveled to New York City where he had eaten
raw clams Venus mercenaria (Beaver et al. 1984). It has an elongated body, and a
total of 32 collar spines, including 28 spines in an uninterrupted horseshoe pattern
on the dorsum and around the sides, and two on each side of the ventral angle
(Beaver et al. 1984). A species of marine operculate snails, Littorina littorea, serves
as the first intermediate host, and bivalve mollusks, Mytilus and Mya spp., as the
second intermediate hosts (Beaver et al. 1984). Birds are natural definitive hosts
(Yu and Mott 1994).

7.2.19 Hypoderaeum conoideum (Block, 1872) Diez, 1909

This species was discovered from birds in 1872 and is now known to be is an intes-
tinal fluke of birds, including the duck, goose, and fowl in Europe, Japan, and
Siberia (YYamaguti 1958). It has a small, inconspicuous head collar, on which a total
of 47-53 (usually 49) collar spines are arranged in two alternating rows (Rim
1982). The first intermediate hosts are freshwater snails, Planorbis corneus,
Indoplanorbis exustus, L. stagnalis, Lymnaea limosa, Lymnaea ovata, and Lymnaea
rubiginosa, and snails and tadpoles are the second intermediate hosts (Yamaguti
1958; Harinasuta et al. 1987). Lymnaea tumida in Russia (Yurlova 1987) and



7 Echinostomes in Humans 167

Lymnaea peregra and Lymnaea corvus in Spain (Toledo et al. 1999) were also
experimentally proven to be the potential first intermediate hosts. In Thailand,
H. conoideum was reported from humans and birds in Thailand (Yokogawa et al.
1965; Harinasuta et al. 1987). In an area of northeast Thailand, 55% of 254 resi-
dents were found infected (Yokogawa et al. 1965).

7.2.20 Isthmiophora melis (Schrank, 1788) L tihe, 1909

(syn. Euparyphium mdlis Railliet, 1919, Euparyphium jassyense Leon and Ciurea, 1922)

I sthmiophora meliswas described from rodents and carnivores in Europe and North
America (Yamaguti 1958). |. melis has total 27 collar spines, 19 of which are
arranged in uninterrupted double rows and four are as corner spines on each side
(Rim 1982). Its taxonomic position has been unstable, either placed in Euparyphium
(Beaver et al. 1984) or in Echinostoma (Harinasuta et al. 1987); however, recently
it has been designated as a species of Isthmiophora (Fried 2001; Kostadinova and
Gibson 2002). In the region of Douglas Lake, Michigan, the snail Stagnicola emar-
ginata angulata is the first intermediate host, and tadpoles are the second interme-
diate host (Beaver et al. 1984). Domestic and wild animals were found to be
infected with this fluke in Russia (Shimalov and Shimalov 2002). A human infec-
tion with 1. melis was first confirmed by Leon in 1916 in a diarrheic patient in
Romania and then in another case at autopsy of a Chinese patient (Beaver et al.
1984). Later, human infections were reported in Taiwan, and Liaoning Province,
China (Yu and Mott 1994). The source of human infections in China is presumed
to be the loach, M. anguillicaudatus (Yu and Mott 1994).

7.3 Pathology and Symptomatology of Echinostomes I nfecting
Humans

7.3.1 Pathogenicity of Echinostomes

The pathogenicity of echinostomes is not well understood, and complex and diverse
(Yu and Mott 1994; Toledo et al. 2006; Chai 2007). The complexity is dependent
upon a wide variety of parasite- and host-side factors (Toledo et al. 2006). Two
major parasite-related factors, namely, mechanical irritation by the flukes and toxic
effects by their metabolites, seem to be highly responsible for the pathogenesis. In
this respect, it is of note that the intensity of infection, in terms of individual worm
load, may be important in the pathogenicity and severity of the clinical disease
(Rim 1982; Huffman and Fried 1990). This was experimentally supported by Fried
et al. (1990) who compared the host pathologies between single and multiple infec-
tions with an animal echinostome, E. caproni, in hamsters. Certain species of
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echinostomes seem to be more pathogenic to humans, since a fatal human case of
A. malayanum (under the name A. mehrai), the death being due to marked malnutri-
tion and anemia, was reported in India, from whom several hundred worms were
recovered in the intestine at autopsy (Reddy et al. 1964). A case of A. malayanum
(under the name A. mehrai) infection with bowel perforation was also reported in
an Indian child (Kaul et al. 1974). As to the host-side factors, the susceptibility of
each host species, avian or mammalian, and immune responses of the host species
should be important. The host immune responses against echinostome infections
are discussed elsewhere in this chapter and other chapters.

7.3.2 Pathological Findingsin the I ntestine of Experimental
Animals

The intestinal histopathology in echinostome infections was studied using labora-
tory rodents in a few echinostome species, namely, E. revolutum (Bindseil and
Christensen 1984; Huffman et al. 1986), E. hortense (Lee et al. 1990b; Chai and
Lee 2002), E. caproni (Kim and Fried 1989; Toledo et al. 2006), and E. trivolvis
(Fujino et al. 1993). The worms were located in the lumen of the upper small intes-
tine of the rodents, and the pathological changes were chiefly observed at the
attachment sites of the echinostomes (Chai and Lee 2002; Toledo et al. 2006). The
flukes were seen to tightly pinch and suck the mucosa with their oral suckers (Fig.
7.9), and it seemed that the mucosal layer was eventually eaten by the flukes.
Villous atrophy, crypt hyperplasia, inflammation of the stroma, decreased villus/
crypt ratios, and focal loss of the mucosal tissue were observed in the small intes-
tine of experimentally infected animals (Huffman et al. 1986; Lee et al. 1990b). The
damages at the mucosa were so severe that in focal areas massive destruction and
detachment of villi, at times complete loss of the mucosal integrity and ulcerations,
were observed (Huffman et al. 1986; Chai and Lee 2002). These pathological fea-
tures were similar to those observed in severe catarrhal enteritis patients (Chai and
Lee 2002). In two pigs naturally infected with A. oraoni, fatal diarrhea was devel-
oped in both pigs, and autopsy revealed massive parasite infections with hemor-
rhagic and edematous mucosa of the jejunum and duodenum, extending up to the
pyloric end of the stomach (Bandyopadhyay et al. 1995).

7.3.3 Symptoms and Signs of Human Echinostomiasis

Major clinical symptoms due to echinostome infection include abdominal pain,
diarrhea, easy fatigue, and loss of body weight (Rim 1982; Chai and Lee 2002;
Fried et al. 2004). Considering the severer mucosal damages, including ulcerations
of the mucosa, as can be seen in naturally infected patients and in experimental rats
infected with E. hortense (Lee et al. 1990b), the symptoms in echinostomiasis seem
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Fig. 7.9 Histopathological features of the small intestines of rats experimentally infected with
Echinostoma hortense. (a) Duodenum of a rat, day 7 postinfection. The oral and ventral suckers
of a worm are pinching and sucking the villus (from Lee et al. (1990b) with permission). x 100.
(b) Duodenum of a rat, day 44 postinfection. The oral sucker of a worm is pinching the duodenal
villi. x 40

to be severer than those seen in other intestinal fluke infections, for example, het-
erophyid fluke infections. A patient with an E. hortense infection complained of
lower abdominal pain, diarrhea and tenesmus, easy fatigability, and urinary incon-
tinence (Lee et al. 1986). Patients infected with E. ilocanum experienced intestinal
colic and diarrhea (Beaver et al. 1984). Interesting to note are reports of patients
with E. hortense infection suffering from severe epigastric discomfort and ulcera-
tive lesions in the stomach or duodenum that were diagnosed by identification of
worms through gastroduodenal endoscopy (Chai et al. 1994; Lee and Hong 2002;
Cho et al. 2003; Chang et al. 2005; Park and Kim 2006). The first patient (Chai
et al. 1994) was admitted to a hospital because of epigastric pain and hematemesis,
and in gastroduodenoscopy an adult fluke was seen attached at the lesion, which
was removed by an endoscopic clipper; after praziquantel treatment three more
adult flukes were recovered from the feces. The patient had eaten raw freshwater
fishes (Chai et al. 1994). The second patient (Lee and Hong 2002) experienced
epigastric discomfort for a year, and acute epigastric pain and diarrhea of 1-month
duration accompanied by acidic belching, dizziness, and 2-kg weight loss. The
third patient complained of epigastric discomfort for several days (Cho et al. 2003),
and the fourth patient suffered from upper abdominal pain and discomfort which
persisted for 2 weeks (Chang et al. 2005). The fifth patient had epigastric discom-
fort for 1 month, and indigestion, anorexia, dizziness, headache, nausea, and vomit-
ing occurred at times; nausea and vomiting became severer and thus the patient was
hospitalized (Park and Kim 2006). The clinical signs, including laboratory findings,
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Fig. 7.10 Gastroendoscopic views of a patient infected with Echinostoma hortense in the
Republic of Korea (from Chai et al. 1994 with permission). (a) A moving leaf-like worm (arrow)
is attached to an ulcerated lesion with bleeding at the proximal duodenal wall of the patient. The
worm was removed by an endoscopic forceps and morphologically identified as E. hortense.
(b) Three mucosal ulcerations (arrow) are seen after removal of the worm

in echinostomiasis are poorly known. However, peripheral blood eosinophilia is
commonly observed (Lee et al. 1988b). It has been reported that the levels of
peripheral blood eosinophilia in E. hortense infection were dependent upon indi-
vidual worm burdens; 11-24% (av. 17%) among the patients with more than 100
worms, 4-21% (av. 10%) among those with 51-100 worms, and 2-14% (av. 5%)
among those with less than 50 worms (Lee et al. 1988b). The clinical symptoms in
E. cinetorchis, E. japonicus, and A. tyosenense infections are not well known (Seo
et al. 1980, 1985a; Chai et al. 2001), but may be similar to those of E. hortense
infection. It is of note that among 18 American tourists to Kenya and Tanzania who
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were echinostome egg positive in fecal examinations (adult flukes were not recov-
ered), ten had moderately severe abdominal cramps and loose or watery stools
(Poland et al. 1985).

7.3.4 Endoscopic Findingsin E. hortense I nfection

Gastroduodenal endoscopy of a male patient revealed a moving, leaf-like E. hort-
ense worm attached to an ulcerated mucosal layer of the distal part of the stomach
(Fig. 7.10) (Chai et al. 1994). The lesion was accompanied by a stage llc or stage
111 early gastric cancer and multiple ulcerations and bleeding in the stomach and
duodenum (Chai et al. 1994). The ulcerations were strongly suggested to be caused
by the flukes; mucosal bleeding may also have occurred due to worms (Chai et al.
1994). Upper endoscopy of another patient revealed two E. hortense worms in the
stomach: one was penetrating into the mucosa on the lesser curvature of the antrum;
the other was attached to the mucosal surface of the greater curvature of the antrum
(Lee and Hong 2002). The worm wriggled on stimulation and became tightly
stretched during retrieval with a forceps (Lee and Hong 2002). Gastroduodenal
endoscopy of a third (Cho et al. 2003) and fourth (Chang et al. 2005) patients
revealed two living E. hortense flukes (Fig. 7.11) each in the duodenal bulb area, at
times accompanied by mucosal erosions (Cho et al. 2003). Still another patient
revealed two living E. hortense flukes attached to the mucosal surface of the duo-
denal bulb area; the gastric mucosa revealed signs of chronic gastritis, and at the
proximal part of the duodenum multiple cured ulcerative lesions were observed
(Park and Kim 2006). Also in Japan, four cases of E. hortense infection were
reported based on worm recoveries by upper endoscopy (Hamamoto et al. 1997).

Fig. 7.11 Gastroendoscopic views (a,b) of the duodenal bulb area of another patient infected with
Echinostoma hortense in the Republic of Korea, showing two moving worms (arrows) and mild
mucosal erosions (from Cho et al. (2003) with permission)
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7.4 Immunology of Human Echinostomiasis

7.4.1 Host Resistance to Echinostome | nfection

Immunology of echinostomiasis has been studied extensively in animal-infecting
species, for example, E. caproni, E. trivolvis, and Echinostoma friedi (Toledo et al.
2006). With regard to human-infecting echinostomes, E. hortense has been most
frequently subjected to immunological studies (Chai 2007; Cho et al. 2007; Ryang
et al. 2007). From previous studies, it has been known that the rodent hosts express
various types of resistance to echinostome infection (Toledo et al. 2006). One type
of the resistance is the spontaneous expulsion of primary infections (Toledo et al.
2006). This interesting phenomenon has been observed in various echinostome spe-
cies models, i.e., E. trivolvis, E. hortense, E. caproni, and E. friedi (Fujino et al.
1993; Kim et al. 2000; Brunet et al. 2000; Toledo et al. 2006). However, the dynam-
ics are different depending on different models of parasite species, host species, and
even host strain (Fujino and Fried 1993; Toledo et al. 2006; Cho et al. 2007). For
example, the elimination of E. trivolvis from mice occurs within 2—4 weeks postin-
fection (Weinstein and Fried 1991), whereas E. revolutum survive for long periods
of time in golden hamsters (Mabus et al. 1988). E. friedi survive for at least 12
weeks postinfection in hamsters, but the infection is expelled at 3—4 weeks in rats
(Toledo et al. 2003). E. caproni produce chronic infections in hamsters and mice,
but the worms are expelled in 6-8 weeks in rats (Toledo et al. 2004). In the case of
E. hortense infection, it is interesting to note that BALB/c mice rejected the worms,
while C3H/HeN mice underwent a chronic infection (Lee et al. 2004).

7.4.2 Roleof Goblet Cellsand Mast Cells

Two types of effector cells, namely, mucosal goblet cells (Fujino and Fried 1993;
Fujino et al. 1995a, 1996a) and mucosal mast cells (Kim et al. 2000), were sug-
gested to be associated with the worm expulsion. However, the roles of goblet cells
and mast cells are controversial (Toledo et al. 2006). For instance, mastocytosis was
suppressed in athymic nude mice infected with E. trivolvis, but the Kkinetics of
worm expulsion in these mice was similar to that of conventional mice (Fujino et
al. 1993). In E. caproni-infected mice, chronic infection was accompanied by
reduced goblet cell numbers (Bindseil and Christensen 1984; Weinstein and Fried
1991; Fujino and Fried 1993). In E. trivolvis-infected mice, the goblet cell numbers
increased coinciding with worm expulsion, and expulsion was delayed when mice
were treated with dexamethasone (Fujino et al. 1993, 1996a, 1997). Similar effects
of immunosuppression by dexamethasone were observed in golden hamsters
infected with E. caproni and E. trivolvis (McMaster et al. 1995). In addition,
mucins increased by a primary Nippostrongylus brasiliensis infection in the intes-
tine of mice were suggested to be responsible for a rapid expulsion of a challenge



7 Echinostomes in Humans 173

infection with E. caproni or E. trivolvis (Fujino et al. 1996b). However, a contra-
dicting result was observed in the RAG-2-deficient mice, a strain of genetically
lacking B- and T-lymphocytes, infected with E. caproni; goblet cell hyperplasia
was marked in RAG-2-deficient mice but worms survived as they did in normal
ICR mice (Frazer et al. 1999). This suggested that other immune mechanisms are
also involved in worm expulsion (Toledo et al. 2006).

7.4.3 Role of Other Effector Cells and Antibodies

For effectors other than goblet cells and mast cells, mucosal neutrophils and mono-
nuclear inflammatory cells in the mesentery were suggested to be essential in the
course of E. caproni infection in mice (Mufioz-Antoli et al. 2007). In addition, fac-
tors in mouse serum were shown to induce retraction of collar spines in E. trivolvis,
probably enhancing worm expulsion (Fujino et al. 1994). Elevated levels of anti-
bodies, such as IgG, IgM, and IgA, have been detected in serum and the small
intestine of mice infected with E. caproni (Agger et al. 1993; Sotillo et al. 2007).
Further, it was shown that antibodies in mouse serum covered the surface of E.
revolutum in vitro, and worms obtained from immune mice were found covered by
antibodies (Simonsen and Andersen 1986). Local immune responses were also
shown to be important in host resistance. Whereas the level of 1gG2a in serum
remained constant during the course of E. caproni infection, the 1gG2a responses
in the intestine were significantly related with worm expulsion (Sotillo et al. 2007).
Since IgG2a is an important element mediating T-helper-2 (Th2) immune responses
of mice (Sotillo et al. 2007; Shin et al. 2007), the expulsion of echinostomes from
the host intestine is suggested to be mediated by a Th2 type immune response.

7.4.4 Cytokines and Th1/Th2 Immune Responses

In order to understand better the importance of Th2 responses in expulsion of echi-
nostomes, Thl and Th2 cytokines profiles were studied in rodent hosts experimen-
tally infected with E. caproni (Brunet et al. 2000) or E. hortense (Cho et al. 2007;
Ryang et al. 2007). Upon antigen stimulation, mesenteric lymph node cells from
E. caproni-infected mice produced significantly higher levels of IFN-y in vitro for
3 weeks; during this period they are unable to expel E. caproni worms (Brunet et al.
2000). However, injection of these mice with anti-IFN-y monoclonal antibodies
significantly lowered the worm burden of E. caproni (Brunet et al. 2000). Similarly,
E. hortense infection in BALB/c mice, a resistant mouse strain (Cho et al. 2007),
exhibited stronger mMRNA expressions of IL-4 and IL-5 in the spleen, than C3H/
HeN mice, a susceptible strain which undergo a chronic infection (Ryang et al.
2007). Treatment of BALB/c mice with ketotifen, an antiallergic drug, suppressed
the mRNA levels of IL-4 and IL-5 and elevated the worm recoveries from this
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mouse strain (Ryang et al. 2007). Now it is generally accepted that echinostome
worm rejection by the host is closely related to Th 2 responses mediated by 1L-4
and IL-5, and chronicity of infection seems to be associated with Th 1 responses
mediated by IL-12, TNF-o, and IFN-y (Brunet et al. 2000; Toledo and Fried 2005).

7.5 Diagnosis, Treatment, and Control of Echinostomes
Infecting Humans

7.5.1 Diagnosisof Human Echinostomiasis

The diagnosis of human echinostomiasis is usually based on recovery of eggs in
fecal examinations (Chai 2007). The eggs are oval in most cases, yellowish, with a
thin and refractory shell, and with a small, inconspicuous operculum located at the
anterior end, a germ cell and yolk inside, and abopercular wrinkles or thickening at
the terminal end (Fig. 7.12). The operculum, germ cell, and abopercular wrinkles
may be difficult to see in Kato-Katz thick smear slides (Fig. 7.12b). The size of
human-infecting echinostome eggs is in the range, 0.066-0.149 mm in length and
0.043-0.090 mm in width (Table 7.4). The eggs of A. malayanum, A. oraoni, and
I. melis are larger than 0.12 mm in length, whereas those of E. liliputanus and
E. angustitestis are smaller than 0.082 mm in length (Table 7.4). Upon careful
microscopic observations with measurements of the eggs, specific diagnosis may
be possible in known endemic areas with a single or a mixed echinostome species

Fig. 7.12 Eggs of Echinostoma hortense (a,b) and Echinostoma cinetorchis (c) seen in the feces
of an infected human volunteer (a: from Seo et al. (1985b) with permission) and naturally infected
patients (b,c). They characteristically show a small, inconspicuous operculum, a germ cell and
yolk inside, a thin and refractile shell, and abopercular wrinkles at the terminal end (a,c). These
structures are difficult to see in Kato-Katz thick fecal smears (b). Scale bars = 0.03 mm
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Table 7.4 Egg size of human-infecting echinostomes
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Species

Egg size (av. length x width:

mm)

References

Acanthoparyphium tyosenense

Artyfechinostomum malaya-
num

Artyfechinostomum oraoni

Echinochasmus fujianensis
Echinochasmus japonicus
Echinochasmus jiufoensis
Echinochasmus liliputanus
Echinochasmus perfoliatus
Echinoparyphium recurvatum
Echinostoma angustitestis
Echinostoma cinetorchis
Echinostoma echinatum
Echinostoma hortense
Echinostoma ilocanum
Echinostoma macrorchis
Echinostoma revolutum
Episthmium caninum
Himasthla muehlensi
Hypoderaeum conoideum
Isthmiophora melis

0.084-0.110 x 0.060-0.069
0.120-0.130 x 0.080-0.090

0.129-0.135 x 0.060-0.075

0.100-0.114 x 0.064-0.072
0.076-0.087 x 0.052-0.063
0.100-0.115 x 0.072-0.079
0.066-0.080 x 0.043-0.046
0.090-0.135 x 0.055-0.095
0.108-0.110 x 0.081-0.084
0.077-0.082 x 0.052-0.055
0.099-0.116 x 0.065-0.076
0.092-0.124 x 0.065-0.076
0.115-0.130 x 0.068-0.080
0.083-0.116 x 0.058-0.069
0.095-0.110 x 0.055-0.065
0.088-0.113 x 0.061-0.074
0.084-0.102 x 0.056-0.069
0.114-0.149 x 0.062-0.085
0.095-0.108 x 0.061-0.068
0.121-0.139 x 0.078-0.088

Chai et al. (2001)
Belizario et al. (2007)

Bandyopadhyay and Nandy
(1986)

Cheng et al. (1992a)

Seo et al. (1985a)

Liang and Ke (1988)

Witenberg (1932)

Rim (1982)

Rim (1982)

Cheng et al. (1992b)

Seo et al. (1980)

Rim (1982) as E. lindoense

Seo et al. (1985b)

Rim (1982)

Rim (1982)

Kanev (1994)

Radomyos et al. (1985)

Rim (1982)

Rim (1982)

Kostadinova and Gibson
(2002)

infection. For example, due to the apparently larger size of E. hortense eggs than
E. cinetorchiseggs (Fig. 7.12), a specific diagnosis can be done in an area of mixed
infection with these two echinostomes (Ryang 1990). However, recovery and iden-
tification of the adult fluke is strongly recommended, if a definite diagnosis is
preferred (Chai 2007). The egg detectability in fecal examinations varies remarka-
bly depending on different echinostome species and worm load. It is considerably
high in infections with E. hortense (Seo et al. 1985b) and E. cinetorchis (Seo et al.
1984), whereas it is very low in infections with E. japonicus (Chai et al. 1985a) and
A. tyosenense (Chai et al. 2001). The difference is greatly due to remarkably differ-
ent numbers of intrauterine eggs and the different egg-laying capacity of each
echinostome species (Chai 2007).

7.5.2 Treatment and Control of Echinostomiasisin Humans

Echinostome infections can be treated successfully using 10-20 mg kg™ praziqu-
antel in a single oral dose (Lee et al. 1988b; Chai et al. 1994, 2001; Chai 2007).
Albendazole may also be effective (Chai 2007). Eating raw or improperly cooked
freshwater fish and fresh or brackish water snails should be avoided to prevent
echinostome infections (Chai 2007).
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8.1 Introduction

Echinostomes are important intestinal parasitic flatworms invading domestic and
wildlife animals and occasionally humans. They are able to parasitize awide range
of vertebrate species as definitive hosts making them good models for the study of
host—parasite interactions (Toledo and Fried 2005). Among other aspects, echinos-
tomes have been used as models for the study of chronic and acute infections. This
is based on the observation that they are rapidly expelled or develop long-lasting
infections depending on the host species used. Consequently, several experimental
approaches have been employed to elucidate the factors that determine the generation
of host responses that cause resistance to intestinal helminth infection. Furthermore,
application of recent advancesin basic immunology and proteomicsin echinostome
infectionsis providing important information to the understanding of the responses
that facilitate intestinal helminth resistance. This chapter considers immunological
and pathological work on different species of Echinostoma with emphasis on
experimental studies that provide useful information on the factors that determine
the course of the infection.

In several papers, different names have been used for the species of Echinostoma
due to the taxonomic confusion within the genus Echinostoma (see Chap. 1 of this
book). The name currently most accepted for each species, regardless of what name
was used in the original paper, is used in this chapter.

8.2 Manifestations of Resistance to I nfection

One of the main reasonsto justify interest in the study of immunological aspects of
echinostome infections comes from the fact that several manifestations of resist-
ance to these infections have been described. These manifestations have been
shown to be dependent on the properties of the host immune response to the parasite.
Immunity against adult stages of echinostomes is manifested by: (1) increased
worm burden after immunosuppression of the host; (2) natural expulsion of primary
infections; (3) generation of resistance to homologous and heterologous secondary
infections; (4) reduction of fecundity of echinostomes; and (5) changes in the
morphology of adult echinostomes.

(1) Increased worm burden after immunosuppression of the host

Thereisevidence indicating that the number of worms established in the definitive
host depends on the immunological background of the host. An increase in worm
recovery as a consequence of immunosuppression has often been described in
Echinostoma caproni and E. trivolvis, and constitutes a major manifestation of
effectiveimmunity against these digeneans. Treatment of mice with dexamethasone
resulted in an increased worm recovery of both species of echinostomes with
respect to nontreated controls (McMaster et al. 1995; Fujino et a. 1996a; Fried
et al. 1997). Similarly, Ryang et al. (2007) reported that treatment with ketotifen of
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BALB/c and C3H/HeN mice significantly increased the worm recovery rate and the
total period of worm recovery of E. hortense.

(2) Natural expulsion of primary infections

The pattern of worm expulsion in echinostome infections is markedly host
species dependent. For each echinostome species, expulsion of primary infections
occurs rapidly in a number of rodent species, while in other species chronic infec-
tions are devel oped (Toledo and Fried 2005). The elimination of E. caproni primary
infections in rats occurred at 7—8 weeks postinfection (wpi) (Hansen et al. 1991;
Toledo et al. 2004a), whereas worm survival in hamsters showed a persistence of at
least 20 wpi (Toledo et al. 2004b), and in mice the longevity of the adult worms
reached 23 wpi (Fried and Peoples 2007). The elimination of E. trivolvisfrom mice
occurs within 2-3 wpi (Weinstein and Fried 1991), while in hamsters worms
survived for up to 123 days postinfection (dpi) (Mabus et al. 1988). Similarly,
E. friedi was able to survive for at least 12 wpi in hamsters, whereas the infection
was expelled at 34 wpi in rats (Toledo et a. 2003a, 2006a; Mufioz-Antoli et al.
2004). Differences in the pattern of worm expulsion between strains of mice also
have been observed. Lee et al. (2004) reported that ICR and C3H/HeN mice
remained infected with E. hortense up to 7 and 5 wpi, respectively, whereas all the
worms had been expelled at 4 wpi in BALB/c, C57BL6, and FvB strains.

There is some evidence suggesting that differencesin the pattern of worm expul-
sion have an immunological background. There are three lines of evidence for this:
(2) the survival of echinostome infections is prolonged by immunosuppression; (2)
expulsion of E. caproni adult worms is impaired by concurrent infection with
Schistosoma mansoni (Christensen et al. 1985); and (3) significant differences in
theimmunological and pathological responses between hosts in which the parasites
arerapidly rejected and those in which chronic infections occur have been observed
(Toledo et a. 2003b, 2004b, 2006b; Mufioz-Antoli et a. 2007).

(3) Generation of resistance to homologous and heterologous secondary
infections

The generation of homologous resistance to E. caproni and E. trivolvis infec-
tions has been demonstrated. Sirag et al. (1980) showed that a 20-day-old primary
E. caproni infection in mice was sufficient to generate a complete resistance to
reinfection from 8 days after elimination of the primary infection by antihelminthic
treatment. A marked resistance to E. caproni secondary infection occurred in
NMRI and SV S mice for up to at least 12—14 and 6 weeks, respectively, following
the expulsion of E. caproni primary infections (Christensen et al. 1986; Odaibo
et al. 1989). Hosier et al. (1988) showed that | CR mice can devel op resistance against
homologous challenge infection with either E. caproni or E. trivolvis. After homol-
ogous challenge, established worm burdens of E. caproni and E. trivolvis were 42
and 87.5%, respectively, with respect to those observed in primary infections.
Heterologous resistance was also demonstrated since there was a 17% reduction of
the worm burden in an E. caproni challenged infection upon a primary E. trivolvis
infection and a 55% reduction of E. trivolvis challenge infection upon a primary
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infection with E. caproni (Hosier et al. 1988). Furthermore, crossresistance against
E. caproni induced by S. mansoni infection in mice has been described. Sirag et al.
(1980) reported that 79- and 99-day-old infection with S. mansoni conferred com-
plete resistance to infection with E. caproni.

(4) Reduction of fecundity of echinostomes

Reduced fecundity may be a result of immunity against the parasite. There is
evidence suggesting a role of the host immune response in the regulation of the
fecundity of echinostomes. Differencesin egg countsin relation to the host species
have been reported for E. caproni (Toledo et a. 2004a), E. trivolvis (Franco et al.
1986), and E. friedi (Mufioz-Antoli et al. 2004; Toledo et a. 20064). In some cases,
the differences observed in the egg output could be attributed to the different
number of worms established in each host species in relation to the host—parasite
compatibility. However, Mufioz-Antoli et a. (2004) found that the number of eggs
of E. friedi released weekly was significantly lower in rats than in hamsters, though
the worm burden was similar in both host species (see Chap. 4 of this book for
further information on this topic). Lee et al. (2004) infected five strains of mice
(ICR, C3H/HeN, BALB/c, C57BL6, and FvB) with E. hortense. Although the five
strains became infected, eggs only were detected in the feces of ICR and C3H/HeN
mice. All these facts suggest that host immunological background may be an
important determinant of echinostome fecundity.

(5) Changes in the morphology of adult echinostomes

Changes in the morphology of echinostome adult worms can be another manifes-
tation of resistance to infection. In fact, increases in the body area have been reported
as a consequence of immunosuppression of the host. Fujino et a. (1996a) observed
that the body area of E. trivolvis adult worms from dexamethasone-treated C3H/HeN
mice increased markedly on 12 wpi and were more than 2.5 times greater than those
worms collected from nontreated mice. These results were confirmed by Fried et al.
(1997). In the case of E. caproni, the adult worms collected from RAG-2-deficient
mice, astrain genetically atered mice lacking B- and T-lymphocytes, showed greater
body areas than those from conventional ICR mice (Frazer et al. 1999).

8.3 Experimental Models for the Study
of the Immunobiology of Echinostome I nfections

Experimental studies on the immunology and pathology of echinostome infections
have been performed both in rodents and domestic chicks. However, most of the
recent knowledge on these topics comes from studies using different rodent models.
The Echinostoma-rodent model has proved to be an excellent one for studying the
host-intestinal trematode relationships (Toledo and Fried 2005). In general, echi-
nostomes are able to infect awide range of rodent hosts, although its compatibility
differs considerably among rodent species. In highly compatible rodent hosts,
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echinostome infections become chronic, whereas the worms are rapidly expelled
from rodent hosts with low compatibility (see Chap. 4 of this book). This enables
comparative studies of one species of echinostomatid within different experimental
rodent hosts in which the course of the infection differs markedly. This experimen-
tal approach may facilitate the establishment of the host-dependent factors deter-
mining the rejection of the worms or, by contrast, the establishment of chronic
infections. This type of study has been performed using different strategies: (1)
immunosuppressed mice; (2) different strains of mice; and (3) different rodent
species.

(2) I'mmunosuppressed mice

Much of the information on echinostome immunobiology is derived from
comparative studies on the infection on immunosuppressed and immunocompetent
mice. Immunosuppression can be accomplished by the use of genetically atered
mice or immunosuppressant treatment. This approach has been used for E. caproni,
E. trivolvis, and E. hortense. Mice are hosts of high compatibility with E. caproni
in which chronic infections occur (Hosier and Fried 1991; Fried and Peoples 2007;
Mufioz-Antoli et a. 2007). This limits the use of immunodeficient mice to study
the factors determining worm rejection. However, Frazer et al. (1999) compared the
characteristics of E. caproni infectionsin RAG-2-deficient and ICR mice. Although
significant goblet cell hyperplasiawas detected in theinfected vs. noninfected RAG
mice, this could not be related to the elimination of the parasite. E. trivolvisisrapidly
rejected from conventional mice (Weinstein and Fried 1991), and the use of immu-
nosuppressed mice has been useful. Fujino et a. (1993) studied the E. trivolvis
infection in conventional and congenitally athymic BALB/c mice. There were no
marked differences in the infectivity of E. trivolvisin both mice strains. The drastic
expulsion of the worms occurred between 10 and 13 dpi in both groups. Apart from
this fact, marked increases in goblet cells and mast cells were observed in conven-
tional but not in athymic mice in response to the infection. Treatment of mice with
immunosuppressants, such as dexamethasone or FK506, (tacrolimus) has also been
used to study E. trivolvis infections (McMaster et al. 1995; Fujino et al. 19963,
1998a,1998b). The results obtained suggest that the expulsion of E. trivolvis is
related to the increases in the goblet cell numbers in the mouse small intestine.
Ryang et a. (2007) studied the effect of ketotifen on E. hortense infection in
BALB/c and C3H/HeN. The worm recovery was higher and lasted longer in the
treated mice in comparison to the untreated mice. In addition, ketotifen inhibited
the increase of eosinophils and goblet cells and the expression of several cytokines
in various degrees depending on the host strain. These results may be of interest in
studies on factors determining worm rejection.

(2) Different strains of mice

Various strains of mice, such as ICR, C3H, Swiss Webster, CBA, SCID, RAG,
C3H/HeN or athymic, have been used as experimental hosts for E. caproni and
E. trivolvis (Bindseil and Christensen 1984; Hosier and Fried 1986; Odaibo et al.
1988; Fujino and Fried 1993a,b; Baek et al. 1996; Frazer et a. 1999; Mufioz-Antoli
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et a. 2007). However, the results obtained in relation to the worm rejection on the
basis of the mice strain are not conclusive and further studies are required. Lee et a.
(2004) studied the susceptibility of five strains of mice to E. hortense infection.
This study showed that E. hortenseis highly infectious to ICR and C3H/HeN mice,
but not to the other strains. Thereafter, the host immune response against E. hort-
ense in a high (C3H/HeN) vs alow (BALB/c) compatible strain of mice was com-
pared, suggesting that the immune sensitivity depends on the host strain. The
BALB/c mice were more resistant probably in relation to the higher induction of
protective Th2 immunity (Cho et al. 2007; Ryang et al. 2007).

(3) Different host species

As mentioned earlier, the course and the characteristics of echinostome infec-
tions are largely dependent on the host species. Thus, analysis of the immune
response against a single parasite species in different host species may be helpful
to identify the host-related factors responsible for either worm rejection or worm
maintenance. This experimental approach has been extensively used for E. caproni
(Toledo and Fried 2005). Apart from the biological features, several immunological
and pathological parameters are also dependent on the host species in E. caproni
infections. Chronic infections in mice and hamsters have been associated with high
levels of systemic IgG responses and strong local infiltration of inflammatory
mononuclear cells. In contrast, infections in rats are characterized by arapid para-
site expulsion together with low levels of 1gG in serum and weaker infiltration of
inflammatory cells (Toledo et a. 2003b, 2004b, 2006a,b; Mufioz-Antoli et a. 2007,
Satillo et a. 2007). Further studies on these topics may be useful for the under-
standing of the factors responsible for the differencesin the host responses and their
consequences in the parasite and the course of the infection.

8.4 Pathology of the Echinostome I nfections

The pathology of echinostome infections represents a complex set of reactions. The
complexity is dependent on awide variety of factorsincluding the parasite and the host
species (Toledo et al. 2006¢). Clinica diseaseis modulated by theintensity of theinfec-
tion, and the main signs in heavy infections are weskness, diarrhea, weight loss, and
unthriftiness (Huffman and Fried 1990; Toledo et al. 2006c).

Most studies on the intestinal pathology of echinostome infections use rodents as
experimental models. E. caproni and E. trivolvis induce similar lesions in golden
hamsters. Damage has been observed at the attachment sites of adult worms. Such
areas showed marked dilation and lymphocytic infiltration (Huffman et a. 1988;
Mabus et al. 1988; Fried et a. 1990; Weinstein and Fried 1991; Fujino and Fried
1993a; Toledo et a. 2006b). Destruction and erosion of the villi aso are common in
these infectionsin hamsters. This feature has been observed both in hamsters and rats
infected with E. caproni (Toledo et al. 2006b). However, the villous damage is almost
completely regenerated in hamsters at 30 dpi, whereas in rats the villous damage is
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greater at 30 dpi than earlier (Toledo et al. 2006b). Probably, differences in the
cellular responses observed between both host species may be involved in the earlier
villous regeneration in hamsters. Increases in goblet cell numbers were observed in
E. caproni-infected rats, whereas the goblet cell hyperplasia was significantly lower
in hamsters. Eosinophilic infiltration also was higher in rats than in hamstersinfected
with E. caproni (Toledo et al. 2006b). Greater differences between E. caproni-
infected rats and hamsters have been observed in relation to the presence of mucosal
neutrophils and mesenteric inflammatory cells. A marked inflammatory cell infiltra-
tion together with increased numbers of mucosal neutrophils was observed in ham-
sters, but not in rats. This suggests that greater local inflammatory responses may be
associated with E. caproni chronic infections (Toledo et a. 2006b).

Severd studies have shown that the mouse model is very suitable for research on the
pathology of echinostome infections. E. caproni induces chronic infections in mice,
wheress E. trivolvis is expelled from mice at 4 wpi (Hosier and Fried 1991; Fried and
Peoples 2007). Thus, comparative studies on the pathology induced by each parasite
speciesin mice may be useful. The histopathologica effects of E. caproni in mice occur
mainly in the surrounding area of the attachment sites of the worms. The intestine of
mice infected with E. caproni showed a marked dilation in which the mgjority of the
worms were found (Mufioz-Antoli et a. 2007). Marked villous atrophy with fused and
eroded villi and crypt hyperplasiamay be seen (Bindseail and Christensen 1984; Weingtein
and Fried 1991; Fujino and Fried 19933). The total mucosd thickness increased smul-
taneoudly with a hypertrophy of the tunica muscularis (Bindseil and Christensen 1984).
In the hyperplastic crypts, the mitotic rate was increased over that seen in norma crypts
(Bindsgll and Christensen 1984; Fujino and Fried 1993a). Anincrease of collagen fibers
and fibroblasts was aso observed in the epithelium of the atrophic villi (Bindsell and
Christensen 1984; Fujino and Fried 1993a). Cdlular infiltration of lymphocytes, eosi-
nophils, and plasmacells was observed in lamina propriaand submucosa (Weinstein and
Fried 1991; Mufioz-Antoli et a. 2007). Mast cell counts showed an increase a 15 and
30 dpi smilar to those observed in rats and hamsters (Toledo et al. 2006b; Mufioz-Antoli
et a. 2007). The number of eosinophilsin E. caproni-infected mice rapidly increased,
reaching a maximum at 15 dpi (Bindsell and Christensen 1984; Mufioz-Antoli et al.
2007). The number of eosinophils was higher than that observed in hamsters which may
be correlated with the worm burden observed in each host species (Toledo et a. 2006b;
Mufioz-Antoli et a. 2007). The number of goblet cdlsin E. caproni-infected mice was
aso higher than in E. caproni-infected hamsters supporting the idea that these cells may
be important in regulatory mechanisms of worm expulsion (Toledo et a. 2006b,2006c;
Mufioz-Antoli et a. 2007). Interestingly, the numbers of mucosal neutrophils and mono-
nuclear inflammatory cellsin the mesentery were lower than in hamsters and higher than
in rats. This fact, together with the worm recovery observed in each host species,
suggests that the increases in these populations of cells may be associated with a higher
survival of E. caproni adult worms.

The pathology of the related species E. trivolvisin mice shows marked differences
which may be of interest considering the different survival of each echinostome in
this host species. No significant dilation of the gut or villous atrophy has been associated
with E. trivolvis infections in mice (Weinstein and Fried 1991; Fujino and Fried
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1993a; Fujino et a. 1993). Differences in the enzymatic activity in the intestine of
infected mice were also observed. The akaline phosphatase activity was |ess reduced
in E. trivolvis-infected than in noninfected mice (Fujino et a. 1993). In E. trivolvis-
infected mice there was hyperplasia of Paneth cells, mast cells, and goblet cells
(Weinstein and Fried 1991; Fujino and Fried 1993a; Fujino et a. 1993).

One of the factors determining these differences may be that effector mecha
nisms mediating the histopathological changesin E. caproni and E. trivolvis infec-
tionsin micearedifferent. Bindseil and Christensen (1984) showed that pathological
changes in E. caproni-infected mice were thymus independent. In contrast, Fujino
et al. (1993) showed that increases in mast cell number did not occur in athymic
mice infected with E. trivolvis, and also the number of goblet cells was lower in
athymic and in conventional mice. These facts suggest that thymus-dependent
mechanisms operate in E. trivolvis infections in mice.

8.5 Mechanisms of Resistance to Echinostome I nfections

As mentioned in previous sections of this chapter, resistance to echinostome
infections can be manifested in several ways. This indicates that an immune
response may be generated after a threshold level of stimulus to the host has
occurred. This stimulus can be antigenic, though stimulation may aso involve
mechanical or enzymatic damage to the host tissue. To date, mechanisms responsible
for the manifestations of resistance are not fully understood. However, some features
have been observed in relation to the resistance to echinostome infections. This
section will provide a description of the typical effector immune mechanisms asso-
ciated with echinostome infections and areview of the studies describing the possible
role of these mechanisms in parasite rejection.

85.1 Mast Célls

Mast cells reside and mature in tissues and consist of a heterogeneous population,
though mucosal mast cells have been the most extensively studied in relation to
intestinal helminth infections. The mucosal mast cells can reside in the lamina
propria or the epithelium. Intraepithelial mucosal mast cells are considered to be
end-stage effector, ideally located to discharge their products into the lumen and
epithelium where they can affect the microenvironment of the parasite with mini-
mal effect on the underlying tissue layers. Increase of mast cells in parasitized
animals is dependent on cytokines produced by activated T cells, particularly IL-3,
IL-9, and IL-18 (Lantz et al. 1998; Yoshimoto and Nakanishi 2006; Bischoff and
Kramer 2007). Mast cells may release an array of biologically active mediators
and the effect produced includes: smooth muscle contraction, increased vascular
permeability, increased mucus secretion, and degradation of blood vessels and
epithelial cell basement membranes (Balic et a. 2000; Sayed and Brown 2007).
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Mast cell hyperplasiain theintestinal tissues of rodentsinfected with Echinostoma
spp. is well recognized. However, there are conflicting datain relation to the role of
mast cells in the course of the infection. Although several studies have shown that
maximal mastocytosis coincides with worm expulsion, other effector responses
appear to be needed to explain the rgjection of adult echinostomes. In E. trivolvis-
infected mice, the number of mast cells rapidly increased to reach a maximum at
2-3 wpi, coinciding with worm rejection (Tani and Yoshimura 1988; Fujino et a.
1993, 1996h, 1998a). However, in athymic mice and mice immunosuppressed with
FK506, the mastocytosis was suppressed, but the kinetics of worm expulsion did not
change with respect to nontreated mice (Fujino et a. 1993, 1998b).

In the E. caproni-rodent model, increases in the mast cell counts have been
observed during the first weeks of the infection in all the host species studied.
However, this fact does not appear to be a determinant for worm expulsion.
Infected mice and hamsters develop similar mast cell kinetics than rats, though
the worm survival differs greatly in these host species (Toledo et al. 2006b;
Mufioz-Antoli et al. 2007). A similar situation occurs in the E. hortense-rodent
model. Significant mast cell hyperplasia has been observed in rats and mice
experimentally infected, and was greatest in the duodenum, where most of the worms
were found. However, this response does not seem effective since E. hortense
induces long-lasting infections in rats ,whereas the parasite is rejected earlier in
mice (Kim et a. 2000; Park et al. 2005).

8.5.2 Eosinophils

Eosinophils consist of a uniform population of cells with mature eosinophils being
recruited at alow level from the bone narrow into the blood and from there to the
tissues where they may survive from several days to weeks. Although eosinophils
are present in alow number in peripheral blood, they are present in alarge number
in the tissues, particularly in the gastrointestina tract. The number of eosinophils
may increase dramatically after helminth infections both in blood and tissues and
can show a directional migration toward a parasite target (Balic et a. 2000, 2006).

The key cytokine for the T-cell dependent increase in eosinophils after helminth
infection is IL-5. Activated eosinophils can produce oxygen-derived metabolites
and synthesize lipid mediators such as prostaglandins and leucotrienes (Weller
1997). Moreover, they can also produce a range of cytokines and chemokines.
Eosinophil desgranulation is initiated by crosslinking of surfaces since they have
receptors for complement factors, 1gG, IgA, and IgE. Moreover, they also express
receptors for the secretory component of IgA, which may be of importance in gas-
trointestinal infections (Lamkhioued et al. 1995). Their major action during
helminth infections may be a direct cytotoxic action (Balic et al. 2000).

Blood eosinophilia and eosinophil infiltration in the intestinal tract have been
often associated with echinostome infections suggesting their involvement in worm
expulsion mechanisms. Increases in the number of blood eosinophils have been
observed in rats infected with E. caproni (Hansen et al. 1991), and mice (BALB/c
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and C3H/HeN strains) infected with E. hortense (Ryang et al. 2007). The degree of
blood eosinophilia was closely related with the worm burden in each case.
Eosinophilic infiltration of the intestinal tissue also is a characteristic of rodents
infected with E. caproni (Bindseil and Christensen 1984; Toledo et al. 2006b;
Mufioz-Antoli et a. 2007), E. trivolvis (Fujino et al. 1996a), and E. hortense
(Ryang et a. 2007). Intestinal eosinophiliarapidly increases after infection to reach
amaximum at 1-2 wpi and thereafter decreases. The use of the E. caproni model
has allowed for comparison to the eosinophilic infiltration in rodent hosts displaying
different compatibility with the parasite. The worm burden appears to be related
with the levels of eosinophilia in each host species. The highest levels were
observed in rats in which the parasite is rapidly expelled. In mice, the levels of
eosinophiliawere higher than in hamsters concomitantly with alower worm burden
(Toledo et a. 2006b; Mufioz-Antoli et a. 2007).

The aforementioned studies suggest that eosinophils may play arolein the regu-
latory mechanisms against adult echinostomes. However, other mechanisms are
probably involved based on: (1) increased eosinophiliais common in mice infected
with E. caproni or E. trivolvis (Fujino et al. 1996a,b) though the life span of each
echinostome species in mice differs markedly (2—4 wpi in E. trivolvis vs up to
29 wpi in E. caproni); (2) immunosuppressant treatment inhibits the eosinophilia,
but only slight changes in the worm recovery were observed (Fujino et a. 1996a;
Ryang et al. 2007); and (3) eosinophilia usually peaks at 1-2 wpi though worm
expulsion occurs later in the most cases.

85.3 Goblet Cells

Goblet cels are speciaized mucus-producing glands located within the epithelium of
the intestinal tract among other tissues. They secrete mucus to form a protective gel
overlaying the surface of epithelia cells (Specian and Oliver 1991). Apart fromitsrole
in lubrication and protection of mucosal surfaces, the mucus layer also provides a
microenvironment for the interaction of cellular and molecular components with patho-
genic organisms. It has been proposed that mucin proteins mediate intestinal helminth
expulsion by enveloping the parasites and/or inhibit adhesion (Nawa et a. 1994).

Goblet cell hyperplasia often occurs simultaneously with mastocytosis, although
both processes are differentially regulated (Balic et al. 2000). Goblet cell hyperpla-
sia is associated with Th2 cytokine responses (Else and Finkelman 1998) and
appearsto be IL-4-independent (Lawrence 2003). It has been shown that IL-3 plays
acrucial rolein goblet cell hyperplasia and mucus production which is correlated
with worm expulsion of Nippostrongylus braziliensis independent of IgE and mast
cells (McKenzie et a. 1998).

Several reports have shown that increased mucus production in association with
goblet cell hyperplasia is involved in echinostome adult worm rejection. In mice
and hamsters, E. caproni induces chronic infections concomitantly with reduced
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goblet cell numbers (Bindseil and Christensen 1984; Weinstein and Fried 1991;
Fujino and Fried 1993a; Toledo et al. 2006b; Mufioz-Antoli et a. 2007). In contrast,
in E. trivolvis-infected hosts, the goblet cell counts increased coinciding with worm
expulsion (Fujino et a. 1993). Treatment with dexamethasone inhibited the goblet
cell hyperplasia and delayed worm expulsion. Furthermore, worm expulsion coin-
cided with the cessation of dexamethasone treatment and increases in the goblet
cell numbers (Fujino et a. 1996a, 1997). As in norma mice, dexamethasone
administration to immunodeficient SCID mice delayed the expulsion of E. trivolvis
(Fujino et al. 1998). Fujino et al. (1996¢) demonstrated that primary infection with
N. brazliensisin C3H/HeN mice induced arapid expulsion of either E. trivolvis or
E. caproni. Increased secretion of mucus by hyperplasic goblet cells associated
with N. braziliensis primary infection was suggested to be responsible for earlier
expulsion.

In E. hortense-infected mice, worm expulsion has been associated with goblet
cell hyperplasia (Park et a. 2005; Ryang et a. 2007). In both C3H/HeN and
BALB/c mice, goblet cell infiltration in the intestine increased after infection.
Ketotifen treatment reduced the goblet cell hyperplasiaresulting in aslight increase
in worm survival (Ryang et al. 2007).

Although the involvement of goblet cellsin the expulsion of echinostome infec-
tions seems evident, Frazer et a. (1999) showed that the situation is more complex.
These authors observed a marked goblet cell response in RAG-2 mice, though
E. caproni adult worms survived as they did in conventional ICR mice. Moreover,
Park et al. (2005) did not find a relationship between the differences in the kinetics
of goblet cell numbers and the E. hortense worm expulsion in C3H/HeN and
BALB/c mice. These facts suggest that worm expulsion of echinostome infections
cannot be explained exclusively on the basis of goblet cell numbers. In this context,
intestinal worm rejection was noted to be regulated by the alteration of goblet cell
function through modification of the mucin’s terminal sugar, specially the expres-
sion of N-acetyl-p galactosamine (Ishikawa et al. 1993, 1994). Fujino and Fried
(1993h) studied the lectin-labeling patterns in the small intestine of C3H mice
infected with either E. trivolvis or E. caproni. They noted marked differencesin the
distribution of glycoconjugates in infected hosts. In E. trivolvis-infected mice the
amount of mucins, including N-acetyl-d galactosamine, sialic acid, and N-acetyl-p
glucosamine, was strongly expressed together with the increase in goblet cell
numbers. In E. caproni-infected mice, the binding of most of the lectins was
reduced in association with alow number of goblet cells. Interestingly, E. trivolvis-
infected hamsters did not show goblet cell hyperplasia or increase in the glycocon-
jugates and chronic infections were developed (Fujino and Fried 1996). Similarly,
immunostaining of the intestine of E. hortense-infected mice showed a significant
increase of lectin-binding goblet cells suggesting that these cells may regulate
worm expulsion by altering the mucin terminal sugar (Park et a 2005). A similar
situation was described for N. brazliensis. Ishikawa et a. (1994) showed that the
expulsion of this nematode is associated with T-cell-dependent goblet cell hyper-
plasia together with a T-cell-independent alteration of goblet cell mucins.
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Accordingly, the goblet cell number and the alteration of sugar residues of these
cells seem to play acritical role in the expulsion of adult echinostome worms.

8.5.4 Antibody Responses

Several antigen preparations have been used to study the antibody responses in
primary echinostome infections, i.e., adult crude worms (Simonsen et al. 1991,
Agger et a. 1993; Toledo et al. 20033, 2004c), excretory—secretory products
(Toledo et al. 2003a,b, 2004b,c, 2005; Cho et a. 2007; Carpenaet a. 2007; Sotillo
et al. 2007), or glycocalix membrane from adult worms (Graczyk and Fried 1994,
1995). The results showed that the generation of systemic antibody responses
depends on the host—parasite combination. E. caproni induced rapid and strong 1gG
responses in mice (Agger et al. 1993; Graczyk and Fried 1994; Toledo et a. 2005;
Sotillo et al. 2007). Significant levels of 1gG were detected from 1 to 2 wpi and
the values progressively increased over the course of the infection. In hamsters, the
responses were greater but slower than in mice, and positive levels of 1gG were
observed from 7 wpi (Simonsen et al. 1991; Toledo et a. 2004b). In contrast, rats
developed aweak |gG response against E. caproni and only low levels of 1gG were
detected from 7 wpi (Toledo et a. 2003b, 2004c; Sotillo et a. 2007). Similarly,
E trivolvis and E. hortense elicited strong serum 1gG responses in mice (Graczyk
and Fried 1994; Cho et al. 2007). E. friedi induced greater responses in hamsters
than in rats (Toledo et a. 2003a; Carpena et a. 2007).

Cho et a. (2007) studied the IgG1, 1gG2a, IgE, and IgA responses in the sera of
C3H/HeN and BALB/c mice infected with E. hortense. The levels of 1gG1
were higher than those of 1gG2a, IgE, and IgA. The titers peaked at 3—4 wpi
and were higher in BALB/c mice at every week postinfection. Increased |gE and
IgA were also observed, but there were no differences in both strains of mice.

Sotillo et a. (2007) compared the kinetics of IgM, IgA, and 1gG subclasses in
two host species of E. caproni displaying a different degree of compatibility with
the parasite, i.e., mice in which the parasite induces chronic infections and rats, in
which the parasite is rejected earlier. The early response was of the IgM class in
both host species showing the maximum level at 1-2 wpi. The intense response of
IgM suggested the presence of thymus-independent antigens on E. caproni that
interact early with the host immune system. Thiswas supported by theintense IgG3
response observed in mice. Responses mediated by 1gG3 are related to carbohy-
drate thymus-independent antigens that can induce an 1gG3 class switch (Snapper
et al. 1992). The kinetics of serum total 1gG response were markedly greater in
mice than in rats. Furthermore, the kinetics of serum 1gG1 and 1gG2a were aso
different in both host species. The results suggested a markedly biased response
toward a Th2 phenotype in mice, characterized by a strong production of IgG1 from
3wpi and beyond. In rats, an initial dominance of 1gG2a response occurred, though
a dlight increase of 1gG1 levels was detected from 7 wpi and beyond, suggesting
that worm expulsion might be associated with balanced Th1l/Th2 systemic
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responses and the development of long-lasting infections associated with a domi-
nance of systemic Th2 responses with high levels of serum IgG1. The kinetics of
circulating IgA were aso different in mice and rats. In the serum of mice, aprogres-
sive increase was observed over the course of the infection, whereas in rats IgA
peaked at 1-2 wpi and returned thereafter to negative values. This appearsto confirm
the dominance of systemic Th2 systemic responses in relaion to chronic infections,
since expression of IgA is mediated by Th2 cytokines such as IL-5, IL-6, or IL-10
(Ramsay 1995).

Thetarget antigens of circulating antibodies in E. caproni infections were studied
by Satillo et a. (2008) using an immune proteomic approach. A total of four proteins
(enolase, actin, HSP-70, and aldolase) were recognized by serum IgM, 1gA, 19G,
and or 1gG1 of mice, though the recognition profile was specific for each isotype.
However, thisissue will be discussed in further detail in Sect. 8.6 of this chapter.

The influence of systemic antibody responses is not known. In E. caproni infec-
tions, stronger responses have been observed in host species in which long-lasting
infections developed (Toledo et al. 2006c). This suggests that circulating antibody
responses constitute a collateral consequence of the infection. Toledo et al. (2004b)
suggested that differences in the systemic antibody responses were related to dif-
ferences in the loca inflammatory responses. Juvenile and adult worms secrete
antigens that can cross the intestinal mucosa, to reach the circulatory system and
induce serum responses by B-cell stimulation. It is known that the passage of anti-
gens through the intestinal mucosa is mediated by local inflammation (Yu and
Perdue 2001). Thus, differences in mucosal inflammatory responses may result in
differences in systemic antibody responses. In this sense, high levels of E. caproni
seroantigens concomitantly with strong serum antibody responses have been
observed in mice and hamsters, whereas low levels of antigens and antibodies were
observed in the serum of rats (Toledo et al. 2004b, 2005). Toledo et al. (2006b)
detected marked differencesin local inflammatory responsesin E. caproni-infected
hamsters and rats. A strong inflammatory cell infiltration together with increased
numbers of mucosal neutrophils was observed in hamsters, but not in rats. Under
these conditions, the maintenance of epithelial barriers may be disrupted resulting
in an increased passage of worm antigens through the intestinal mucosa.
Furthermore, Toledo et al. (2006b) performed an immunohistochemical study using
polyclonal anti-excretory—secretory products of E. caproni antibodies. The results
showed greater antibody binding in the intestine of E. caproni-infected hamsters
than in E. caproni-infected rats confirming the greater antigen passage. This was
suggested as the responsible factor for the higher systemic antibody responses.

In this context, the local antibody response appears to be of greater importance.
However, thistopic has been poorly studied. Agger et d. (1993) analyzed the antibody
response in the intestinal wall and lumen of mice infected with E. caproni.
Significant increases of 1gG, IgA, and IgM were detected in the intestinal tissue,
whereasonly IgA was detected in the lumen. Sotillo et al. (2007) studied the antibody
response in the intestine of E. caproni-infected mice and rats. A response of IgM
was observed by 8 wpi in mice, but not in rats. Thislate risein local IgM suggests
that this response may be involved in the reduced worm burden observed from



198 R. Toledo

8 wpi and beyond in mice (Mufioz-Antoli et a. 2007). The IgM class is a major
complement-fixing antibody, and antibody has been suggested as one of the potential
effector immune mechanisms against E. caproni (Simonsen and Andersen 1986).
However, there are two reasons that prevent us to consider IgM as a major immune
mechanism involved in the rejection of E. caproni adult worms: (1) The effective
role of complement in the intestinal lumen appears to be limited; and (2) the lack
of IgM response in rats together with the earlier expulsion of E. caproni suggest
that the role of 1gM in parasite clearance can only be secondary.

The 1gG1 and 1gG2a local responses in mice and rats were slower and less
intense than in serum. In mice, increases of both subclasses were observed probably
as reflected in a balanced Th1/Th2 response. In contrast, rats only developed an
1gG2a response which suggests that local cellular mechanisms can be of great
importance in the parasite expulsion. Interestingly, worm expulsion coincides with
amaximum level of 1gG2a at 7-8 wpi (Sotillo et a. 2007).

Local IgA was only observed in mice. Positive values were observed by 2 wpi
with a maximum at 8 wpi. This indicates that IgA secretion is not sufficient for
E. caproni rejection (Sotillo et al. 2007). The induction of IgA might be the conse-
guence of local production of Th2 cytokines, which suggests that the development
of local Th2 responses may be associated with chronic E. caproni infections.

Little is known about the role of antibodies against echinostomes. Simonsen and
Andersen (1986) showed that antibodies in the serum of mice infected with E. caproni
bound to surface antigens of the parasite. However, they wererapidly expelled dueto the
turnover rate of surface antigens which was suggested as a strategy to avoid antibody
attack (Simonsen and Andersen 1986; Andresen et al. 1989; Simonsen et a. 1990).

8.5.5 Cytokine Responses

The identification and manipulation of cytokine responses has had a major impact
on the understanding of immune mechanisms involved in helminth infections.
However, only few studies have examined the cytokine responses in echinostome
infections, mainly using ELISA or RT-PCR technology to detect cytokine specific
MRNA expression.

Brunet et al. (2000) examined the preferential development of either Thl or Th2
responses during early stages of E. caproni infection in mice by studying cytokine
production in spleen and mesenteric lymph node cells using an ELISA technique.
Whereas spleen cells failed to respond to antigen stimulation, mesenteric lymph
node cells produced IFN-y and to a lesser extent IL-4. Furthermore, IL-5 levels
were elevated during the period of study (3 wpi), suggesting a balanced Th1/Th2
phenotype at local level. Moreover, Brunet et a. (2000) treated mice with asingle
injection of anti-IFN-y monoclonal antibodies at 2 wpi to assess the role of this
cytokinein protective immunity. A significant reduction in worm burden was found
which suggested that |FN-y may be important in the establishment of E. caproni
chronic infections. However, Noland et a. (2008) did not detect significant
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increases in the levels of IFN-y in E. caproni-infected mice as determined by
ELISA using the supernatant of splenocyte cultures.

The production of Th1/Th2 cytokines in the splenocytes of E. hortense-infected
C3H/HeN and BALB/c mice was studied using semiquantitative RT-PCR by Cho
et a. (2007). Regardless the mouse strain, the MRNA expression of the Th1 cytokines
IFN-y and IL-12 were wesak. In contrast the expression of I1L-4 and IL-5 mRNA was
increased in both strains. The mRNA expression of 1L-4 peaked at 6 h after antigenic
stimulation. The expression of IL-5 lasted longer than did that of IL-4. The secretion
of cytokines from splenocytes was studied by ELISA, and the results were similar to
those observed by RT-PCR (Cho et d. 2007). Ryang et a. (2007) aso studied the
levels of TNF-a. and IL-1f in by RT-PCR in the spleen of the same strains of
E. hortense-infected mice, though only wesk increasesin the levels of mRNA expression
of these Thl cytokines were observed, confirming the dominance of Th2 responses
in E. hortense-infected mice.

8.6 Antigenic Characterization of Adult Echinostomes

The antigenic composition of adult echinostomes has been little studied compared
to other intestinal helminths. Andresen et a. (1989) suggested that the surface anti-
genswere mainly responsible for the antibody responses against E. caproni in mice.
SDS-PAGE and western-blot analysis of in vitro shed detergent solubilized anti-
gensindicated that the four major antigens released from adult worms had molecu-
lar weights (MW) ranging from 26 to 88 kDa. Toledo et al. (2004c) also defined by
western-blot analysis, using sera from E. caproni-infected rats, 11 and 7 major
antigenic polypeptides in the somatic and excretory—secretory products, respec-
tively. Moreover, Toledo et al. (2004c) demonstrated that some of these polypep-
tides were specifically expressed in the early phases of the infection suggesting a
role in parasite establishment.

Recently, Sotillo et al. (2008) identified several antigenic proteins from
E. caproni excretory—secretory products recognized by IgM, IgA, and 1gG subclasses
from the sera of E. caproni-infected mice using an immunoproteomic approach. A
total of 11 protein spots from those recognized by these immunoglobulin classes
after two-dimensional SDS-PAGE and western-blot analysis of excretory—secre-
tory products of E. caproni were accurately identified. These spots corresponded to
four different proteins (enolase, 70 kDa heat-shock protein, actin, and aldolase).
Enolase was recognized in eight different spots, of which seven were detected in
the expected MW (46 kDa) and were recognized by 1gA, 1gG, or 1gG and 1gG1l.
The remaining spot identified as enolase was detected at 72 kDa and only was
recognized by IgM. Digestion with N-glycosidase F of the 72-kDa band rendered a
polypeptide with an apparent MW similar to that expected for the enolase of E. caproni
and recognized by antienolase antibodies. The authors suggested that glycosylated
forms of E. caproni enolase may be involved in the early thymus-independent
responses against the parasite. The early IgM responses were aso generated by
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actin and the 70-kDa heat-shock protein which suggested that these proteins were
exposed early to the host and may be of importance in parasite establishment. The
IgA responses also appeared to be mediated by the 70 kDa heat-shock protein and
aldolase which could be related to close contact of these proteins with the host
mucosal surface (Sotillo et al. 2008).

Regarding other species of Echinostoma, Carpenaet al. (2007) compared the
antigenic properties of the somatic and excretory—secretory products of E.
friedi in two host species (hamsters and rats) displaying different degrees of
compatibility with the parasite. Analysis by SDS-PAGE and western blot using
polyclonal antibodies raised against excretory—secretory products of E. friedi
showed some common and a humber of specific bands for each type of antigen.
Furthermore, atotal of 11 polypeptides were exclusively detected in materials
from hamster and seven polypeptides appeared to be specifically detected in
worms infecting rats. This differential profile appears to be induced by the host
species.

8.7 Immunodiagnosis

Echinostomiasis in vertebrate hosts has been usually diagnosed by the presence of
egos in stool samples. However, this procedure is tedious and eggs are not always
present in feces because worms may be preovigerous or mature worms may not be
voiding eggs. Moreover, parasite maturation and egg production patterns may vary
depending on different factors such as the crowding effect or host species (Huffman
and Fried 1990; Toledo et a. 2004a; Mufioz-Antoli et al. 2004). In this context,
immunological methods may be useful for diagnosis and monitoring of echinos-
tome infections (Toledo et a. 2006c¢). Several techniques have been developed
based on: (1) antibody detection; (2) seroantigen detection; and (3) coproantigen
detection. Although the use of these methods has provided interesting results, the
information is limited to experimental infections since the potential crossreactivity
with other helminths has not been evaluated.

(1) Antibody detection

Immunodiagnostic test based on indirect ELISA has been developed to
detect anti-E. caproni, anti-E. trivolvis, anti-E. hortense, and anti-E.friedi
antibodies (Simonsen et al. 1991; Agger et al. 1993; Graczik and Fried 1994,
1995; Toledo et al. 2003a, 2004c, 2005; Cho et al. 2007). Indirect ELISA
provides an early immunodiagnosis of E. caproni in mice. Using glycocalix
membrane crude antigen, Graczyk and Fried (1994) demonstrated that 1gG
anti-E. caproni can be detected by 8 dpi in mice. Toledo et al. (2005) detected
positive levels of 1gG anti-E. caproni in mice by 2 wpi, using excretory—secretory
antigens. Graczyk and Fried (1995) showed that mice present positive levels of
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IgG anti-E. trivolvis beginning at 10 dpi using glycocalix membrane as antigen.
However, a high degree of crossreactivity with E. caproni was found. Because
of these facts, the application of serologic diagnosis has magjor limitations. For
example, antibody titers persist after worm loss and there is also a dependence
on the host species (Toledo et al. 2003b, 2004b,c; 2005). Moreover, animal
handling to obtain sufficient amounts of serum is often difficult which raises
the need for alternative tools.

(2) Seroantigen detection

Toledo et a. (2004b) demonstrated that detection of antigens of E. caproni in
sera of experimentally infected rodents is feasible by capture ELISA (Toledo et al.
2004b, 2005). However, this technique does not seem to be adequate for diagnostic
purposes since the presence of circulating antigens is host dependent. High levels
of circulating antigens were detected in hamsters from 3 wpi and beyond. In con-
trast, low levels of seroantigens were detected in rats (Toledo et al. 2004b). In
E. caproni-infected mice the levels were positive from 1-2 to 9 wpi (Toledo et al.
2005). These results appear to be associated with the dynamics of worm antigen
absorption in relation to different inflammatory local responses induced by
E. caproni in each host species as described in Sect. 8.5.4 of this chapter. Thus, the
study of circulating antigens appears to be more adequate for the analysis of host—
parasite relationships than for diagnostic purposes.

(3) Coproantigen detection

Toledo et a. (2003b) developed an antibody capture ELISA for detection of
E. caproni antigens in the feces of infected rats using polyclonal anti-E. caproni
excretory—secretory products antibodies. Coproantigens were detected from 1 dpi
and, thereafter, the values were correlated with those of egg output and remained
positive until 49-56 dpi, coinciding with the disappearance of eggs in the stool
samples. Toledo et al. (2004b) compared the kinetics of E. caproni coproantigen
excretion in hamsters and rats. The levels of antigens in feces were indicative of
the course of the infection in each host species. Positive levels were detected from
1-2 dpi in both hosts and remained positive in hamsters until the end of the
experiment at 20 wpi, reflecting the course of the infection in this host. In rats,
the values reverted to negative coinciding with the loss of the infection. These
facts show that coproantigen detection provides a rapid and sensitive method for
the diagnosis and the monitoring of E. caproni infections. The main advantages
of this procedure over other diagnostic methods are: (1) coproantigens are
detected earlier that eggs, antibodies, and seroantigens; (2) coproantigen detec-
tion does not depend on host species; (3) the presence of antigens in feces indi-
cates active and not previous infections; (4) the assay requires fecal samples
avoiding animal handling and possible damage from serum collection; and (5) a
large number of animals can be screened without time-consuming parasitol ogical
examination procedures.
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8.8 Concluding Remarks

The present chapter introduces the reader to the pathological and immunological
aspects of echinostome infection in the definitive host, with emphasis on experi-
mental rodent models. Although several topics remain to be studied further, most
of the information presented indicates that echinostomes may be useful to analyze
immune mechanisms involved in the rejection of intestinal helminths. Under |abo-
ratory conditions, studies show that immunopathological events in echinostome
infections depend on several factors related to both the parasite and the host
species. Echinostomes may be particularly useful for the analysis of host-related
factors determining the course of the infection. Comparative studies of an echinos-
tome speciesin hosts with low and high compatibility could enable the establishment
of the host-related variables, and their consequencesto the parasite, determining the
rejection of the intestinal worms or, in contrast, the establishment of chronic infec-
tions. In this context pathological and immunological, together with proteomic
studies, may be of great use.
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Abstract Echinostomes are excellent models to study host-parasite interactionsin
intestinal helminthiases. In this chapter, data available from genomic and proteomic
studies are analyzed in detail to indicate advantages and pitfalls in the research
using these organisms. The lack of a genome sequence project and the low number
of sequences deposited in the databases not only affect the genomic studies but also
debilitate proteomic findings since in most cases, although good spectrometric data
can be obtained, the available database often fail to identify the protein from the
peptides obtained.
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9.1 Introduction

Complete sequencing of genomes has attracted the attention of many researchers
because the information obtained was expected to reveal the molecular code for
organisms, and provide the tools to understand physiological and pathological
processes.

The term “genomics’ was originaly used in 1920 by Winkler to describe the
complete set of chromosomes and their associated genes (McKusick 1997). Biron
et a. (2006), have recently described three periods with regard to the understanding
of the DNA molecule and its functionality, terming them “ pregenomic,” “genomic,”
and “postgenomic” periods. Since the beginning of the postgenomic era, the focus
of molecular biology gradually moved from genes and genomes to proteins and
proteomes and their functionality. Now that complete genome sequences of several
organisms have been determined, the biggest task in the postgenomic erawill beto
identify the functions, reactions, interactions, and the location of the gene products
in tissues and/or the cells of living organisms.

Until now, several complete genomes are available, but only two of them
correspond to helminths: the model organism Caenorabditis elegans (The C. elegans
Consortium et a. 1998) and the filarial parasite Brugia malayi (Ghedin et a. 2007).
Other sequencing projects for parasitic helminths are under way, including those
from species of the genus Schistosoma (Haas et al. 2007; http://www.tigr.org/;
http://www.ebl .ac.uk/genomes; ftp://ftp.sanger.ac.uk/pub/pathogens/Schistosoma).
Helminth genomes are an integral part of the five-year plan at the Wellcome Trust
Sanger Institute (WTSI) (http://www.sanger.ac.uk/ProjectsHelminths/), which was
started in 2006, with Schistosoma haematobium. Availability of different genome
sequences would provide considerable benefits, especialy in the sphere of gene
identification and evolution.

There is no current full genome sequencing project in the Echinostomatidae
family, and very little information is available in the data banks. In fact, there are
only 474 DNA sequences and 62 protein sequences deposited (all of them deduced
from the DNA sequences). Most of those sequences correspond to ribosomal or
mitochondrial molecules used in taxonomic and/or phylogenetic studies (see later).
From the deposited sequences, 434 (91.5%) of DNA and 45 (72.5%) of proteins
correspond to Echinostoma species. The available expressed sequence tags (EST),
which could be considered as transcriptome data (Wilson et al. 2007), are repre-
sented by 358 entries from Echinostoma paraensei (Nowak and Loker 2005). No
microarrays or reverse genetics have been reported for echinostomes (see later).

With respect to proteomics, most of the studies with echinostomes deal with the
relationship between echinostomes and the host immune system. It isimportant to
note that some echinostomes may share intermediate hosts with Schistosoma mansoni,
and in contrast to S. mansoni, echinostomes interfere with the snail immune system
in an immunosuppressive way (Lie and Heyneman 1977, 1979; Lie et al. 1982).
In this context, various studies have shown that hemocytes exposed to echinos-
tome excretory/secretory products (ESP) lose severa defense functions such as
adhesion, phagocytosis, and encapsulation, as well as cytotoxic activity (Loker
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et al. 1986, 1992; Noda and Loker 1989; Sapp and Loker 2000; Humbert and
Coustau 2001). Moreover, in coinfection experiments, the immune suppression
activity of echinostomes permits the survival of schistosomes in Schistosoma-
resistant host strains (Lie and Heyneman 1977). The evasion strategies of trematodes
arerelated to their ability to produce ESP. These products contain immunoregul atory
molecules that can interfere with host innate immunity (Damian 1997; Salzet
et al. 2000).

Recent studies in echinostomes have used proteomic technology, mainly by two-
dimensional gel electrophoresis and mass spectrometry (MS), to characterize the
ES proteome of parasites from distinct definitive hosts (Berna et al. 2006). This
technology has also been used to gain insight into the molecular basis of the sporo-
cysts immune evasive strategies during the first hour of interaction, as well as to
understand the molecular crosstalk between S. mansoni or E. caproni sporocysts
and the snail host Biomphalaria glabrata (Guillou et a. 2007).

9.2 Echinostome Genomics

As mentioned before, there is no full genome sequencing project for echinostomes
in progress and only 474 DNA sequences are available in the databases (Table 9.1),
358 of them corresponding to the only available EST project in echinostomes, per-
formed with Echinostoma paraensei sporocysts RNA (Nowak and Loker 2005).
The rest of the deposited sequences mainly represent molecules used in taxonomic
and/or phylogenetic studies, like ribosomal (rDNA) or mitochondrial molecules
(mtDNA) (Table 9.1). Few exceptions include the enolase gene, originally identified
in studies characterizing spliced leader RNAsin flatworms (Davies 1997). The full-
length molecule has been recently cloned from mRNA obtained either from adults
or sporocysts (Marcilla et a. 2007; Guillou et al. 2007).

Most of the ribosomal molecules sequenced correspond to the internal transcribed
spacers (ITS-1 and ITS-2), with 13 species sequenced; 18S and 5.8S genes (ten species),
as well as to partial sequences of the large 28S gene (11 species) (http://www.nchi.
nim.nih.gov/Taxonomy). With respect to mitochondrial markers, they include the
sequences of the NADH dehydrogenase subunit 1 (ND1) from 14 species and the
sequences of the cytochrome oxidase 1 (CO-1) from seven species (Table 9.1).

Both ribosomal and mitochondrial markers have been widely used for taxonomic
and phylogenetic studies on echinostomes. Since their original description in 1899,
the family Echinostomatidae has shown great taxonomic diversity which is associated
with its broad range of final hosts and awide geographical distribution. Echinostomes
have been widely used as experimental models for studying host-parasite relation-
ships and population regulation of intestinal flukes (Toledo and Fried 2005), but still
present a confused taxonomic status due to both the morphologica similarity between
biologicaly distinct taxa and historical nomenclature problems (reviewed in
Kostadinova and Gibson 2000). So it is not surprising that most of the DNA data
available have been generated to help solve these taxonomic problems.
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Table 9.1 Distribution of echinostome molecular data on GenBank, January 2008

Species DNA Protein
Molecules No. sequences No. sequences

Artyfechinostomum

A. sufrartyfex 3 18S, ITS, CO-1 1

Drepanocephalus

D. spathans 1 18S

Echinoparyphium

E. aconiatum 3 ND1 3

E. cinctum 3 28

E. recurvatum 8 ITS, ND1 7

E. sp. 2 28S

Echinostoma

E. paraensei 365 (358 ESTs)  ITS, ND1, CO-1 3

E. revolutum 17 18S, ITS, 28S, ND1, CO-1 9

E. caproni 16 18S, ITS, 28S, ND1, CO-1, others 9

E. trivolvis 11 ITS, ND1, others 7

E. hortense 5 ITS, 28S, ND1, CO-1 3

E. friedi 3 ITS, 28S, ND1 1

E. cf. friedi 1 ND1 1

E. liei 1 ITS

E. species (E. sp) 15 ITS, ND1, CO-1 12

Euparyphium

E. albuferensis 3 ITS, 28S, ND1 1

E. melis 2 18S, 28S

Himasthla

H. rhigedana 1 nk-1 1

Hypoderaeum

H. conoideum 4 ITS, 28S, ND1 2

| sthmiophora

I. hortense 3 18S, ITS, 28S, ND1, CO-1 1

I. melis 2 ITS, 28S, ND1 1

Mesorchis

M. denticulatus 1 18S

Microparyphium

M. sp. 1 18S

Paryphostomum

P. radiatum 1 18S

Petasiger

P. phalacrocoracis 1 18S

Protechinostoma

P. sp. 1 ITS

Total 474 (358 EST) 62

aPartial sequences

9.2.1 DNA and RNA Studies; Current Status of Genomic
Studies on Echinostomes

As mentioned before, molecular analyses of some echinostomes species, like the
“revolutum” group, are very preliminary with studies testing its taxonomic frame-
work, as suggested by Kanev (1994) and Kanev et al. (1995a,b). Morgan and Blair
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(1995) used ribosomal ITS sequence data obtained from laboratory-maintained
strains, and distinguished five species of Echinostoma, observing rather low
sequence divergence among rDNA sequences within the “revolutum” group,
preventing the resolution of the position of the Euro-Asian species, E. revolutum
Frolich, 1802. Later on, these authors (Morgan and Blair 1998a) found that the
same Echinostoma species exhibited higher sequence divergence across their
mtDNA genes and concluded that the ND1 gene would be a more suitable marker
for species and strain detection within the group (Morgan and Blair 1998a).

We have used the ITS-2 marker to compare the echinostome sequence data
available in GenBank, and we have found intraspecific differences in the available
Echinostoma revolutum (Sorensen et al. 1998) entries (data not shown). This had
already been noted by Kostadinova et a. (2003), who indicated that this fact could
account for uncertainty with respect to the identification of the adult worms used in
the molecular studies of Morgan and Blair (1995, 1998a,b). Moreover, Kostadinova
et al. (2003) used the sequences of both nuclear ITS and mitochondrial ND1 genes,
to evaluate the relationship of E. revolutum (sensu Kosupko 1971ab, 1972) to a
wide number of isolates from Europe, North America, and Australia identified as
E. revolutum by Morgan and Blair (1995, 1998a,b) and Sorensen et a. (1998). This
study, therefore, extended Morgan and Blair's approach to the echinostome rela-
tionships inferred from the ND1 gene, with additional sequence data (Kostadinova
et al. 2003). Furthermore, Kostadinova and coworkers carried out an integrated
analysis: (1) by attempting to identify the voucher material available for four of the
isolates utilized by Morgan and Blair (1998b) and by examining the experimental
material of E. hortense used in their studies using traditional comparative morphol-
ogy methods; and (2) by adding additional ND1 sequence data from 17 isolates of
the family Echinostomatidae collected from naturally infected mollusks from
Europe (Kostadinova et a. 2003). These materials were identified on the basis of a
morphological study prior to sequencing and represented six species of the com-
monly occurring genera Echinostoma, Echinoparyphium Dietz, 1909, Hypoderaeum
Dietz, 1909 and Isthmiophora Luhe, 1909, al with a cosmopolitan distribution
(Kostadinova et al. 2003).

We have also examined the utility of ITS-2 and ND1, along with partial 28S
sequences, to add some insight into the taxonomic status of Echinostomatidae. The
results obtained with ITS-2 sequences confirm the confusion on the taxonomic
status of Echinostoma hortense, which was synonymized to | sthmiophora hortensis
by Kostadinova et a. (2003), based on the very few nucleotide differences between
the deposited sequences of both specimens (Trelis 2004). Our results using partial
sequences of the 28S gene suggested that it may be good marker for taxonomic
studies at a supraspecific level within the Echinostomatidae family (Trelis 2004).
Our results confirmed the validity of both Echinostoma caproni and Echinostoma
friedi species, further confirmed by an isoenzy