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de Villeneuve, 66860 Perpignan Cedex, France

D.D. Despommier, Division of Tropical Medicine and Environmental

Sciences, Department of Microbiology, Columbia University, 630 West

168th Street, New York, NY 10032, USA

J.J. Shaw, Instituto de Ciências Biomédicas, Universidade de São Paulo,

av. Prof Lineu Prestes 1374, 05508-900 Cidade Universitária, São Paulo,
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PREFACE

We are extremely fortunate to have Tim Littlewood as the guest

editor of this, our third, special volume of Advances in Parasitology.

He has assembled an impressive list of authors with expertise in

diverse fields of parasitology, systematics and evolutionary biology to

produce a volume that provides an authoritative overview of our

current understanding of the evolution of parasitism. Parasites do not

have extensive fossil records, so to trace their evolutionary past it

is necessary to delve into their molecular and morphological

make-up and to look closely at relationships between existing taxa.

Fortunately, the huge growth in acquisition of molecular data and

the concurrent development of phylogenetics have enabled major new

insights into the evolution of many of the parasite groups represented

in this volume.

We sincerely thank the guest editor and all the authors who have

contributed to the planning and writing of this special volume.

John Baker

Ralph Muller

David Rollinson
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Introduction – phylogenies, phylogenetics,

parasites and the evolution of parasitism

D. Timothy J. Littlewood

Department of Zoology, The Natural History Museum,

Cromwell Road, London SW7 5BD, UK

‘‘Nothing in biology makes sense except in the light of evolution’’

(Dobzhansky, 1973). This popular quote not only illustrates how biological

disciplines are united, but also acts as a guiding principle in the pursuit of

biological knowledge. Phylogenetics, the science of estimating and analysing

evolutionary relationships between biological entities sharing common

ancestors, has become a standard and increasingly powerful tool in

evolutionary biology. Through a greater understanding of molecular

evolution and the relative ease with which molecular data can be collected,

and as a result of complex algorithms being developed and implemented

using ever increasing computing power, phylogenetics has now impinged

upon almost every aspect of biological research.

An evolutionary framework not only answers questions directly by

providing genealogical links between taxa or other biological entities,

whether extinct or extant, but also provides the foundation for testing

hypotheses and interpreting comparative data. At its most fundamental

level, in taxonomy, the resolved genealogy is an ideal foundation for

nomenclature to reflect relatedness. However, phylogenies provide a

veritable springboard for biological research that goes way beyond

taxonomy and pushes the boundaries of systematics. At the heart of a

phylogeny is the recognition of homology, in the strict evolutionary sense of

the word (Patterson, 1982; Wagner, 1989), and the subsequent statements

we can make concerning homology (Hall, 1994), and its counterpart

homoplasy (Sanderson and Hufford, 1996), inferred from the phylogeny.

Parasites, by definition, require hosts and parasites necessarily become

adapted to surviving and thriving on or in a host for some time, however

fleeting, in their life history. They are differentiated from commensals or
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symbionts by the detrimental effects (usually measured in terms of reduced

fitness) they impose upon their host(s) and the obligate relationship theymust

engage in with their host(s). Thus, parasites are united primarily by their life-

style, however diverse, and not their phylogeny. Whether a parasitologist

addresses evolutionary questions directly, or addresses parasitological

questions in an evolutionary context, the consequences of historical and

on-going natural selection cannot be ignored. Selection affects the parasite,

the host and the interaction between them. Parasites use a wide variety of

habitats where ecological constraints, imposed by biotic and abiotic

factors, affect them as they would any free-living species. However, there is

the added constraint that their hosts provide specialised, often hostile,

habitats that parasites must first enter, actively or passively. Thereafter

the parasites must grow and/or develop, reproduce and move to the next

habitat, be it another host or as a free-living stage or gamete, in order to

complete the life cycle. When more than one host is involved, the completion

of a life cycle can appear to be a formidable task, and the means by which

parasites achieve this task rank among some of the most spectacular feats in

natural history.

The life of a parasite is thus inextricably linked with that of its host(s), and

speciation within and between hosts, as lineages of hosts and parasites

evolve, further qualifies parasitism as a unique way of life. Neither parasites

nor parasitism can be fully understood without reference to the host(s).

Once parasitic, it seems that this distinctive but highly variable life-style

cannot revert to a host-free (i.e. free-living) state. Thus, parasites are locked,

to various degrees, in evolutionary ‘arms-races’ with their host(s), and

selection proceeds at the genomic, organismal and population level for both

the parasite and the host(s) involved. Multiple hosts and complicated life

history strategies often compound the difficulty in disentangling host-

parasite interactions, but phylogenetics offers a testable framework within

which to proceed, and a foundation upon which refutable hypotheses may

be built.

Within the comprehensive, and still developing, phylogenetic toolkit are

interpretative and diagnostic tools for identifying organisms and their genes,

and methods for revealing and testing evolutionary patterns and processes.

Some of these are exclusive to, or exemplified by, parasites. This volume is a

collection of original articles including reviews and new data about parasite

taxa or other biological units common to parasites (e.g. genes), sharing an

evolutionary history. Contributors show how evolutionary relationships

within and between taxa, their genomes and their genes reveal the nature of

parasitism from the biochemical to the ecological. The interface between

phylogenetics and parasitology allows us to ask how did parasitism begin,

how did it proceed, what does it entail and, perhaps, where is it going?
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In 1996 Harvey et al. published a book entitled New Uses for New

Phylogenies (Harvey et al., 1996) in which authors gave examples to illustrate

the title. Contributors demonstrated how advances in phylogenetics and the

increasing numbers of organismal and gene phylogenies have impinged upon

population genetics, developmental genetics, biogeography, conservation,

and epidemiology. The utility of combining multiple independent data sets

estimating evolutionary rates, measuring cospeciation and resolving a variety

of old and new macroevolutionary problems with new techniques were

highlighted. This volume aims to take a similar approach with an emphasis

on new uses for new phylogenies of parasites and new uses for new

phylogenetic methods applied to parasites and the study of parasitism.

Parasitic taxa offer some of the most bizarre tales that natural history can

tell and few if any phyla can claim to be free from parasite infection.

However, rather than focus solely on a diversity of taxa that might entice a

diversity of taxon-focused parasitologists, this volume aims to display the

diversity of the phylogeneticist’s toolkit as used variously by parasitologists.

Moreover, although many groups of obligate parasites are well recognised

as monophyletic groups, as Brooks and McLennan point out, there is no

one single characteristic that delineates parasitism (Brooks and McLennan,

1993). Indeed, who knows to what extent the diversity of parasitism shapes

the diversity of organisms?

Chapters present exemplar approaches to particular parasitological

groups. However, topic selection, instead of being dictated by parasite

taxonomy, was guided by the need to detail an extensive range of

phylogeny-based applications. Necessarily, this editorial approach results

in themes applicable to many organisms, but also illustrates how the

contributors’ own unique questions and needs have benefited from a

phylogenetic approach. Nevertheless, the tree of life is visited from roots to

tips.

The first chapter shows how parasitism is integral to eukaryote structure

and function. Bryony Williams and Patrick Keeling of the University of

British Columbia, take on the task of discovering the origins of cryptic

organelles in parasitic protists and fungi. Beginning with the endosymbiosis

of eubacterial species that became mitochondria and plastids, these

organelles have subsequently evolved into a variety of entities that may or

may not have left cytological evidence for their presence. The origins and

history of the mitochondria and plastids are revealed by phylogenetic

analysis of genes (including Cpn60, HSP70 and FabI), establishing

orthology and resolving interrelationships, and by employing molecular

markers (transit peptides) to localise the organelle-like structures. That the

authors have worked on cryptic organelles in parasitic taxa further

underscores the importance of their work since the organelles, of
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prokaryotic origin and therefore with distinctive biochemistries, in turn

offer therapeutic targets for the control of their pathogenic eukaryotic hosts.

From an evolutionary point of view, the chapter also offers a useful starting

point as we are taken to some of the earliest and deepest branches of the tree

of life, and follow evolutionary histories that define eukaryotes and include

some of the most medically important parasites.

Jim Whitfield of the University of Illinois concentrates on a very different

branch of the tree of life. Not only have Hymenoptera fascinated

entomologists and parasitologists alike but they also provide a magnificent

opportunity to understand the evolution of parasitism in a successful and

species-rich clade. Using phylogenies to resolve the interrelationships of

parasitoid wasps, in particular, multiple suites of data are discussed to

illustrate what parasitism has meant for the radiation and success of the

group. Although the nature of parasitism within the group has been well

studied, giving rise to specific terminology that describes hymenopteran life

history strategies, it has only been through phylogenetic analysis that the

success of parasitism within the group can be measured. Cophylogeny

between parasitoids and their hosts and parasitoids and their own viral

parasites are also considered.

Mark Blaxter of the University of Edinburgh provides a tour de force on

the Nematoda that should at worst gratify and at best irritate the

nematologists. Few authors would be able to take on the evolution of

parasitism within this beguiling but ubiquitous and difficult phylum. Fewer

still would be able to move so swiftly between genes, genomes, proteomes,

species and beyond. Trees are used to demonstrate how nematode

phylogenetics has informed parasitologists. Trees demonstrate the origins

of parasitism within the phylum, life cycle evolution in the Strongyloidea,

nematode–bacterial symbiosis (emphasising the associations with

Wolbachia), the diversity of genomics programmes, and the evolution

of nematode HOX genes and mitochondrial genomes. Additionally, with

the first metazoan genome project ofCaenorhabditis elegans complete, a mass

of comparative data is brought to order by techniques including phyloge-

netics, a bonus to those trying to understand diseases caused by roundworm

parasitism.

Tom Cribb of the University of Queensland, Rod Bray and Peter Olson of

The Natural History Museum in London, and I concentrate on a very

different group of helminths, the Digenea. As obligate flatworm parasites,

the flukes utilise a wide variety of molluscan first hosts, variously and usually

at least one or more intermediate host and a fantastic variety of vertebrate

definitive hosts. Using a new molecular phylogeny of the Digenea, the

authors explore known host associations and see how far phylogenetics can

be used to infer the evolution of their complex life cycles. Without a fossil
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record for the group (typical for many parasites), only host associations, life

history strategies, morphology and behavior from extant taxa can be relied

upon to illuminate past events and the nature of ancestral or historical life

cycles. The challenge has been to exhume a comprehensive history whilst not

deviating from a tree-based approach. Much is gained by this attempt at

objectivity including, inevitably, the formulation of many new questions.

Stephen Rich of Tufts University and Francisco Ayala of the University of

California review the progress in malaria research and assess the extent to

which phylogenetics has become an integral component of perhaps the

biggest and most important parasite research programme. Plastid evolution,

life cycle evolution, host association and the origins and evolutionary

radiation of human malaria are discussed in the light of phylogenetics. Each

area provides further insights into how the parasite may be better understood

as well as tackled.

Serge Morand of the Campus International de Baillarguet (Montpellier)

and Robert Poulin of the University of Otago demonstrate the utility of

phylogenetics as a tool particularly useful to parasite evolutionary

ecologists. They do so by reviewing the comparative approach in its diverse

guises and through various methodological implementations. Through

worked examples, they make a plea for parasite evolutionary ecologists to

place their comparative data in a phylogenetic framework. Although on

balance the authors prefer the eigenvector method of comparative analysis,

they consider its limitations and introduce a new method for variation

partitioning in a phylogenetic context.

Michael Charleston, recently of the University of Oxford, reviews

advances in what must be the one area of parasitology where phylogenetics

needs little or no introduction. Cophylogeny mapping allows the

evolutionary radiation of host and parasites to be tracked together.

Although there are compelling reasons for following host and parasite

radiations concomitantly, any deviation from strict codivergence, as is

found usually in nature, brings with it a need to explain and optimise the

likelihood of historical scenarios that best reflects the host-parasite

association through time. Cophylogeny mapping provides methods by

which we can assess association by descent (cospeciation) and association by

colonisation (host–switching) whilst considering lineage splitting (specia-

tion) and extinction. This chapter investigates significance testing and the

theoretical and practical problems encountered in unravelling cophylogeny

in order to assess the degree to which lineages have coevolved and

codiverged. Such tangled trees are increasingly easier to disentangle but

there are still knots that may confound or lead to misinterpretation.

Alexei Drummond, Oliver Pybus and Andrew Rambaut of the University

of Oxford consider methods of inferring rates of molecular change in the
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evolutionary divergence of viruses. Viruses offer a fast-evolving example of

parasites that respond rapidly to selection and indeed usually evolve much

faster than their hosts. The authors illustrate the utility of molecular

substitution rate estimation as estimated under the broad categories of

linear regression (distance-based), maximum likelihood and Bayesian

inference methods. Worked examples employing these techniques on such

viruses as Dengue and HIV-1, include the dating of events, the estimate of

demographic parameters and an investigation of the effects of natural

selection on molecular evolution.

Finally, James McInerney and Christopher Creevey of the National

University of Ireland and I consider recent applications of phylogenetics to

distinguish adaptive molecular evolution. Such a technique may prove to be

a useful tool for the parasitologist attempting to identify genes undergoing

positive selection. Using an example from the recently sequenced genome of

Plasmodium falciparum, phylogeny-based methods are reviewed and

employed in characterising adaptive evolution in a family of surface-

exposed proteins (the Rifins). The authors conclude that recognising

adaptive molecular evolution in lineages offers greater understanding of

the molecular basis for the host–parasite response. In turn, such methods

may assist in the identification of vaccine targets.

It remains for me to thank all the contributors of this volume for

providing a collection of articles with which I am delighted, notwithstanding

my direct involvement with two. Those authors who have had to put up with

me during the development of this volume, should at least spare a charitable

thought for my colleagues who also tolerated me as a co-author. I am

indebted to the many reviewers who gave up their precious time and shared

their expert knowledge to referee the chapters critically and swiftly. Editing

a thematic volume such as this is a purely selfish exercise but one that I was

lucky enough to have had endorsed by the series editors and the support of

the authors. I thank them for their indulgence, support, and patience.
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ABSTRACT

A number of parasitic protists and fungi have adopted extremely specialised

characteristics of morphology, biochemistry, and molecular biology, some-

times making it difficult to discern their evolutionary origins. One aspect

of several parasitic groups that reflects this is their metabolic organelles,

mitochondria and plastids. These organelles are derived from endosymbiosis

with an alpha-proteobacterium and a cyanobacterium respectively, and are

home to a variety of core metabolic processes. As parasites adapted, new

demands, or perhaps a relaxation of demands, frequently led to significant

changes in these organelles.At the extreme, the organelles are degenerated and

transformed beyond recognition, and are referred to as ‘‘cryptic’’. Generally,

there is no prior cytological evidence for a cryptic organelle, and its presence is

only discovered through phylogenetic analysis ofmolecular relicts followedby

their localisation to organelle-like structures. Since the organelles are derived

from eubacteria, the genes for proteins and RNAs associated with them are

generally easily recognisable, and since the metabolic activities retained in

these organelles are prokaryotic, or at least very unusual, they often serve as an

important target for therapeutics. Cryptic mitochondria are now known in

several protist and fungal parasites. In some cases (e.g., Trichomonas), well

characterised but evolutionarily enigmatic organelles called hydrogenosomes

were shown to be derived frommitochondria. In other cases (e.g., Entamoeba

andmicrosporidia), ‘‘amitochondriate’’ parasites have been shown toharbour

a previously undetected mitochondrial organelle. Typically, little is known

about the functions of these newly discovered organelles, but recent progress

in several groups has revealed a number of potential functions. Cryptic

plastids have now been found in a small number of parasites that were not

previously suspected to have algal ancestors. One recent case is the discovery

that helicosporidian parasites are really highly adapted green alga, but the

most spectacular case is the discovery of a plastid in the Apicomplexa.

Apicomplexa are very well-studied parasites that include themalaria parasite,

Plasmodium, so the discovery of a cryptic plastid in Apicomplexa came as

quite a surprise. The apicomplexan plastid is now very well characterised and

has been shown to function in the biosynthesis of fatty acids, isopentenyl

diphosphate and heme, activities also found in photosynthetic plastids.

1. INTRODUCTION

The fundamental difference between prokaryotes and eukaryotes is

the compartmentalisation of the cell. The primary defining feature of
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eukaryotic cells is the enclosure of the bulk of their DNA within the

nucleus, and eukaryotes are further characterised by the compartmenta-

lisation of numerous cellular processes within membrane-bounded

structures, or organelles. These include the Golgi apparatus, endoplasmic

reticulum, peroxisomes, lysosomes, endosomes, mitochondria and plastids.

The origins of these structures have been the subject of considerable

debate and speculation for which there are two generally contrasting

possibilities: an autogenous origin (i.e., derived from within the cell) versus

an endosymbiotic origin (i.e., from a merger of two cells). The

endomembrane system – composed of the endoplasmic reticulum, Golgi

apparatus, endosomes, lysosomes, and the nucleus – is a continuous

system and is widely held to have originated autogenously by invagination

of vesicles of the plasma membrane. The nucleus has, from time to time,

been suggested to be derived from an endosymbiotic bacterium based on a

variety of rationales (e.g., Lake and Rivera, 1994; Lopez-Garcia and

Moreira, 1999). However, the fact that the nucleus is continuous with the

endomembrane system cannot easily be explained by phagocytosis of a

bacterial cell, and endosymbiotic models for nuclear origins often

mistakenly claim it to be a double membrane-bounded organelle, but it

is really a single membrane folded on itself. Therefore, the more widely

held view is that the nucleus resulted from the infolding of a primitive

endoplasmic reticulum (Cavalier-Smith, 1991b). Similarly, the peroxisome

has been proposed to be derived from a bacterial endosymbiont, partly

based on the observation that they appear to grow and divide by fission

(Lazarow and Fujiki, 1985). However, peroxisomes have no genome with

which to trace a possible exogenous origin and, furthermore, it has been

shown that their replication is dependent on the endoplasmic reticulum –

suggesting a possible relationship to the endomembrane system (Titorenko

et al., 1997). The current view thus appears to be that peroxisomes are also

autogenously derived organelles (Martin, 1999; Cavalier-Smith, 2002). In

contrast, it is now abundantly clear, based on a variety of evidence from

morphology, biochemistry, and molecular phylogeny, that mitochondria

and plastids are derived exogenously from endosymbiosis events involving

eubacteria.

Mitochondria and plastids are structurally very distinctive and are almost

universally recognisable by their characteristic features. The mitochondrion

is often considered one of the defining structures of the eukaryotic cell and

is thought to be virtually ubiquitous in this group. The plastid is similarly

considered a defining feature of plants and algae. However, striking

variations on the basic structure of these organelles do exist and, not

surprisingly, this is most often seen when organisms make extreme adaptive

changes that create new demands on the metabolic pathways that these

CRYPTIC ORGANELLES IN PARASITIC PROTISTS AND FUNGI 11



organelles harbour. One common circumstance that appears to drive such

change is the adaptation to a parasitic way of life.

In many groups of parasitic eukaryotes, the mitochondria and plastids

have been substantially altered in morphology and biochemistry. Whilst

these peculiar organelles are interesting from an evolutionary perspective, a

thorough understanding of them also offers practical gains: they frequently

contain unique biochemical pathways not found in other eukaryotes, and

these differences provide new potential drug targets (McFadden and Roos,

1999). At its most extreme, parasitism leads to such a significant alteration

in the organelle’s ultrastructural features and biochemical pathways that

they are no longer recognisable, and become ‘‘cryptic’’ organelles.

Fortunately, in the case of mitochondria and plastids, their relict bacterial

genome or other molecular clues can be used to find these organelles and

determine their evolutionary origin, even when all other archetypal features

have been lost. Here we review a number of instances in which mitochondria

and plastids in parasitic protists and fungi have been modified to the extent

that they are difficult to recognise. In each case, reconstructing molecular

phylogenies has been instrumental in identifying the evolutionary origin of

these organelles, in determining their function by identifying which enzymes

and biochemical pathways are localised to the organelle, or even in hinting

at the very existence of the organelles themselves.

2. THE ORIGIN OF MITOCHONDRIA AND PLASTIDS

BY ENDOSYMBIOSIS

2.1. Mitochondria

As previously stated – mitochondria are unquestionably derived from

endosymbiosis. Mitochondria were first recognised under the light micro-

scope in the 1850s and approximately 100 years later they were recognised as

housing the components of fatty acid oxidation, respiration, and oxidative

phosphorylation, leading to the label, the ‘powerhouse of the cell’ (Kennedy

and Lehninger, 1949). Fifty years on, mitochondria have been shown to

have far wider roles than solely ATP production, and it is now known that

their other essential functions include iron sulphur cluster assembly and

export, and programmed cell death, amongst others (Kroemer et al., 1995;

Lill et al., 1999). Surprisingly, as early as 1890 mitochondria were suggested

to be autonomous structures derived from symbiotic bacteria (Altmann,

1890). This hypothesis was resurrected several times over the next century,

but was not widely accepted until its popularisation during the 70s and 80s.
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The debate over the endosymbiotic origin of mitochondria cannot be

separated from the parallel debate over the origins of plastids, although

the evidence for the endosymbiotic origin of mitochondria lagged behind

the much clearer case for plastids (see below). By 1982 a long list of

characteristics suggested very strongly that plastids had an endosymbiotic

origin (Gray and Doolittle, 1982). These included the sensitivity of

chloroplast protein synthesis to anti-bacterial antibiotics, biochemical and

ultrastructural similarities to cyanobacteria, ribosomes with a eubacterial

sedimentation coefficient, and, most importantly, the presence of a small

genome that retained several eubacterial features. Several such character-

istics were also found for mitochondria, but the endosymbiotic origin of the

mitochondrion from a prokaryotic cell was unequivocally established by

the discovery and phylogenetic analysis of its genome. The mitochondrial

genome is generally, but not always, a single circular chromosome, and is

highly reduced compared with the genomes of its autonomous eubacterial

relatives (Gray and Spencer, 1996; Gray et al., 2001) (Table 1). Nevertheless,

it contains a variety of genes now known to be eubacterial in nature. This

was first revealed through phylogenetic analysis based on cytochrome C

protein sequences and small subunit ribosomal RNA (SSU rRNA)

(Schwartz and Dayhoff, 1978; Yang et al., 1985). SSU rRNA phylogeny

clearly placed mitochondria closer to prokaryotes than to eukaryotes, and

Table 1 Size and characteristics for organellar genomes.

Organism Organelle Genome

Homo (animal) mitochondrion 16.5 kbp, circular

Saccharomyces (fungus) mitochondrion 85.8 kbp, circular

Arabidopsis (plant) mitochondrion 367 kbp, linear (?)

Porphyra (red alga) mitochondrion 36.8 kbp, circular

Plasmodium (apicomplexan) mitochondrion 6 kbp, linear

Reclinomonas (jakobid) mitochondrion 69 kbp, circular

Entamoeba (archamoeba) mitosome Uncertain

Encephalitozoon (microsporidian) mitosome None

Trichomonas (parabasalian) hydrogenosome None

Neocallimastix (chytrid fungus) hydrogenosome None

Nycotherus (ciliate) hydrogenosome present, but uncharacterised

Arabidopsis (plant) plastid 154.5 kbp, circular

Epifagus (parasitic plant) plastid 70 kbp, circular

Porphyra (red alga) plastid 191 kbp, circular

Plasmodium (apicomplexan) plastid (apicoplast) 35 kbp, circular

Prototheca (green alga) plastid 54 kbp, circular

Helicosporidium (green alga) plastid present, but uncharacterised
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also allowed the identification of the closest ancestral lineage of the

mitochondrion, the alpha subdivision of the proteobacteria (Yang et al.,

1985). Interestingly, this ancestor was previously proposed on the basis of

biochemical data (Whatley, 1981), and has now been widely supported by

the analysis of key genomic sequences (Kurland and Andersson, 2000).

The origin of the mitochondrion is thought to have occurred something

like the process shown in Figure 1. In this simplified scheme, an early

eukaryote, or perhaps a protoeukaryote (it is not certain that this organism

possessed a nucleus at this point) engulfed an alpha-proteobacterial cell.

This suggests that the host must have at least developed a system for

phagocytosis, and therefore the eukaryotic cytoskeleton was likely a key

innovation that allowed the evolution of organelles by endosymbiosis

Figure 1 Schematic of the endosymbiotic origin of mitochondria. (A) A
heterotrophic eukaryote (or some proto-eukaryote) engulfed an alpha-proteobacter-
ium and (B) retained it within the cytoplasm, losing the membrane of the phagocytic
vacuole. As the endosymbiotic relationship progressed (C), the endosymbiont lost
genes no longer necessary and transferred others to the nuclear genome of the host.
A system was established to target proteins to the organelle using an N-terminal
leader sequence called a transit peptide (TP), so that protein products of transferred
genes are localised to the organelle. A schematic of one such protein is shown in (D).
All canonical mitochondria possess a small relict genome, but several mitochon-
drion-derived organelles have lost the genome altogether.
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(Stanier, 1970). In any case, rather than digesting this alpha-proteobacter-

ium for nutrients, it was retained in the cytosol for reasons that are not

presently established. Various theories have been put forward to explain this

association, which have been discussed elsewhere (e.g., Martin and Müller,

1998; Gupta, 1999; Lopez-Garcia and Moreira, 1999; Kurland and

Andersson, 2000). The endosymbiont and host then became increasingly

mutually dependent and integrated. Part of this process was a large-scale

reduction of the endosymbiont at many levels. Many structural and

biochemical characteristics of the bacterium were discarded, including the

peptidoglycan wall, flagella, as well as most of its biochemical versatility. At

the molecular level, this reduction meant a significant decrease in size of the

endosymbiont genome (Gray et al., 1999; Kurland and Andersson, 2000).

Much of this reduction reflects the loss of a large number of genes as their

products became unnecessary, but the mitochondrial genome is still far too

small to encode all of the genes required for those structural, biochemical,

and housekeeping functions retained by the organelle. Most of these genes

were transferred to the nucleus of the host cell, and their protein products

are translated by cytosolic ribosomes and post-translationally targeted to

the mitochondrion. This post-translational targeting system is generally

mediated by distinctive N-terminal leader sequences called transit peptides

on proteins bound for the mitochondrion. These are recognised by protein

complexes in the outer and inner membranes of the mitochondrial envelope

(Pfanner and Geissler, 2001). Many of the proteins in these membrane

complexes are referred to as TIMs and TOMs (Translocation Inner

Mitochondrial membrane and Translocation Outer Mitochondrial mem-

brane, respectively), and these are assisted by several molecular chaperones

that refold the proteins as they cross the membranes.

The near-ubiquitous distribution of mitochondria across the eukaryotic

tree implies that the endosymbiotic origin of mitochondria occurred at an

early stage of eukaryotic evolution, earlier than the endosymbiosis that

gave rise to plastids. This suggests that eukaryotes that appear to lack

mitochondria may represent extremely ancient eukaryotic lineages that

diverged from a pre-mitochondrial ancestor. This idea was formalised in

the Archezoa hypothesis, in which organisms that were thought to be

primitively amitochondriate were placed within a paraphyletic group at

the base of the eukaryotic tree (Cavalier-Smith, 1983, 1987). This group

included the microsporidia (e.g., Encephalitozoon), the parabasalids

(e.g., Trichomonas), the diplomonads (e.g., Giardia), retortomonads and

oxymonads, and the Archamoebae (e.g., Entamoeba). Phylogenetic analysis

of the first molecular data from these organisms appeared to provide

stunning support for this theory: the SSU rRNA from microsporidia,

Parabasalia, and diplomonads all clustered at the base of the eukaryotes
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with strong support (Vossbrinck et al., 1987; Sogin et al., 1989; Sogin, 1989).

Initial analyses of protein-coding genes also supported this view (Hashimoto

et al., 1994; Shirakura et al., 1994; Kamaishi et al., 1996a,b) and the

phylogenetic debate was centred largely on which archezoan was the most

primitive of all (Leipe et al., 1993). In the end, phylogenetic analyses of other

genes demonstrated that none of the Archezoa were primitively amito-

chondriate (discussed below), and there is currently no direct evidence that

any primitively amitochondriate eukaryote exists today.

2.2. Plastids

Plastids are the cellular compartments of plants and algae where

photosynthesis takes place. The term plastid is a general term for any

photosynthetic organelle and all their non-photosynthetic derivatives. Other

terms refer to specific functional or phylogenetic subsets of plastids. For

example, chloroplasts are photosynthetic plastids of plants, green algae and

their derivatives (e.g., those of Chlorarachnion and Euglena – see below),

while cyanelles are the plastids of glaucophyte algae. Some examples of

functionally defined subsets of plastids include a variety of non-photo-

synthetic organelles such as leucoplasts, amyloplasts, and eliaoplasts.

As with mitochondria, there is now an abundance of evidence from

morphology, biochemistry, cell biology, and molecular sequences support-

ing an endosymbiotic origin of plastids from a cyanobacterium (McFadden,

2001). Indeed, the first musings of a possible endosymbiotic origin of any

organelle came from observing plastids under the light microscope

(Schimper, 1883; Mereschkowsky, 1905). This idea received little attention

for some time, but was rekindled in the mid-20th century for a number of

the same reasons discussed for mitochondria, most importantly the

discovery that the organelle contained DNA (Stocking and Gifford,

1959). Plastid genomes are, like most mitochondrial genomes, composed

of a single circular chromosome that is highly reduced, but generally not so

reduced as mitochondrial genomes (see Table 1).

It has been clear for some time that all plastids are derived from

cyanobacteria. In addition to a strong relationship between nearly all plastid

genes and their cyanobacterial homologues, plastids and cyanobacteria

share a large number of extremely detailed and unique biochemical

characteristics relating to photosynthesis. There are four bacterial groups

where photosynthesis takes place, but the cyanobacteria and plastids are

unique in possessing both photosystems I and II, and by generating

molecular oxygen by splitting water molecules (Blankenship, 1994). While

the cyanobacterial origin of plastids is not disputed, the huge diversity of
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plastid types, together with the even greater diversity of host cells in which

plastids are found led to a great deal of controversy over the origin

of plastids and their subsequent evolutionary history. Part of this

controversy resulted from the fact that plastids are scattered all over the

tree of eukaryotes: a number of algae are clearly more closely related to

non-photosynthetic protists than to other groups of algae (e.g., the

photosynthetic Euglena and the non-photosynthetic Trypanosoma). Such a

distribution is consistent with multiple independent plastid origins, but

the truth turned out to be much stranger. Unlike mitochondria, where

the eubacterium was engulfed, retained and inherited faithfully thereafter,

plastids have continued to spread from eukaryote-to-eukaryote by a process

called secondary endosymbiosis (Archibald and Keeling, 2002). In this case

(Figure 2), primary endosymbiosis refers to the engulfment and retention of

the cyanobacterium by a eukaryote, which gave rise to so-called ‘primary

plastids’ found in glaucocystophytes, red algae, green algae, and plants

(which evolved from green algae). While this is a large and diverse collection

of algae, it is only a fraction of the total diversity of photosynthetic

eukaryotes. Most algal groups acquired photosynthesis by engulfing one of

these primary algae (either a red or a green, never a glaucocystophyte), and

converting this primary alga into an organelle by a process of reduction

and gene transfer similar to what is seen in primary endosymbiosis. In

most cases, this process resulted in a plastid distinguished only by extra

membranes corresponding to the phagosomal membrane of the secondary

host and the plasma membrane of the primary alga (dinoflagellates and

euglenids have only three membranes and it is thought that the primary

algal plasma membrane has been lost in these plastids). In two cases,

however, a relict algal nucleus with a miniaturised genome also persisted

between the second and third membranes (McFadden et al., 1997).

An understanding of secondary endosymbiosis helps explain plastid

diversity and shows quite clearly how plastids can be distributed across the

tree of eukaryotes, but it leaves a few questions unsolved, and raises a few

new ones. There has long been a debate over whether plastids ultimately

trace back to a single primary endosymbiosis or whether they arose by

several independent endosymbiotic events involving different cyanobacteria.

Currently, two lines of evidence very strongly favour the former hypothesis.

First, in practically all phylogenies that have been constructed, the plastids

form a single clade within the cyanobacteria. Second, certain characteristics

of the plastid proteomes and genomes are unique to plastids. Such features

include the rRNA inverted repeat, the so-called plastid superoperon, and

three-helix light-harvesting antennae proteins, none of which are found

in cyanobacteria (Palmer, 2003). Between these characteristics and the

phylogenetic trees, there is no good evidence for multiple origins of plastids
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Figure 2 Schematic of the endosymbiotic origins and spread of plastids. (A–D) In
events similar to the origin of mitochondria (Figure 1), a heterotrophic eukaryote
engulfed and retained a cyanobacterium. The endosymbiont and host were
integrated in a process involving many gene losses and gene transfers, and the
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(see Stiller et al., 2003), although one interesting potential exception is a

little known amoeba called Paulinella chromatophora, which may have

independently acquired its plastid (Kies, 1974). In addition, the discovery

that plastids could be transferred from one lineage to another has led to

considerable debate as to how many times this has happened and what kinds

of cells were involved. Current evidence favours three secondary endosym-

biotic events: two involving green algae and one involving a red alga (see

Figure 3), the latter being discussed in more detail below.

Secondary endosymbiosis also has profound implications for protein

trafficking. Primary plastids, like mitochondria, have transferred the bulk of

their genetic material to the host nucleus, and the protein products of these

genes are post-translationally targeted to the plastid. There is some variation

in the method of translocation, but typically a transit peptide is recognised

by membrane proteins called TICs and TOCs (Translocation Inner

Chloroplast membrane and Translocation Outer Chloroplast membrane,

respectively), and the protein is moved across both membranes using these

protein complexes and several molecular chaperones, much like protein

translocation in mitochondria (Cline and Henry, 1996; Hiltbrunner et al.,

2001). Secondary plastids, however, are not actually in the cytoplasm of the

secondary host, but are in the endomembrane system (the outermost

membrane is derived from the phagosome of the secondary host). Proteins

expressed in the cytosol of these cells are not exposed to the TOCs, and

could not be targeted with a transit peptide alone. All algae with secondary

plastids have overcome this problem in the same general fashion: plastid-

targeted proteins encode complex, bipartite leaders with a signal peptide

followed by a transit peptide (some have additional information to move the

establishment of a protein-targeting apparatus similar to that of mitochondria. These
plastids (D) are called primary plastids and are found in glaucocystophytes, red
algae, green algae, and land plants. Proteins are targeted to primary plastids using a
system much like that of mitochondria, and these proteins have N-terminal transit
peptides as shown in (D). In secondary endosymbiosis (E–F), a second heterotrophic
eukaryote then engulfs and retains one of these primary plastid-containing algae,
and the eukaryotic algae is itself reduced to an organelle. This involves the transfer
of many genes from the algal nucleus to the new host nucleus (G), and the
establishment of a more complex protein-targeting system (H) to direct the protein
products of these genes to the plastid via the endomembrane system using a signal
peptide (SP), as well as the original transit peptide (TP). A schematic of a protein
with such a complex leader is shown in (H). Secondary plastids are found in
euglenids, chlorarachniophytes, cryptomonads, heterokonts, haptophytes, dinofla-
gellates, and apicomplexans. All plastids contain a small genome, and in two cases,
the secondary endosymbiotic algal nucleus has been retained in a much degenerated
state.
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protein to the thylakoid within the plastid). The signal peptide directs the

partially translated protein and ribosome to the rough endoplasmic

reticulum, where the protein is inserted into the endomembrane system

co-translationally, thus crossing the outermost membrane (McFadden,

1999). The transit peptide ensures that the protein can pass through the two

Figure 3 Schematic of the evolutionary history of plastids in eukaryotes. Primary
endosymbiosis involving a cyanobacterium (Top) led to glaucocystophytes, red
algae, and green algae (plants are derived from green algae). Three secondary
endosymbiosis (Bottom) involving two independent green algae (Right) and one red
alga (Left) resulted in the remaining plastid-containing eukaryotes. The single origin
of all red algal secondary plastids has been demonstrated phylogenetically, and has
important implications for the plastids of several parasitic protists.
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inner, cyanobacterium-derived membranes, but how the protein crosses the

membrane derived from the primary algal plasma membrane is unknown.

This added complexity in targeting is a signature for nuclear genes encoding

proteins targeted to secondary plastids.

3. CRYPTIC ORGANELLES AND HOW TO FIND THEM

In most eukaryotes, mitochondria appear normal and function in the

expected way. Similarly, virtually all algae are photosynthetic and their

plastids are easily distinguishable and function normally. Even in cases

where an alga has lost photosynthesis secondarily, the plastid is generally

easily recognisable (Sepsenwol, 1973; Siu et al., 1976; Sekiguchi et al., 2002).

In certain cases, however, the evolutionary specialisation of a group has

been more extreme, and one reflection of this can be a reduction or

transfiguration of the organelle beyond recognition. Very often these

cytologically unrecognisable, or cryptic organelles were overlooked, and

the organism was considered to be amitochondriate or aplastidial until

closer inspection revealed an organelle drastically different in morphology

and biochemistry than its antecedents.

One mode of life that often precipitates extreme evolutionary adaptation

is parasitism. Many parasites are otherwise quite normal, but certain groups

have evolved extremely sophisticated modes of parasitism, increasingly

adapting to infect other organisms or other cells, typically at the expense

of autonomy. Often, but not always, the most highly adapted parasites are

extremely dependent upon their host. As a result they have discarded a

number of biochemical capabilities, significantly altered their cellular

morphology, and re-tooled their metabolism to take advantage of their

new niche. In some cases it is difficult to know whether the adaptation to

parasitism drove these changes, or if these cells were strange free-living

organisms that later adapted to parasitising other cells. In either case,

parasites offer an abundance of variation in many of the core components of

the eukaryotic cell, not the least of which are organelles.

In the case of the mitochondrion, the otherwise ubiquitous nature of the

organelle has always drawn immediate attention to any eukaryote that lacks

it (Müller, 1992; Embley and Hirt, 1998; Sogin and Silberman, 1998; Lang

et al., 1999; Keeling and Fast, 2002). Moreover, many amitochondriates are

important parasites, in part because one of the abundant anoxic niches

available to amitochondriates is inside other cells or organisms.

Accordingly, there has been considerable effort put into actively looking

for mitochondria in many putative amitochondriate parasites. Electron
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microscopy and biochemical analysis have both been applied to many of

the amitochondriate parasites, but these organisms are highly adapted to

living in anoxic or microaerophilic environments, so it is perhaps (in

retrospect) not surprising that mitochondria were often not readily appar-

ent by either means. Mitochondrial DNA was also sought, but in the

vast majority of cases was not found (see below). In a special relative of

mitochondria, hydrogenosomes, the actual organelle was discovered and

well characterised cytologically and biochemically (Lindmark and Müller,

1973), but these are so unlike mitochondria in form and function that

their relationship to mitochondria was not obvious at the time (Müller,

1973, 1993, 1997).

Ultimately, the secrets of cryptic mitochondria were given up by the

nuclear genome of the host. Recall that the genomes of normal mitochondria

are highly reduced: those genes that have been retained in most

mitochondrial genomes encode proteins involved in gene expression or

respiration, and these genes (and therefore the genome itself) would probably

be lost relatively quickly if the organism adapted to an anoxic environment.

However, most mitochondrial genes were transferred to the host nucleus and

the proteins are post-translationally targeted to the organelle (Figure 1). It

was reasoned that even if the organelle was significantly altered (and perhaps

even if completely lost) some of these mitochondrion-derived proteins would

retain an indispensable activity and the genes would remain in the nucleus

(Clark and Roger, 1995). The genes that were most widely chosen to search

for clues of a cryptic mitochondrion were molecular chaperones (heat shock

proteins) that are part of the protein import system of all mitochondria. In

most cases, genes encoding the 60 kDa chaperonin (Cpn60) or the 70 kDa

class of heat shock protein (HSP70) were the critical markers for missing

mitochondria, although HSP10, pyridine nucleotide transhydrogenase,

and pyridoxal-50-phosphate-dependent cysteine desulfurase also played

important roles in the search (Clark and Roger, 1995; Bui et al., 1996;

Germot et al., 1996, 1997; Horner et al., 1996; Hirt et al., 1997; Peyretaillade

et al., 1998; Roger et al., 1998; Morrison et al., 2001; Tachezy et al., 2001;

Williams et al., 2002). Chaperones involved in protein import were

logical choices because their activity is critical, no matter what the

function of the organelle may be, and because they are typically highly

conserved and well-sampled genes that are amenable to molecular

phylogenies. Finding these genes and demonstrating that they are phyloge-

netically related to other mitochondrial homologues, provides compelling

evidence that the organisms in which they are found are descended from

mitochondriate ancestors, but it does not necessarily prove that they

still harbour the organelle, despite the fact that in many cases the proteins

were found to encode N-terminal leaders that resembled transit peptides
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(Clark and Roger, 1995; Bui et al., 1996). The most important evidence for

the presence of the organelle itself comes from using the proteins as markers

for the organelle by immunocytochemistry. By raising antibodies against the

newly characterised mitochondrial chaperones it is possible to determine

where in the cell these proteins accumulate, and to find the organelle (e.g.,

Mai et al., 1999; Tovar et al., 1999; Williams et al., 2002).

The situation with plastids is much different than that of mitochondria,

since plastids are restricted in distribution by virtue of their relatively late

introduction into eukaryotes (Archibald and Keeling, 2002). Accordingly, a

plastid-lacking eukaryote does not attract much attention based on that

character alone unless it is demonstrated to have evolved from photo-

synthetic ancestors. Therefore, cryptic plastids have been discovered by two

different routes: an unusual organism is found to have evolved from an alga

and the plastid is then sought directly, or a cryptic plastid is discovered quite

by chance in an organism where it is not expected to exist.

Also, in contrast to the situation with mitochondria, outright loss of the

plastid genome seems to be extremely rare, even in the most highly derived

plastids (although see Nickrent et al., 1997b). Why this is the case is not

clear, but in general, plastid genomes are less reduced than those of

mitochondria and encode genes relating to a greater diversity of metabolic

processes than mitochondrial genomes (Wolfe et al., 1992; Nickrent et al.,

1998; Palmer and Delwiche, 1998; Gray, 1999). Most organelle genes encode

components of the gene expression machinery, so they are not intrinsically

essential (i.e., if the genome is lost, they are no longer essential). In the

mitochondria, most other genes are for proteins involved in respiration,

so if respiration were lost, the genome would also presumably be lost. In

contrast, plastid genomes generally encode proteins involved in a number of

processes other than transcription, translation, and photosynthesis, which

may make it more difficult for a plastid genome to be eliminated. The

retention of a genome also has important practical implications. It means

that the cell retains many more direct and obvious molecular clues with

which to investigate the presence of a plastid, and the localisation of the

organelle can be much more straightforward technically, since the genome

or its rRNA gene products can be the target for localisation (which requires

DNA probes) rather than proteins encoded by nuclear genes (which requires

antibodies).

Even when a cryptic organelle is detected and identified, however, the

mystery is only partly solved, since the major question is, ‘‘what is it doing

in the cell?’’ Below, we will outline the history of the discovery of several

cryptic mitochondria and plastids in a variety of important parasitic protists

and fungi, and we will bring together the (sometimes scant) evidence for

what role these unusual organelles play in their hosts.
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4. CASE HISTORIES – MITOCHONDRIA

4.1. Hydrogenosomes

Hydrogenosomes were first described biochemically in 1973 in the

parabasalian parasite, Tritrichomonas foetus (Lindmark and Müller, 1973).

Although the structure corresponding to this organelle had been previously

recognised in other trichomonad Parabasalia, it was assumed to be an

aberrant peroxisome or mitochondrion. However, Lindmark and Müller

recognised that the organelle housed a unique biochemistry, in which mole-

cular hydrogen was produced through the oxidation of pyruvate, distinguish-

ing it from both peroxisomes and mitochondria. Hydrogenosomes have

subsequently been discovered to be common to all parabasalids, and have

also been found in a variety of other phylogenetically distantly related

organisms, including certain anaerobic ciliates and chytrid fungi. Ultrastruc-

tural data also suggest that hydrogenosomes may be present in the amoe-

boflagellate heterolobosean Psalteriomonas lanterna (Broers et al., 1990),

the euglenozoan Postgaardi mariagerensis (Simpson et al., 1997), Trimastix

pyriformis (O’Kelly et al., 1999), and the enigmatic flagellate Carpediemonas

membranifera (Simpson and Patterson, 1999), which is closely related to

diplomonads and retortamonads (Simpson et al., 2002). However, there is

currently little biochemical data about the activities of these organelles.

All hydrogenosome-bearing organisms are linked by the ecological trait

of living in anaerobic or microaerobic environments and, where it has been

examined, the organelle produces ATP using hydrogen rather than oxygen

as the terminal electron acceptor (Müller, 1993). The hydrogenosomes

from each of these organisms contain comparable, though not identical

biochemistry (Hackstein et al., 1999). The long history of hydrogenosome

research indicates that these are not, strictly speaking, ‘‘cryptic’’ organelles,

however, their evolutionary origins and the relationships between hydro-

genosomes in various groups have been a source of much debate.

4.1.1. Ciliate hydrogenosomes

While most ciliates are aerobic and contain typical mitochondria, a small

number of ciliates have been found to contain hydrogenosomes (Fenchel and

Finlay, 1995). These anaerobes are typically found in anoxic freshwater and

marine sediments or in the rumen or caecum, where they exist in complex

associations with their animal hosts and other anaerobic protists and fungi.

The hydrogenosomes of these ciliates have not been studied in detail, but
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their metabolism has been worked out to some extent (Müller, 1993), and

their hydrogenosomes have received ever greater attention in recent years.

It is evident that the hydrogenosome-containing ciliates and chytrid fungi

both evolved from mitochondriate ancestors, as most ciliates and fungi are

mitochondriate and the hydrogenosome-containing members are phylogen-

etically positioned well within these otherwise mitochondriate groups. Given

that the hydrogenosomal ciliates and fungi all lack mitochondria, it has

generally been considered most parsimonious that the hydrogenosomes in

these groups evolved from pre-existing mitochondria (Embley and Hirt,

1998). This is especially clear in ciliates, since their hydrogenosomes are

bound by a double membrane and ultrastructurally similar to the

mitochondrion (Embley et al., 1997). Molecular phylogenies based on SSU

rRNA have shown that hydrogenosome-bearing ciliates do not form a

monophyletic group, but instead have originated independently several times

in ciliate evolution. This is further evidence favouring the hypothesis that

ciliate hydrogenosomes evolved from mitochondria, as several convergent

endosymbioses are conceivably unparsimonious (Embley et al., 1995).

More recently, definitive evidence for the mitochondrial origin of a ciliate

hydrogenosome has been produced, as a genome has been discovered in the

hydrogenosome of Nyctotherus ovalis. This was demonstrated by showing

co-localisation of the staining pattern of an anti-hydrogenase antibody with

an anti-DNA antibody within the hydrogenosome (Akhmanova et al.,

1998). This evidence was corroborated by the amplification of a eubacterial-

like SSU rRNA gene from several strains of Nytotherus ovalis, which

branched with mitochondrial SSU genes from other ciliates in phylogenetic

analyses (Hackstein et al., 1999). One would expect that this SSU rRNA

would also localise to the hydrogenosome of Nyctotherus and that it would

be encoded on the hydrogenosomal genome. However, the location of the

SSU transcript is still unknown and it is not known which genes are encoded

in the Nyctotherus hydrogenosomal genome. Characterisation of this

genome promises to be fascinating, as other hydrogenosomes apparently

do not possess genomes (Clemens and Johnson, 2000). It will be interesting

to see what genes were retained and why the genome was maintained as the

Nyctotherus mitochondrion was metabolically transformed (Palmer, 1997).

4.1.2. Chytrid hydrogenosomes

As with ciliates, most chytrid fungi are aerobic and contain mitochondria,

but a small group of anaerobic chytrids is found in the alimentary tract of

large herbivorous mammals, the best-studied being Neocallimastix. In

the case of the chytrids, the debate has largely focused on whether
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the hydrogenosome evolved from a mitochondrion or a peroxisome. The

chytrid hydrogenosome was initially thought to be bound by a single

membrane until it was shown to be double membrane-bounded using freeze

fracture and standard electron microscopy using membrane preserving

methods (Benchimol et al., 1997; van der Giezen et al., 1997). Thus, in this

respect, it is morphologically similar to the mitochondrion and not the

peroxisome. Peroxisomal targeting signals were thought to be present in

Neocallimastix hydrogenase proteins based on cross-reactivity between

this hydrogenosomal protein and an antibody raised to the peroxisomal

targeting signal 1 (PTS1), a motif consisting of a C-terminal SKL motif

(Marvin-Sikkema et al., 1993). This was interpreted as indicating an

evolutionary relationship between the fungal hydrogenosome and peroxi-

some. However, sequencing of the Neocallimastix hydrogenase gene

revealed that it did not encode an SKL motif, but rather an N-terminal

extension resembling a targeting peptide (Davidson et al., 2002).

Furthermore, Neocallimastix hydrogenosomal proteins have been shown

to contain targeting peptides recognised by the yeast mitochondrial import

system. When the yeast Hansenula polymorpha was transfected with the

Neocallimastix hydrogenosomal malic enzyme, it was imported into the

mitochondrion rather than the peroxisome (van der Giezen et al., 1998).

Now, phylogenetic analyses have also shown that the Neocallimastix AAC

transporter, a hydrogenosomal membrane protein responsible for the

import of ADP and export of ATP, is closely related to the mitochondrial

AAC carrier (van der Giezen et al., 2002). Taken together, the evidence

strongly favours an hypothesis where the fungal hydrogenosome has in fact

evolved from a mitochondrion.

4.1.3. Parabasalian hydrogenosomes

Parabasalia are a very large and extremely diverse group of protists,

virtually all of which are found in some sort of association with animals.

Most Parabasalia are innocuous or even essential to their hosts’ survival

(e.g., in the termite hindgut environment: Yamin, 1979), but others are

important pathogens. Trichomonas vaginalis is a sexually transmitted human

parasite infecting 170 million people each year and, as such, is the most

common non-viral sexually transmitted disease. It causes genitourinary tract

infections and increases susceptibility to HIV infection and cervical cancer,

as well as increasing the risk of perinatal complications (Petrin et al., 1998).

The current drug of choice for treatment is metronidazole. This drug’s

specificity relies on activation by the hydrogenosomal enzyme pyruvate:

ferredoxin oxidoreductase (PFOR) (Müller and Lindmark, 1976).
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The parabasalian hydrogenosome was the first to be characterised, and is

currently the best studied in terms of biochemistry and cell biology. Initial

reports suggested that parabasalid hydrogenosomes were bound by a single

membrane (Lindmark and Müller, 1973), but it is now known that they are

bound by a double membrane, as is the case with mitochondria (Benchimol

and DeSouza, 1983). Furthermore, although one uncorroborated study did

report circular DNA in trichomonad hydrogenosomes (Cerkasovova et al.,

1976), it is now clear that those parabasalian hydrogenosomes that have

been most closely examined lack DNA (Clemens and Johnson, 2000). The

metabolism of parabasalian hydrogenosomes has been worked out in detail,

and all the key metabolic enzymes from T. vaginalis have been characterised

and their genes sequenced. These genes possess amino-terminal extensions

that look something like mitochondrial targeting transit peptides, although

they are by no means canonical (Bradley et al., 1997). Even with these data,

however, the origin of the organelle was not entirely clear. Unlike the

chytrids and ciliates, there was no certain indication that Parabasalia

evolved from mitochondrial ancestors, so our understanding of the origin of

the parabasalian hydrogenosome has been strongly influenced by our

understanding of the evolutionary history of the host cell.

In contrast to ciliates and chytrids, parabasalids were once widely

considered to be primitively amitochondriate organisms, members of the

Archezoa, supposedly diverging from other eukaryotes prior to the

endosymbiotic origin of mitochondria (Cavalier-Smith, 1983). Based on

this perceived phylogenetic position, it was thought that the parabasalian

hydrogenosome must have originated independently of the mitochondrion,

either by an endogenous or alternative endosymbiotic origin. Indeed, even

before the Archezoa hypothesis was formulated, it was suggested that

hydrogenosomes might have originated from an endosymbiotic event with a

Clostridium-like bacterium, as the enzymes PFOR and hydrogenase were

not thought to occur in any other eukaryotes (Whatley et al., 1979).

In order to challenge the hypothesis that parabasalids originated before

the mitochondrial endosymbiosis, and to see if an evolutionary link existed

between parabasalian hydrogenosomes and typical mitochondria, molecular

evidence for a cryptic mitochondrion was sought in the Trichomonas nuclear

genome. Three chaperone genes were the targets of this search: cpn60, hsp70,

and hsp10 (Bui et al., 1996; Germot et al., 1996; Horner et al., 1996; Roger

et al., 1998). Recall that, in most eukaryotes, these genes are encoded in the

nucleus, but their protein products are targeted to the mitochondrion.

Phylogenetic analyses of these genes also show that they are closely related

to alpha-proteobacterial homologues, as expected of mitochondrial genes.

Accordingly, although none of these genes has been characterised in any

mitochondrial genome, these genes are reasonably inferred to be derived
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from the mitochondrial endosymbiont. All three genes were characterised in

Trichomonas, and in phylogenetic analyses all three were found to cluster

with their mitochondrial counterparts (e.g., Figure 4). This provided strong

evidence that Trichomonas evolved from a lineage bearing a mitochondrion

Figure 4 Phylogenetic tree of eubacterial, mitochondrial, and plastid chaperonin
60 (Cpn60). The tree is a weighted neighbour-joining tree (Bruno et al., 2000) based
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or mitochondrial ancestor, as these genes were interpreted as having

been inherited from the mitochondrial endosymbiont and subsequently

transferred to the nuclear genome, as in other eukaryotes. Ensuing

research reinforced this conclusion by the characterisation of a mitochon-

drial-like pyridoxal-50-phosphate-dependent cysteine desulfurase (IscS) from

Parabasalia (Tachezy et al., 2001).

While the phylogenetic data argue very strongly for a mitochondriate

ancestry of Parabasalia, they do not strictly address the origin of

hydrogenosomes. This link was first established by demonstrating that the

mitochondrial-like Cpn60 protein was co-extracted with proteins from

hydrogenosomal fractions of Trichomonas cells, showing that the product

of a gene of mitochondrial endosymbiont origin was localised to the

hydrogenosome (Bui et al., 1996). Hydrogenosomal homologues of ADP-

ATP carrier proteins were subsequently discovered and shown to be related

to mitochondrial homologues. In addition, these proteins were shown to

target yeast mitochondria in a manner similar in nature to the targeting of

yeast homologues (Dyall et al., 2000). However, the most decisive evidence

for a mitochondrial origin for the parabasalian hydrogenosome promises

to come from the characterisation and analysis of certain elements of the

protein-targeting machinery. Most proteins that have been analysed to date

are derived from the genome of the alpha-proteobacterial endosymbiont,

but some of the mitochondrial protein translocation factors were established

only after the endosymbiosis. These proteins are not found in the bacterial

antecedent of the organelle and are of host origin. The translocation system

of Trichomonas is now being analysed biochemically, and distinctive

features have been found in common with mitochondrial protein transloca-

tion (Bradley et al., 1997), suggesting that mitochondrion-specific proteins,

such as the processing peptidase, may be present in Trichomonas.

Characterising these proteins, and showing they are phylogenetically

related to mitochondrial homologues, will provide even stronger evidence

that the parabasalian hydrogenosome evolved from a fully integrated

mitochondrion.

on gamma-corrected distances (Strimmer and von Haeseler, 1996). Numbers at
nodes refer to bootstrap support for that grouping, only high or important bootstrap
values are given. Major lineages are bracketed and named to the right. The tree
shows the mitochondrial homologues related to alpha-proteobacteria and plastid
homologues related to cyanobacteria, as expected. The relatively divergent cpn60
genes from the erstwhile ‘‘amitochondriates’’ Trichomonas, Entamoeba, and Giardia
(boxed and shaded) all branch with the mitochondrial clade, providing evidence for a
mitochondrial ancestry of each of these protist parasites. Note also the plastid Cpn60
from the apicomplexan Plasmodium.
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4.2. Entamoebid Mitosomes

The Archamoebae is a second group of purportedly amitochondriate

protists proposed to belong to the Archezoa. Archamoebae encompasses the

amitochondriate amoebae Entamoeba, Pelomyxa and mastigamoebids, of

which the human parasite Entamoeba histolytica is the best studied. These

groups were assumed to represent another ancient eukaryotic lineage on

the basis of their ‘‘primitive’’ features: the absence of an identifiable

mitochondrion, peroxisomes or Golgi dictyosomes (Cavalier-Smith, 1991a),

and their ‘‘bacterial-like’’ fermentative metabolism using the enzymes

PFOR, ferredoxin, and alcohol dehydrogenase (Reeves, 1984; Müller,

1992). This primitive cell structure led to their inclusion within the

Archezoa, but they were soon removed from this group as SSU rRNA

phylogenies showed that Entamoeba diverged from other eukaryotes after

several mitochondrial groups. This position was debated extensively by

comparing phylogenies based on several different molecular markers

(Hasegawa et al., 1993; Leipe et al., 1993), and there was even considerable

evidence that the various groups of Archamoebae were not related to one

another (for review see Keeling, 1998). Now there is a growing consensus

that Archamoebae branch with certain other amoebae and slime moulds at

some position near the divergence of animals and fungi (Bapteste et al.,

2002). Interestingly, recent data on the root of the eukaryotic tree have

brought this debate full circle in one sense, by leading to the revival of the

notion that Archamoebae are near the base of eukaryotes (Stechmann and

Cavalier-Smith, 2002). Even while the position of Entamoeba was under

scrutiny, it was assumed to lack mitochondria, and that a mitochondriate

origin for the Archamoebae only meant that the organelle had been lost

secondarily. However, suggestions of the presence of a mitochondrion can

be found in early Entamoeba literature: mitochondria-like organelles were

found through the use of vital stains, and the activity of the mitochondrial

enzyme pyridine nucleotide transhydrogenase (PNT) had been demon-

strated (Causey, 1925; Harlow et al., 1976). Subsequently, mitochondrial

gene sequences were sought and found in the nuclear genome of Entamoeba,

proving its mitochondrial ancestry decisively. In this case, gene sequence

from PNT and mitochondrial cpn60 were initially characterised (Clark

and Roger, 1995), and both were shown to be closely related to

mitochondrial homologues in phylogenetic analysis (e.g., Figure 4). This

was recently supported by the characterisation of a mitochondrial HSP70

in Entameoba (Bakatselou et al., 2000). Interestingly, all three genes encode

N-terminal extensions with some similarity to transit peptides (Clark

and Roger, 1995; Bakatselou and Clark, 2000), indicating the possible
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presence of mitochondrial-targeting peptides, fueling the idea that a

remnant mitochondrion may still be present in Entamoeba.

This possibility was tested by localisation studies using the Cpn60 protein

– the protein with the most compelling evidence for mitochondrial ancestry

from phylogenetics. This protein was independently shown by two groups

to localise to a relatively nondescript, double membrane-bounded structure

(Mai et al., 1999; Tovar et al., 1999). In one study, cells were transfected

with a mtCpn60-c-myc fusion protein, and the protein was shown to be

localised to a single 1 mm diameter structure using anti-c-myc antibodies

(Tovar et al., 1999). When the first 15 amino acids of the sequence were

removed, it was shown that localisation was disrupted, but then restored by

the addition of a trypanosome mitochondrial transit peptide. A second

study showed that antibodies raised directly against the Entamoeba Cpn60

localised to a small, low copy number organelle in a similar pattern (Mai

et al., 1999). This cryptic mitochondrion was dubbed either the mitosome or

crypton (Mai et al., 1999; Tovar et al., 1999). Interestingly, the mitosome

has also been shown to stain with the DNA-binding fluorochromes,

propidium iodide, sytox green, and acridine orange, which has been taken to

mean that it has retained a genome (Ghosh et al., 2000). Whether this does

represent the presence of DNA and, if so, exactly what this genome would

encode, are both intriguing questions that await molecular characterisation.

It is also difficult to predict the possible function of the organelle; presently

Cpn60 is the only protein that has been localised to the structure, although it

seems very likely that PNT and HSP70 are also mitosomal based on their

phylogenetic positions. In addition, PFOR has been reported to be asso-

ciated with discrete cytoplasmic structures, possibly mitosomes (Rodriguez

et al., 1998). In contrast, two other key enzymes in the metabolism of

Entamoeba, ADH and ferredoxin, have been demonstrated to reside in the

cytosol (Mai et al., 1999). This story is obviously very complex, and only a

small part of the picture is available at present. Nevertheless, it seems that

the core carbon metabolism of Entamoeba is not compartmentalised to the

extent that is seen in parabasalian hydrogenosomes, and that the mitosome

is probably retained for a limited number of functions, whatever they may be.

4.3. Microsporidian Mitosomes

Microsporidia are intracellular parasites that infect a broad range of

animals, including immunocompromised humans, as well as a few species

of ciliate and gregarine Apicomplexa. In humans, they cause a variety

of ailments, most commonly diarrhoea, but also keratitis, sinusitis,
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encephalitis, and myositis (Weber et al., 1994). The extracellular spore stage

of microsporidia is dominated by a highly specialised and unique infection

apparatus (Vávra and Larsson, 1999). Most obvious is the polar tube, which

is used to pierce host cells and transmit the parasitic sporoplasm to the

cytosol of the host. In contrast to the highly ordered and easily recognisable

spore, electron microscopy of meront stages of microsporidia, an

intracellular stage representing most of the actively dividing microsporidia,

shows these cells to be amorphous with few obvious ultrastructural features,

lacking mitochondria, centrioles, peroxisomes, and microtubules (Vávra

and Larsson, 1999).

The apparent simplicity of microsporidia was interpreted as primitive,

and thus microsporidia were also included in the Archezoa and considered

to be primitively amitochondriate (Cavalier-Smith, 1983). The first

molecular phylogenies based on SSU rRNA, together with a prokaryotic-

like fused 5.8S-LSU rRNA structure, supported the hypothesis that

microsporidia were one of the first branches of the eukaryotic tree

(Vossbrinck and Woese, 1986; Vossbrinck et al., 1987). Ensuing phylogenies

of microsporidian EF-1� and EF-2 genes further substantiated this position

(Kamaishi et al., 1996a, b), and established microsporidia as a ‘‘textbook’’

example of early branching eukaryotic cells (Tudge, 2000; Madigan et al.,

2002). However, rigorous phylogenetic analyses based on several protein-

coding genes have now shown microsporidia to be related to fungi, and not

at all ancient (Edlind et al., 1996; Keeling and Doolittle, 1996; Fast et al.,

1999; Hirt et al., 1999; Keeling et al., 2000; Van de Peer et al., 2000; Keeling,

2003). As fungi are clearly mitochondriate, microsporidia must have evolved

from a mitochondriate ancestor, and either lost the organelle or retained a

cryptic mitochondrion. The first direct evidence for a mitochondriate

ancestry came, once again, from genes encoding mitochondrial HSP70 (e.g.,

Figure 5). This mitochondrion-derived gene was characterised from the

nuclear genomes of several species of microsporidia (Germot et al., 1997;

Hirt et al., 1997; Peyretaillade et al., 1998), and was soon supported by the

characterisation of � and � subunits of mitochondrial pyruvate dehydro-

genase (PDH) (Fast and Keeling, 2001), putting to rest the idea that

microsporidia were primitively amitochondriate (Figure 6). The complete

sequence of the E. cuniculi genome added several more putative

mitochondrial genes to this list, some of which have interesting implications.

In addition to HSP70 and the two subunits of PDH, the Encephalitozoon

genome was found to encode homologues of TIM22, TOM70, Erv1p,

Atm1p (a homologue of the ABC transporter), ferredoxin (Yah1p),

manganese superoxide dismutase (MnSOD), Nifu1p-like protein, frataxin

(Yfh1p), and mitochondrial glycerol-3-phosphate dehydrogenase (Katinka

et al., 2001). This extensive list allowed Katinka et al. (2001) to hypothesise
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Figure 5 Phylogenetic tree of eubacterial, mitochondrial, and plastid HSP70
proteins. The tree is constructed in the same way as that shown in Figure 4. Note that
the sequences from four microsporidian sequences (boxed and shaded) all branch
within the mitochondrial clade, and branch weakly with fungi.
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the existence of a remnant mitochondrion-derived organelle

in microsporidia, which they called a mitosome. However, there was still

no physical evidence for the presence of an organelle, and analysis of

the N-termini of putatively mitochondrial proteins from microsporidia

led to contradictory conclusions (Fast and Keeling, 2001; Katinka et al.,

2001), so it remained uncertain whether microsporidia had actually retained

a mitochondrial organelle. The production of a specific antibody to

the mitochondrial HSP70 from the microsporidian Trachipleistophora

hominis allowed the localisation of the first mitochondrion-derived

protein in microsporidia (Williams et al., 2002). The HSP70 was found to

localise to double membrane-bounded structures, which are abundant

but extremely small, at just 90 nm at their broadest. These structures

are relict mitochondria-derived organelles, and probably represent the

Figure 6 Phylogenetic tree of the beta subunit of pyruvate dehydrogenase (PDH)
E1 from alpha-proteobacteria and mitochondria. The tree is constructed in the same
way as that shown in Figure 4. Note that the microsporidian sequences (boxed and
shaded) are related to mitochondrial homologues, and branch weakly with the fungi.
This tree is an example of how phylogeny can be used to show the mitochondrial
origin of a protein in microsporidia.
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smallest mitochondria presently known (Williams et al., 2002). Even in

the smallest eukaryote, Ostreococcus tauri, a picoplanktonic alga, which

measures a mere 1.5 mm in diameter, mitochondria are twice the

size of the structures seen in the microsporidian cells (Chretiennot-Dinet

et al., 1995).

Like other putatively mitochondrial proteins in microsporidia, mitochon-

drial-targeting signals could not be detected in the T. hominis HSP70

sequence. This is unlike the situation in trichomonad hydrogenosomes or

Entamoeba mitosomes, where recognisable mitochondrial-targeting signals

have been retained. Despite this, the T. hominis HSP70 protein is apparently

successfully translocated across the organelle’s double membrane into the

matrix. This raises interesting questions regarding the nature of the import

system present in the microsporidian mitochondrial-derived organelle. It is

clearly homologous to other mitochondrial-targeting systems, since the

Encephalitozoon genome encodes homologues of mitochondrial transloca-

tion complex proteins (e.g., TIM22, TOM70), but the system is also clearly

different. Most of the translocation complex homologues have not been

detected in the Encephalitozoon genome (including a stromal peptidase),

and the transit peptides are typically very reduced or even absent, as

discussed above (although some genes have very long leaders that do

resemble transit peptides, e.g., glycerol-3-phosphate dehydrogenase).

Microsporidia are well known to have streamlined much of their biology

in adapting to their parasitic lifestyle (Keeling, 2001; Keeling and Fast,

2002) and it is possible that this process has extended to the mitochondrial

protein import machinery, resulting in a unique system that could

potentially no longer rely on cleaved N-terminal transit peptides.

The possible functions of this organelle also remain somewhat unclear,

although the complete genome of Encephalitozoon certainly allows for

informed speculation. As microsporidia are anaerobes and have previously

been shown to lack oxidative phosphorylation and TCA cycle (Weidner

et al., 1999), none of the proteins related to these pathways are found in the

genome. A high proportion (five) of the identified mitochondrial proteins

retained by E. cuniculi is involved in iron–suphur cluster assembly, making

this a leading candidate function for the highly reduced organelle (Katinka

et al., 2001). In addition, the presence of PDH subunits is interesting. In

typical mitochondria, PDH complex (composed of PDH E1, E2, and E3)

catalyses the first step in the breakdown of pyruvate, resulting in acetyl-CoA

which is passed into the TCA cycle (Pronk et al., 1996). In the

‘‘amitochondriates’’ like Trichomonas, Entamoeba, and Giardia, PDH is

absent and pyruvate is activated by PFOR (Müller, 1992), the target for the

most widely used drugs against these parasites. Microsporidia appear to

lack PFOR, contain PDH E1, but lack E2 and E3 (Fast and Keeling, 2001;
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Katinka et al., 2001). They also contain ferredoxin, and ferredoxin:NADH

oxidoreductase (Katinka et al., 2001). Taken together, this suggests that

there is some energy-generating metabolism of pyruvate taking place in the

mitosome, but of a unique nature; resembling neither typical mitochondrial

metabolism or the metabolism that has been characterised in other

‘‘amitochondriates’’.

4.4. Mitochondria in Diplomonads?

The diplomonads, of which Giardia intestinalis (syn. lamblia) is the best

studied member, are a fairly small group of anaerobes and microaerophiles

that are predominantly parasites of a variety of animals, but also include

some free-living genera (Brugerolle and Lee, 2002). Diplomonads are

another textbook example of ‘‘primitive’’ amitochondriate eukaryotes, often

lauded as the first lineage of eukaryotes (Sogin et al., 1989; Sogin and

Silberman, 1998). This evolutionary position has been substantiated by

many molecular phylogenies (Sogin et al., 1989; Hashimoto et al., 1994,

1995), but has also come under scrutiny in recent years because of evidence

that other purportedly ‘‘deep’’ lineages are really misplaced long-branches in

the eukaryotic tree, and the observation that diplomonad sequences are also

generally very divergent (Embley and Hirt, 1998). Like Trichomonas and

Entamoeba, Giardia relies on anaerobic rather than aerobic energy

metabolism and uses the key enzyme PFOR. Indeed, the metabolism

characterised in Giardia is very similar to that of Entamoeba (Müller, 1992),

despite clear evidence that the two are very distantly related. The important

metabolic enzymes that have been studied in Giardia have not been shown to

act within a specialised compartment. Diplomonads were also considered to

be Archezoa, and accordingly thought to have never had a mitochondrion

(Cavalier-Smith, 1983). However, as for Trichomonas, microsporidia, and

Entamoeba, molecular phylogenetic evidence for a mitochondrial ancestry

has been found in diplomonads.

The evidence for a mitochondriate origin of diplomonads actually goes

back some time, but the early evidence was weak and, in retrospect,

probably not accurately interpreted. The first such evidence came from

phylogenies of the glycolytic enzyme glyceraldehyde-3-phosphate dehydro-

genase (GAPDH). Although GAPDH does not act in the mitochondrion

of modern eukaryotes (with one very odd exception: the diatom

Phaeodactylum tricornutum: Liaud et al., 2000), phylogenies were inter-

preted as showing that the eukaryotic enzyme was derived from the

mitochondrial endosymbiont (Martin et al., 1993). The Giardia GAPDH

was like other eukaryotic homologues, and it was therefore interpreted as
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evidence for a mitochondrial ancestry of diplomonads. However, the

mitochondrial origin of eukaryotic GAPDH genes has not withstood

further phylogenetic analysis (Kurland and Andersson, 2000), so the Giardia

GAPDH does not likely reflect a mitochondriate origin of diplomonads

after all. Similar arguments have been made for another glycolytic enzyme,

triosephosphate isomerase (TPI) (Keeling and Doolittle, 1997). Once again,

however, the mitochondrial origin of TPI has not been substantiated by

further analysis (Kurland and Andersson, 2000).

Much stronger evidence for a mitochondriate ancestry of diplomonads

came from the dual-function valyl-tRNA synthetase of eukaryotes (which

functions in both the cytosol and mitochondrion). Phylogenetic analysis

suggested that this enzyme was also derived from the mitochondrial

endosymbiont (Brown and Doolittle, 1995), including the Giardia homo-

logue (Hashimoto et al., 1998). This case is stronger than either TPI or

GAPDH, but still suffers from a somewhat indirect connection to the

mitochondrion. More direct evidence for mitochondria was sought, as in

other Archezoa, using the mitochondrial chaperonin, Cpn60. In contrast

to the chain of discoveries in other Archezoa, however, the first data for

putative mitochondrial chaperonins in Giardia came from localisation

experiments using heterologous antibodies to Cpn60 raised against human

or rodent mitochondrial Cpn60, or prokaryotic Cpn60. Labelling of Giardia

cells with such heterologous antibodies suggested that a prokaryotic Cpn60

was present in the cell and was localised in a punctate fashion, but not to

discrete compartments (Soltys and Gupta, 1994). Subsequently, genes for

cpn60, hsp70, and IscS were characterised in Giardia, and were shown to be

phylogenetically related to mitochondrial homologues (Roger et al., 1998;

Morrison et al., 2001; Tachezy et al., 2001), confirming that the

diplomonads did have a mitochondriate ancestry (e.g., Figure 4).

However, the presence or absence of a mitochondrion has not yet been

rigorously tested in Giardia, and at present available evidence is conflicting.

First, none of the proteins shown to be phylogenetically derived from the

mitochondrial endosymbiont encodes leaders that could unambiguously be

interpreted as transit peptides (Roger et al., 1998; Horner and Embley, 2001;

Morrison et al., 2001; Tachezy et al., 2001). Moreover, localisation data

from heterologous antibodies to Cpn60 give slightly different results

depending on the antibody used, although none have produced convincing

evidence for an organelle (Soltys and Gupta, 1994; Roger et al., 1998).

Similarly, thorough inspection of electron micrographs of Giardia has not

shown the presence of a typical mitochondrion, although early literature on

Giardia did document sightings of structures which may resemble reduced

mitochondria, and hypothesised that their unusual structure may be due to

the low oxygen environment to which Giardia is adapted (Cheissin, 1965).
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Nevertheless, areas of the Giardia cell have also been shown to react with

CTC, a marker of respiratory chain activity. Similarly, the membrane

potential detecting dye, Rhodamine 123, also labelled isolated zones,

indicating discrete, membrane-bounded areas within the cell with an

electron potential (Lloyd et al., 2002).

Interestingly, a little-studied flagellate, Carpediemonas membranifera, has

recently been described and shown to have a membrane-bounded organelle

reminiscent of a hydrogenosome, although there are no biochemical data

on the function of this organelle (Simpson and Patterson, 1999). The

phylogenetic position of Carpediemonas has now been analysed using

alpha-tubulin, beta-tubulin, and SSU rRNA, and intriguingly it was found

to be strongly supported as the sister group to retortamonads and

diplomonads (Simpson et al., 2002). This free-living flagellate has the

potential to hold many of the answers to the evolutionary fate of the

mitochondrion in diplomonads like Giardia, but it will be difficult to draw

any conclusions until the Carpediemonas organelle is better characterised.

Until then, the data for or against an organelle in Giardia remain

inconclusive, and if such an organelle does exist, its function is entirely

unclear. The characterisation of iron–sulphur cluster assembly proteins

(Tachezy et al., 2001) may indicate that, as in other eukaryotes, iron–

sulphur centres are created within the mitochondrion and exported for use

in cytosolic iron–sulphur proteins. However, this is very speculative as

definitive evidence for an organelle is still lacking and, by extension, no

protein has been localised to an organelle in Giardia, both of which are

necessary to understand the function of a cryptic organelle.

5. CASE HISTORIES – PLASTIDS

5.1. Apicomplexa

The Apicomplexa is a phylum entirely composed of obligate intracellular

parasites, some of which cause extremely important diseases of both medical

and commercial concern. The most serious of these is malaria, caused by

members of the genus Plasmodium, which remains one of the most deadly

infectious diseases throughout much of the world today.

In the mid-1970s, electron microscopic observations of the extrachromo-

somal DNA of an avian malaria parasite revealed the presence of a circular

element that contained a cruciform structure indicative of an inverted repeat

(Kilejian, 1975). This genome was reasonably interpreted as the mitochon-

drial genome (Kilejian, 1975; Gardner et al., 1988), but subsequent
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sequencing of genes from this element revealed that, although they were

eubacterial in nature, they did not bear any particular resemblance to

homologues from other mitochondrial genomes. Instead, and surprisingly,

these genes were found to be most similar to homologues from plastid

genomes (Gardner et al., 1991, 1993), a finding corroborated by the

discovery of certain genes that are never found in other mitochondrial

genomes, but are common to plastid genomes (Gardner et al., 1994;

Williamson et al., 1994).

Overall, the characteristics of this genome led Iain Wilson and colleagues

to propose that the 35 kb circle, as it was known, was a plastid genome

(Gardner et al., 1991). This rather unusual idea was significantly supported

by the discovery and characterisation of a second extrachromosomal

element in Apicomplexa. This was a 6 kb linear element that encoded genes

for coxI, coxIII, and cob, all mitochondrial proteins, as well as fragments

of mitochondrial rRNA genes (Vaidya et al., 1989; Feagin et al., 1991).

This small and unusual element was shown to co-fractionate with the

mitochondrion (Wilson et al., 1992), revealing it to be the most reduced and

odd of all mitochondrial genomes known (Gray et al., 1999).

Ultimately, the plastid nature of the 35 kb circle was made crystal clear

by the complete sequencing of the Plasmodium falciparum element (Wilson

et al., 1996), and later that of Toxoplasma gondii (Köhler et al., 1997).

Although the genome was reduced and obviously lacked any genes directly

related to photosynthesis, the complete sequence revealed a number of

characteristics known to be unique to plastid genomes. These include the

rRNA operon inverted repeat (which was originally observed by electron

microscopy), and the plastid ‘‘superoperon (Wilson et al., 1996). At the

same time, plastid genomes were also shown to be present in a diversity of

Apicomplexa (Wilson et al., 1996; Lang-Unnasch et al., 1998), showing that

the genome is a widespread characteristic of the group.

The actual organelle was identified by localising transcripts from plastid-

encoded SSU rRNA (McFadden et al., 1996), and by localising the genome

itself (Köhler et al., 1997). Not surprisingly, the plastid bears little

resemblance to the canonical chloroplast; instead, it is a relatively non-

descript multimembrane structure typically found once per cell. The first

description of the Toxoplasma plastid suggested it was surrounded by two

or perhaps three membranes (McFadden et al., 1996), however it was later

shown to be a four-membrane structure (Köhler et al., 1997), suggesting a

secondary origin (see Figure 2). This has subsequently come under dispute

once again with the suggestion that there are actually three plastid

membranes (Hopkins et al., 1999), but this has not been corroborated.

Interestingly, the structure finally identified as the plastid had been

documented on several occasions and given several different names by
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earlier electron microscopists (McFadden and Waller, 1997).

Understandably, none had guessed its origin or had any idea of its function.

Indeed, the function of the organelle was still unclear even after both

the Plasmodium and Toxoplasma plastid genomes had been completely

sequenced: both genomes contained a large number of genes encoding

proteins involved in gene expression, but none that stood out as obviously

functionally critical genes that could explain the retention of the organelle

(Wilson et al., 1996; Köhler et al., 1997). These obligate intracellular

parasites are obviously not photosynthetic, so what does a plastid do in

Apicomplexa? It was shown very early on that the plastid was essential to

the parasites, although it is interesting to note that knocking out plastid

translation did not kill the parasites immediately, but disrupted subsequent

infection cycles (Fichera and Roos, 1997; He et al., 2001). The answer to this

puzzle lay in the biochemical flexibility of plastids, and the nuclear genome

of the parasites. In plants and algae, plastids are nearly always thought of in

association with photosynthesis, as this is the major biochemical activity of

the organelle and the characteristic that most obviously sets these organisms

apart from other eukaryotes. However, plastids are more than simply

photosynthetic sugar factories. In addition to photosynthesis, and the

biochemical pathways responsible for synthesising the chemical components

necessary for photosynthesis, plant and algal plastids have a number of

other important jobs. The best understood are the synthesis of fatty acids,

isopentenyl diphosphate (the core unit of isoprenoid compounds), heme,

and some amino acids, although a number of other important roles are also

known (Herrmann, 1995; Harwood, 1996; Rohdich et al., 2001). Recall that,

during the early stages of endosymbiosis, most of the plastid genes were

moved to the host nucleus, with their products being post-translationally

targeted back to the organelle. Accordingly, the majority of the functionally

critical proteins are encoded by plastid-derived genes in all plants and algae,

but many of these genes are nucleus-encoded. Searching the nuclear

genomes of Plasmodium and Toxoplasma soon revealed the presence of a

number of genes for plastid-targeted proteins, which were identified based

on their phylogenetic relationship with plastid and cyanobacterial homo-

logues (e.g., Figure 7). The first such proteins to be identified were involved

in fatty acid biosynthesis (Waller et al., 1998). These proteins were shown

to be localised to the plastid by immunocytochemistry, and to encode

N-terminal leader peptides with signal and transit-peptide domains (as

expected for a secondary plastid) that were sufficient to target Green

Fluorescent Protein (GFP) to the plastid in transfected cells (Waller et al.,

1998). Subsequently, the nuclear genome has also been found to harbour

genes for plastid-targeted proteins making up complete pathways for fatty

acid, isopentenyl diphosphate, and heme biosynthesis (Waller et al., 1998;
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Jomaa et al., 1999; Gardner et al., 2002; Sato and Wilson, 2002). The

Apicomplexa also have genes for aromatic amino acid biosynthesis (Roberts

et al., 1998), but these are not plastid derived (Keeling et al., 1999) and

are not localised to the plastid (Fitzpatrick et al., 2001). The biosynthesis

of fatty acids, isopentenyl diphosphate, and heme can explain why the

Apicomplexa retains a plastid. When the plastid originated in this lineage,

it assumed essential functions other than photosynthesis (either these

Figure 7 Phylogenetic tree of eubacterial and plastid FabI (enoyl-ACP
reductase). The tree is constructed in the same way as that shown in Figure 4. The
(divergent) plastid homologues branch with the cyanobacteria, as expected, and the
Plasmodium genes (boxed and shaded) branches within the plastid with very high
statistical support. Curiously, the chlamydial FabI appears to be derived from a
plastid gene, which has been noted previously. This tree is an example of how
phylogeny can be used to show the plastid origin of a protein in Plasmodium, and
shows that Type I fatty acid biosynthetic enzymes are plastid-derived in
Apicomplexa.
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pathways did not exist in the pre-plastid host, or they were made redundant

by the plastid pathway and were lost in the host). As the ancestors of

Apicomplexa progressively adapted to intracellular parasitism and the

plastid lost its role in photosynthesis, it could not simply be lost unless

another source of these essential compounds could be secured. As parasites,

the Apicomplexa absorbs many nutrients from their hosts, but apparently

the compounds synthesised by the plastid are either not acquired from the

host at some stage of the life cycle, or some particular variants need to be

synthesised for specialised purposes.

At about the time that the first sequences from the apicomplexan plastid

genome became available, the evolutionary position of the Apicomplexa was

also being examined using nuclear gene sequences. Apicomplexa had been

classified for convenience (Kudo, 1947) with other ‘‘spore-forming

parasites’’ such as microsporidia and actinosporidia (apicomplexans do

not form spores). The phylogenies of nuclear SSU and 5S rRNA, however,

showed a very strongly supported relationship between Apicomplexa,

ciliates, and dinoflagellate algae (Gajadhar et al., 1991; Wolters, 1991).

Subsequent phylogenies based on a variety of protein-coding genes have lent

further strong support for this group (Fast et al., 2002; Saldarriaga et al.,

2003), and ultrastructural studies have revealed that these three lineages

share a number of structural features. This group is now known as

Alveolata, and is one of the best-supported major protist groupings

presently defined. Within the alveolates, the Apicomplexa appear to be more

closely related to the dinoflagellates than either are to ciliates (Fast et al.,

2002). Dinoflagellates are a very diverse group of predators, parasites, and

most interestingly, phototrophs. About one half of the described dino-

flagellates are photosynthetic (Taylor, 1987), and their plastids were

acquired by secondary endosymbiosis with a red alga (Zhang et al., 2000).

The relationship between Apicomplexa and dinoflagellates led to obvious

questions as to whether their plastids arose from a single common

endosymbiosis in their ancestor, or if they arose independently by two

secondary endosymbiotic events. The former alternative requires fewer

independent plastid origins, and indeed, it has been suggested that the

plastid in both groups arose much earlier in a common ancestor of all

alveolates and a number of other groups with secondary plastids, namely

heterokonts, haptophytes, and cryptomonads (Cavalier-Smith, 1999). On

the other hand, no plastids have been found in the apparent deep diverging

lineages of both dinoflagellate and apicomplexan lineages (Saldarriaga

et al., 2001; Kuvardina et al., 2002), so it was also reasonable to assume that

each group acquired its plastid individually and recently (Taylor, 1999). In

addition, there has been some debate over whether the apicomplexan plastid

was derived from a red or a green alga. In favour of a red algal origin, the
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plastid genome bears some characters in common with red algal plastid

genomes, most notably the structure of the plastid super-operon, and several

genes have also shown weak support for a red algal affinity (Gardner et al.,

1994; McFadden and Waller, 1997; Blanchard and Hicks, 1999). In

contrast, the phylogeny based on the plastid tufA gene weakly showed

a green algal affinity (Köhler et al., 1997). A green algal origin of the

apicomplexan plastid is inconsistent with a single early origin for

apicomplexan and dinoflagellate plastids since the ancestral dinoflagellate

plastid is clearly derived from a red alga by secondary endosymbiosis

(Zhang et al., 2000). The obvious way to solve each of these problems is

to infer phylogenetic trees using plastid gene sequences to see if the

dinoflagellates and Apicomplexa form a unique clade nested within the red

algae. Plastid gene sequences from dinoflagellates were only recently

characterised, and were found to reside on single gene mini-circles rather

than the expected single circular chromosome as found in other plastids

(Zhang et al., 1999). Unfortunately, nearly all genes found in dinoflagellate

plastids to date have encoded proteins specific for photosynthetic functions

(Zhang et al., 1999; Barbrook and Howe, 2000; Barbrook et al., 2001; Hiller,

2001), so there is little plastid information to compare between Apicomplexa

and dinoflagellates. To make matters worse, both apicomplexan and

dinoflagellate plastid genes are very divergent, which can potentially lead to

difficulties in phylogenetic inferences (Zhang et al., 2000). Nonetheless, in

gene trees based on plastid SSU and LSU rRNA (the only comparable genes

known today), the apicomplexan and dinoflagellates form a clade (Zhang

et al., 2000). In contrast to the plastid-encoded genes, genes for plastid-

targeted proteins in both groups appear to be relatively conserved, leading

to a large source of potential genes for comparison. The first (and presently

the only) plastid-targeted gene to be sampled from both groups is GAPDH.

GAPDH is found in both the cytosol, where it is largely NADH-dependent

and catabolic, and the plastid, where it is either NADH or NADPH-

dependent, and anabolic. In plants, green algae, red algae, and Euglena, the

cytosolic gene is related to other eukaryotic GAPDH genes and the plastid

gene is related to cyanobacterial homologues, as expected. However, in

Apicomplexa and dinoflagellates, both GAPDH homologues are related to

eukaryotic cytosolic genes, and most importantly, both the cytosolic and

plastid genes from both groups form clades and are each most closely

related to one another than to any other GAPDH (Fast et al., 2001). The

situation in dinoflagellates is perhaps more complex, since putative plastid-

targeted genes resembling canonical plastid-targeted genes have also been

described (Fagan and Hastings, 2002). Where these genes came from is not

certain, but it appears most likely that the cytosolic GAPDH in some

ancestor of Apicomplexa and dinoflagellates duplicated and the protein
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product of one copy was targeted to the plastid where it took over the

function of the existing cyanobacterium-derived plastid gene. This kind of

event, called ‘‘endosymbiotic gene replacement’’ is known to happen (e.g.,

Brinkmann and Martin, 1996), but is very unusual and distinctive. Such a

rare event, together with the high degree of similarity between the plastid

homologues from both groups, provides very strong evidence that the

plastids found in these two lineages originated by a single secondary

endosymbiosis in a common ancestor of Apicomplexa and dinoflagellates.

More interesting still, it has been shown that other photosynthetic groups

with red algal secondary endosymbionts, namely cryptomonads, hetero-

konts (Fast et al., 2001) and haptophytes (J. T. Harper and P. J. Keeling,

unpublished data), also acquired their plastid GAPDH from this gene

duplication. Thus, this plastid was transferred in the common ancestor of

all these groups, long before the origin of Apicomplexa (Figure 3). This

finding has significant impact on our understanding of a number of other

parasites. The human parasite Blastocystis and oomycete parasites such as

Pythium and Phytopthora, belong to the heterokonts (Nakamura et al.,

1996; Arisue et al., 2002). These have not traditionally been considered to

possess a plastid, but the ancient origin of the plastid in their photosynthetic

relatives suggested by the GAPDH data implies that these organisms might

indeed possess cryptic plastids (see Andersson and Roger, 2002). To date no

direct evidence for such an organelle exist, but this is not surprising since

little molecular data are known for most of these organisms.

The single, early, red algal origin of the plastids in Apicomplexa and other

chromalveolates has recently been challenged once again by the finding of a

curious split CoxII in Apicomplexa. CoxII is a mitochondrial protein that is

encoded in the mitochondrial genome of most eukaryotes, but in certain

green algae the gene has been transferred to the nucleus and is split into two

subunits, cox2a and cox2b (Perez-Martinez et al., 2001). Interestingly, the

genomes of Plasmodium and Toxoplasma both encode a similarly split

form of cox2, and it has been argued that this demonstrates that the

apicomplexan plastid is derived from a green alga (Funes et al., 2002).

While this certainly is an intriguing discovery, whether it relates to the origin

of the plastid is far from obvious. For these two cox2 subunits to have

originated from a green algal endosymbiont, they would have had to have

been transferred from the nuclear genome of the endosymbiont to the

nuclear gene of the secondary host, presumably replacing an ancestral gene

encoded in the mitochondrial genome. This is not impossible to imagine, but

the complete genome of Plasmodium has not been reported to encode any

green algal genes other than the two cox2 subunits (Gardner et al., 2002),

begging the important question, ‘‘why were both subunits of cox2

transferred, but no other green algal genes?’’ Moreover, the relationship
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between Apicomplexa and other alveolates is now irrefutable. The evidence

for the close relationship between heterokonts, haptophytes and crypto-

monads (Yoon et al., 2002), and their relationship to alveolates is growing

stronger as molecular data continue to accumulate (Baldauf et al., 2000;

Fast et al., 2001). This nests the Apicomplexa phylogenetically within a

group of protists with secondary endosymbionts of clear red algal ancestry

(Figure 3). Accordingly, the conclusion that apicomplexan plastids came

from the same endosymbiosis as other chromalveolate plastids, strongly

supported by GAPDH (Fast et al., 2001), requires no special or spectacular

events. In contrast, a green algal origin of the apicomplexan plastid requires

more explanation. One suggestion is that an ancestral red algal plastid was

replaced with a new green one (Palmer, 2003). This kind of event has

happened several times in dinoflagellates (Tengs et al., 2000; Saldarriaga

et al., 2001), and is therefore a plausible explanation where both gene trees

are correct. However, given that the plastid genome itself retains a few

characteristics suggesting a red algal origin, the possibility that the cox2 data

are misleading should be considered seriously. Indeed, a recent reanalysis of

cox2 including the phylogenetically critical genes from ciliates showed that

the apicomplexan and ciliate cox2 genes were closely related, as expected if

no lateral transfer took place (R. F. Waller, P. J. K., G. van Dooren, and G.

I. McFadden, unpublished results). Moreover, the ciliate cox2 gene contains

a 300 amino acid insertion and exactly the position where the split took

place, and hydrophobicity analyses suggest that the splitting of the cox2

protein might have occurred twice independently to allow the protein to be

translocated across the mitochondrial membrane. Altogether, we consider

it unlikely that apicomplexan and green algal cox2 genes share a close

common ancestor, despite their shared structural characteristics.

The discovery of a relict plastid in Apicomplexa is of tremendous interest

for reasons relating to basic questions of evolutionary biology (work on the

apicomplexan plastid led to important discoveries about the history of

secondary endosymbiosis) and cell biology. Ironically, the apicomplexan

plastid is by far the most recently discovered plastid, and yet it is already the

best characterised secondary plastid and is becoming a model system in

which to study plastid targeting at the molecular level (Waller et al., 2000;

Foth et al., 2003). However, the plastid is also interesting for practical

reasons. Plastids, being derived from prokaryotic cyanobacteria, are full

of biochemical processes and proteins not found in animals, and are

accordingly potentially useful targets for therapeutics. A number of

known antibiotics target differences in basic housekeeping activities such

as DNA replication, transcription and translation, and several of these have

been successfully tested on Apicomplexa (Fichera and Roos, 1997;

McFadden and Roos, 1999; Ralph et al., 2001). Indeed, some drugs were
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known to kill the malaria parasite, but their mode of activity was not

understood until the plastid was discovered and the target of the drug found

within the plastid. More interesting still, the plastid uses a Type II, or

dissociable fatty acid synthase (FAS) while animals use a very dissimilar

Type I FAS (Waller et al., 1998, 2003). Similarly, the plastid uses the

so-called non-mevalonate isopentenyl diphosphate biosynthesis pathway

while animals uses the non-homologous mevalonate pathway (Jomaa et al.,

1999). Both these pathways include a number of enzymes that are the target

of well-known drugs that have been successfully tested in Apicomplexa. The

plastid can thus be seen as one of the major fundamental differences

between the cell biology and biochemistry of these protists and their animal

hosts. These differences are the chinks in the armour of any parasite, and

should be exploited fully.

5.2. Green Algal Parasites Helicosporidium

and Prototheca

The Helicosporidia are another group of algal parasites, but the story of

their cryptic plastid is very different and is just beginning to be told.

Helicosporidium parasiticum was first described in 1921, but was so unlike

any other group of eukaryotes that its evolutionary position was uncertain

(Keilin, 1921). The infectious stage of the organism is a cyst containing

four cells, three ovoid, internal cells, and a single peripheral cell wound

about the others in a helix. Helicosporidium is an insect gut parasite and

infects when the spore dehisces, or ruptures inside the gut of its host,

releasing the helical cell. This cell penetrates a host epithelial cell, and

eventually moves through the epithelium to invade the hemolymph, where

it develops into a replicating vegetative form (Kellen and Lindegren, 1974;

Boucias et al., 2001).

Originally, these parasites were classified separately from any other

eukaryotic group (Keilin, 1921), but they have also been considered to be

fungi, or related to other ‘‘spore-forming’’ protists, as were Apicomplexa

(Kudo, 1947). Recently, however, the first molecular data from

Helicosporidia have shown that none of these affinities is true. Instead,

these unique parasites are actually green algae. Phylogenies based on SSU

and LSU rRNA, as well as actin and beta-tubulin all show this with strong

support (Tartar et al., 2002), and the phylogeny of SSU rRNA demonstrates

that Helicosporidium is a close relative of another algal parasite, Prototheca.

Unlike Helicosporidium, Prototheca is predominantly a vertebrate pathogen,

and is generally associated with cutaneous infections, although it has been

found to infect numerous other tissues (Cho et al., 2002; Piyophirapong
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et al., 2002; Thiele and Bergmann, 2002). Interestingly, the green algal

nature of Prototheca was recognised immediately at the time of its original

description in 1894, although it was later regarded as a fungus (cited in

Butler, 1954; El-Ani, 1967). Although others have argued it to be a fungus

since then, there is now an abundance of data, molecular and otherwise,

showing Prototheca is in fact a close relative of the green algal genus

Chlorella (Huss and Sogin, 1990). One important exception to this is a

misnamed organism, Prototheca richardsi, which has been shown to be an

icthyosporian, a strange group of parasites closely related to animals and

fungi (Baker et al., 1999).

Despite its non-photosynthetic, obligately heterotrophic nature,

Prototheca is known to have retained its plastid, although little is known

about its function. The plastid genome of P. wickerhamii has been shown to

be severely reduced in size (at 54 100 bp), and recently nearly half of this

genome was sequenced (Knauf and Hachtel, 2002). As expected, the genome

is dominated by genes related to expression, but interestingly a suite of

ATPase genes were also found. What the ATPase complex is doing in this

organelle is not clear (Knauf and Hachtel, 2002), but it suggests that the role

adopted by the plastid in these parasites should be very interesting indeed.

While little is known about the plastid of Prototheca, virtually nothing is

known about the plastid of the much more highly derived helicosporidia.

No organelle matching the description of a plastid has been observed in

ultrastructural investigations, but there are now molecular data for a plastid

genome. A plastid SSU rRNA has been characterised from Helicosporidium

(Tartar et al., 2003) and has been shown to be related to the plastid SSU

from Prototheca, as expected. There are no data on the size of the genome,

or on what role it might play in the biochemistry of the parasite. In addition,

no data are available on nuclear-encoded plastid-targeted proteins in either

Prototheca or Helicosporidium. Such data are potentially very interesting, as

they could provide a point of comparison with the apicomplexan plastid and

show how two independently derived parasites have re-tooled their plastid

as they adapted to parasitism.

5.3. Plastids in Parasitic Plants

Although plants are clearly neither protists nor fungi, and we do not usually

consider plants when thinking about pathogens and parasites, there are

a number of parasitic angiosperms (Kuijt, 1969) whose plastids provide

further interesting points of comparison. Parasitic plants are actually

relatively diverse and abundant: at least eleven groups of angiosperms have

independently evolved some mode of parasitism, which range considerably
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in their degree of host dependence (Nickrent et al., 1998). Some of these

are still photosynthetic during certain stages of their life cycle, leading one

to expect their plastids to more or less resemble those of other plants. In

contrast, the most extreme forms of parasitic plants are completely non-

photosynthetic, deriving their nutrients and water solely from the invasion

of host-plant tissue via a specialised root called a haustorium (Kuijt, 1969).

In even these extreme cases, the parasites are clearly derived from

photosynthetic plants, and structural evidence for a plastid has been

known for some time (Mangenot and Mangenot, 1968; Dodge and Lawes,

1974; Kuijt et al., 1985). The angiosperms, therefore, offer a wealth of

potential comparative information on the fate of plastids in parasites, but

unfortunately very little is known about these organelles.

Most of what we do know about the plastids of these plants comes

from the plastid genome. The complete plastid genome has been sequenced

for one parasitic angiosperm, Epifagus virginiana, or beechdrop (Wolfe

et al., 1992). The genome is virtually co-linear with that of tobacco, but is

severely reduced, almost entirely due to the loss of all genes relating to

photosynthesis and photorespiration. Nearly all the remaining genes in the

Epifagus plastid genome encode proteins involved in transcription and

translation of the genome itself. Only four identified genes are not involved

in gene expression, and one of these genes encodes the beta subunit of

the carboxytransferase component of acetyl-CoA carboxylase, which is

involved in fatty acid biosynthesis (Wolfe et al., 1992). This gene is at least

part of the reason why the plastid genome is retained at all, and indicates

that fatty acid biosynthesis is one of the residual functions of the relict

plastid, as it is in apicomplexa. Interestingly, the plastid genome of

an unrelated parasitic plant, Cuscuta europeae, has retained the gene for

the large subunit of ribulose-1,5-bisphosphate carboxylase-oxygenase

(Rubisco), although it has apparently lost CO2 fixation (Machado and

Zetsche, 1990).

It is noteworthy that all four genes in the Epifagus plastid genome that are

potentially involved in processes other than transcription or translation are

known to have been lost in at least one other plastid genome (Downie and

Palmer, 1992; Wolfe et al., 1992). If a plastid genome encoded only genes

involved in its own expression, the genome could be lost. Therefore, it is

possible that all functionally important genes have been transferred or lost

in some parasitic plant plastids, allowing its genome to be dispensed with

altogether. As seen above, this has happened in several instances with

mitochondria, but mitochondrial genomes are far more specialised than

plastid genomes: the genes they encode are typically restricted to those

involved in transcription, translation, and respiration (Gray, 1999).

If respiration is lost, the mitochondrial genome could easily be discarded.

48 B.A.P. WILLIAMS AND P.J. KEELING



In the case of plastids, the genes encoded in plastid genomes of red algae and

their derivatives generally represent a far greater diversity of metabolic

functions than those found in green algal and plant plastid genomes, which

are typically dominated by genes for proteins and RNAs involved in

transcription, translation, and photosynthesis (Palmer and Delwiche, 1998).

Accordingly, one would predict that green algal or plant plastids would be

more likely to dispense with their genomes if photosynthesis were lost

(Palmer and Delwiche, 1998). Indeed, there is evidence that parasitic plants

have the smallest plastid genomes by far, the smallest known being Cytinus,

at a mere 20 kb (Nickrent et al., 1997b). There are also suggestions based

on hybridisation and PCR experiments that some parasitic plants like

Rafflesia might have lost their plastid genome altogether (Nickrent et al.,

1997b, 1998). However, this is difficult to distinguish from a high level of

divergence, which is seen in the plastid genes of many parasitic plants

(Nickrent et al., 1997a). If the Rafflesia plastid does lack a genome, it is the

first plastid known to have taken the process of genome reduction to its

conclusion.

6. FUTURE DIRECTIONS

The last decade has seen a complete reversal in the way we regard the

fundamental nature of several protist and fungal parasites. In large part, this

has come about through phylogenetic analyses, which have given us a better

appreciation for the evolutionary history of these parasites and their

organelles. Phylogenetics have re-written the history of entire parasitic

groups (e.g., the microsporidia are now considered fungi rather than

protozoa), their organelles (e.g., hydrogenosomes are now considered to be

modified mitochondria: Embley et al., 2003), and revealed the presence of

organelles that were never expected to exist (e.g., the apicomplexan plastid).

As always, however, some of the most exciting scientific discoveries create

even more questions than they can answer.

In the case of mitochondria, we are now faced with a growing list of

organelles that have been transformed beyond recognition, morphologically

and biochemically. The evolutionary histories of many of these are now

reasonably well characterised, but their function is, with the exception of

hydrogenosomes, poorly understood. The kinds of proteins that have been

localised to the various cryptic mitochondria are not altogether informative.

In the case of Entamoeba, little can be said of function, while in the

microsporidia the complete genome of Encephalitozoon has allowed some

extremely valuable predictions (Katinka et al., 2001), but these need to be
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verified by localising putative mitochondrial proteins. The same holds for

other highly derived mitochondria that have not been discussed, in

particular that of the apicomplexan parasite Cryptosporidium, where work

is just beginning to uncover the unusual biochemistry of this mitochondrion

(Riordan et al., 1999; Rotte et al., 2001). In general, until the complete

organellar proteome is determined for each of these cases, it will be difficult

to imagine what the cellular role of these organelles may be. In the extreme

case of Giardia, it has yet to be established if there even is an organelle, or

just a few organelle-derived proteins that have been recruited to the cytosol.

In this instance, the first priority is obvious: localise the chaperones with

homologous antibodies to see whether they can be attributed to a specific

cellular compartment. If not, then the mitochondriate nature of Giardia

will have to be evaluated from the soon-to-be-completed genomic data

alone (McArthur et al., 2000).

Another aspect of cryptic mitochondria that is emerging as an interesting

field is the mechanism by which nuclear-encoded proteins are targeted to the

organelle. This system has been worked out for mitochondria, but there are

hints that the system used to target proteins to some of these highly derived

organelles may be quite different. These hints are vague at present, for

example, the possible absence of several translocation proteins in the

Encephalitozoon genome (Katinka et al., 2001) and the lack of obvious

leaders on many microsporidian mitochondrial proteins (Fast and Keeling,

2001). In each of these cryptic organelles, this system would have evolved

independently starting from a canonical mitochondrial import system, so

each case should be looked at individually to see how it might have evolved.

Another important, but frequently overlooked, point to consider is the

potential diversity of these organelles within each protist or fungal group.

By necessity, we generalise about the function or even presence of an

organelle in a group based on evidence from a single genus, for instance

Giardia representing all diplomonads. In reality, these are large and diverse

groups, and we often (as in the case of Giardia) focus on some of the

strangest members. In most cases our generalisations are probably fairly

accurate, but it is possible that we are missing an unexpected diversity of

function with some of these unusual organelles, especially given that they

have undergone a radical evolutionary change in function at least once in

their past. It would be profitable to take a comparative approach to our

examination of the cryptic mitochondria by surveying for the presence and

function in diverse members of each group where they have been

characterised.

Lastly, despite the great successes in identifying cryptic mitochondria in

some of the most well-studied amitochondriates, there are still a number

of eukaryotes where there remains no evidence for a mitochondrion. One
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example of a large hole in our knowledge is the oxymonads, a very poorly

studied group of amitochondriates where practically no molecular data are

known (Keeling and Leander, 2003). Given the past 10 years of organelle

discovery, the safest bet would be that these remaining ‘‘amitochondriates’’

also contain cryptic mitochondria. Nevertheless, it is possible that one or

more of these groups may lack the organelle, perhaps even ancestrally

(although this is highly doubtful), and it is virtually certain that

characterising cryptic mitochondria in each of these lineages will greatly

enhance our understanding of how far, and in what directions, the metabolic

adaptations of these organelles can extend.

Not surprisingly, the state of our knowledge of cryptic plastids is much

different from that of mitochondria, and consequently the major questions

are not the same. In the case of the apicomplexan plastid, a flurry of

research on plastid function and protein targeting (Waller et al., 1998, 2000;

Jomaa et al., 1999; Sato and Wilson, 2002; Foth et al., 2003), helped

along by a complete genome sequence (Gardner et al., 2002), have quickly

addressed many of the main questions in these areas. A clear picture of this

plastid’s evolutionary history has also made rapid advances, but remains a

somewhat woollier issue. The single, ancient origin of a red algal plastid in

all chromalveolates has gained considerable support with recent evidence,

but needs to be confirmed by additional molecular data. This conclusion

would suggest that many non-photosynthetic protists once did, and may

still, contain a plastid (Fast et al., 2001). These include many parasites such

as Cryptosporidium, Perkinsus, Blastocystis, Pythium, and Phytophthora,

as well as all ciliates. There is phylogenetic evidence for one potentially

plastid-derived gene from Phytophthora (Andersson and Roger, 2002), but

no clear-cut evidence for an organelle in any of these organisms, and there

are arguments that Cryptosporidium lacks a plastid (Zhu et al., 2000). On the

other end of the spectrum of plastid diversity, the euglenids are known to be

closely related to the trypanosomatid parasites (e.g., Trypanosoma), and

there have been suggestions that the euglenid plastid might also be older

than is currently recognised. One intriguing recent analysis of several

Trypanosoma metabolic enzymes has suggested that they might be derived

from an algal endosymbiont (Hannaert et al., 2003). Indeed, Cavalier-Smith

has proposed that a very large and diverse group of eukaryotes exists,

dubbed the Cabozoa, which ancestrally contained a plastid of green algal

origin (Cavalier-Smith, 1999, 2000). This group is proposed to encompass

euglenids, trypanosomes, diplomonads, Parabasalia, chlorarachniophytes

and a number of other lineages. There is presently no direct evidence for

this, but the possibility should be confirmed or refuted in coming years as

the generation of molecular data from diverse protist groups has accelerated

significantly.
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Aside from questions about the distribution and evolutionary origin of

plastids, there are still many unanswered questions about the function of

cryptic plastids in parasites other than Apicomplexa. The Helicosporidia are

thought to contain a plastid genome (Tartar et al., 2003), but nothing is

known about it or the function of the organelle in which it resides. Similarly,

little is known about the function of the Prototheca plastid, but some

intriguing differences between it and that of Apicomplexa have already been

identified (Knauf and Hatchel, 2002). An improved understanding of these

systems will provide a remarkable opportunity to compare the evolution of

a primary, green plastid with a secondary, red plastid in two unrelated

groups of intracellular parasites that have inherited plastids by very different

evolutionary routes. Even less is known about the function of plastids

in most parasitic plants, and the genomes of these plastids are intriguing

as they appear to be the most reduced of all plastid genomes, perhaps

even having been eliminated altogether (Nickrent et al., 1997b, 1998). In

addition, there are a great number of algae that have lost photosynthesis

for reasons other than adapting to parasitism. Most of these have

simply become heterotrophs or osmotrophs, and it would be interesting to

compare and contrast how their plastids have evolved with those of parasitic

algae to see if any significant trends can be identified. The complete plastid

genome of an osmotrophic euglenid, Astasia longa, has now been sequenced

(Gockel and Hachtel, 2000). Like plastids in parasitic algae, its genome is

highly reduced (about one-half the size of the plastid genome of the closely

related Euglena gracilis) and virtually all of the remaining genes encode

proteins involved in gene expression. Like parasites, the genome also

contains a small number of genes related to other functions (in the case of

Astasia, the gene for the Rubisco large subunit). Whether the plastid

genomes of non-photosynthetic heterotrophs and osmotrophs like Astasia

tend to retain different kinds of genes than those of parasites is presently

unclear, but comparing these genomes could provide some interesting

glimpses into the different ways that the plastid can adapt to the loss of

photosynthesis.

Lastly, there are a number of other organelles of interesting or

questionable origin in a diverse variety of protist parasites. For instance,

the kinetoplastid glycosome is a membrane-bounded compartment for

glycolysis and purine salvage (Parsons et al., 2001) that is restricted to this

group: in other eukaryotes these processes take place in the cytosol

(although glycolytic enzymes have been found to be targeted to the

mitochondria in some heterokonts: Liaud et al., 2000). Glycosomes appear

to have evolved from peroxisomes (Parsons et al., 2001; Hannaert et al.,

2003), and exactly how they acquired their current metabolic pathways is an

intriguing question. Several other organisms have cryptic organelles that

52 B.A.P. WILLIAMS AND P.J. KEELING



look much like hydrogenosomes, but have not been characterised

biochemically, for instance Psalteriomonas, Postgaardi, Trimastix, and

Carpediemonas (Broers et al., 1990; Simpson et al., 1997, 2002; O’Kelly

et al., 1999; Simpson and Patterson, 1999). Characterising these organelles

could show that the distribution of hydrogenosomes is even broader than

initially imagined, or could reveal a new kind of cryptic organelle with

metabolic functions different once again from those we now know.

Considering only those facts that we already have, it is clear that the

evolutionary trajectory of these unusual organelles can take many

unpredictable paths. The metabolism that has been described consists

of an odd mix of ancestral functions cobbled together with new enzymes

from various sources, reflecting the action of evolution: building new

machines with the pieces at hand, in an ad hoc fashion, and as the need

arises.
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NOTE

A recent report (Tovar, J., Leon-Avila, G., Sánchez, L.B., Sutak, R.,

Tachezy, J., van der Giezen, M., Hernández, M., Müller, M. and Lucocq,

J.M. 2003. Mitochondrial remnant organelles of Giardia function in

iron-sulphur cluster metabolism. Nature, in press) has now provided

unambiguous evidence for a relict mitochondrion in the diplomonad

parasite, Giardia. This represents one of the last major groups of

amitochondriate eukaryotes and further supports the conclusion that no

known eukaryotes are ancestrally amitochondriate (Oxymonads are one

group where no evidence is yet available, but they have not been thoroughly

examined).
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ABSTRACT

The Hymenoptera are one of the four megadiverse orders of insects, with

over 100 000 described species and several times this number still waiting to

be described. A major part of this diverse group is formed of large lineages
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of parasitoid wasps. Some of these lineages have in turn given

rise to subgroups that have gone on to diversify into other lifestyles, such

as gall-forming on, and pollination of, plants, as well as a broad array of

food-collecting behaviors associated with social living in colonies. Thus, the

Hymenoptera demonstrate the large evolutionary potential of parasitism

as a lifestyle, in contrast to early assertions that parasitism tends to lead

to evolutionary ‘dead ends’ driven by overspecialization. Phylogenetic

approaches have already led to a number of important insights into the

evolution of parasitism in Hymenoptera. A series of examples are discussed

in this review, including the origin of parasitism in the order, the

development of koinobiosis in some groups, coevolution with symbiotic

viruses, and the evolution in some groups away from parasitism and into

such habits as gall formation, pollination of figs, nest building and sociality.

The potential for comparative analysis of hymenopteran habits is large, but

progress is still in its early stages due to the paucity of available well-

supported phylogenies, and the still limited accumulation of basic biological

data for many taxa.

1. INTRODUCTION

1.1. Parasitism and Phylogeny

Since the very early days of parasitological inquiry, phylogeny has played an

integral part in the interpretation of the diversity of parasites and their

relationships with host organisms. Long before the introduction of explicit

phylogenetic argumentation by Hennig and Wagner in the early 1950s,

Kellogg (1896a, b) and Fahrenholz (1913) were interpreting the evolution

of host–parasite relationships in terms of parallel phylogeny, where the

evolution and diversification of parasites were driven by those of their hosts.

This tradition culminated in the ‘parasitological rules’ made famous by

Eichler (1942) and Manter (1940, 1955, 1966, 1967). The extreme emphasis

on the influence of the host on parasite evolution, and on tight phylogenetic

congruence, led to a number of generalizations that colored parasitological

inference for many years, among them the views that parasites in general are

simplified and degenerate compared to free-living organisms, and that

parasite phylogeny should reflect that of their hosts (‘Fahrenholz’s Rule’,

erroneously attributed to Fahrenholz by Eichler (1942) despite earlier

inferences of the same kind by Kellogg (1896a, b)). Excellent introductions

to this early conceptual history are provided by Klassen (1992) and Brooks

and McLennan (1993).
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A further implication of presumed host-driven evolution is the idea that

the tight host specificity exhibited by many parasites, while apparently often

leading to increased species-level diversification (Price, 1980), is in the

long run a sort of evolutionary ‘dead end’ (e.g. Rensch, 1960). Despite

considerable debate over these issues (see Mayr, 1963; Futuyma and

Moreno, 1988; Moran, 1988), and the absence of broad quantitative

assessment of these generalizations (see Wiegmann et al., 1993), they have

persisted as assumptions until quite recently. Brooks and McLennan (1993)

have presented abundant evidence that, at least in the case of true parasites

of vertebrates, such generalizations do not hold, and may impede rather

than enhance understanding of the evolution of parasitism.

A brief examination of the evidence for increased diversification in the

parasitic groups of Hymenoptera is presented below in Section 2.1. Much of

the rest of this review will also illustrate that parasitism has been anything

but a ‘dead end’ for the Hymenoptera. Instead, the parasitic lifestyle has

formed the basic groundplan for the diversification of most of the major

lineages, eventually including such divergent habits as pollination of figs,

formation of galls on plants, and nest-making and the evolution of sociality

in the aculeate ants, wasps, and bees.

1.2. Parasitoid Hymenoptera

Parasites come in many forms, as should be clear from this volume. The

different forms of parasitism have profoundly different implications for

host specificity, as well as for impact upon the host organisms at both the

individual and population level. This review will focus on members of a

special class of parasite, indeed one that might well be argued to fall outside

the concept of parasitism in its strict sense—the parasitoids.

What is a parasitoid? The term was coined by Reuter (1913) to refer to

those parasites that invariably kill their hosts as part of the process of

exploiting them. He had in mind specifically the Hymenoptera (the focus of

this review) and Diptera that are important natural enemies of other insects,

especially of their larval stages. These parasitoid insects, dependent upon

their hosts as larvae but free-living as adults, have also been referred to as

protelean parasites by Askew (1971). Typically, adult females seek out the

host organisms, and deposit eggs in, on or near them; in a few species, the

first instar larvae actually locate the host, after their parent female has

placed them in a microhabitat in which it is likely that they will encounter

hosts. The developing larvae then feed inside or attached to the outside of

the host, and either emerge from the moribund host before pupating, or

alter the host corpse to pupate within it (host mummification). A vast array
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of strategies for altering host immune responses, physiology and develop-

ment are employed by the parasitoids, mostly mediated by biochemical

venoms or symbiotic viruses injected by the parent female at oviposition

(Stoltz, 1986).

Eggleton and Gaston (1990) have, quite rightly, suggested that the term

parasitoid properly applies to a wide taxonomic spectrum of organisms,

including nematodes, all of which share the characteristic of killing their

host organism. Parasitoids differ from true predators in that they do not

feed upon more than one host organism during their parasitic stages. This

distinction is, however, blurred in some groups, such as those that attack egg

cases of spiders or cockroaches, and those that may consume the food

provisions in bee or wasp nest cells in addition to the host itself.

What are the evolutionary implications of the parasitoid lifestyle? For

one thing, the habit of killing their hosts would appear, on the surface, to

preclude the sorts of coevolution, in the reciprocal evolutionary response

sense (Janzen, 1980; Thompson, 1989), one might otherwise expect to

develop in parasitic associations. After all, how can a host respond

evolutionarily when it is invariably killed by the parasitoid? Although we

do not know of any cases where parasitoids have evolved to become less

virulent to their hosts at the individual level (they either kill their host or are

killed themselves), at the population level the story is more complex. For

instance, Yves Carton, Charles Godfray and coworkers have elegantly

demonstrated the presence of geographic variation in the ability of

parasitoids to kill host Drosophila, as well as the ability of the host fly

larvae to fend off the parasitoids; each of these abilities also responds to

selection (Carton and Nappi, 1991, 1997, 2001; Kraaijeveld and Godfray,

1997, 1999; Kraaijeveld et al., 1998; Dupas and Boscaro, 1999; Castro et al.,

2002). Thus, the battle between an individual host and its parasitoid(s) is a

life-or-death struggle, with only one or the other eventually surviving, but

the average outcome of this struggle is not always constant at the population

level, especially over evolutionary time. There is thus still a broad scope for

evolution to shape the interaction.

Eggleton and Belshaw (1992, 1993) have provided excellent comparative

summaries of the evolution of parasitoids in the broad sense. I focus here

upon the evolution of the parasitoid Hymenoptera, the largest group of

parasitoids, with the primary aim of showing the insights that phylogenetic

inference has brought to our understanding of the evolution of parasitism in

the group. Figure 1 shows a scheme published by Eggleton and Belshaw

(1992) indicating some of the evolutionary transitions in lifestyle among

parasitoid Hymenoptera, and roughly how common each kind of transition

is. This diagram is obviously not explicitly phylogenetic, although it was

made with some considerable understanding of the phylogeny of
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Hymenoptera. My goal in this review is to show how several recent studies

of phylogeny have (and in some cases have not) provided more specific

insight into key issues in parasitoid Hymenopteran evolution, rather than

to provide a detailed review of the phylogeny of the order and its full

complexity of implications. For more comprehensive, albeit generally less

phylogenetic, reviews of the biology of hymenopteran parasitoids, the

reader is referred to the treatments by Askew (1971), Eggleton and Belshaw

(1992, 1993), Godfray (1994), Hanson and Gauld (1995), Quicke (1997), and

Whitfield (1998).

The remainder of this review will be organized into a series of issues or

questions, each of which has been approached recently using phylogenetic

analysis. Many other similar questions could be and are being asked, but

castration

Predation

Parasitoidism

Parasitism

Provisioning
Omnivory

provisioning
provisioning

clepto-

specialized

egg clepto-

most apocritan families

+ Orussidae

Ch Ga Sa

Eul Ev Ic To

Eul Eup Eur Pt

Ga Ch

Eum Ma Sp Ve
Be Po Sp

Fo

Ap Ag Cy
?Eul Pt Ta To

Eul Eur Ag Cy
Pt Ta To

Saprophagy

Phytophagy

Microphagy

Mycophagy

provisioning

Ch Ga Sa

clepto-

Be Po Sp

Figure 1 Flow chart of evolutionary transitions to and from parasitoidism in the
Hymenoptera. The thickness of the arrows represents the relative numbers of species
in the groups following the transition, not the number of independent times the
transition has evolved. (Note: bethylids are unlikely to be truly provisioning, as is
indicated as a possibility in the figure.) Abbreviations: Ag, Agaonidae; Ap, Apidae;
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with permission from Eggleton and Belshaw (1992).
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these should provide a taste of how a phylogenetic approach can provide

key insights into the evolution of parasitism.

2. SOME QUESTIONS ABOUT HYMENOPTERAN PARASITOID

EVOLUTION ADDRESSED USING PHYLOGENY

2.1. Is the Parasitoid Lifestyle an

Evolutionary ‘Dead End’?

Wiegmann et al. (1993) attempted to supply the first real quantitative

assessment of whether adoption of a parasitic lifestyle appears to have led to

increased diversification in insects, and to represent a sort of evolutionary

‘dead end’. Their analysis was based on a method of multiple sister-group

comparisons, as originally used byMitter et al. (1988) and Farrell et al. (1991)

to examine whether herbivory led to increased diversification in insects.

Their conclusion was that parasitism in insects did not lead to increased

diversification, or at least that there is no evidence that it did. The analysis

was conducted across all insect groups, but included little detailed

examination of the patterns within the Hymenoptera, by far the largest

group of parasitic insects (in the broad sense including parasitoids) with

approximately 250 000 parasitoid species among a total worldwide diversity

of over 300 000 species. Table 1 provides a breakdown of both described

and estimated total species for hymenopteran superfamilies gleaned from

Gaston (1993) and Goulet and Huber (1993), along with a short synopsis of

their biologies. With such numbers on the side of the parasites, how could

parasitism not have led to increased diversification in this spectacular

animal radiation (nearly rivaling that of the beetles)?

There are several reasons why their analysis would not have revealed

higher diversification in parasitic lineages. First of all, it now appears, from

current phylogenetic evidence, that parasitism may have had essentially a

single origin early in hymenopteran evolution (see Section 2.2 below for

details). Thus, the use of a multiple sister-group approach reduces the

number of relevant comparisons to one. No matter how large the contrast in

diversity between the two sister groups involved (and it is huge in this case),

it all adds up to only one of many comparisons in their data set. Secondly,

most of the other examples of parasitism in their study are of true parasites,

rather than parasitoids, and the two lifestyles may be quite different with

respect to diversification rate.

Finally, in stark contrast to the ‘evolutionary dead end’ view, parasitoid

hymenopteran lineages have subsequently radiated into a wide variety of
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Table 1 Species richness of Hymenoptera, by superfamily, with a brief synopsis

of biology.

Superfamily No. of described

speciesa
Est. total

no. of speciesb
Biology

Xyeloidea 56 60 Phytophagous

Megalodontoidea 302 300 Phytophagous

Tenthredinoidea 5328 7000 Phytophagous, some

gall-formers, some

predaceous as adults

Cephoidea 79 100 Phytophagous (bore in

stems of plants)

Siricoidea 182 200 Mycophagous/

phytophagous

(introduce fungi

into wood)

Orussoidea 69 70 Parasitoids

Stephanoidea 85 100 Parasitoids

Megalyroidea 80 100 Parasitoids

Ceraphronoidea 802 2000 Parasitoids

Evanoidea 1050 1200 Parasitoids/egg predators

Ichneumonoidea 25 000 100 000 Parasitoids, very few

gall-formers

Chrysidoidea 4894 16 000 Parasitoids or

cleptoparasites

in insect nests

Vespoidea 21 000 48 000 Parasitoids, also predators,

scavengers, mycophages,

pollen-feeders

Apoidea 27 000 28 000 Parasitoids, many

predaceous, most

pollen-feeders (bees)

Cynipoidea 3290 4000 Most parasitoids,

some gall-forming

Proctotrupoidea 2597 6000 Parasitoids

Platygastroidea 4022 10 000 Parasitoids

Mymarommatoidea 9 10 Not known

Chalcidoidea 18 600 60 000–100 000 Most parasitoids,

few gall-formers,

seed-eaters

Totals 114–445 283–323 000 Approximately 75%

are parasitoids

aData from Gaston (1993).
bData extracted from Goulet and Huber (1993).
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other lifestyles, as will be illustrated by examples in detail below. Two of

these other lifestyles, herbivory (as exemplified by the bees, gall-forming

wasps and pollinating fig wasps), and insect sociality (ants, many bees, and

social wasps), have themselves been implicated as major spurs to either

diversification (in the case of herbivory) or ecological dominance (in the case

of insect sociality: Wilson, 1987). Thus, Hymenoptera seem, largely, to have

become winners in their various evolutionary lifestyle ‘choices’, parasitism

representing only one of these choices. They just did not happen to ‘change

their minds’ often enough to provide very many independent tests.

(Alternatively, perhaps only the highly successful diversifications have

survived.)

2.2. How Many Times did Parasitism

Arise in Hymenoptera?

As mentioned briefly above, most phylogenetic studies now suggest a single

early origin of parasitism in the Hymenoptera. Throughout much of the

twentieth century, several competing views coexisted on the origin of

parasitism from phytophagy in Hymenoptera. An especially influential one

was that of Malyshev (1968), who noted the apparent connections between

gall-forming, inquilinism and parasitism in some families of wasps. He

proposed a transition series from hypothetical ancestral ‘protocephoids’

through gall-forming and inquilinism to parasitism of gall-formers and

other inhabitants of enclosed plant cavities. His ideas on these and some

other transitions between biological habits in the Hymenoptera, while

intriguing and biologically realistic, have mostly not been supported by

subsequent studies using phylogenetic comparison. As we will see in Section

3.1, there are indeed some transitional stages between gall-forming and

parasitism, but the trend is in the opposite direction—the gall-forming

Apocrita are all relatively derived lineages with a parasitic heritage.

An earlier hypothesis on the origin of parasitism in Hymenoptera by

Handlirsch (1906–8) seems to have hit the mark, however. Handlirsch

noted the apparent morphological similarity between Siricoidea (horntails

and woodwasps) and the putatively most primitive parasitic Apocrita,

and the fact that the latter were often parasites of the former or of other

wood-boring insects. He proposed a series of stages by which a gradual

transition from wood-boring to ectoparasitism of wood-borers might have

taken place. It is of interest in this regard to note that one relatively

uncommon group of woodwasps, the Orussoidea, appears to have an

ectoparasitic mode of life while still retaining much of the sawfly/

woodwasp morphology.
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In a series of papers richly informed by fossils and comparative

morphology, Rasnitsyn (1968, 1975, 1980) produced the first comprehensive

and well-resolved phylogenetic hypothesis (Rasnitsyn, 1988) for the

Hymenoptera that fully developed the implications of Handlirsch’s

hypothesis. Rasnitsyn formally recognized the close relationship between

the parasitic Orussoidea and the similarly parasitic Apocrita, clearly

rejecting the Cephoidea/Apocrita sister group relationship that would

have supported Malyshev’s views. While Rasnitsyn’s hypothesis was

inferred without use of formal phylogenetic methodology or a fully explicit

data set, he provided enough detail to set the stage for a series of subsequent

studies by other workers. Many subsequent comparative morphological

analyses (Gibson, 1985; Johnson, 1988; Whitfield et al., 1989; Ronquist

et al., 1999; Sharkey and Roy, 2001), especially the superb series of

monographs by Vilhelmsen and colleagues (Vilhelmsen, 1996, 1997,

2000a, b, c, 2001; Vilhelmsen et al., 2001) have largely corroborated

Rasnitsyn’s views, at least for the evolutionary lineages relevant to the origin

of parasitism.

By the 1990s, molecular data, especially DNA sequence data, began to be

applied to hymenopteran phylogeny. While these studies have provided

major insights into the evolution of many hymenopteran groups, sequence

data have so far failed to provide much of a test of basal hymenopteran

relationships (Dowton and Austin, 1999, 2001). Most of the genes so far

used extensively for hymenopteran phylogenetics are either too rapidly

evolving, or require more extensive investigation of non-phylogenetic biases,

to track these Mesozoic divergences. At this point, analyses of both

morphological and combined morphologicalþmolecular data sets tend

to confirm the (Siricoideaþ (OrussoideaþApocrita)) relationship that is

consistent with the hypotheses of Handlirsch and Rasnitsyn. The most

recent such analysis, at the time of writing, is Dowton and Austin (2001);

their figure showing the basal transition to parasitism is reproduced in

Figure 2, along with the earlier, and in many regards similar, ‘synthetic

consensus’ phylogeny from Whitfield (1998).

The implications of these relationships seem fairly clear. First, the earliest

form of parasitism found in the Hymenoptera (ectoparasitism of wood-

boring insects) had its origin in the common ancestor of

OrussoideaþApocrita. Thus, the parasitoid habit is likely to have had a

single early origin in Hymenoptera. This ancestral parasitoid would have

had, as its precursors, wood-boring woodwasps that fed upon a rich diet of

fungi whose growth they enhanced by an ovipositional mucous secretion

from the adult female, as still occurs today in Siricoidea (Spradbery and

Kirk, 1978; Gauld and Bolton, 1988). Modern hymenopteran parasitoids

similarly use a variety of venoms and symbiotic organisms to modify their
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Figure 2 A. Partial phylogenetic tree of Hymenoptera, based on analysis of
combined morphological and molecular data, with transitions to ectoparasitism and
endoparasitism indicated. (Reproduced with permission from Dowton and Austin
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host substrate or organism (Piek and Spanjer, 1986; Steiner, 1986; Stoltz,

1986; Coudron, 1990; Stoltz and Whitfield, 1992; Jones and Coudron,

1993). Thus, there is a rich, but still mostly undeveloped, field of inquiry

opening up in the area of comparative analysis of the venoms and viruses

Hymenoptera are known to employ. Progress in this area is slow, in part due

to the minute quantities and the variety of these substances (many of them

likely to be undescribed peptides) parasitoids inject into their hosts. Clearly,

as the phylogeny of Hymenoptera becomes better understood, comparative

study of parasitoid biology at the mechanistic level will lead to a fuller

elucidation of the evolutionary pathways parasitoids have taken.

2.3. Evolution of Endoparasitism and Koinobiosis

from Ectoparasitism

Parasitoids can be easily divided functionally into internal (endoparasites)

and external (ectoparasitoids). As already mentioned (Section 2.2), it has

been known for a long time that the earliest lineages of parasitoids in

Hymenoptera were ectoparasitoids, typically of wood-boring or otherwise

concealed immature insect hosts.

From a series of field studies of forest parasitoids and their hosts,

Haeselbarth (1979) provided another distinction that seemed to correlate

more closely with patterns in host specificity of parasitoids, that between

parasitoids which quickly paralyze or kill their host organisms and feed

upon them quickly (idiophytes), and those that allow the host to regain or

maintain activity and develop further while parasitized (koinophytes).

Askew and Shaw (1986) developed this biological distinction in further

detail, renaming these modes idiobiosis and koinobiosis to avoid plant

connotations. As koinobiosis implies rather more sophisticated and long-

term interactions with host organisms, it was expected that koinobionts

would tend to show more restricted host ranges than would idiobionts, and

this pattern largely held in their and many other subsequent analyses, albeit

most clearly so when closely related groups are compared (Sheehan and

Hawkins, 1991; Eggleton and Gaston, 1992; Hawkins et al., 1992; Shaw,

1994).

2001.) B. Summary tree for Hymenoptera, showing major biological transitions
within the order. This tree was intended to depict consensus between studies at the
time, and was not based on an explicit phylogenetic analysis. (Reproduced with
permission from Whitfield, 1998.) Both trees show a single basal origin of
ectoparasitism in the Orussoidea, a heritage held in common with Apocrita.
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In general, ectoparasitoids are idiobionts, and most endoparasitoids are

koinobionts, but exceptions in both directions occur. It was thus of interest

to know which transition arose earlier (and perhaps made the other

possible)—to endoparasitism from ectoparasitism, or to koinobiosis from

idiobiosis. How do these transitions relate to the apparent evolution

toward parasitization of exposed hosts from the more ancestral habit of

attacking hosts in concealed locations? Belshaw and Quicke (2002) reviewed

a number of hypotheses on this topic, and attempted to test them using a

phylogeny of Ichneumonoidea based on 28S rDNA sequence data. Their

conclusions, which are still limited due to the need for further testing of their

phylogeny using other data sets, include the observation, unsurprising in

retrospect, that the answer one gets depends on the lineage one is studying.

At this point it would not be productive to be more critical of the most

general patterns; we need not only better supported and more comprehen-

sive phylogenies, but also more complete biological data for many taxa to

advance further. Instead, I will review in more detail results from one of the

more intensively studied lineages, the cyclostome Braconidae. It is already

becoming clear from preliminary studies that other lineages will provide

equally fascinating insights into the evolution of parasitic strategy as their

phylogenies become better known (S.R. Shaw, 1988; Gauld and Wahl, 2000;

Smith and Kambhampati, 2000).

The cyclostome Braconidae are so called because they have a more or less

circular excavation above their mandibles that appears to enhance the

ability to chew their way out of enclosed sites such as tunnels in wood. They

are a large, putatively monophyletic lineage of wasps that are predominantly

ectoparasitoids of concealed hosts. Several subfamilies within this complex

are, however, composed of endoparasitoids: the Opiinae and Alysiinae,

which parasitize the larvae and puparia of Diptera, and the Rogadinae,

which mummify caterpillars of butterflies and moths (Shaw and

Huddleston, 1991). The forms of endoparasitism in these groups of

parasitoids are different enough that it seemed reasonable that endoparasit-

ism might have arisen separately in these lineages.

Mark Shaw (1983), noting some remarkable similarities in oviposition

between the koinobiont ectoparasitoid Rhysipolis and the koinobiont

endoparasitoid Clinocentrus, proposed a scenario for how endoparasitism

might have developed from ectoparasitic koinobiosis in the rogadine

lineage. In his scenario, the transition from idiobiosis to koinobiosis

occurred before that from ectoparasitism to endoparasitism; in this way

the koinobiont ectoparasitoid Rhysipolis is a logical transitional form.

Whitfield (1992) tested Shaw’s hypothesis by inferring a phylogeny of

rogadine and related cyclostome braconid lineages using morphological

data. He found (Figure 3) that there appeared to be at least two
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independent origins of endoparasitism within the cyclostome braconids,

one exactly as Shaw (1983) proposed with the ectoparasitoid Rhysipolis the

sister-group to the endoparasitoid mummifier Clinocentrus, and a second

in the clade including the Opiinae/Alysiinae lineage. Quicke (1993)

challenged a few character interpretations from Whitfield’s treatment,

but his reanalysis found much the same overall pattern (with only the

position of the Gnamptodontinae different), and this pattern was later

confirmed using molecular data from 28S rRNA gene sequences (Belshaw

et al., 1998). Thus all evidence at this stage points to at least two

independent origins of koinobiont endoparasitism within just the

cyclostome braconid wasps; there must be many others, especially in the

Ichneumonidae and Chalcidoidea (Whitfield, 1998). Once endoparasitism

has been established in hymenopteran lineages, the tendency to diversify

its mode of action appears to be strong.

Figure 3 Partial phylogenetic tree of Rogadinae and related cyclostome braconid
wasp groups, based on analysis of morphological data, and showing hypothesized
transitions between biological lifestyles. Note the dual origin of endoparasitism even
within this restricted group. Reproduced with permission from Whitfield (1992).
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2.4. Do Parasitoids Exhibit Cophylogeny

with their Hosts?

It appears from the general parasitological literature that an obvious field of

study among parasitoid Hymenoptera would be direct comparison of host

and parasitoid phylogenies. However, this has not generally been the case.

Early suggestions from Griffiths (1964) and Mackauer (1965) that fly and

aphid parasitoids, respectively, showed correspondence between the

parasitoid and host phylogenies have not been supported by further work.

Indeed, detailed studies of host ranges in specific parasitoid groups (see

Askew and Shaw, 1974, 1986; Shaw and Askew, 1976; Gross and Price,

1988; Whitfield and Wagner, 1988; Askew, 1994; Shaw, 1994) show that

limits to host ranges tend to follow host life-history, host locations on

plants, or other ecological patterns more closely than strictly historical or

taxonomic ones. Ecological/behavioral determination of host relationships

has appeared to be so common that few recent studies have even attempted

to compare host and parasitoid phylogenies. It would be interesting in

future to examine this lack of correspondence in more depth and

quantitative rigor, as it appears likely that at least some host range patterns

would be phylogenetically correlated. One would expect that the patterns

would just tend to be much more complex than simple correspondence

between single phylogenies, and thus would not be obvious from superficial

comparison of phylogenetic topologies.

2.5. Cophylogeny Found in Associations with Viruses

If cophylogenetic patterns (parallel phylogenies) have been difficult to find

in relationships between parasitoids and their hosts, they are beginning to

appear in another context—the relationships between parasitoids and the

symbiotic entities they employ against their hosts. Vertically transmitted

endosymbionts have proven to be some of the best examples of cophylogeny

yet discovered (e.g., see Moran and Baumann, 1994). The most fully studied

case of this with respect to parasitoid wasps is the association of

polydnaviruses with braconid wasps. These unusual viruses (actually

proviruses) are fully integrated into the chromosomal DNA of the wasps

(Fleming and Summers, 1986, 1991; Stoltz et al., 1986; Xu and Stoltz, 1991;

Belle et al., 2002) and thus are inherited in Mendelian fashion (Stoltz, 1990).

After replication and packaging of the viruses in the wasp ovarian calyx

tissue, the viral particles are injected into the host caterpillars together with

the wasp eggs. A variety of effects of the viral coat proteins, as well as of

polydnaviral genes expressed in the hosts, has now been documented (Edson
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et al., 1981; Stoltz, 1986; Fleming, 1992; Stoltz and Whitfield, 1992; Asgari

et al., 1998; Shelby and Webb, 1999; Schmidt et al., 2001). These include

impacts on the host endocrine and immune function that allow the wasp

eggs and larvae to survive successfully within the host. How and when this

remarkable partnership between wasp and virus evolved thus became of

considerable interest for the understanding of host/parasitoid relationships.

From the early days of recognition that viruses were involved in

parasitism by braconid wasps, it was noticed that the viruses were found

in related groups of wasps, and in all examined individuals of them (Stoltz

and Vinson, 1979). Subsequent studies showed that viruses from more

closely related wasps cross-reacted more strongly with each other in

Southern blots and immunoblots than those from more distantly related

wasps (Cook and Stoltz, 1983; Stoltz and Whitfield, 1992). The combined

evidence, together with the mode of inheritance of the viruses, led to explicit

predictions (Whitfield, 1990; Stoltz and Whitfield, 1992) that the

phylogenetic relationships among the viruses would reflect those of the

wasps.

These predictions proved more difficult to test than anticipated. First

of all, few polydnaviruses had been studied in any detail, so comparative

information concerning shared genes was lacking. Thus, a considerable

effort in testing and redesigning polymerase chain reaction primers, and

then comparing sequences from multiple wasp species, was required to

accumulate any data on viral relationships. Second, the genera within the

microgastroid assemblage of braconids that carry polydnaviruses appear

to have radiated quite quickly and extensively, complicating phylogenetic

analysis at this taxonomic level (Mardulyn and Whitfield, 1999). So a two-

pronged approach was used to address the cophylogeny question, with the

hope that the two prongs would eventually converge to provide a coherent

picture. The first prong was testing the monophyly of the ‘microgastroid’

assemblage of braconid subfamilies known to carry the polydnaviruses.

Whitfield and Mason (1994), using morphological data, showed that this

group of subfamilies appeared to form a true lineage; the addition of

DNA sequence data by Whitfield (1997) and later by Dowton and Austin

(1998) corroborated the monophyly of the polydnavirus-bearing wasp

lineage.

The second prong of attack worked at the species level, to test true

cophylogeny between wasp species and the polydnaviruses they carry. The

genus Cotesia was selected as a starting point since the viruses from several

species in this genus were already under investigation and some viral genes

had been characterized. Whitfield (2000) showed that the phylogeny of

six species of Cotesia (based on sequence data from the 16S rDNA and

ND1 genes) is essentially identical to that of the polydnaviruses they carry
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(based on sequence data from the viral CrV1 gene). More recent studies

(A. Michel-Salzat and J.B. Whitfield, unpublished observations) are

extending these findings through many more species of Cotesia as well as

related microgastrine-group genera. At this point, it does seem likely that

the cophylogeny between wasps and viruses extends through the entire

polydnavirus-bearing lineage of braconids, but this has not yet been fully

demonstrated. The origin of this lineage of associated partners has been

dated at roughly 74� 11 million years ago (mya), using molecular clock

techniques calibrated with wasp fossils (Whitfield, 2002). A summary of

what we know at this point (extracted from Whitfield and Asgari, 2003) is

presented in Figure 4.

3. EVOLUTION FROM PARASITISM TO OTHER LIFESTYLES

3.1. Gall-forming in Cynipoidea

Several groups of ancestrally parasitoid Hymenoptera have secondarily

radiated into gall-forming habits on different plant groups. These include

the Braconidae (de Macedo and Monteiro, 1989; Infante et al., 1995; Austin

and Dangerfield, 1998), several families of Chalcidoidea (Hanson and

Gauld, 1995) and, most familiar to Northern Hemisphere biologists, the

Cynipidae (Kinsey, 1920; Cornell, 1983; Ronquist and Liljeblad, 2001). The

last group has been most extensively studied from both biological and

evolutionary perspectives.

The Cynipidae in its current restricted sense (Ronquist, 1995) consists

entirely of wasps that feed in and/or form galls in plant tissue, or are

inquilines of gall-makers. All of the close relatives of the Cynipidae,

including their immediate sister lineage the Figitidae, are parasitoids of

other insects (Ronquist, 1995; Liljeblad and Ronquist, 1998). Thus we

have no obvious intermediate stages that would provide insight into the

evolutionary transition between parasitism and gall-making, except that

several representative sister taxa (Thrasorinae and Parnipinae) are

parasitoids of insects that are themselves gall-formers. Thus, Malyshev’s

transition between gall-making and parasitism might appear to have some

truth in it, although the direction of change is of course backwards. We

do, in contrast, have detailed analyses of the subsequent evolution of

gall-making itself in the Cynipidae by Ronquist and Liljeblad (2001).

They mapped such traits as gall structure, position on the plant, mode of

attachment, host plant growth form, and host plant families onto a wasp

phylogeny based on a large morphological data set. The resulting picture
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is generally that of basal taxa tending to be more generalized gallers of

herbaceous plants, then the subsequent radiation of gall types and

independent origins of galling of woody plants and inquilinism in woody

galls (Figure 5). They found no evidence of strict cophylogeny between

Figure 4 Summary of findings on coevolution of polydnaviruses with braconid
parasitoid wasps. Note the very early origin of the virus/wasp association, and the
co-phylogeny (at least in one recent group) between the two associates. Modified
from Whitfield and Asgari (2003).
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gall wasps and their host plants, although there is some clear tendency

for wasp lineages to be restricted to particular host higher taxa. In their

results, inquilinism was found to be a derived state relative to gall-

making, with no apparent relationship to the origin of parasitism in

cynipoids, as Malyshev (1968) would have predicted.

Figure 5 Evolution of host–plant associations in the gall wasps (Cynipidae).
The two taxa at the top of the tree are non-galling outgroups. Note the dual origins
of galling on woody plants. Reproduced with permission from Ronquist and
Liljeblad (2001).
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3.2. Fig-pollinating in Chalcidoidea

As with the origin of gall-making in Cynipoidea, the fig-pollinating wasps

in the family Agaonidae appear to have a single origin from parasitoid

ancestors (Machado et al., 1996). These wasps have long been considered

a classic example of animal/plant coevolution. Unlike the cynipids, there

are clear patterns of cophylogeny with host plants both in higher taxon

comparisons (Figure 6) and in species-by-host-species associations (Herre

et al., 1996; Cook and Lopez-Vaamonde, 2001; Machado et al., 2001;

Weiblen and Bush, 2002). There are some known exceptions to strict host

specificity and strict cophylogeny, which appear to be explainable by host

shifts during secondary sympatry of wasps originally isolated on allopatric

host plants (Kerdelhue et al., 1999; Machado et al., 2001). On the whole, the

evolutionary patterns suggest that the kinds of very close association we see

now between fig wasps and their host plants may have operated for quite

Figure 6 Evolutionary association between fig wasps (on left) and the major
groupings of their fig hosts (on right). At finer scales some host-switching is known
to occur. Reproduced with permission from Machado et al. (2001).
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some time; the origin of the mutualism was dated at approximately 87.5mya

by Machado et al. (2001).

An interesting aspect of the fig wasp system is that the figs are also

sometimes inhabited by ‘parasitic’ (i.e. non-pollinating) wasps living in the

figs as well as by parasitoids on these fig non-pollinators. Surprisingly, there

appears to be not only significant phylogenetic association between the

non-pollinators and their host figs, but also extensive shared cophylogeny

between pollinating and non-pollinating wasps in the same figs (Machado

et al., 1996; Lopez-Vaamonde et al., 2001). The overall fig–fig wasp system

is highly complex and will continue to produce fascinating phylogenetic

interpretations for some time to come.

3.3. Nest-building and Sociality in Aculeata

The Aculeata (or ‘stinging Hymenoptera’) are a demonstrably monophyletic

group of Hymenoptera, in which the ancestral ovipositor structure no

longer functions directly in egg-laying. Instead, eggs are laid through a

separate opening at the base of the ovipositor, and the ‘ovipositor’ itself

has been modified into a specialized structure for delivering venoms into

host, prey or enemy animals (Oeser, 1961). In the non-aculeate apocritan

Hymenoptera (‘Parasitica’), the ovipositor typically has this stinging

function, but it also serves to deliver the eggs onto or into host organisms

(either as part of the same stinging action or separately; Steiner, 1986).

Thus, the distinctive aspect of the Aculeata in the broad sense is not the

stinging activity, but the loss of egg-laying function by the ovipositor

structure. The basal groups of Aculeata are biologically similar to the

ectoparasitoid representatives of other apocritan Hymenoptera, paralyzing

host organisms, typically insects or other arthropods, and depositing their

eggs upon them. Nevertheless, most aculeate wasps have been referred to

traditionally as ‘solitary wasps’ or ‘predatory wasps’, and not explicitly as

ectoparasitoids (Evans and West-Eberhard, 1970; Iwata, 1976; Yeo and

Corbet, 1983; O’Neill, 2001). This distinction appears to have been made

in order to compare them with the social wasps, bees, and ants, which are

derived from some of them, but it tends to obscure the fact that the behavior

of ancestral Aculeata is biologically very much like the groundplan of

ectoparasitoid Hymenoptera.

Rather than the huge diversification in specialized parasitoid mode of life,

we see in such groups as the Chalcidoidea and Ichneumonoidea (Whitfield,

1998) that some lineages of the aculeate Hymenoptera accumulated quite

different evolutionary innovations such as the tendency to move hosts (prey)

to nests or burrows of their own making, in order to progressively provision
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these nests for their young (not necessarily with animal prey), to care for

their young, and ultimately, in a few highly successful groups, to form

societies of close relatives for care of offspring (Evans and West Eberhard,

1970; Iwata, 1976; O’Neill, 2001). It is the lineages leading to the social

wasps, ants, and bees that are most familiar to most non-entomologists.

While these represent only a relatively small slice of the phylogenetic ‘pie’ of

Hymenoptera, they are often ubiquitous and ecologically dominant animals.

Thus, they represent one of the most spectacular ways in which parasitism in

Hymenoptera has been anything but a ‘dead end’.

4. THE COMPARATIVE METHOD AND PARASITOIDS:

FUTURE PROSPECTS

Most of the examples cited above demonstrate the utility of optimizing

various traits onto phylogenies in order to study the number and relative

timing of the origin(s) of each trait. This basic approach has been widely

used, and is discussed in detail by Brooks and McLennan (1991, 1993). An

additional form of ‘comparative method’ uses a phylogeny to develop a

series of phylogenetically independent contrasts (Felsenstein, 1985) or other

kinds of comparison that can then be studied statistically without being

confounded by historical ancestry (Felsenstein, 1985; Harvey and Pagel,

1991); exemplified above by the studies of relative diversification of parasitic

versus non-parasitic groups discussed in Section 2.1. This general approach

is especially useful for testing whether the evolution of a specific biological

trait tends to be associated with a common ecological background, or to be

correlated with some other trait(s) (Maddison, 1990; Harvey and Pagel,

1991; Martins, 1996). The independent contrasts type of analysis has not

been used very extensively in Hymenoptera until recently, especially in

parasitoid groups (Mayhew, 1998; but see the examples from Mayhew and

colleagues included in Table 2). The reasons for this appear to be twofold.

First, for most groups of parasitoids, we still are lacking comprehensive

and well-supported phylogenies. Thus, for many traits, more traditional

classifications must be used as a substitute for phylogeny, resulting in an

obvious loss of power and accuracy in inference. This might still be

reasonably successful if it were not for the second problem with parasitoid

Hymenoptera: the biological (behavioral and ecological) data we have are

often too widely scattered and unrepresentative to make clear general-

izations about traits of larger lineages (Whitfield, 1998).

Thus, we still need much more basic information for many lineages, as

well as greater taxon representation and data sources in phylogenies, in
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order to advance with the comparative method in parasitoid evolution. Of

the two problems, the need for phylogenetic rigor through greater taxon

representation and greater clade support is clearly the more easily soluble.

In fact, ongoing work in a number or laboratories on many groups is likely

to make this assessment seem altogether too conservative in the very near

future.

Accumulating more biological data, and for a wider array of taxa, is more

of a long-term issue. Nevertheless, when combined with strongly supported

phylogenies, this should help to provide a predictive framework for

interpretation, as well as for targeting taxa for future field and laboratory

study. Table 2 provides a list of some biological traits already under study

that will clearly benefit from the comparative approach.

Table 2 Some comparative traits in parasitoid Hymenoptera requiring further

phylogenetic information.

Trait References

Complementary sex determination Godfray (1994)

Sex ratio, sexual dimorphism and maturing

structure in bethylids

Hardy and Mayhew (1998)

Constraints in sex ratio adjustment West and Sheldon (2002)

Nonsiblicidal behavior and clutch

size in bethylids

Mayhew and Hardy (1998)

Development mode vs. life-history pattern Mayhew and Blackburn (1999)

Number of ovarioles per ovary vs.

host stage attacked

Price (1973)

Egg production strategies Price (1974)

Gregrarious vs. solitary parasitism Le Masurier (1987);

Mayhew (1998)

Heteronomous parasitism in Aphelinidae Hunter and Woolley (2001)

Host-feeding behavior Heimpel and Collier (1996)

Ovigeny Jervis et al. (2001)

Ovipositor morphology—lineage vs.

functional aspects

Le Ralec et al. (1996);

Quicke et al. (1999)

Polyembrony Strand and Grbic (1997)

Syncytial vs. holobastic cleavage with

respect to life history

Grbic and Strand (1998)

Venom composition and effects on host insects Piek (1986); Steiner (1986);

Coudron (1990);

Jones and Coudron (1993)

Forewing size, ovipositor length

and ovarian structure

Price (1972)
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5. CONCLUSION

Our understanding of the evolution of the parasitoid lifestyle in the wasps

has benefited enormously from the adoption of phylogenetic approaches.

We can already see that this mode of life has not only been an ecological and

evolutionary success in its own right, but has also provided the raw material

for the evolution of additional successful lifestyles, and contributed mightily

to the huge radiation of animals known as the Hymenoptera.

We are still placed very early on the learning curve, however. The

development and refinement of phylogenetic methodology came to the

study of Hymenoptera at a time when many of the parasitoid groups were

still relatively poorly known, both taxonomically and biologically. It is clear

that the species richness of Hymenoptera, while already large based only on

described species, is truly enormous, composing one of the largest groups

of organisms on Earth (Gaston, 1993; Dolphin and Quicke, 2001). The

parasitoid groups are likely to richly repay study, even at the purely

descriptive taxonomic and biological level, for a long time. The development

of a rigorous phylogenetic framework for the Hymenoptera will play an

important role in the direction and interpretation of this work in progress.
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ABSTRACT

Nematodes are remarkably successful, both as free-living organisms and

as parasites. The diversity of parasitic lifestyles displayed by nematodes, and

the diversity of hosts used, reflects both a propensity towards parasitism

in the phylum, and an adaptability to new and challenging environments.

Parasitism of plants and animals has evolved many times independently

within the Nematoda. Analysis of these origins of parasitism using a

molecular phylogeny highlights the diversity underlying the parasitic

mode of life. Many vertebrate parasites have arthropod-associated

sister taxa, and most invade their hosts as third stage larvae: these features

co-occur across the tree and thus suggest that this may have been a shared

route to parasitism. Analysis of nematode genes and genomes has been

greatly facilitated by the Caenorhabditis elegans project. However, the

availability of the whole genome sequence from this free-living rhabditid

does not simply permit definition of ‘parasitism’ genes; each nematode

genome is a mosaic of conserved features and evolutionary novelties.

The rapid progress of parasitic nematode genome projects focussing

on species from across the diversity of the phylum has defined sets of

genes that have patterns of evolution that suggest their involvement

with various facets of parasitism, in particular the problems of acquisition

of nutrients in new hosts and the evasion of host immune defences. With

the advent of functional genomics techniques in parasites, and in particular
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the possibility of gene knockout using RNA interference, the roles of many

putative parasitism genes can now be tested.

1. NEMATODE GENOMES AND THE EVOLUTION OF

PARASITISM

The success of the phylum Nematoda as parasites of other animals and

plants is striking. Parasitic species play a significant role in regulating the

productivity of wild populations, and impact negatively on human

agricultural endeavour as well as human health. The emergence of robust

phylogenetic analyses of parasitic nematodes in relation to their hosts

(Hugot et al., 1996; Hugot, 1999; Dorris et al., 2002), and of extensive

genomic information on free-living and parasitic species (Consortium, 1998;

Blaxter et al., 1999), permits for the first time an attempt at elucidating

the predispositions and adaptations of nematodes as parasites, and the

mode and tempo of evolution of a fascinating and crucially important

part of planetary biological diversity. In this essay, I have summarised

my understanding of the current status of nematode phylogenetics and

genomics, attempting a synthesis that reveals the particular biology that

underlies diverse parasitic phenotypes.

1.1. What are nematodes? The phylum Nematoda in the

kingdom of animals

Nematodes are abundant, diverse and ubiquitous members of the

meiofauna. They are found in astronomical numbers in all sorts of

sediments (Platonova and Gal’tsova, 1976), where they play core ecological

roles in nutrient recycling and link the producer/saprophytic levels of food

nets with the upper, predatory guilds (Bongers, 1990; Ekschmitt et al.,

2001). Nematodes have also evolved to be parasitic a number of times

(Blaxter et al., 1998; Dorris et al., 2002), and have successfully adapted to

use other non-vertebrates, vertebrates and plants as hosts. Most vertebrate

species, especially terrestrial ones, have an associated nematode parasite

fauna (Bundy, 1997).

The nematodes are ranked as a phylum (sometimes a class) Nematoda,

and traditionally were placed within an unresolved assemblage of lower

invertebrates, the ‘Aschelminthes’ (Brusca and Brusca, 1990). Nematodes

lack a true coelom, and are not visibly segmented. In addition, their

development, particularly in groups such as the rhabditid terrestrial

bacteriovores (Sulston et al., 1983; Sulston et al., 1988) and ascaridid gut
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parasites (Strassen, 1896), was not simply classifiable as either protostome

or deuterostome, or radial or spiral. The Aschelminthes hypothesis suggests

that nematodes are a representative of a radiation from a pre-protostome-

deuterostome split ancestor, and thus can be considered primitive

(see Brusca and Brusca, 1990, for a ‘classical’ phylogenetic treatment).

Evidence adduced to this view included the (usually) small size of

nematodes, and the presence of eutely. However, these phenotypes are

commonly associated with animals that inhabit the water film, or live within

sediments, and may be a secondary adaptation to size reduction and rapid

development (Nelson, 1982; Kinchin, 1994; Goldstein and Blaxter, 2002).

More recently, cladistic analyses of morphological datasets from

metazoan phyla have prompted a reappraisal of the position of Nematoda

(Nielsen, 1995). More significantly, the advent of molecular phylogenetic

methods for the analysis of deep divergence has suggested that nematodes

are not a basally derived metazoan, but a crown member of a new

superphylum, Ecdysozoa, or the moulting animals (Aguinaldo et al., 1997).

The Ecdysozoa hypothesis is a radical reworking of the structure of the

Metazoa, and has been the subject of much debate: traditional morpholo-

gical zoology and some molecular phylogeneticists find it unpalatable

(Giribet and Wheeler, 1999; Wägele et al., 1999; Giribet et al., 2000; Nielsen,

2001; Blair et al., 2002; Hedges, 2002), while molecular biology and genetics

has taken it to heart (Mushegian et al., 1998; Ruvkun and Hobert, 1998a;

de Rosa et al., 1999; Haase et al., 2001). On balance, I conclude that the

molecular evidence is compelling, though not without its problems. Under

this new view of metazoan evolution (Figure 1), Nematoda are associated

with other phyla, often obscure and less-speciose, including the

Nematomorpha (hair worms), Priapulida, Kinorhyncha (mud dragons),

Gnathostomulida, Loricifera, Tardigrada (water bears) and Onychophora

(velvet worms) but also the well-known and speciose Arthropoda.

The interrelationships of the Ecdysozoa have still to be firmly resolved

(Peterson and Eernisse, 2001), but it is generally agreed that Nematomorpha

are the sister taxon to Nematoda, with either Priapulida or a clade of

(PriapulidaþKinorhynchaþLoriciferaþGnathostomulida) as sister taxon

to (NematodaþNematomorpha). The chaetognaths (phylumChaetognatha)

have also been placed in Ecdysozoa, though the molecular evidence for this

is qualified by methodological uncertainties (Telford and Holland, 1997;

Giribet et al., 2000; Peterson and Eernisse, 2001).

With this new view of metazoan life, some of the phenotypes of nema-

todes can be reassessed. The arthropods, onychophorans and tardigrades

are each segmented, and have paired ventral nerve cords. Nematodes do not

display evident segmentation, but serially repeated patterns of cell division

revealed by embryonic cell lineaging in Caenorhabditis elegans are suggestive
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of some degree of anterior–posterior metamerism (Sulston and Horvitz,

1977; Sulston et al., 1980). The ventral nerve cord in nematodes is always

single, but again cell lineaging has revealed near-symmetrical left-right

developmental contributions which could be a reduced remnant of paired

cords. The nematode pharynx is a triradiate, myoepithelial pump, and

similar structures are found in both tardigrades and onychophorans

}

Choanoflagellida

Porifera
Placozoa
Cnidaria
Ctenophora*
Acoela*
Mesozoa*

Nematoda
Nematomorpha
Loricifera
Kinorhyncha
Priapulida
Onychophora
Arthropoda
Tardigrada

Gastrotricha
Nemertea
Myzostomida
Gnathostomulida
Cycliophora
Platyhelminthes
Acanthocephala
Rotifera
Chaetognatha*
Sipunculida
Bryozoa
Brachiopoda
Entoprocta
Annelida
Pogonophora
Echiura
Mollusca
Hemichordata
Echinodermata
Chordata

Ecdysozoa

Lophotrochozoa

Deuterostomia}

}

Figure 1 Nematoda in the tree of metazoan life. Interrelationships of the living
phyla of Metazoa (based on the works of Nielsen, 1995; Winnepenninckx et al., 1995;
Aguinaldo et al., 1997; Giribet et al., 2000; Peterson and Eernisse, 2001). The
placement (and status) of some phyla (marked with asterisks) is still the subject of
much debate. Note also that the cladogenesis events leading to the living phyla are
believed to have occurred in the Precambrian, and possibly in a very short time
period (geologically speaking) and thus this cladogram may suggest greater
resolution of ancestral divergences than is the case.
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(phyla with obvious arthropod affinity) as well as other ecdysozoan phyla

(Garey and Schmidt-Rhaesa, 1998). While the triradiate structure of such

a pump is one that is optimal in terms of mechanics, the use of myoepithelial

cells, rather than a lining epithelium acted upon by distinct, mesodermal

muscles, is an ecdysozoan peculiarity.

The significance of the new view of the position of nematodes for

parasitology is that the old adjective (and sometimes taxonomic group)

‘helminths’ is no longer valid (Winnepenninckx et al., 1995). Rather than

discussing nematode and flatworm parasites as if they were phylogenetically

related, we should view them as independent adaptations to the same

sorts of environment, much as marsupial and eutherian ‘wolves’ are

unrelated as wolves, and the various reef communities evident through

geological time are similar in gross structure but were formed by very

different animals. Thus, if a platyhelminth and a nematode parasite display

similar phenotypes in the face of a particular host and its immunity, this

should tell us more about the host’s immunity than any anciently shared

biology of the parasites.

1.2. Nematode phylogeny

Recognition of the phylum status of Nematoda, and the probability that

nematodes have had a separate evolutionary trajectory for over 550 million

years (Adoutte et al., 1999, 2000), raises a problem. Nematodes are

notoriously lacking in morphology. This is not to say that they have no

morphology; indeed, the trained nematologist can demonstrate all the

diverse setae, annulae, papillae and teeth any morphologist might desire to

see. It is rather that, as small, interstitial animals with a locomotory

hydroskeleton, they have in general been constrained to a simple, vermiform

appearance. The mode of locomotion also probably precluded appendage

evolution (or even promoted appendage loss), and also reduced cephalisa-

tion. Thus the legs and bristles so useful to arthropod taxonomy are missing

(though external genitalia, in the form of copulatory bursae and peri-genital

sense organs are abundantly informative (Fitch, 1997, 2000)). So is the

current nematode fauna the result of recent expansion of a relict or

degenerate form, or is it a representation of a deep evolutionary divergence?

There are no informative nematode fossils (Conway Morris, 1981, 1993),

and the size of the majority of species (and the even smaller size and

fragility of diagnostic characters) suggests that in the absence of novel

deposits or methods it is unlikely that any resolution of these questions

will come from micropalaeontology. While stunning embryological fossils

are being reported from some phosphatic deposits of lower Ordovician and
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Cambrian age (Chen et al., 2000), these are generally thought to be of

taxa which used the water column to disperse propagules. Nematodes are

conspicuously absent, as adults or larvae, from the zooplankton, and thus

even these incredible windows on the palaeontology of the evolution of

development are unlikely to open on nematode ancestry.

In addition, there is a daunting number of nematode taxa to analyse

and understand. About 25 000 different species have been described, and a

large proportion of these are parasitic (De Ley and Blaxter, 2002; de Meeus

and Renaud, 2002). Estimates of the total number of nematode species on

the planet vary from 100 000 to 100 000 000 (Lambshead, 1993), though

the upper estimates may be too high (Lambshead et al., 2003). If the ratio of

parasitic to free-living taxa was maintained in this diversity, the problem for

parasitology becomes mind-boggling. However, the majority of undescribed

taxa are estimated to be meiobenthic marine forms (Lambshead, 1993). The

actual total number of parasitic nematode species is likely to be several-fold

higher than is currently known, but unlikely to approach the several million

suggested by scaling current data.

1.2.1. Molecular analyses of nematode diversity and phylogeny

Morphology is continually selected and channelled into forms that permit

successful reproduction, and the little stochastic leeway that is available is

hard to quantify. The genome however is a mixture of stasis (conserved

genes with essential function) and clock-like change (stochastic mutational

events and fixation). Even within conserved genes, some residues (for

example the third bases of codons encoding amino acids which can be

encoded by four related codons; four-fold redundant sites) are free to vary.

Thus while nematode bodies may have limited superficial diversity,

nematode genomes will carry a history of the evolution of the phylum. Just

as molecular phylogenetics has permitted an integrated and testable

hypothesis of metazoan evolution (Peterson and Eernisse, 2001), the appli-

cation of molecular methods to the Nematoda has yielded a remarkably

stable, new phylogeny (Blaxter et al., 1998; De Ley and Blaxter, 2002).

The gene selected for analysis of nematode phylogeny has in the main

been that encoding small subunit ribosomal RNA gene (SSU rRNA),

but other analyses have used globin genes (Vanfleteren et al., 1994),

mitochondrial genes (Thomas and Wilson, 1991), segments of the large

subunit ribosomal RNA gene (Thomas et al., 1997), partial elongation

factor 1 alpha genes (Sidow and Thomas, 1994), the internal transcribed

spacer regions of the ribosomal RNA repeats (Gasser and Newton, 2000)

and other RNA-encoding genes (Xie et al., 1994b). The SSU rRNA genes
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have proved most useful, as they are relatively easy to isolate, even

from single specimens of sub-millimetre sized nematodes (Floyd et al.,

2002), they are reliably orthologous between species, and a robust set of

models of their evolution has been developed for nematodes and other

taxa. They may not be ideal, as there are issues with differences

in evolutionary rates of change between higher taxa, the reliability of

alignment between distantly related taxa, and in the effects of overall

genome base composition on the patterns of substitution in SSU rRNA

genes, but they currently represent the best marker available (see Swofford

et al., 1996; Peterson and Eernisse, 2001). An important additional criterion

is that sequences are available for phyla that are credible outgroups for the

Nematoda.

An initial analysis of nematode SSU rRNA genes (based on 53 sequences

from mostly parasitic taxa) (Blaxter et al., 1998) has been confirmed and

extended by subsequent analyses (Aleshin et al., 1998a, b; Kampfer et al.,

1998; Dorris et al., 1999; De Ley and Blaxter, 2002). The current dataset of

nematode SSU rRNA gene sequences is over 300 taxa, with many more free-

living taxa represented, but the overall structure of the tree has not changed

significantly since first publication. In addition, analyses of other genes are

in agreement with the SSU rRNA tree where taxon datasets overlap

(Vanfleteren et al., 1994; Burr et al., 2000). The phylogeny derived from the

SSU rDNA appears to be robust in that most clades are supported by high

bootstrap support and/or posterior probabilities.

The Nematoda can be split into three major clades, called Clades I, II

and C&S in the original publication (Blaxter et al., 1998), but now given

the names Dorylaimia, Enoplia and Chromadoria, respectively (Figure 2)

(De Ley and Blaxter, 2002). The relative branching order between the base

of the Nematoda and these clades is as yet unresolved: some datasets

yielding a basal rooting of Enoplia while others suggest Chromadoria

separated first. All three groups are biologically diverse, and include marine

and terrestrial forms. Parasitic taxa are also found in all three.

1.2.2. Completing the puzzle: limitations of the current molecular

phylogeny of Nematoda and routes to overcoming them

The global initiative to sequence SSU rRNA genes from nematodes has

yielded very positive results, and new sequences are still being gathered.

A recent survey suggests that sequences of taxa deriving from nearly half

the described families of nematodes have been determined, though many are

yet to be published or deposited in public databases (De Ley and Blaxter,

2002). Against this success must be placed the known severe undersampling
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of diversity that described nematode species represents. It is difficult to

estimate what grade of deficit is present. In bacterial community surveys

using ribosomal RNA sequencing, the shocking discovery was that

there are many bacterial groups (of the equivalent status to animal

phyla) that were unknown to culturing-based bacteriological taxonomy

(Pace, 1997). A similar conclusion has been derived frommolecular surveys of

protist communities (Lopez-Garcia et al., 2001; Moon-van der Staay et al.,

2001; Amaral Zettler et al., 2002; Moreira and Lopez-Garcia, 2002). In

contrast, while current morphological surveys have only covered a minute

portion of the earth’s surface, traditional methods for isolation and

identification of nematodes are unlikely to have systematically missed

major groups as most major ecosystems have been sampled (Lawton et al.,

1996; Bloemers et al., 1997; Floyd et al., 2002; Blaxter, 2003). Thus, I would

expect that the future of nematode systematics will be in filling in the current

tree (with perhaps some groups at family rank still to be discovered) rather

than in discovering large branches unsuspected by previous authors. Equally,

this view may be insufficiently nematophilic.

Several parasitic groups are significantly underrepresented in current

public datasets compared with their known diversity. For example, the

Oxyuridomorpha (pinworms and relatives) are represented by a single

sequence, despite their common occurrence as host-specific parasites of

mammals and insects. Other groups, particularly those parasitising non-

vertebrate animals, are also lacking. There are very few parasites of marine

non-vertebrate hosts described, and none sampled. Often, the community

has sequenced from parasites with significant economic impact on human,

animal or plant health, sacrificing breadth of coverage for depth of

resolution of a particular group (Xie et al., 1994a, b; Dorris and Blaxter,

2000; Dorris et al., 2002).

The advent of significantly cheaper sequencing technology, the promul-

gation of basic molecular biology skills to additional nematode systematics

laboratories, and the development of techniques for rapid and reliable gene

isolation using the polymerase chain reaction, even from fixed or archive

specimens (Thomas et al., 1997; Herniou et al., 1998; Dorris and Blaxter,

2000; Dorris et al., 2002), will undoubtedly facilitate advances in coverage,

even from the most obscure groups. The SSU rRNA gene has proved

useful for most genus-level discriminations, and very useful for deeper

analyses. However, other genes will need to be sampled and tested for

resolution of the histories of species flocks, and other groups where very

little SSU sequence change separates taxa (Powers et al., 1997; Adams et al.,

1998). Similarly, the SSU rRNA gene may not retain enough phylogenetic

signal to resolve the current trichotomy at the base of the Nematoda

and other sequences, perhaps those encoding slowly evolving protein-coding
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genes will have to be investigated for this problem (Mushegian et al., 1998;

Blair et al., 2002).

2. NEMATODE PARASITISM

In some older systematic treatments of the phylum Nematoda, parasites

were grouped together as a monophyletic clade sharing a particular trophic

mode. This a priori classificatory act made it relatively difficult to discuss

the origins of and current relationships of the parasitic taxa to each other.

The new molecular phylogeny intersperses free-living and parasitic taxa,

suggesting multiple events of acquisition of the parasitic mode of life

(see below) (Dorris et al., 1999). This in turn raises questions of what

constitutes parasitism.

2.1. What is parasitism? parasites as small,

non-mutualist symbionts

Simply put, symbiosis means living together, and most life on this planet

could be classified as symbiotic. However, it seems incongruent that the

cow browsing on grass should be thought as living in symbiosis with the

grass: surely it is a herbivore? Discussion of symbiosis also distinguishes

between mutualistic versus exploitative interactions, and obligate versus

temporary or opportunistic interactions. Both these axes grade across

the range of extremes. Mutualistic, obligate symbionts are always found in

association with each other, and both symbionts derive fitness advantages

from the interaction. Thus, aphids carry bacteria, Buchnera species, that

assist by providing essential amino acid synthesis to supplement the aphid’s

poor sap diet. In return, the bacteria are protected from the vagaries of

a hostile environment, and are passed from mother to daughter aphid

(Baumann et al., 1998). Some symbioses are probably mutualistic, but

not obligatory for one or both partners. For example, the acoel flatworm

Convoluta roscoffensis carries photosynthetic algae. C. roscoffensis loco-

motes so as to ensure the algae are in the sunlight, and the algae

provide the products of photosynthesis to the flatworm that does not feed

otherwise. However, while C. roscoffensis cannot survive without the alga

(C. roscoffensis is an obligate symbiont), the alga can survive without the

flatworm, and is widely distributed and is hence a temporary or

opportunistic symbiont (Keeble, 1910).

Exploitative symbioses are usually described as parasitic, though they

include types of commensalism and association (where only one partner
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gains any benefit from the interaction, but the other does not necessarily

suffer any cost). These symbioses are usually between organisms of similar

size, or organisms where the larger one (the host) is exploited by the smaller

(the parasite). When the organism suffering through the interaction

is smaller than the exploiter, the interaction becomes more akin to a

prey–predator relationship, even if the predator does not kill the prey while

exploiting it. Thus, most herbivores prey on plants, but tend not to kill

them. Because nematodes are small animals, and probably were ancestrally

small animals, their relationships with other multicellular organisms

(fungi, plants and animals) are more likely to be classified as parasitic

than predatory or herbivorous.

Parasitism is usually taken to indicate an association where the parasitic

partner harms but does not kill its host: parasites that kill hosts are

sometimes called ‘poorly adapted’. While it is true that a parasite in

the wrong host can be more virulent than in its usual host, it is important

to realise that relative pathogenicity and virulence of parasites will be

an adaptive trait, selected depending on the biology of the system

(Anderson and May, 1982). For example, it might make adaptive sense

for a parasite to kill or disable its host if it is transmitted by cannibalism,

as appears to be the case with Trichinella spiralis in mice. Similarly,

causing pathology in a host, such as lethargy and fever, might aid in

transmission of a species using a biting arthropod as a vector. Thus, we

should expect to find all grades of effects on hosts, from apparent

indifference to severe, even lethal pathology, depending on the life cycle

dynamics of the parasite. Many associations between organisms are

temporary and for the purposes of transport or protection of the smaller

partner only. The cost to the larger is not that it loses nutrition to the

smaller (i.e. it is not eaten) but that it expends energy transporting the

smaller around. If the smaller subsequently invades and exploits the food

source of the larger partner, the association may start to have significant

costs for the exploited.

From the above discussion, I hope it is clear that I consider that the

origins of parasitism, while based in free-living microbivory, must also be

traced through associative, more-or-less exploitative interactions, and may

include considerations of mutualistic symbiosis.

2.2. The spectrum of nematode exploitative

symbioses: association to parasitism

Finding new food sources is a trial for any animal, but particularly acute

for microfauna with no access to long-distance means of dispersal. Many
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nematodes use other animals, commonly arthropods and molluscs, as

transport hosts. Thus, microbivorous nematodes exploiting mammal dung

often form close associations with one or a few species of insects (dung

flies and dung beetles) which transport them between food foci (Kühne,

1996). The association is specific and highly evolved, as the nematodes

display developmental and behavioural adaptations to acquiring passage,

including nictation on the substrate surface, and secretion of adhesive

structures to cement their relationships (Bovien, 1937). Nematodes often

lodge in specific locations on the host, for example under the elytra,

or just within the cloaca. Even the archetypical free-living nematode,

the much-studied Caenorhabditis elegans, may have specific interactions

with transport hosts. The congeneric Caenorhabditis remanei vulgaris

was first isolated from pulmonate gastropods and terrestrial isopods

(Baird et al., 1994).

No cost to the transporter has been measured in most cases. However,

nematode associates can be costly for burying beetles exploiting the highly

dispersed resource of small mammal carcasses (Richter, 1993). The

nematode associates of burying beetles have a life cycle closely mapped

onto that of their host, and emerge from their transport host (wherein they

have been diapaused within the diverticula of the gut) when she lays eggs on

a recently buried carcass. As the carcass rots, the nematodes multiply on

the bacterial bloom. The beetle larvae also feed on the carcass, which is

carefully guarded by the parent beetles, and thus nematodes and larvae

are in direct food competition. As the carcass and bacterial flora is

exhausted, and the larvae prepare to enter pupation, the nematodes invade

through the rectum and diapause in the gut. They are thus carried by the

larva into the soil, survive within the pupa, and are carried to the new food

source within the next generation adult. In captive colonies of beetles, the

nematodes can have a significant fitness effect, but whether this is also true

in the wild is unresolved (Richter, 1993).

Some nematode associates of invertebrates are described as necromenic:

that is they find a suitable ‘host’, which they either attach to or invade,

and diapause. When the host dies, the nematode feasts on the decaying

carcass. While this biology has frequently been described in the laboratory

for hosts that die or are killed, and left to rot, it is not clear whether this is

truly a life cycle strategy for the nematode species involved. A diapaused

microbivore on a dead host will exit from diapause and feed on local

food sources, just as it would exit if the host, still living, brought it to a

food source. Perhaps this should usually be called opportunistic necromeny

until proven otherwise.

Importantly, some nematodes are truly necromenic, as they hasten their

host’s death. The insect-pathogenic nematodes of the genera Heterorhabditis
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Table 1 Nematode bacterial symbionts.

Nematode taxon Nematode phylogenetic

position*

Bacterial taxon Bacterial phylogenetic

position

Symbiosis type

Heterorhabditis Rhabditomorpha Photorhabdus gamma proteobacteria extracellular symbiont

Steinernema Panagrolaimomorpha Xenorhabdus gamma proteobacteria extracellular symbiont

several species Tylenchomorpha not known intracellular symbiont

several species in the

Onchocercinae

Spiruromorpha Wolbachia alpha proteobacteria intracellular symbiont

Astomonema Monhysterida not known

(more than one type)

extracellular (gut)

symbionts

several species in the

Stilbonematidae

Desmodorida several different

species

gamma proteobacteria extracellular

(cuticle) symbionts

Xiphinema Dorylaimida a verrucomicrobe gamma proteobacteria intracellular symbiont

* see Figure 2 for nematode phylogeny.
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and Steinernema are phylogenetically very distant (see below) but share a very

specific adaptation to obtain food (Gaugler and Kaya, 1990; Nealson, 1991).

Both genera live in symbiosis with specific bacteria (a different bacterium in

each case: see Table 1) carried by the invasive stage of the nematodes (third

stage larvae or L3). These bacteria are lethal to insects, as they secrete a

battery of toxins, and are also very efficient at maintaining single-isolate,

‘clonal’ cultures, as they also secrete effective wide-spectrum antibiotics

(ffrench-Constant and Bowen, 1999; ffrench-Constant et al., 2000).

The L3 seek out insect larvae in the soil (by either active search or

ambush strategies), and invade through the cuticle or through cuticular

openings. Once inside the haemolymph, the nematode releases the

bacterium, which kills the insect and multiplies rapidly. The nematode

feeds on the pure culture of bacteria, reproduces, and the new L3 collect

some of the bacteria to take with them into the soil, to look for new prey.

This relationship between nematode and insect larva could be regarded

as predatory, or as highly pathogenic parasitism. Some plant-root

pathogens may similarly be associated with plant pathogenic bacteria and

fungi: rather than feeding on the plant itself they exploit and promote

the work of other pathogens.

Some species, such as Pristionchus lheritieri, have been described as

facultative parasites, able to invade and kill an insect host when one is

available, but also able to propagate on bacterial food alone (Geraert

et al., 1989). Some reports of facultative parasitism should perhaps be

regarded with some caution, as often the ‘parasite’ becomes ‘adapted’ to

free-living conditions and loses the ability to ‘parasitise’ with passage.

While this could be a real biological phenomenon, it is possible that the

initial ‘parasitic’ association was rather the use of a dead or severely

compromised ‘host’ as a rich bacterial food source, and carry-over of

pathogenic bacteria in the first rounds of culture. An important step

in studies of these animals must be proof of infectivity and completion of

the life cycle (essentially satisfying Koch’s postulates).

Parasites are commonly divided into ectoparasites and endoparasites.

For plant-attacking nematodes this division is relatively robust. While

some plant parasitic nematodes are sedentary endoparasites, exploiting one

or a very few local feeding sites, others behave more as browsers. The

browsing nematodes, including those feeding outside the plant and those

burrowing within without setting up a specialised feeding site, could perhaps

be better described as herbivores: they have a similar relationship to the

plant as do large herbivores but are just orders of magnitude smaller

(Maggenti, 1981; Dropkin, 1989).

For parasites of metazoans, a division into ectoparasitic and endopara-

sitic is less useful. Very few nematodes exploit animal hosts by living or
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feeding on the outer surface. A more meaningful division is between gut-

dwelling parasites and tissue-dwelling parasites. Gut-dwelling parasites

either exploit the protected food resource of the commensal flora of the host

gut lumen, and can thus perhaps be conceived as bacteriovores exploiting

a rich food source in a peculiarly warm environment, or feed on and

sometimes dwell within the gut wall. This second group have thus evolved

to feed on animal tissue, an important change from the lumenal parasites.

Tissue-dwelling parasites invade the host’s body and take up reproductive

residence in specific organ sites, usually linked to their modes of

transmission. Many gut parasites also have a tissue-migratory, and

sometimes tissue-diapause, stage in their life cycle before taking up

reproductive residence in the gut. Thus, behaviour is associated with an

increase in adult size and reproductive output of the migrating species

compared to related, non-migrating ones.

Nematode parasites of vertebrates in general cause morbidity in, rather

than mortality of, their hosts, though in situations of poor nutrition or

immunosuppression, they can be fatal (Maizels et al., 1993b). These

virulence patterns reflect an adaptive balance between having the host live a

long enough life for the parasite to complete its life cycle, and maximi-

sing egg production by food source exploitation (Read and Skorping,

1995a, b).

Many parasites of vertebrates, particularly the spirurids, use vector or

intermediate hosts to effect transmission between final hosts (see Anderson

(1992) for an encyclopaedic description of parasitic nematode life

cycles). For some taxa, such as Trichinella, an optional paratenic host

is used that acts as a reservoir of diapausal infective propagules in

the environment. Many nematodes use arthropods as vectors, suggesting

to some that the arthropod association is perhaps ancestral, and that

the vertebrate has been added during evolution. As discussed below,

while the pattern revealed by the new molecular phylogeny is not

unequivocal, parsimony considerations argue against this view, and some

vector hosts are likely to have been acquired by parasites already resident in

vertebrates.

2.3. Phylogenetic placement of nematode parasites

In traditional phylogenies, then, parasitic taxa were usually classified

in distinct higher groups, and this made investigation of the derivation

of parasitism problematic. The new molecular phylogenetic framework is

very revealing. In general, parasitic taxa are deeply nested within radiations

of free-living taxa, and thus their origins can be modelled. There have
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been many independent events of the origin of both plant- and animal-

parasitism in the Nematoda (Blaxter et al., 1998; Dorris et al., 1999) and all

the major clades of nematodes defined by molecular analyses include

parasites.

2.3.1. Clade I: Dorylaimia

Within Dorylaimia are placed the Dorylaimida (free-living microbivores

and plant parasites), Mermithida (all insect parasites), Mononchida

(free-living predators), Dioctophymatida (all vertebrate parasites) and

Trichinellida (all animal parasites). The mermithids are not the sister-

group of the vertebrate-parasitic lineages, and indeed have a parasitic life

cycle distinct from all the other nematode parasites of animals. In

mermithids, only the first three larval stages are parasitic. The L3 transitions

to a free-living mode of life and the adult reproduces outside any host.

Strictly, this mode of life renders the insect an ‘intermediate’ host, as it is not

the locus of reproduction. Perhaps the origin of parasitism in mermithids

lies in predation of small arthropods, transitioning to endotokous

parasitism. The closest free-living nematode group, the mononchids,

includes predators and is not known to have associations with other

invertebrates. The plant-parasitic dorylaimids are microherbivores, using a

stylet to pierce root tissue and extract the cell contents. Other major groups

in the Dorylaimia also have a tooth or stylet, and thus this adaptation

to herbivory has probably evolved from a piercing tooth. The tooth is also

evident in larvae of trichinellids such as Trichinella. Trichinella spiralis is

unusual in metazoan parasites in that it resides intracellularly (in paratenic

and definitive host muscle tissue) during the diapausal L1 stage. The adult

nematodes are also ‘intracellular’, but their relative size compared to the

cells of the gut epithelium results in host cell death as the nematodes migrate

through them (ManWarren et al., 1997; Romaris and Appleton, 2001).

2.3.2. Clade II: Enoplia

The Enoplia contains no (known) animal parasites, though the paucity of

described parasites of marine invertebrates suggests that there are certainly

hosts available to these mostly marine nematode groups. The plant-parasitic

(or microherbivorous) enoplids, the triplonchids such as Trichodorus,

feed using a piercing oral spear, which has had an independent origin

from the stylets of tylenchs and the odontostyles of nematodes in the

Dorylaimia.
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2.3.3. Clade C&S (III, IV and V): Chromadoria

Chromadoria includes a vast diversity of free-living marine and terrestrial

forms, as well as the many parasitic groups of the Secernentea (clades III, IV

and V). The chromadorids excluding the Secernentea include a very

numerous radiation of mainly marine benthic forms, and have been poorly

sampled molecularly. This deficiency is being addressed.

(a) Clade III: Spiruria. Clade III comprises only animal parasites,

including the ascaridid, spirurid, and oxyurid parasites of vertebrates,

and oxyurid and rhigonematid parasites of arthropods. The evolutionary

origins of this clade are still obscure. The free-living plectids are the sister

group of the whole secernentean radiation (Clades III, IV and V), not just

Clade III. Within Clade III, while Ascaridomorpha, Rhigonematomorpha

and Oxyuridomorpha are robust taxa present in both traditional and

molecular analyses, the classical ‘Spirurida’ is paraphyletic in molecular

trees.

(b) Clade IV: Tylenchia. Within Clade IV, plant- and fungal-feeding

groups are placed together suggesting (uncontroversially) that tylenchid

fungivores may have given rise to or been derived from stylet-feeding

herbivores. Parasitism of animals, as has been indicated above, takes many

forms, from opportunistic to essential, complex interactions. The presence

of true (endo)parasites within the tylenchids suggests that they are derived

from ectoparasitic taxa, and also that this route may have been followed

more than once. Thus this scenario would suggest that understanding of the

parasitic adaptations ofMeloidogyne,Heterodera, Globodera et al. should be

underpinned by a firm grounding in the biology of ectoparasitic herbivory

from which they have been derived in evolution. It will be very interesting

to investigate the biology and molecular phylogenetic relationships of

the Hexatylina, parasites of insects related to the tylenchid plant and fungal

parasites (see Nickle, 1991): how does this animal-parasitic radiation link to

the plant parasites?

The vertebrate-parasitic Strongyloidoidea (Strongyloides, Parastrongy-

loides, Rhabdias and relatives) are also placed in Tylenchia, as a sister

clade to the free-living Panagrolaimomorpha and the entomopathogenic

genus Steinernema (Dorris et al., 1999, 2002). Additionally, nematodes in

the Drilonematidae are parasites of the haemocoel of oligochaetes. The

relationship of Drilonema and related taxa to other Clade IV parasites

is unknown, and knowledge of their biology is rudimentary but deserving
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of attention. Opportunistic or accidental pathogens such as H. gingivalis are

robustly placed in groups of free-living taxa, suggesting that their

acquisition of animal tropism is a recent event (De Ley et al., 1995; Felix

et al., 2000).

(c) Clade V: Rhabditia. There are a large number of nematode–arthropod

associations that have not been studied extensively, and many of these

may turn out to be recently acquired traits. However, it is possible that some

of these less well-known associations may be ancient. For example, within

the rhabditine nematodes, the use of other invertebrates as transport hosts

is widespread, and the dauer larva has been proposed to be an adaptation

to the use of these hosts amongst other factors (Bovien, 1937; Kiontke,

1996). C. remanei vulgaris was first described from pulmonate mollusc

and terrestrial isopod transport hosts (Baird et al., 1994), and may reveal

the role of the dauer-transport host association in the biology of the genus

Caenorhabditis as a whole, including C. elegans. Other rhabditids, such

as Rhabditis coarctata, have specific and highly specialised associations

with particular beetle species (Richter, 1993), and many species within

the Diplogasterina are also truly parasitic (Geraert et al., 1989). The

speciose and economically important vertebrate-parasitic group Strongylida

(Durette-Desset et al., 1994; Gasser and Newton, 2000) is robustly placed

in Clade V, as a sister taxon to the entomopathogenic Heterorhabditis

(Blaxter et al., 1998; Dorris et al., 1999). Other non-strongylid vertebrate

parasites are also found in Clade V, such as Rhabditis orbitalis and Pelodera

strongyloides, parasites of the orbit and skin of wild and domesticated

animals (Sudhaus and Asakawa, 1991). For P. strongyloides and congeners,

molecular analyses reveal a remarkably divergent SSU sequence that affirms

placement in Clade V, but makes robust assignment of affinity problematic

(Fitch et al., 1995; Fitch, 1997, 2000). It is likely that both P. strongyloides

and R. orbitalis are additional independent events of acquisition of animal

parasitism.

2.4. Patterns in nematode parasitism of animals

2.4.1. The L3 rule: the Stage that Invades the Definitive Host

is the Third Stage Larva

It is striking that in the Spirurina, the Strongyloidoidea and the Strongylida,

the stage of the nematode life cycle that transitions between the environment

or the vector host is the third stage larva. It was believed that the larvae
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of Ascaris suum (and other ascaridids) emerged from the egg and infected

their new hosts as first stage larvae (L1), but recent direct observation

has shown that there are two moults within the egg, and that the larva

emerges as a standard L3 (Geenen et al., 1999). The third stage larva is

also involved as a developmental switch or decision point in free-living

nematodes, particularly free-living Rhabditia. The dauer larva is an

alternative, diapausal L3 that is adapted to endure adverse conditions.

Extensively studied in C. elegans, where the developmental decision to

enter the dauer developmental pathway has been shown to be influenced

by the concentration of food, the ambient temperature, the presence

of congeneric nematodes and the genetic complement of the individual

(Riddle et al., 1981), the dauer larva is a common morph in many species.

Many nematodes that associate with transport hosts do so as dauer L3.

The common role in invasion of the parasitic L3 probably arose multiple

times from this plesiomorphic life cycle pattern of free-living ancestors.

In Strongyloides ratti the proportion of larvae entering the direct as opposed

to the indirect (i.e. dauer-like as opposed to standard) pathways is affected,

as in C. elegans, by environmental stress, ambient temperature and

nematode genetics (Viney, 1996; Gemmil et al., 1997; Viney, 1999; Harvey

et al., 2000).

However, in some nematodes, the stage that initiates symbiosis is not

the L3. Bursaphelenchus sp. (Clade IV) associate with wood-boring beetles,

exiting with the beetles from dying trees. In this case the associating stage is

the L4. In parasites of the Dorylaimia, the parasitic stages also deviate from

this pattern. Mermithid parasites exit from their hosts as L3, and are free-

living thereafter, a reversal of the direction of life cycle change seen in the

secernentean parasites. In Trichinella spiralis (Clade I), the infective stage is

the L1, which is able to invade and infect the host direct from the egg. Thus

the L3 as infective or transition stage is limited to secernentean parasites,

and its origin may be sought in the biology of diapause in L3 of the

secernentean ancestor.

2.4.2. Is there a Link Between Arthropod Association and

Vertebrate Parasitism?

Given that nematodes have shared the environment with both vertebrates

and non-vertebrates for over 550 million years, events of the origin of

exploitative interactions such as parasitism could be obscured by deep time.

However, it is notable that many of the parasitic radiations of nematodes

are apparently significantly more recent than the origin of the phylum, and

thus it may be possible to look at the antecedents to, and predispositions
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towards, the acquisition of parasitic lifestyles by comparing extant taxa.

An anthropocentric view of life divides animals into lower and higher

forms, with ‘invertebrates’ below vertebrates, and ourselves as a pinnacle

(Haeckel, 1874). While this viewpoint is untenable today, it has left a legacy

of ingrained perception in the consideration of the origins of parasitism.

Thus, by association, vertebrate parasitic forms are more advanced than

invertebrate parasites, and vertebrate parasitism’s origins are to be sought

within the parasites of invertebrates. Rationally, there is no reason to

presuppose that there should be greater barriers to a parasite moving from

vertebrate to non-vertebrate hosts than vice versa. However, within the

Tylenchida and Rhabditida, the major vertebrate parasites have as sister

groups nematodes that exploit arthropod hosts.

The closest relatives to the vertebrate parasitic strongylids and

strongyloidoids are in each case insect pathogens. In Steinernema and

Heterorhabditis, it is the L3 that invades the insect larva, just as in the

strongyloidoids and strongyles. The similarity in life cycle pattern also

extends in these cases to the anterior sensory anatomy (Ashton et al., 1995;

Ashton and Schad, 1996; Fine et al., 1997; Li et al., 2000) and the mechanics

of invasion of the host, and a direction of evolution of vertebrate parasitism

from insect pathogenicity can be robustly proposed (Dorris et al., 1999,

2002).

In the Spirurida, the situation is unclear. Current molecular sampling

of Spirurina, and Spiruromorpha in particular, is still very patchy, but

current data yields a strongly supported tree that has striking implications.

There is a wide variety of patterns of intermediate host use in the Spiruria.

The rhigonematids and oxyurids usually directly infect the final host.

The oxyurids parasitise both insects and vertebrates, but too few sequences

have been obtained from these to derive any indication of which was

ancestral. In Spiruromorpha, however, arthropod species are utilised as

intermediate hosts, and sometimes additional intermediate hosts are

exploited between a primary arthropod host and the definitive vertebrate

host. A priori it might be expected that the ‘more complex’ life cycles should

be observed in derived taxa, and the simpler life cycle should be

plesiomorphic. However, SSU rRNA sequence from the gnathostomes

(unpublished GenBank submission from Almeyda-Artigas et al.; see

Almeyda-Artigas et al., 2000), which utilise crustacean and vertebrate

intermediate hosts in effecting transmission to the carnivore or pinniped

definitive hosts, suggest that this group arose from the base of Spirurina.

The ascarids, with both indirect and direct life cycles, show a dynamic

pattern of change in this character (Nadler and Hudspeth, 2000).

Was the ancestor of the Spiruria an arthropod parasite? Within spirurids,

a wide range of arthropods is used as intermediate hosts: from dipterans
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to mites to crustaceans (see Anderson, 1992). The pattern of use of these

hosts suggests to me that their recruitment has been based on what was

adaptive to the nematode, and not restricted by phylogenetic history. For

example, the filarial nematodes use biting flies, mosquitoes and mites to

effect transmission, and while there is within-genus conservation of vector

taxa utilised, the pattern across the family is complex. The gnathostomes

have a marine-based life cycle. Despite the fact that the vast majority of

other Spiruria have terrestrially limited life cycles, this may indicate that the

origins of spirurid parasitism may lie in the sea.

2.4.3. Life Cycle Evolution in the Strongyloidoidea

Strongyloides display a striking life cycle that has elements of both free-

living and parasitic modes (Harvey et al., 1999). Strongyloides parasitise

a wide range of tetrapod vertebrates, including mammals, and squamate

reptiles. A sister genus, Parastrongyloides, has been described from moles

(in the UK) and possums (in Australia). In Strongyloides, a gut-lumenal

parasitic generation of parthenogenetic females produces eggs that hatch

as they are passed in the host faeces. The emerging L1 larvae are

chromosomally determined to be male or female (Harvey and Viney,

2001), and the male larvae develop as functional, free-living males. The

female larvae can undergo a free-living reproductive cycle, as amphimictic

females, or develop directly to infective L3 (Viney, 1996; Harvey et al.,

2000). This dual reproductive mode is found in all Strongyloides, but there

is variation between species in the proportions of larvae that follow each

route, and in the ability to undergo more than one free-living adult

generation (Figure 3A) (Yamada et al., 1991; Viney et al., 1992). Even in

species that can have more than one free-living cycle, the number of

additional cycles is limited to one or very few. Parastrongyloides spp. are

also gut parasites, but here the parasitic generation is also sexually

reproducing with males and females, and Parastrongyloides trichosuri can

undergo multiple free-living cycles, at least in the laboratory, before passage

through the next possum host. Another genus of vertebrate parasites,

Rhabdias spp., found as adults in the lungs of amphibians, also has a free-

living reproductive cycle, in this case self-fertilising (Smyth and Smyth,

1980; Spieler and Schierenberg, 1995).

Molecular phylogenetics using partial SSU rRNA places Parastrongy-

loides as the sister taxon to Strongyloides, and places Rhabdias as a sister to

Strongyloides and Parastrongyloides (Dorris and Blaxter, 2000; Dorris et al.,

2002). All these three groups require passage through a vertebrate host

to maintain themselves: they are obligate parasites that use a free-living
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cycle to increase the number of infectious propagules in the environment

(and to have sex, in the case of Strongyloides). Strongyloides have apparently

evolved to have restricted free-living cycles and parthenogenetic females.

Surprisingly, the SSU rRNA sequence from a free-living nematode is

robustly placed within this clade of vertebrate parasites (Felix et al., 2000;

Dorris et al., 2002). Rhabditophanes are associates of gastropod molluscs,

but are readily propagated in culture and are not known to be parasitic or

pathogenic in any species. Other related nematodes (alloionematids)

are associates or parasites of gastropods (Cabaret and Morand, 1990).

Parsimony analysis of the parasitic phenotype suggests that Rhabditophanes

are derived from a vertebrate parasitic lineage but have lost the need for

a host. This reversion is the first to be demonstrated for any metazoan

parasitic lineage, and is strongly supportive of a view that the acquisition

of a parasitic phenotype is a gain in abilities, and does not necessarily result

in an atrophy-related loss of free-living capacity (Figure 3B).
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Figure 3 Life cycle evolution in the Strongyloidoidea. A. A cartoon of the life
cycle of an idealised Strongyloides. The dashed line indicates transition between the
host (above the line) and the environment (generally host faeces, below the line).
Parasitic stages are filled in black, free-living in white, and stages in which an
environmentally conditioned developmental choice is made are in grey. L3, third
stage larva, L3i, infective L3. The additional free-living cycle has only been observed
in some species. B. A cladogram illustrating the possible reversion to a free-living
lifestyle in Rhabditophanes sp. KR3021. The tree was derived from Bayesian analysis
of the 5’ end of the SSU rRNA, and all resolved nodes were supported with >65%
posterior probability. The lineage leading to Rhabditophanes arises after that leading
to Rhabdias. The boxed V indicates acquisition of vertebrate parasitism, the boxed F
a reversion. Steinernema sp. are insect pathogens. Adapted from Dorris, Viney and
Blaxter (2002).
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2.4.4. Coevolution

The long associations between nematodes and their hosts (the only fossil

nematodes are insect parasites in 30Mya amber, and L3 of gut parasites

in coprolites of recent South American megafauna) leave ample time for

mutual adaptation. The immune systems of arthropod and vertebrate hosts

have evolved to specifically combat nematode (and other) infections, and

one would expect the parasites to have similar evolutionary responses

in a coevolving arms race (Burt and Bell, 1987). Coevolution can be

examined in two ways: one is through analysis of the molecular and

physiological interactions between the partners to uncover their mutual

adaptations. Another is to examine the pattern of cladogenesis in groups of

parasites and hosts to determine whether the parasite is tracking host

speciation, or whether it is capturing new hosts without regard to their

phylogenetic relatedness to the one previously parasitised (Page and Hafner,

1996).

In the strongylids (Clade V; Rhabditomorpha), it is clear that there

has been much host capture during the evolution of this widely spread

and successful group. All strongylids are very closely related genetically,

based on SSU rDNA sequence (Blaxter et al., 1998; Dorris et al., 1999),

and transfer of the molecular evolutionary rate derived for C. elegans and

C. briggsae (Coghlan and Wolfe, 2002) (see below) to the strongylids

suggests an origin at about 100–150Mya. This time is congruent with the

emergence and radiation of the mammals, their major hosts. Examination

of phylogenetic analyses of the strongylids, derived for example from

ribosomal internal transcribed spacer sequences (Gasser et al., 1993, 1997;

Chilton et al., 1995, 1997a, b; Hoste et al., 1995; Romstad et al., 1998;

Gasser and Newton, 2000), show that, except at a very local (subfamily)

level there is little concordance between the mammalian and nematode

trees. For example, the parasites of the grazing marsupials of Australia,

kangaroos and wombats, appear to be derived from within radiations of

parasites resident in eutherian mammals (Chilton et al., 1997a). Likewise,

in Strongyloides, no evidence of cospeciation was found (Dorris et al.,

2002). Indeed, humans are parasitised by three species of Strongyloides,

and one of these, Strongyloides kelleyi (Kelly et al., 1976; Ashford

and Barnish, 1989) is closely related to parasites of domesticated

ungulates and suids rather than other primates. In the Onchocercinae,

the human-parasitic Onchocerca volvulus is genetically extremely close to

the cattle parasite Onchocerca ochengi (Xie et al., 1994b). Given the

common occurrence of onchocercids in ungulates, it seems likely that

onchocercal disease in humans is a naturalised zoonosis from domes-

ticated cattle.
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In contrast, cladistic analyses of morphology of pinworm parasites

(Enterobiinae) of primates have revealed significant cospeciation between

the two partners, with some discrepancies best explained by a limited

number of host switching and lineage sorting events (Hugot et al., 1996; Sorci

et al., 1997; Hugot, 1999). Overall therefore, the patterns of coevolution

between nematode parasites and their hosts are variable, and are probably

affected by the interaction between the persistence of environmental

infective stages, the specialisation of the reproductive stage, and the pattern

of vector use. In chewing lice, a close relationship was found between

parasite and pocket gopher hosts, and this was proposed to have arisen

through the coincidence of the louse breeding cycle with residence on

a single host organism (Page and Hafner, 1996). A parasite that has a non-

host associated dispersal stage will be more prone to finding itself in the

‘wrong’ host, and thus more able to speciate without reference to its original

host.

Another coevolutionary feature of nematode biology that has been

examined using molecular phylogenetic data is that of nematodes and their

bacterial symbionts. Several groups of nematodes have been described

as having intracellular bacterial symbionts (in the Tylenchomorpha,

Xiphinema (Vandekerckhove et al., 2000, 2002) and Onchocercinae (Sironi

et al., 1995)). Also, as described above, two genera of insect pathogens

utilise toxic extracellular symbionts. In addition, stilbonematid chromador-

ids live (exosymbiotically) with sulphur-oxidising bacteria that specifically

associate with the cuticle of these anoxic mud dweller, and Astomonema has

a gut endosymbiont community (Kampfer et al., 1998). Molecular

identification of most of these symbionts of nematodes has been achieved

(Table 1).

Steinernema species have a very specific association with particular

clones of Xenorhabdus, but there is no obvious congruence between the

bacterial and nematode phylogenies (M. Dorris, W. Rogers and M.L.

Blaxter, unpublished). Heterorhabditis species appear to be less closely tied

physiologically with one particular clone of Photorhabdus. The interrelation-

ships of stilbonematid symbionts and their nematode partners are, as yet,

incompletely resolved.

Within the Onchocercinae (filarial parasites of vertebrates), most

species harbour intracellular alpha-proteobacterial symbionts closely related

to the Wolbachia reproductive parasites of arthropods (Sironi et al., 1995).

In arthropods, Wolbachia are maternally transmitted parasites that

can use a number of reproductive manipulations to favour their transmis-

sion to the next generation to the detriment of uninfected offspring (Werren,

1997). Comparison of the phylogenies of Wolbachia and their arthropod

hosts reveals that there has been recent, massive, lateral transfer
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(host capture) by Wolbachia, and there is little evidence of cospeciation

between the two groups of organisms. In contrast, in the onchocercine

nematodes the bacterial trees mirror very closely those of their

hosts (Bandi et al., 1998; Casiraghi et al., 2001). Transmission is maternal

(Taylor et al., 1999), but no reproductive modifications have been

documented, and thus it would seem that the bacteria are at worst

symbionts with little cost to their hosts. Two additional lines of evidence

suggest that the association may be mutualistic. In species that are ‘infected’,

all individuals carry the bacteria. Any cost of the bacterial load would result

in a pattern of partial coverage. Secondly, treatment of the nematodes

with anti-alpha-proteobacterial antibiotics, such as tetracycline and

derivatives, results in stunting of growth, inhibition of moulting and

severe interference with fecundity (Hoerauf et al., 1999, 2000a, b, 2001). This

suggests that the bacteria are in some way useful or essential to their filarial

hosts.

Onchocercine nematodes are transmitted by a number of different vector

insects and chelicerates, which, as arthropods, may carry Wolbachia. The

nematode bacteria, however, are probably not derived from any (known)

arthropod Wolbachia as the nematode bacterial groups are placed outside

the clade of arthropod Wolbachia, and may even form a paraphyletic group

that includes the ancestors of the arthropod Wolbachia (Bandi et al., 1998).

Not all onchocercine species carry these endosymbionts, suggesting that

while the symbiosis may be mutualistic, it is not essential (in a long-term

phylogenetic sense) to the nematode: for example Onchocerca flexuosa of

deer, a close relative of the bacteria-positive O. volvulus of humans, is

negative (Figure 4) (Bandi et al., 2001).

3. NEMATODE GENOMES AND PARASITISM

The phenotype of parasitism within the Nematoda has arisen multiple times

from within free-living groups. It is thus unlikely to be fruitful to seek a

single genetic change or set of changes that have enabled parasitic species to

exploit hosts: we should expect a multiplicity of different genotypic

adaptations to parasitism. Present day nematode genomes will include

ancient relics of their shared ancestry as nematodes, more recent mementoes

of the local branches of the nematode tree they have traversed, and

idiosyncratic, perhaps stochastic, changes that relate to present day con-

ditions and adaptations. We might expect that some nematode groups,

whether parasitic or not, will have genome compositions and architectures

that are peculiar when compared to the remainder of the phylum. It would
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Figure 4 Nematode-bacterial symbiosis: Coevolution between filarial nematodes
and their Wolbachia symbionts. On the left is a representation of a nematode
phylogeny derived from the mitochondrial cytochrome oxidase I gene from species of
filarial nematodes (data from Casiraghi et al., 2001). Thelazia lachrymalis is a
Wolbachia-free outgroup. As marked by the bold X, Acanthocheilonema viteae is also
Wolbachia-free. On the right is a phylogeny of the Wolbachia symbionts of selected
arthropods and filarial nematodes, derived from analysis of the ftsZ gene. The
symbionts can be divided into four groups, A to D: two of these are associated
with arthropods and two with nematodes. The orthologous surface protein gene
from Anaplasma marginale, a pathogenic relative of the Wolbachia, has been used as
an outgroup, but the length of the branch leading to A. marginale is such that the
exact position of the root (between groups C and D, or between (CþD) and (AþB))
is still unresolved. Comparison of the two trees shows that the phylogeny of the
arthropod symbionts does not match that of their hosts, while there is close
correspondence between the filarial symbionts and hosts. Re-sequencing of the ftsZ
gene from different isolates or laboratory lines of filarial nematode species revealed
minimal divergence within a host species. A. viteae may have lost its symbiont: the
onchocercine deer parasite Onchocerca flexuosa is also Wolbachia-free, but is
robustly placed within the genus Onchocerca and thus has probably also lost
the symbiont. The data used to derive the phylogenies is based on that published by
Bandi et al. (Bandi et al., 1998, 2001; Lo et al., 2002).
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be a mistake to search only in parasitic species for unique adaptations at

the genetic level, and potentially misleading to compare parasitic species with

free-living species that are not their closest (or close) sisters. Conversely,

when members of a parasitic group share a peculiar genomic trait, it will be

revealing to investigate whether the trait is causally or functionally related

to parasitism in the light of the presence or absence of the trait in other

nematode groups.

The field of nematode genomics is surprisingly rich considering its

infancy. The complete genome sequence of the free-living rhabditid

C. elegans was published in 1998 (Consortium, 1998, 1999), following a

10-year programme of industrial-scale research by biologists spurred by

the utility of C. elegans as a powerful genetic model for development,

neurobiology and cancer (amongst other things; Wood, 1988; Riddle

et al., 1997). The vision and dedication of this group of scientists has

been recognised by the award of the 2002 Nobel Prize in Physiology or

Medicine to Sydney Brenner, the instigator of the modern programme of

C. elegans research (Brenner, 1974), Bob Horvitz, a C. elegans geneticist

whose work underlies the discovery of the molecular mechanisms

of programmed cell death (Ellis et al., 1991), and John Sulston, the

prime mover behind the definition of the cell lineage of C. elegans

(Sulston and Horvitz, 1977; Sulston et al., 1980, 1983), the physical

mapping of its genome (Coulson et al., 1986, 1988), and the complete

genome sequencing project (Sulston et al., 1992; Wilson et al., 1994b;

Consortium, 1998). The genome sequencing tools put in place for the

C. elegans project have now also been utilised to sequence to near-

completion the genome of C. briggsae, a closely related nematode (see

http://genome.wustl.edu/projects/cbriggsae/). For the C. elegans research

community, the C. briggsae genome sequence is extremely useful, as it

allows the identification of shared coding and regulatory elements (Heschl

and Baillie, 1990) which are difficult (or impossible) to reveal using

bioinformatic tools on a single genome. For this work, the phylogenetic

closeness of the two caenorhabditids is important. Based on analyses of a

large number of protein-coding genes that have a clock-like evolutionary

rate between Drosophila melanogaster and the two Caenorhabditis species,

they are estimated to have last shared a common ancestor �60 million

years ago (Kent and Zahler, 2000; Coghlan and Wolfe, 2002). Motifs

involved in gene regulation are short and often degenerate, and the

passage of evolutionary time will obscure all but the most highly selected.

It is hoped that the separation between C. briggsae and C. elegans is close

enough that important sequences are still recognisable but distant enough

that they will stand out as islands of conservation in a background sea of

evolutionarily neutral noise.
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For the rest of nematology, the focus on this small side branch of the

bushy nematode tree is both enlightening and frustrating. It enlightens

because it reveals the deeply shared biology of all nematodes, the genes

and genetic pathways that underlie the nematode body plan, and the biology

shared with other phyla and kingdoms. It frustrates because it hints at the

kinds of insights that may be gained from genomics, but fails to deliver

for the remainder of nematode diversity. To help redress this deficiency,

several genomics-based programmes are underway (see Figure 5 and Table 2),

examining the biology of diverse species from across the phylum (Blaxter,

1998, 2002; Burglin et al., 1998; Blaxter et al., 1999; Johnston et al., 1999;

McCarter et al., 2000, 2001, 2002; Wixon et al., 2000; Parkinson et al.,

2001). While most effort is currently focussed on gene discovery

and functional identification, some advances have been made in under-

standing genomic organisation and regulation in species other than

Caenorhabditis.

3.1. Genome evolution in nematodes

In comparison to other protostomes, nematodes in general have small

genomes (Hammond and Bianco, 1992), though some, such as Parascaris

univalens, have genome sizes similar to mammals (�2 gigabases). The

model genome, that of C. elegans’, is 100 megabases (Mb), and most species

appear to have genomes of between 250Mb and 60Mb (see http://

www.genomesize.com/nematodes.htm for a compilation of nematode

genome size estimations). It should be noted that very few nematode

genomes have been accurately sized (five cephalobes, nine rhabditids and

nine others) and thus the current known range may not reflect true diversity.

In comparison, the dipterans D. melanogaster and Aedes aegypti have

sequenced genomes of 160Mb and 280Mb respectively, and �300Mb is

regarded as standard for an arthropod genome.

Nematodes can have from one (P. univalens) to over 100 chromosomes,

but for most the karyotype has n between 4 and 12 (Walton, 1959).

In nematodes of clade V, most taxa have 5 or 6 autosomes and a single

X chromosome (Blaxter, 2000a): sex determination acts through an

X-chromosome dosage mechanism (Nicoll et al., 1997). In Spiruromorpha,

Brugia spp. and other onchocercines have four autosomes and an XY sex

determination pair (Sakaguchi et al., 1982, 1983). Tylenchs have very diverse

karyotypes, particularly in groups that reproduce parthenogenetically, and

high chromosome numbers are common, possibly due to polyploidy

(Triantaphyllou, 1971). The chromosomes of ascarids are unique in

Metazoa in that the karyotype of the somatic cells differs from that of
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the germline (Tobler et al., 1992; Muller and Tobler, 2000). The germline

has one or a very few large chromosomes. During early development, in

the founder cells of the somatic lineages, these chromosomes fragment into

over 100 smaller pieces. In this process of chromosome or chromatin
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Table 2 Expressed sequence tag sequences for nematodes*.

Major taxon Species Number of ESTs

Rhabditomorpha Ancylostoma caninum 9331

Ancylostoma ceylanicum 4476

Caenorhabditis briggsae 2424

Caenorhabditis elegans 189 632

Haemonchus contortus 4906

Necator americanus 961

Nippostrongylus brasiliensis 978

Ostertagia ostertagi 7008

Teladorsagia circumcincta 315

Diplogasteromorpha Pristionchus pacificus 8818

Panagrolaimomorpha Parastrongyloides trichosuri 7963

Steinernema feltiae 83

Strongyloides stercoralis 11 392

Strongyloides ratti 8992

Cephalobomorpha Zeldia punctata 391

Tylenchomorpha Globodera pallida 1832

Globodera rostochiensis 5934

Heterodera glycines 4327

Heterodera schachtii 14

Meloidogyne hapla 8815

Meloidogyne incognita 12 715

Meloidogyne javanica 5600

Pratylenchus penetrans 2048

Ascaridomorpha Ascaris lumbricoides 92

Ascaris suum 27 871

Toxocara canis 4206

Spiruromorpha Brugia malayi 22 439

Brugia pahangi 28

Dirofilaria immitis 3908

Litomosoides sigmodontis 198

Onchocerca ochengi 60

Onchocerca volvulus 14 922

Wuchereria bancrofti 131

Trichinellida Trichinella spiralis 10 372

Trichuris muris 2125

Nematoda Total 385 307

*The GenBank dbEST database was searched on August 22, 2002. Additional ESTs are being deposited

weekly.
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diminution, DNA is lost from the somatic cells. The DNA excluded from

the somatic cells includes non-coding, repetitive and retrotransposable

element-rich segments, but also, importantly, includes some genes (Muller

et al., 1982a, b; Aeby et al., 1986; Etter et al., 1991, 1994). For example,

Ascaris suum (described in the literature as Ascaris lumbricoides, but as the

material studied originated from pigs it is much more likely to be the very

closely related A. suum) has two genes that encode the ribosomal protein

S19. Only one is retained in the soma. The two genes are remarkably

different in sequence, suggesting that ribosome function may differ between

the germ line, with two distinct S19 proteins, and the soma, with only

one (Etter et al., 1994). The breakpoints are not random, but reproducibly

occur in particular segments of DNA. The molecular and cellular

mechanism of breakage and repair of the chromosomes is yet unclear, as

is the biological rationale for maintaining a large portion of the genome only

in germline cells.

In general, nematode chromosomes are too small (�10 to 20Mb of DNA)

to have significant structure under the light microscope. Different-sized

chromosomes can generally be distinguished in chromosome spreads

of gonadal tissue, and some, such as the Brugia malayi Y, have distinctive

morphologies (Sakaguchi et al., 1983), but most are just small dots.

Chromosome banding techniques have been applied to Caenorhabditis

species, and relatively robust patterns distinguished (Albertson and

Thomson, 1976; Herman et al., 1976; Albertson, 1984, 1993; Albertson

et al., 1995), but in general these techniques have not been used in

nematodes.

3.1.1. The Genome of Caenorhabditis elegans

The C. elegans genome was sequenced using a physical clone map-based

strategy (Coulson et al., 1986, 1988, 1996; Sulston et al., 1992), and was

essentially completed in 1998 (Consortium, 1998, 1999). At that time it was

the only metazoan genome sequenced, but since 1998, the genomes of Homo

sapiens, Mus musculus, Fugu rubripes, Ciona intestinalis, D. melanogaster

and A. aegypti have also been essentially finished, and near-complete

genomes are available for several other animals. The genome sequence of C.

briggsae has been produced to a ‘first draft’ quality, based on a seven-fold

shotgun sequencing coverage (see http://genome.wustl.edu/projects/cbrigg-

sae/). The C. briggsae genome is thus not complete, but comparisons with C.

elegans and internal checks suggest that well over 95% of the genome is

present in the draft product. Sequencing of the C. elegans genome was the

largest project attempted at the time of its inception, and was made
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significantly easier by the existence of a robust and dense physical map, and

the low repeat density of the genome. Even so, some regions of the genome

proved refractory to cloning in standard bacterial and yeast systems, and the

published paper describes over 95Mb of sequence ascribed to chromosomal

groups, and 2Mb of ‘unattached’ sequence. The complete, contiguous

sequence of each chromosome is now to hand after a further 4 years

of effort, and is, as predicted, 100Mb (see http://www.sanger.ac.uk/

Projects/C_elegans/). The regions missing from the sequence at the time

of publication were in general gene-poor and repeat rich and their addition

to the genome dataset has not significantly changed the conclusions at first

publication.

The C. elegans genome is 36% GC, and there are no isochores of

significantly different base composition, or other regions of deviant base

composition. C. elegans chromosomes are holocentric, and thus no loca-

lised, highly repetitive centromeres were found. The genome is organised

as six chromosomes: five autosomes (chromosomes I to V) and one sex

chromosome (designated X; see Table 3). The autosomes range in size from

12.8Mb (chromosome (chr) III) to 20.8Mb (chr V), and the X chromosome

is 17.2Mb. The autosomes differ from the sex chromosome in several

respects. Firstly, the density of protein-coding genes is from one per 4.5 kb

to one per 5.2 kb on the autosomes compared with one gene per 6.5 kb on

the X. A correspondingly higher percentage of the autosome DNA is coding

(26.3% compared with 19.8% of the X). The average coding length of genes

(about 1.3 kb per gene) is the same on both autosomes and X. Conversely,

tRNA genes are much more common on the X than on autosomes: 40% of

the 903 tRNA genes are present on the 18% of total DNA that comprises

the X. The protein-coding genes on the X are approximately equally likely

to have a significantly similar homologue (detectable by database search)

outside the phylum Nematoda compared to genes on autosomes (Figure 6)

(see http://www.nematodes.org/SimiTri/SimiWorm.php for an up-to-date

analysis of C. elegans protein similarity data; M.L. Blaxter and J. Parkinson,

unpublished).

The autosomes and X chromosome also differ in distribution of repeat

sequences. Repeat sequences can be classified into repeat genes, transposons

(of several families, including DNA-based and RNA-based types), and other

inverted, tandem and dispersed repeats with no clear function. On the

autosomes, there is a pronounced tendency for repeats to cluster towards the

ends of the chromosomes, in the left and right ‘arms’. The autosome arms

were originally defined genetically, as regions of chromosomal linkage

groups that were gene-sparse, with high rates of recombination between loci.

They contrasted with the chromosomal centres, or clusters, where many

genetic loci were found to be very closely linked. The transition from centre
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Table 3 The Caenorhabditis elegans genome: overall statistics.

Chromosome Size

(Mb)

Number of

protein-coding

genes*

Gene density

(kb per gene)

tRNA

genes

Percentage of DNA

that is protein-coding

Percentage of predicted

genes with significant

database match outside

nematodes

I 13.86 2803 4.94 74 26.87 48.55

II 14.72 3259 4.52 83 27.53 40.94

III 12.77 2508 5.09 94 26.29 49.67

IV 16.14 3094 5.22 84 23.29 44.77

V 20.82 4082 5.10 206 27.23 36.11

X 17.22 2631 6.54 362 19.80 43.30

Total 95.53** 18377 5.20 903 25.09 43.20

Based on data from Consortium (1998).

* This set of totals is less than is currently predicted for the genome.

** 95.5Mb of the genome sequence was allocated to chromosomes out of 97Mb sequenced at publication in 1998. The now complete genome is just over 100Mb.
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to arm is rather sharp. Correlation of the genetic and physical, sequence

map of C. elegans has been achieved by the cloning of the genes affected

by mutations. This revealed that the relationship between genetic distance

(measured in centiMorgans) and physical distance (measured in Mb) is

S-shaped along each autosome (Barnes et al., 1995). The chromosomal

centres have a much smaller Mb/cM ratio than the arms. In contrast, to

the autosomes, the X chromosome has a much more even distribution of

repetitive elements, and this is matched by a more linear relationship

between physical size and genetic length.

X

0 Mb 5 Mb 15 Mb 20 Mb10 Mb

V

III

IV

II

I

Figure 6 The Caenorhabditis elegans genome. This cartoon shows the six
C. elegans chromosomes with graphs (in arbitrary units) of protein-coding gene
density (light, above each chromosome) and tandemly repeated DNA density (below
each chromosome, dark) illustrating the differences between the autosomes (I–V)
and the X chromosome. Inverted repeats are more common on the autosomal arms,
but are evenly distributed across the X chromosome. A scale in megabases (Mb)
is given above. Derived from data in Consortium (1998).
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Table 4 Chromosome arms and chromosome centres in Caenorhabditis elegans.

Chromosome

subdivision

Total size

(Mb)

Number of

protein-coding

genes*

Gene density

(kb per gene)

Percentage of DNA

that is protein-coding

Percentage of predicted

genes with significant

database match

outside nematodes

Centres 31.85 6985 4.56 30.36 49.52

Left arms 22.05 4851 4.55 24.07 37.08

Right arms 24.41 3910 6.24 22.88 39.46

Both arms** 46.46 8761 5.30 23.44 38.14

X Chromosome 17.22 2631 6.54 19.80 43.30

Based on data from Consortium (1998).

* This set of totals is less than is currently predicted for the genome.

** The designation of left versus right is based on historical accident. It is thus ‘‘interesting’’ that left and right arms differ (significantly) in gene density.
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The differences between autosome arms and centres (Table 4) are

expressed as differences in gene density, proportion of coding DNA and

average length of each gene. Genes are less dense and are shorter on the

arms. In addition, the genes on the arms tend to be less likely to have

significant similarity to genes from other organisms. Only �40% of genes on

the arms have homologues, whereas �50% of genes in the chromosome

centres do. Genes on the X have a homologue 43% of the time. Genes on

the arms are also more likely to be part of a gene family, and less likely to be

expressed (as measured by presence in un-normalised expressed sequence tag

datasets). The chromosome arms have been proposed to be the part of the

genome where new genes are born, and where genome change, in terms of

sequence change as well as rearrangement, is most frequent (Consortium,

1998; Hutter et al., 2000). The centres are in contrast highly conserved

and relatively stable. A similar pattern of genome organisation is also seen

in other organisms, such as the linear chromosome of the bacterium

Streptomyces coelicolour, where the arms encode exotic metabolic functions

such as polyketide antibiotic synthesis (Bentley et al., 2002), and in

apicomplexan protozoans, where the chromosomal termini encode immune

evasion-related genes.

3.1.2. Patterns of Genome Evolution in Caenorhabditis Species

C. elegans is a protandrous hermaphroditic species, with rare, functional

males (Wood, 1988). The population genetics of wild C. elegans has not been

studied in any detail, but it would appear from analysis of single nucleotide

polymorphisms, transposon insertion patterns and mitochondrial DNA

haplotypes, that there is significant population structure in the wild

(Fitch and Thomas, 1997; Denver et al., 2000; Koch et al., 2000; Wicks

et al., 2001). There appear to have been many events of recombination

between lines that today are separated by thousands of miles: the C. elegans

strain most divergent from the reference genome strain N2 was isolated

from Hawaii (strain CB4856). Mitochondrial haplotype analyses yield a

similar pattern. The mutation rate in C. elegans has been estimated from

both mitochondrial sequence data and genome comparisons: both measures

indicate a very high rate (Keightley and Caballero, 1997; Davies et al., 1999;

Keightley et al., 2000). Mitochondrial sequence analysis from independent

mutation accumulation lines also suggest very high rates of �14 mutations

(9 substitutions) per site per million years, again an order of magnitude

higher than observed for other animals. Comparison of C. elegans

and D. melanogaster orthologous protein pairs to orthologues from

Saccharomyces cerevisiae and H. sapiens shows that many C. elegans
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proteins have overall higher substitution rates, but only of the order of 1.2

to 2 fold higher (Mushegian et al., 1998). This high rate is as yet unexplained

mechanistically, but is the probable explanation of the long-known

artefactual placing of C. elegans in molecular phylogenetic analyses

of Metazoa using, for example, the small subunit ribosomal RNA gene

(Philippe et al., 1994).

The availability of the C. briggsae genome sequence, even in its draft

form, allows extensive delineation of the patterns of genome evolution

within the genus Caenorhabditis. The comparisons published thus far, based

on matching protein-coding or other conserved DNA segments and

examining their interrelationships, yield further evidence of highly elevated

evolutionary rates (Kent and Zahler, 2000; Coghlan and Wolfe, 2002).

While the language of comparison of genomes is derived from traditional

genetics, the detail available from genome sequence requires close definition

of terms. Linkage is the presence on the same physical DNA element

(chromosome) of orthologous genes. Synteny is conservation of both

linkage and gene order, while microsynteny is the presence of sets of

conserved orthologues in close association on a chromosome. A comparison

between C. elegans and �12Mb of the C. briggsae genome (Coghlan and

Wolfe, 2002) revealed 756 instances of microsynteny, with from 2 to 109

genes matching between the two species involving DNA segments of 1.3 kb

to 1040 kb. The longest region of conservation mapped to the C. elegans

X chromosome, but the corresponding C. briggsae genomic contig did

not appear to be X-associated. Using a stochastic model of chromosome

evolution, it was estimated that about half of the rearrangements

were transpositions (the movement of a gene or genes to a novel genomic

environment) with inversions and translocations (reciprocal exchanges

between chromatids) occurring in approximately equal numbers. Overall,

the two species experienced an astonishing 42–102 chromosomal breakage

events per million years, �5000 times more frequent than that estimated for

H. sapiens and �10 times greater than that estimated for Drosophila species

(Ranz et al., 1997, 2001; Coghlan and Wolfe, 2002). Some dispersed

repeat elements were preferentially associated with breakpoint junctions.

Mechanistic explanations for this elevated rate focus on the short generation

time of C. elegans and the small effective population size (because the

nematodes are mostly self fertilising with occasional outbreeding).

3.1.3. Patterns of Genomic Evolution Across the Nematoda

Very little nematode genomic sequence is available other than that for

Caenorhabditis. Other nematode genomes can have very different base
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compositions to the model nematode’s 36% GC. For example, B. malayi

has a GC content of only�30% (McReynolds et al., 1986;Maina et al., 1987;

Piessens et al., 1987), while Panagrellus silusiae has 44% GC (Beauchamp

et al., 1979), and this in turn affects codon bias and the pattern of

non-coding repeat DNAs observed. The genome of C. elegans has about

17% repetitive DNA, and similar relative amounts are seen in B. malayi.

The pattern of repeats can differ significantly, however. Thus B. malayi

has �30 000 copies of a monomorphic 322 bp repeat, making up 10% of the

genome (McReynolds et al., 1986; Piessens et al., 1987): no single C. elegans

repeat is present at such genomic abundance.

From sequencing of specific genes, such as beta tubulin and globin,

two features are evident. One is that mean intron size in other nematodes is

often larger than in C. elegans (see Guiliano et al., 2002). C. elegans introns

are generally small, with a majority being less than 125 bp (Blumenthal

and Steward, 1997). Other nematodes tend to lack very small introns (�37

to 60 bases) commonly found in C. elegans, and have mean intron sizes of

�300 bp. The splice site consensus for other nematodes appears to closely

match that determined for C. elegans (Blumenthal and Steward, 1997).

The second feature is that there have been many losses or gains of introns

during nematode genome evolution. Between C. elegans and C. briggsae,

over 250 introns were missing in one or other species in an 8Mb pairwise

comparison (Kent and Zahler, 2000). Between C. elegans and other species,

the trend is for C. elegans to have fewer introns. For example, in the

gene pbr-1 (see below) C. elegans has 14 introns whereas B. malayi has 37

(Figure 7) (Guiliano et al., 2002). In the globin genes, a dynamic pattern of

intron gain and loss is observed, with the C. elegans myoglobin gene (glb-1)

having one intron, while Nippostrongylus brasiliensis glb-1 has three

(Blaxter, 1993b, 1994a). In A. suum the myoglobin gene has no introns

(Blaxter et al., 1994b).

Larger-scale genome comparisons are now becoming possible between

B. malayi and C. elegans through the work of the filarial genome project

(Blaxter et al., 1999, 2001; Williams et al., 2000). Two components of the

project are yielding significant DNA segments. The Institute for Genomic

Research (Bethesda, USA) is following a whole-genome shotgun strategy to

provide a draft genome coverage, and has released �150Mb of preliminary

data derived from small-insert clones (see http://www.tigr.org/). The BaNG

B. malayi project (see http://www.nematodes.org/) has been end-sequencing

large-insert (bacterial artificial chromosome) clones, and also performing

complete sequencing of selected genomic regions. The largest contiguous

segment assembled thus far is 83 kb, or only 0.8% of the expected complete

genome (Guiliano et al., 2002), but comparison with C. elegans has been

very revealing (Figure 8).
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Figure 7 Linkage and microsynteny conservation between Brugia malayi and
Caenorhabditis elegans. A. A diagram showing (above) C. elegans chromosome 1
(with a scale in megabases) and boxes (not to scale) indicating the relative positions
of orthologues of B. malayi genes identified in an 83 kb contig (below) (Guiliano
et al., 2002). The B. malayi contig (scale in kb) is also annotated with boxes (to scale)
linked to their C. elegans orthologues by lines. The dotted line indicates a pair
of genes that may not be orthologous, as the B. malayi gene is more similar to a
related gene on C. elegans chromosome III. The light grey box indicates a B. malayi
gene with no C. elegans homologue. The dark grey boxes indicate a set of genes in
a microsynteny cluster (see B below). B. A diagram of one of the microsynteny
clusters identified (Guiliano et al., 2002). Gene models, confirmed by cDNA
sequencing, are indicated by boxes (exons) linked by brackets (introns). Both
genomic segments are drawn at the same scale. pbr indicates ‘‘polybromodomain
protein’’ and ubr ‘‘upstream of pbr’’. Bromodomains are associated with chromatin-
binding complexes, and both the C. elegans and B. malayi predicted PBR-1 proteins
have six bromo domains (B) or bromo-related domains (b). In addition, both
have high mobility group domains (H), C2H2 type zinc finger domains (Z) and a
C-terminal conserved domain (C). Similar proteins are also found in D. melanogaster
and vertebrate genomes, but this pattern of domains is unique to the nematodes.
The UBR-1 predicted proteins are 27% identical over their full lengths (847 amino
acids in B. malayi) but have no significant similarity to any other proteins. In
the longest intron of ubr-1 in both nematodes is a small gene, dap-1, which
is homologous to mammalian proteins associated with the cell death pathway.
The asterisks above introns indicate that they are conserved (in terms of exact phase
and position) between the B. malayi and C. elegans genes.
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The 83 kb segment covers the genomic region flanking the Bm-mif-1 gene,

which encodes a homologue of the mammalian cytokine macrophage

migration inhibitory factor. There are 12 protein-coding genes in the 83 kb

segment, and eleven of these have a readily identified C. elegans orthologue

(Figure 8A). All of the C. elegans orthologues are on chromosome I,

nob-1

Pristionchus pacificus

Ascaris suum

Trichinella spiralis

other Ecdysozoa

Lophotrochozoa

I

IV

I I I

V

Meloidogyne javanica

ceh-13 lin-39 mab-5 egl-5 php-3

Caenorhabditis elegans

Brugia malayi

Post1 Post2Lox2/Lox4Lox-5

Caenorhabditis briggsae

hox-3 ant-1
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}
}
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Figure 8 The evolution of nematode HOX genes. A. The Caenorhabditis elegans
HOX gene ‘‘cluster’’. The six C. elegans HOX genes are scattered across 6Mb of
chromosome II (upper cartoon). Four are found as two pairs in the middle of the
chromosome (lower cartoon), separated by 0.25Mb of chromosome that contains 29
other, non-HOX genes. Scales in Mb. B. C. elegans has lost HOX genes relative to
other nematodes (Aboobaker and Blaxter, 2003). The molecular phylogeny of the
Nematoda (tree to the left, rooted by ‘‘other Ecdysozoa’’, Lophotrochozoa and
Deuterostomia) was used to organise the pattern of presence of HOX genes in eight
species of nematode from clades I, III, IV and V. HOX genes are indicated by boxes:
different HOX orthology groups have different shading, and are linked by dashed
vertical lines. The names of the HOX genes in the different superphyla are indicated.
Several lineages have independent duplications of HOX genes. The duplications are
indicated by curly brackets, and the HOX genes that result from these duplications
have been shaded similarly (noting that these duplicated HOX genes have distinct
functions). Some non-nematode taxa, particularly higher deuterostomes, have
duplications of the whole HOX cluster. Two lin-39 genes were found in
Meloidogyne javanica. HOX genes known to be linked in the genomes of the
different organisms are joined by bold horizontal lines. Genes definitively missing
from a species/group are indicated by a bold X.

GENES, GENOMES AND PARASITISM IN THE NEMATODA 141



suggesting that while many rearrangements have occurred since the last

common ancestor of the two species there has been a tendency to retain

linkage of these genes. Synteny conservation is less evident, as the C. elegans

orthologues are spread over 6Mb of chromosome I. However there are

two segments that display microsynteny, suggesting that there may be

strong selective constraint on separation of the genes involved (Figure 8B).

A survey of sequences derived from both ends of large-insert B. malayi

genomic clones also yielded an excess of matches that mapped to the same

chromosome in C. elegans (Guiliano et al., 2002).

The pattern observed around the mif-1 locus may not be representative of

the whole genome. Indeed, sequence surrounding the Bm-alt-1 (abundant

larval transcript) locus shows that Bm-alt-1 lies in close proximity to the

ribosomal RNA repeat of B. malayi (in C. elegans the rRNA repeat is

on chr I) next to two protein-coding genes, Bm-mog-1 (masculinisation of

germline-1 homologue; Ce-mog-1 is on chr II) and Bm-prl-1 (pleiotropic

regulator homologue; Ce-prl-1 is on chr V) (Gomez-Escobar et al., 2002).

The whole-genome shotgun data will be very informative concerning the

global pattern of chromosome change between the two species.

Many C. elegans genes are co-transcribed in operons, where a single

upstream promoter directs transcription of an initially polycistronic mes-

senger RNA that is resolved by trans-splicing with a specific set of spliced

leader exons (SL2-like spliced leaders) (Zorio et al., 1994; Blumenthal, 1998;

Blumenthal et al., 2002). The SL1 spliced leader is utilised in capping

mRNAs that derive from many single-cistron transcription units, as well

as being used to cap the 5’ gene of most (but not all) operonic units. This

pattern of gene organisation is currently unique to Nematoda and

Platyhelminthes (Davis, 1995, 1996, 1997) in the Metazoa. In most

C. elegans operons there is no obvious functional link between the

co-expressed genes (Blumenthal et al., 2002), though isolated examples of

clearly related function have been identified (Page, 1999). Operons are

present in other nematodes. In the free-living Oscheius brevesophaga an

operon, linking two ribosomal protein genes, has been found that is also

present in C. elegans (Evans et al., 1997). In O. brevesophaga this operon is

also resolved on transcription by trans-splicing to SL2-like leaders. SL2-like

leaders have also been identified in the rhabditid parasite Haemonchus

contortus (Redmond and Knox, 2001) and free-living Pristionchus pacificus

(D. Guiliano and M. Blaxter, unpublished observations), but not elsewhere,

suggesting that SL2-like leaders may be an innovation of the Rhabditina. In

other nematodes, SL1 is present (Blaxter and Liu, 1996; Liu et al., 1996),

and operons appear to be resolved by trans-splicing to SL1. Several operonic

structures have been identified in genomic sequencing from Brugia malayi

that are shared with C. elegans, but other C. elegans operons are apparently
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absent (D. Guiliano and M. Blaxter, unpublished observations). A current

working hypothesis is that genes that come to share a promoter sequence

by being co-expressed in an operon will be unlikely to be separated by

evolution, and thus that operons will have tended to accumulate through

evolutionary time. This would suggest that there will be a core of shared

operons, and unique sets of operons for each lineage.

3.1.4. An Example of Rapid Genomic Change: the Evolution of the

Nematode HOX Gene Cluster

HOX genes have been implicated in anterior-posterior pattern formation

in many animals (Akam et al., 1994; Akam, 1998, 2000). They encode

DNA-binding regulatory proteins that share a 60 amino acid domain (the

homeodomain) and are present in most animals as a family of related

genes that are all clustered in a small genomic segment. Comparison of

HOX genes between phyla has defined a set of eight groups of orthologues

present in most species. These orthologue groups have the property

of controlling the expression of anterior-posterior patterning along the

animal body axis during early embryogenesis collinearly with their

arrangement on the chromosome (de Rosa et al., 1999). Thus hox-1/labial

orthologues pattern anterior structures, and are at one end of the HOX

cluster, while the AbdB/hox-9-13 orthologues are at the opposite end of the

cluster and pattern posterior-most structures (see Figure 8). This linkage

group has been conserved across metazoan evolution.

HOX genes have traditionally associated with segmental or metameric

patterning, and thus their presence in unsegmented animals with minimal

evidence of any metamerism, such as nematodes, was surprising. However,

HOX genes appear to be one of the molecular structures that underpin the

body plan of all animals, and thus their roles in ‘lower’ animals are thought

also to be in anterior-posterior patterning, just not in the context of repeated

structures. C. elegans has six recognisable HOX genes (Figure 8A)

spread over 6Mb of chr III (Wang et al., 1993; Kenyon, 1994; Salser

and Kenyon, 1994; Ruvkun and Hobert, 1998b; Van Auken et al., 2000).

The genes derive from just four of the eight distinct orthologue groups

present in arthropods and deuterostomes. Their genomic context is also

not as a ‘cluster’: they are found as three pairs of genes, with many genes

of unrelated function separating them. The posterior pair, nob-1 (no back-

end) and php-1 (posterior HOX paralogue), appear to be the result of

a relatively recent duplication in the lineage leading to Caenorhabditis

and are members of the posterior AbdB-like group (Van Auken et al.,

2000). The central pair comprises egl-5 (egg-laying defective, another
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AbdB-like posterior gene) and mab-5 (male abnormal, a member of the

ftz/Lox5 group). The anterior pair, ceh-13 (C. elegans homeobox gene, a

labial/hox-1 orthologue) and lin-39 (lineage defect, a Scr/hox-5 orthologue),

is inverted relative to their anterior-posterior patterning effects, suggesting a

chromosomal inversion event. Of these genes, only ceh-13 and nob-1/php-3

have identified embryonic roles. lin-39, mab-5 and egl-5 have roles in

later, post-embryonic development still associated with anterior-posterior

pattern formation. Importantly, some of the post-embryonic cell lineages

patterned by these HOX genes are serially repeated along the body axis

of C. elegans.

Thus, C. elegans (and the draft genome of C. briggsae) has a reduced

HOX gene complement that is not obviously clustered. This could be a

relic of an ancestral genotype, with ‘higher’ animals evolving both more

genes and a more tightly clustered HOX set (Kenyon, 1994), or the result

of a relaxation of the constraints on the HOX cluster in nematodes, and

evolution to lose clustering and genes. Elucidation of HOX gene content

and linkage in other nematode species from across the diversity of the

phylum has shown that the pattern in C. elegans is indeed the result of

loss, a process that has happened piecemeal during the divergence of

the Nematoda (Aboobaker and Blaxter, 2003). HOX genes that clearly

are orthologues of groups missing from C. elegans are present in other

nematodes, and in B. malayi one of these ‘lost’ genes has been shown to lie

next to egl-5 in the genome, as was predicted from its orthology assignment.

There are still some orthologue groups not identified in nematodes, such

as the proboscipedia/hox-2 group, but as the analysis of other nematodes

is based on polymerase-chain reaction screens, it may be that these groups

are missing for technical rather than biological reasons. The collection

of HOX orthologues from a phylogenetically diverse range of species also

revealed that HOX genes in nematodes have experienced elevated

evolutionary rates compared with arthropods, vertebrates and other

animals. This change in tempo of evolution suggests that the nematode

HOX genes may have had a major change in function, possibly related to

their disengagement from an early embryogenesis-active, anterior-posterior

pattern determination machine still functional in flies and mice, but

redundant and discarded in nematodes (Aboobaker and Blaxter, 2003).

3.1.5. Nematode Mitochondria

As discussed above, estimates of the rate of molecular evolution in the

mitochondrial genome of C. elegans suggested that both substitution

and insertion/deletion events were occurring very rapidly. Sequencing
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of the complete or partial mitochondrial genomes of several nematode

species has revealed further startling evidence of a high evolutionary rate.

The first two nematode mitochondrial genomes to be sequenced, those of

C. elegans and A. suum, were very similar in both sequence and gene order

(Figure 9) (Okimoto et al., 1992, 1994; Wolstenholme, 1992; Watanabe et al.,

1994). They differed from other animal mitochondrial genomes in lacking

one of the mitochondrial ATPase subunits usually encoded there (gene

ATP8), and in having tRNA genes with an unusual predicted tRNA

secondary structure. Nematode mitochondrial genomes are 14–20 kb in size,

circular (except in the mermithid Romanomermis culcivorax, see below), and

encode two ribosomal RNA genes, 22 tRNAs and 12 (or 13 in the case of T.

spiralis (Lavrov and Brown, 2001); see below) protein-coding genes. The

gene order on the C. elegans and A. suum mitochondria is very different

from that seen in other animals. The sequences of other rhabditid

mitochondrial genomes (Necator americanus and Ancylostoma duodenale

(Hu et al., 2002)) are very similar to that fromC. elegans in sequence and gene

order. However, the genome sequences from O. volvulus (Keddie et al., 1998,

1999) and B. malayi (J. Daub and M. Blaxter, unpublished observations)

mitochondria share a novel gene order, despite being from the same clade

(III) as A. suum. Many genome rearrangements would be required to

transform the protein and tRNA gene order of the ascaridid genome into

the onchocercine type. The genome sequences of additional spirurid

mitochondria may be of utility in unravelling the phylogeny of this group.

The complete genome of the T. spiralis mitochondrion has a third gene

order (Lavrov and Brown, 2001), but in this case the pattern is much

more similar to that found in other metazoans, rather than being similar

to other nematodes, and it includes the ATP8 gene missing from the

secernentean mitochondria. In R. culcivorax, mapping of the apparently

linear mitochondrial genome suggests that it is significantly rearranged

compared with T. spiralis (Powers et al., 1986, 1993; Beck and Hyman, 1988;

Hyman et al., 1988; Hyman and Slater, 1990; Hyman and Azevedo, 1996).

Both these species are in clade I (Dorylaimia).

In the tylenchids, mitochondrial gene sequences from cyst and root knot

nematodes are highly divergent from other nematodes. Indeed, within-

species divergence in Meloidogyne is greater than the difference between

A. suum and C. elegans suggesting that mutational rates in this lineage may

be extraordinarily high (Pelonquin et al., 1993; Powers et al., 1993; Hugall

et al., 1994, 1997). The mitochondrial genome of Globodera pallida is unique

in that it is fragmented into a population of sub-genomic circles of 7–10 kb,

each encoding only a subset of the mitochondrial genes (Armstrong et al.,

2000). This multipartite genome might explain the observed high within-

species divergence in mitochondrial genes, if paralogous copies were being
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Figure 9 Nematode mitochondrial genomes. Diagram illustrating the changes in protein and ribosomal RNA gene order
between nematode mitochondrial genomes. The tree to the left indicates the relationships of the species figured, based on Figure 2.
Each protein-coding gene is indicated by a box (not to scale with gene length) and labelled with the gene name. Protein-coding genes
have white box fills, RNA genes black fills. The AT domain is a non-coding segment that is probably the site of initiation of
replication. In Trichinella spiralis there are two copies of a non-coding repeat element in the genome. The circular genomes have
been arbitrarily linearised, between the AT domain and the ND6 gene for C. elegans and between genes to permit maximal
alignment for the other genomes. The Globodera pallida genome is one of several mitochondrial circles present in this species. The
lengths of the sequenced genomes are shown to the right. The tRNA genes have been omitted from the figure for clarity.
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Figure 10 Comparison of the C. elegans proteome to other organisms. A set of taxon-limited databases were abstracted from
GenBank/EMBL/DDBJ and used as targets for BLASTP (protein–protein) and TBLASTX (protein–nucleotide) searches with C.
elegans WormPep proteins (release 89). Nucleotide databases were used for taxa, such as non-caenorhabditid nematodes, where
there are no complete genomes and there is significantly more nucleotide data compared with protein data available. The BLAST
results were processed using SimiTri (Parkinson and Blaxter, 2002). The solid bars indicate matches that are unique to the dataset,
while the open bars indicate all matches to the dataset. The taxonomic spread of each dataset is indicated in the inset cartoon. For
this figure a cut-off score of 50 was used: higher cut-offs reveal the same pattern, but with a greater skew to matches within Metazoa.
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compared. The level of diversity in nematode mitochondrial genome

structure and sequence is unparalleled in any other phylum.

3.1.6. Nematode Genome Evolution and Parasitism

None of the genomic patterns described above can be ascribed to the

evolution of parasitism, as they are unique to particular lineages, some of

which happen to be parasitic. Thus, it is hard to ascribe a parasitic function

to the chromatin diminution observed in ascarids, and the rearrangements

in onchocercine mitochondria do not appear to link to any particular

adaptation to host exploitation. Other facets of genome organisation

evolution such as the presence of polyploid lines in parthenogenetic

tylenchid plant parasites (Triantaphyllou, 1983, 1985), or the utilisation of

haplo-diploidy in sex determination in oxyurids (Adamson, 1989, 1994) may

link to issues arising from life cycle dynamics in these parasites. At the

current level of understanding, perhaps all that can be said is that nematode

genomes have been discovered to be very dynamic in structure and

organisation, and that the rate of change is reflected in the presence

of apomorphic changes in crown lineages that may or may not be parasitic.

It is clear that the evolution of parasitism in nematodes has not resulted

in genome diminution, or simplification, as has been observed in bacterial

and eukaryotic microbial genomes.

3.2. ORFeome/proteome evolution and the

parasitic phenotype

Many textbooks have presented parasites as degenerate organisms that have

lost the ability to exist without a host, that they are simplified derivatives

of complex free-living ancestors (see for example von Brand, 1966 or

Goldschmidt, 1937; see Brooks and McLennan, 1993, for a counter

argument). This model can be extended to genomic considerations:

it predicts that parasites will have lost genetic capacity to carry out

functions that they now rely on hosts to perform. In bacterial pathogens

(Fraser et al., 1995, 1997; Andersson et al., 1998) and some eukaryotic

parasites this indeed appears to be the case. Mycoplasmas have evolved a

minimal gene set and a tiny genome, and are obligate intracellular parasites

that rely on host cells for most small-molecule synthetic biochemistry.

Encephalitozoon cuniculi, a microsporidian intracellular parasite, also has a

tiny genome that lacks many genes for basic, intermediate biochemistry

(Katinka et al., 2001).
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I would argue that this view of parasitic phenotypes is rather narrow.

While a parasite may rely on the host for supply of basic nutrients, and

thus have diminished or no ability to carry out subsets of intermediary

metabolism, it also has to ensure transmission between hosts, and deal

effectively with host and environmental challenges. Thus, compared with

C. elegans living in a bacterial heaven on an agar plate in a laboratory,

a lymphatic filarial parasite such as Brugia malayi inhabits a very stressful

niche. The parasite has to survive passage between two hosts, mosquito

and vertebrate, with very different internal environments (in terms of

osmolarity, pH and temperature for example), invade and establish in

very different tissue types, invading through the mosquito gut to the flight

muscles, then to the proboscis, and from the vertebrate skin to the

lymphatics and thence, as larvae, to the blood. In addition it has to defend

itself against a set of potentially lethal immune attacks, in the insect from the

peritrophic membrane and gut digestion and the melanisation/engulfment

effector arm of the immune system, and in the mammal from the innate,

rapidly reacting immune system and the acquired, antigen-specific immune

system. Lymphatic filariae have particular problems, in that they reside in

one of the main thoroughfares of the active immune system, and thus are

continuously exposed to possible attack. Thus we should expect parasites

to have a mixture of specific losses or simplifications, as well as new

complexities and amplifications: overall the balance may lie on the side of

parasites being more, not less, complex.

3.2.1. How Many Genes do Nematodes Have?

Nematodes, with their outwardly simple body plan, were traditionally

classified as ‘lower metazoans’. With this prejudice came a conception

that these lowly organisms must have few genes, fewer than the complex

arthropods, such as D. melanogaster, with its millions of brain cells and

embarrassment of bristly morphology, and at least an order of magnitude

less than H. sapiens, with a billion brain cells and culture to match. Genome

sequencing has levelled these perceptions. Initial, traditional genetics-based

surveys of C. elegans suggested that there were perhaps 6000 genes that

could be mutated to give a visible phenotype (Brenner, 1974). This estimate

has been amply confirmed by subsequent screens, and by post-genome

functional screens of all the predicted genes in the genome: there are

estimated to be �6500 genes identifiable in standard screens by phenotype

(Johnsen and Baillie, 1991; Clark and Baillie, 1992; Stewart et al., 1998;

Fraser et al., 2000; Zipperlen et al., 2001). From the earliest days of the

genome project, it became clear that the genome of C. elegans had at
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least double that number of protein-coding genes, and by the time of

publication in 1998, the tally was 19 099 (Consortium, 1998). The current

number is �20 000: the uncertainty arises from the presence in the

annotations of the genome of a set of genes whose existence is perhaps

doubtful, and from the bioinformatic problems of recognising where one

gene ends and another begins (Harrison et al., 2001; Hodgkin, 2001; Reboul

et al., 2001; Mounsey et al., 2002). The D. melanogaster genome annotation

yielded only about 14 000 genes (Adams et al., 2000), though, again, about

a thousand more have been added since first publication (Gopal et al.,

2001). Mammals have between 30 000 and 40 000 genes (Rubin et al., 2000;

Lander et al., 2001; Venter et al., 2001; Waterston et al., 2002), while fungi

and parasitic protozoa such as malaria and trypanosomatids have between

5000 and 12 000 (Myler et al., 2001; Gardner et al., 2002).

The numbers of predicted genes, and the complexity that they imply, does

not sit well with traditional views of the relative complexity of the different

animals. Humans, to us, are not ‘just’ 50% more complex than nematodes.

One argument concerning raw gene counts has been that flies and humans

have a much larger number of alternatively spliced genes, which means

that, whatever the primary gene count, the predicted proteome (the total

number of different proteins present in an organism) of these complex

species is three- to four-fold higher than their gene count, while C. elegans

lacks such extensive alternative splicing, and thus its proteome is about

as complex as its gene count predicts. This view is not upheld by careful

examination of expressed sequence tag datasets from these species, and

while C. elegans may have an absolutely lower mean number of alternative

splice forms per gene, this number (about 2) is not significantly lower

than that seen for mammals or flies (about 2.5) (Brett et al., 2002). Another

possibility is that the excess of genes in C. elegans is the result of mis- or

over-prediction, but extensive cDNA cloning efforts suggest that at least

80% of the predicted genes are expressed under laboratory culture

conditions (Reboul et al., 2001). A third is that the excess is mainly made

up of pseudogenes, the result of gene duplication followed by mutational

disablement. These non-functional genes may still be predicted by purely

informatic methods from the genome sequence, but are not expressed and

therefore not true genes (Mounsey et al., 2002). Promoter-trapping surveys

of randomly selected genes also suggests that many putative promoter

elements do not drive detectable transgene reporter expression under

laboratory conditions, again suggesting that they may be non-functional

(Young and Hope, 1993; Lynch et al., 1995; Hope et al., 1998). In this

survey, the promoters that failed to drive expression had an over-

representation of duplicated and C. elegans-unique genes, two classes that

might be expected to harbour pseudogenes or mispredictions. Only �12 000
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of 17 000 genes represented on a cDNA-based DNA microarray were scored

as positively expressed in any of a series of gene-expression hybridisation

experiments (Kim, 2001; Kim et al., 2001). From these observations it

could be argued that the excess of putative genes is due to over-prediction:

gene-finding algorithms are trained to find genes, not distinguish recently

inactivated genes from active ones.

However, from other investigations it is clear that many mutations show

a phenotype only in specific circumstances. Many genes appear to be

redundant but this does not mean that they are non-functional. Two closely

related genes may be able to replace each other in performing a function,

and thus deletion of both is necessary to observe an effect (Kornfeld,

1997). Partial overlap, where the mild phenotype of one is exacerbated by

the inactivation of the second, is also observed. In more extreme cases,

whole pathways act redundantly. For example, in the specification of the

hermaphrodite vulva, an inhibitory signal originating from the hypodermis

is transmitted via two independent pathways: either pathway, involving

several genes in a signalling cascade, is sufficient to give apparently wild-

type function (Ferguson and Horvitz, 1989). Many genes have been

identified by mutation only as enhancers or suppressors of other mutant

phenotypes: in a wild-type background they have no phenotype. As genetic

screens become more and more sophisticated, and ecologically realistic

challenges are made of the mutagenised nematodes, more conditionally

expressed genes have been identified. C. elegans is kept in a rather impove-

rished stimulatory environment in the laboratory, but a significant number

of its genes are involved in environmental perception, and thus may have

essential function in the wild (Troemel et al., 1995; Bargmann, 1998; de

Bono et al., 2002).

The�20 000 genes predicted can be split into classes according to function.

In general, C. elegans has a broadly similar number of basic intermediary

metabolism gene homologues, and regulatory gene homologues, as does

D. melanogaster: both these protostomes have fewer regulatory genes than

H. sapiens, reflecting the genome duplications in the lineage leading

to humans (Rubin et al., 2000; Muller et al., 2002). However, C. elegans

does have some strikingly large gene families that are less prominent in

D. melanogaster. For example, C. elegans has over 250 nuclear hormone

receptor genes (Bargmann, 1998; Sluder et al., 1999; Sluder and Maina,

2001), many of which have now been implicated in a diversity of

developmental control processes (Carmi et al., 1998; Asahina et al., 2000;

Gissendanner and Sluder, 2000). Flies and humans have less than 50.

Similarly, C. elegans has over 800 serpentine receptor genes (Troemel et al.,

1995; Robertson, 1998, 2000, 2001). These seven-transmembrane spanning

proteins are thought to play roles in sensing of environmental chemicals,
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such as food and noxious signals. The abundance of these receptors is all the

more surprising when it is recalled that C. elegans has only 302 neurons, and

only �30 of these are apparently sensory in nature (Wood, 1988). Each

receptor gene is only expressed in one (or a very few) cells, and at low levels.

This phenotype of restricted, low level expression might be the reason why

many genes score negative in promoter screens and microarray hybridisa-

tions. Similarly, unless the correct behavioural screen is performed, knock-

outs of these genes will appear wild-type. Thus, the current best estimate of

the number of open reading frames, or ORFs (hence the ‘ORFeome’)

in the C. elegans genome is between 17 000 and 20 000, with the lower

number from in vivo screens and the higher number from bioinformatic

predictions.

(a) Conservation and divergence in the C. elegans ORFeome. Comparison

of the C. elegans ORFeome with those of other phyla allows the 20 000

genes to be split into a number of categories (Mushegian et al., 1998;

Rubin et al., 2000) (see Table 5). First are those shared by all the kingdoms

of life (Bacteria, Eukarya and Archaea) that presumably perform functions

basic to cellular metabolism. Second are those found in other eukaryotes,

such as fungi, but not in non-eukaryotes. These genes, which include

those for cytoskeletal proteins such as tubulin and actin, are presumably

innovations that underlie eukaryote phenotypes. A third set is found in

C. elegans and other bilaterian Metazoa only and thus probably identifies

novelties required for animal phenotypes such as neural transmission

and germ line- and gastrulation-based development. (There are very few

sequences, and no complete genomes, available for non-bilaterian Metazoa,

and thus it is at present impossible to make robust statements about genes

relevant to metazoan origins per se.) The separation between the animal

phyla is estimated to have occurred between 750 and 650Mya, and thus

�1.4 billion years of sequence evolution separates human or fly genes from

those of nematodes. As described above (Section 3.1.2; p. 129), C. elegans

has an elevated rate of sequence change, and this is evident in whole

ORFeome comparisons with D. melanogaster, S. cerevisiae and H. sapiens

(Table 5). Because of this elevated rate, it is much harder to distinguish

‘protostome-’ and ‘ecdysozoan-’ specific genes: clear novelties can be

identified but clade-specific features of genes belonging to conserved

gene families may be obscured. The original publication of the C. elegans

genome, in 1998, was before the completion of the D. melanogaster and

H. sapiens genomes, before the vast majority of nematode EST sequencing,

and when there were only a few bacterial and archaeal genomes available.

Thus, early estimates of the number of nematode-unique, metazoa-shared
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Table 5 Comparisons of the ORFeome of Caenorhabditis elegans to other model organisms.

Organism Number

of genes*

Number

of distinct

gene

families**

Number of

different

domains**

Number of

different

domain

architectures**

Percentage

of unique

genes/gene

families**

Percentage of genes similar to

homologues in other model organisms

with an expectation value in BLAST of

<e-10**

C.

elegans

D.

melanogaster

H.

sapiens

S.

cerevisiae

C. elegans 19 000 9500 1014 1000 50 – 39 36 20

D. melanogaster 14 000 8100 1035 1000 37 48 – 52 28

H. sapiens �35 000 �14 000 1262 1800 30 40 45 – 13

S. cerevisiae 6000 4400 851 300 40 38 41 38 –

* The number of genes has been rounded to a low estimate. Different annotations predict different numbers for each organism. For example S. cervisiae is predicted to

have between 5800 and 6300 genes.

** These predictions derive from Rubin et al. (2000) and Lander et al. (2002).
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and universally conserved genes were limited by a lack of comparative data,

and complicated by complex orthology–paralogy relationships discovered

(Xie and Ding, 2000). We are performing ongoing recomparisons of

the C. elegans proteome as represented by the database WormPep.

We use BLAST to compare the entries in WormPep with a set of

databases abstracted from the GenBank/EMBL/DDBJ nucleotide

and protein databases. These comparisons are collated and viewed in a

new tool, SimiTri (Parkinson and Blaxter, 2002), developed for the

nematode EST programme (Parkinson et al., 2001) (Figure 10; see http://

www.nematodes.org/SimiTri/SimiWorm.php).

About one-fifth of C. elegans proteins have significant similarity to

prokaryote proteins, with �3000 matching archaeal and �4000 matching

bacterial proteins. There are a few C. elegans nuclear genes that only have

matches to prokaryote proteins (�25), but these matches are of low

significance and may represent chance convergence. Nearly 40% of the

proteome matches proteins of fungi, plants (Viridiplantae) and lower

eukaryotes (the protistan phyla), but only�80 proteins have unique matches

to these taxa, including some that appear to have been acquired by horizontal

transfer from fungi to C. elegans. Half of the proteome has similarity to

deuterostome proteins (human, mouse, Japanese pufferfish (Fugu), and other

taxa) but only 30% match potential proteins from the protostome

superphylum Lophotrochozoa (annelids, molluscs, platyhelminths and

allies). As C. elegans is a protostome, not a deuterostome, this apparent

conflict merely highlights the lack of sequence from lophotrochozoan taxa.

60% match potential proteins from other nematodes (excluding the con-

generic C. briggsae) and 65% have a match to some other sequenced gene:

thus over 7000 C. elegans genes are still apparently unique to this nematode,

despite the acquisition of gigabases of genome sequence since 1998.

(b) The C. elegans ORFeome and other nematodes. The EST datasets from

other nematode species can be used to predict ORF sequences and

thus partial proteomes for comparison to C. elegans (Parkinson et al.,

2001, 2002). The number of distinct genes identified in each EST-sampled

species depends on the number of ESTs generated, and the quality and

number of cDNA libraries that are utilised. For C. elegans, over 190 000

ESTs derive from only �55% of the genes (McCombie et al., 1992;

Waterston et al., 1992; Kohara, 1997). These ESTs have been made from

a limited number of libraries. In B. malayi, the 22 000 ESTs have been

clustered and predicted to represent between 7500 and 8800 different genes

(Williams et al., 2000; Blaxter et al., 2001). The uncertainty derives from

problems assembling very short or low quality ESTs. There is no reason
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to expect that B. malayi has significantly fewer genes than C. elegans, and

thus these ESTs potentially identify �45% of the B. malayi ORFeome.

Confirmatory evidence that this is the case can be derived from EST

matches to the sequenced segments of the B. malayi genome: about 40%

of the predicted genes have EST matches (Gomez-Escobar et al., 2002;

Guiliano et al., 2002).

As would be expected from the overall phylogeny, the predicted

ORFeomes of strongylid parasites are more closely similar to C. elegans

than are the proteomes of ascaridid, filarial and trichinellid species

(Parkinson and Blaxter, 2002). Even so, there are still significant numbers

of strongylid proteins that appear not to have a C. elegans homologue. For

example, in N. americanus 42% of predicted genes from an adult nematode

EST dataset were novel, lacking a C. elegans (or any other) homologue

(Blaxter, 2000a; Daub et al., 2000). A similar proportion of apparent novels

was noted in analysis of the much larger B. malayi EST dataset: of 8800

predicted genes, over 6400 had no significant similarity to any C. elegans

protein (Blaxter et al., 2001).

Several methodological issues can confound such comparisons. Firstly,

ESTs can be short and thus the maximal possible similarity may be below

the cut-off for detection. Secondly, as most parasitic nematode ESTs

are derived from the 50 end of the cDNA inserts, the sequence available

may not extend far enough into the parasite open reading frame to provide

a significant match. Thirdly, the evolutionary distance between C. elegans

and the parasite may have allowed enough molecular change to accumulate

in rapidly evolving genes to obscure homology. Analysis of B. malayi

ESTs has confirmed that such issues may artificially elevate the numbers

of apparent novels. Thus, when comparing all B. malayi ESTs to C. elegans,

43% of the genes with consensus sequences >400 bases had matches, while

only 2% of the genes with sequences <200 bases had matches (where

a match was scored at a BLAST probability of e�10) (Blaxter et al., 2001).

In comparing the protein sequences derived from the 83 kb contig

of B. malayi genomic DNA described above (see Section 3.1.3) it was

noted that 11 of 12 predicted genes had homologues in C. elegans (Guiliano

et al., 2002). This elevated proportion could be a local fluke, but may

also reflect an enhanced ability to detect homology when the complete

gene sequence is available. The issue of elevated rates is also illustrated

by genes in this section of the B. malayi genome, as some have only

marginally significant pairwise matches to C. elegans genes that can

robustly be called as orthologues due to their microsynteny and conserved

intron boundaries.

Thus, simple similarity searches are not sufficient to identify homologues,

and any estimate derived from the use of tools such as BLAST must be
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regarded as the lower bound. Despite these limitations, cross-species

comparisons do reveal significant differences between datasets. In compar-

ing the infective L3 gene expression profile of B. malayi to that of two

other filarial nematodes, Litomosoides sigmodontis (Allen et al., 2000) and

O. volvulus (Lizotte-Waniewski et al., 2000), it has been noted that while

some genes are similarly highly expressed in each species, others are

unique to one. This within-filarial comparison shows that, perhaps

particularly in highly expressed genes encoding secreted products, even

closely related taxa can differ significantly. This most likely reflects

the effects of positive selection on functions related to the particular

parasitic life cycle followed.

3.2.2. The ‘Parasitome’: Genes and Proteins Implicated in the

Parasitic Phenotype

(a) Are parasites simpler? The comparison of genomic capacities between

the partial parasite genomes available, and the free-living C. elegans suggests

that parasitic nematodes are not radically simplified from their pre-parasitic

ancestors. Indeed, comparing the predicted proteomes of B. malayi or

N. americanus to C. elegans or other non-nematodes reveals genes present

in the parasites and other metazoans, but absent from C. elegans. This

shows that gene loss, like gene acquisition through duplication and

diversification, is a constant part of the genomic evolutionary process in

both parasitic and free-living organisms. Only in cases where there is

strong selection on a parasite to replicate using minimal energy and rapidly,

and where the host can be persuaded to give up complex metabolic

resources to promote parasite growth, will there be genome reduction. Thus,

intracellular pathogens such as mycoplasmas or Rickettsia (Andersson et al.,

1998), or symbionts such as Buchnera aphidicola (Shigenobu et al., 2000;

Tamas et al., 2002) or the mitochondrion (Lang et al., 1997), are able to lose

genes. A metazoan parasite, residing for some or all of its life cycle outside

a host cell, and often under extreme environmental conditions, probably

cannot simplify. Indeed some parasites might be expected to be more

complex than their pre-parasitic ancestors. A. suum, during its life cycle,

experiences both aerobic and micro-aerobic or anaerobic conditions.

Its glycolytic enzymes must therefore promote both anaerobic and aerobic

glycolysis where relevant, and A. suum has duplicate genes for many

glycolytic components with different kinetics for the forward, aerobic and

reverse anaerobic reactions they carry out (Saruta et al., 1995; Duran et al.,

1998; Amino et al., 2000).
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In the absence of complete genome sequence it is impossible to be

definitive about gene number in parasites. However, EST-based gene

discovery in parasitic nematodes has been as effective as, and in many

cases more effective than, similar analysis of C. elegans (see Section 3.2.1 (b)

above; p. 146), suggesting that the gene count is unlikely to be significantly

smaller. In genome sequencing we have noted that introns and intergenic

regions tend to be longer in B. malayi than in C. elegans (Gomez-Escobar

et al., 2002; Guiliano et al., 2002), suggesting that if the two genomes

are of the same size (100Mb) B. malayi may have fewer genes overall.

Currently, it is not possible to distinguish between the possibility that B.

malayi has fewer genes in a genome the same size as C. elegans and the

possibility that the B. malayi genome is �10% larger and has the same

number of genes. Whole genome sequencing of B. malayi underway at The

Institute for Genomic Research may offer answers to this.

(b) Genes with parasite-specific signatures. In the complexity of nematode

genomes it is relatively easy to find genes specific to one parasitic species, or

a parasitic group. It is harder to ascribe some function directly related to

parasitism to these genes, as any comparison of free-living species will also

yield a diverse set of genes unique to one or a subset of taxa. In a few cases,

there may be direct functional evidence for a parasitic role, but for novel

genes (those with no homologues elsewhere) it is often difficult to argue for

specific roles. As interaction between nematode parasites and their hosts is

almost exclusively extracellular and extraorganismal, one frequently

observed feature of genes that may have acquired a role in host–parasite

interaction is the acquisition of a secretory leader peptide. Thus, antioxidant

enzymes found at the cuticle surface of filaria (see below) have secretory

leader peptides, while their C. elegans orthologues do not. It may be fruitful

to follow up all parasite genes that have a secretory leader peptide when

their C. elegans homologues do not. Another feature that may mark genes

important for parasitism is duplication. Genes may be duplicated so that

one can perform a housekeeping role and the other a parasitic role, or may

be multiply duplicated to form a gene family in a parasite where a single

gene suffices for the free-living species. Duplication may permit expression

at higher levels of critical activities.

The abundant larval transcript (alt) gene family of filarial nematodes is

a case in point. The alt-1 and -2 genes were first identified as abundantly

expressed transcripts of infective L3 of B. malayi (Gregory et al., 1997).

Their protein products are secreted by the larvae on invasion of the

definitive host. Subsequently, related genes with similar biology have been

found to be highly expressed in infective L3 of several filaria, including
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O. volvulus (Lizotte-Waniewski et al., 2000), Dirofilaria immitis (Frank et al.,

1999) and L. sigmodontis (Allen et al., 2000). These highly expressed alt

genes have a secretory leader peptide followed by a small two-domain

mature protein. The first domain is repetitive and rich in acidic amino

acids, suggesting an extended hydrophilic structure, and the second has

a conserved pattern of cysteine residues, suggesting a compact disulphide-

bonded structure. The B. malayi and O. volvulus EST datasets include

several sequences representing additional alt genes expressed at other life

cycle stages, including one that lacks the acidic repetitive domain. C. elegans

has a single alt gene that lacks an acidic repetitive domain, and whose

cysteine-rich domain is most similar to the cysteine domain of the acidic

domain lacking filarial genes (Gregory et al., 2000; Gomez-Escobar et al.,

2002). Knockout of this gene in C. elegans has not yielded a phenotype

(W.F. Gregory and M.L. Blaxter, unpublished), but a possible model is that

the filariae have duplicated this gene, added an acidic domain, and this

new combination has then been amplified to perform some yet unknown

function in the host. This amplification may be specific to the filariae, as

A. suum ESTs contain an acidic repeat domain lacking alt homologue, but

none of the filarial type.

Nematode globin genes are another example of parasitism-specific gene

duplication. C. elegans has a single globin gene, glb-1, encoding a 150-amino

acid cytosolic protein expressed in anterior hypodermal cells (Kloek et al.,

1993a). Other nematodes also have this cytosolic or body wall globin

(Blaxter, 1993b). Several novel globin isoforms are found in parasites.

In Mermis nigrescens, the red pigment making up the ‘eye’ (a simple

directional photoreceptor system) is a modified cytosolic globin gene,

a duplicated daughter of the normal globin (Burr et al., 1975, 2000; Burr and

Harosi, 1987; Burr and Babinszki, 1990). A. suum also has two globin genes,

a monomeric cytosolic globin (Blaxter et al., 1994a) and a high molecular

weight globin found in the pseudocoelomic fluid (von Brand, 1938;

Davenport, 1949a, b; De Baere et al., 1992; Sherman et al., 1992b). This

globin, renowned for its extraordinarily high affinity for oxygen (De Baere

and Perutz, 1993; Gibson et al., 1993; Kloek et al., 1993b, c), is a

translationally fused dimer of globin domains preceded by a signal peptide.

Eight of these two-domain proteins associate to form the globin found in the

fluid. The related ascaridid Pseudoterranova decipiens also has a two-domain

globin (Dixon and Pohajdak, 1992), but Toxocara canis has a single-domain

pseudocoelomic globin (P. Hunt and M. Blaxter, unpublished observations;

see also (Kennedy et al., 1989)). In strongylid nematodes such as N.

brasiliensis there are also two globin genes (Davenport, 1949c; Blaxter et al.,

1994a): the cytosolic globin is joined by a second, single-domain secreted

globin. In strongylids, the secreted globin is found in lacunae in the cuticle
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rather than in the pseudocoelom. The role of the C. elegans glb-1 globin is

unclear, as gene knockouts do not reveal a phenotype under normal

conditions (P. Hunt and M.L. Blaxter, unpublished). In ascaridids, the

pseudocoelomic globin may deliver oxygen to an essential aerobic process

within the anaerobic or micro-aerobic environment. In strongylids, the

cuticle globin, which has an affinity for oxygen lower than the cytosolic

globin, appears to act as an oxygen scavenger, ensuring that the aerobic

nematode is fully supplied even in the relatively oxygen-poor location of the

gut (Blaxter, 1993b). ‘Enzymatic’ roles suggested for the globins of Ascaris

(Sherman et al., 1992a) are unlikely to be physiologically relevant as they are

also effected by less oxygen-avid globins, and appear to derive from non-

enzymatic side reactions resulting from superoxide generation. Interestingly,

adults of the strongylid parasite Syngamus trachea, which reside in the

trachea of bird hosts, also express a cuticle globin (Rose and Hwang, 1967;

Rose and Kaplan, 1972), predicted to share the high affinity of gut parasitic

species, at high levels: this may buffer the nematodes against the alternating

atmospheric and exhaled air oxygen levels.

Some components of a parasite’s environment may be less stressful than

those of its pre-parasitic ancestors. For example, the lipid composition of a

host is likely to be less variable than those of the diverse bacterial food

sources a free-living bacteriovore exploits. Nematodes cannot synthesise

sterols de novo, and require fatty acids. In C. elegans there are several

different fatty acid and sterol-binding and carrier protein families that

probably serve to collect and deliver lipids to required sites. Two of these

lipid carrier gene types have a sequence pattern that suggests adaptation to

varied targets. The fatty acid and retinol-binding gene family ( far) has seven

members in the C. elegans genome, each with very distinct sequence

characteristics (Garofalo et al., 2002; McDermott et al., 2002). In contrast, it

appears that B. malayi and O. volvulus adults express one major far gene

(Tree et al., 1995): this may reflect the relative simplicity of the filarial

nematodes’ lipid source. Similarly, the C. elegans npa-1 gene encodes a

polyprotein made up of 12 related but different small lipid-binding domains

(McReynolds et al., 1993; Kennedy et al., 1995a, b). Each domain is

separated by a subtilisin protease-like cleavage site, and the domains may

therefore represent self-contained lipid-binding modules that collectively

transport a diversity of substrates. A similar diverse npa-1 gene has been

sequenced from the strongylid Dictyocaulus viviparus (Kennedy et al.,

1995b). In filarial nematodes the npa-1 gene also has many domains, but

they are homogenous in sequence, suggesting convergence on a single

optimal binding of a low complexity lipid source. The A. suum npa-1 gene

is comprised mainly of many identical domains but also has divergent

domains (Kennedy et al., 1995a).
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(c) Evidence for variation in and selection on parasitism

genes. Population-based research on viral, bacterial and protozoan

parasites has been instrumental in identifying genes involved in host–

parasite interaction. Genes under positive selection because of a core

involvement in aspects of host immune evasion or recognition have been

identified through particular signature patterns of rapid substitution and

maintenance of large numbers of alleles in wild populations. Very little

population genetic work has been carried out on nematode parasites, and

the little that has been published has used genes or DNA segments that

are not thought to play particularly significant roles in host–parasite

interaction, such as microsattelite markers, intronic sequence, the ribosomal

internal transcribed spacer, or mitochondrial genes (Powers et al., 1986;

Hyman and Slater, 1990; Blok and Phillips, 1995; Blouin et al., 1995; Fisher

and Viney, 1996, 1998; Hyman, 1996; Hyman and Azevedo, 1996; Hoekstra

et al., 1997; Roos et al., 1998; Keddie et al., 1999; Otsen et al., 2000). It is

thus premature to assess whether nematode parasites are more or less like

other pathogens, though these neutral markers do show that parasite

populations are very genetically diverse. It is of course essential that the

variation in and dynamics of parasitic (and free-living) nematode popula-

tions are measured, and neutral, diverse markers such as microsatellites and

other non-coding changes will be essential for these studies.

The major soluble surface glycoprotein of B. malayi and related filaria is

a 29 kDa secreted glutathione peroxidase (GPX), postulated to have a role

in immune evasion (see below) (Cookson et al., 1992). Comparison of gpx-1

sequences between species of Brugia, and with Wuchereria bancrofti gpx-1

(Cookson et al., 1993), revealed complete conservation of predicted peptide

sequence between B. malayi and Brugia pahangi. At the nucleotide level,

the gpx-1 gene from these two species was 99% identical in exonic DNA

(all changes were synonymous) and 90% identical in introns. Comparison

with W. bancrofti revealed seven amino acid substitutions (the exons

were 97.4% identical), and all these substitutions mapped either to the

secretory leader peptide or to residues predicted to be on the external,

solvent-accessible surface of the protein (Zvelebil et al., 1993). This pattern

of substitution could result from functional constraint and/or immune-

mediated selection for antigenic difference. Whether there is within-species

variation in this important protein is still unknown.

Examination of EST datasets reveals extensive within-species variation

in some genes. B. malayi ESTs have all been generated from libraries derived

from the inbred TRS Laboratory strain of parasites. Despite this, there

is evidence for variation within this population in sequences for surface

proteins such as the 15 kDa cystatin homologue (Gregory et al., 1997).

Allelic variation in noncoding regions has also been noted for other secreted
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protein genes, such as alt-2 (see below) (Gomez-Escobar et al., 2002). In

other parasite EST datasets, particularly those from strongylid nematodes,

the EST datasets reveal a number of variable genes. This pattern probably

results from the use of poorly inbred or ‘wild’ populations of nematodes

as the starting material for library construction. Thus, in Haemonchus

contortus the most highly expressed L4 genes, nim-1 and -2, have many

allelic variants, up to seven per gene (C.Whitton andM. Blaxter, unpublished

observations). Similarly, the cuticle globin gene-derived ESTs from H.

contortus adults reveal several allelic variants. The functional significance, if

any, of these variants is unknown, but studies on beta-tubulin, the target for

benzimidazole drugs, has shown an extensive allelic variation in sequence

that is selected upon by drug treatment (Kwa et al., 1993a, b, 1994).

3.2.3. Arms Races Between Hosts and Parasites

The vertebrate immune system includes an innate and an adaptive arm.

The innate arm is in all probability homologous to the innate immune

systems of other animals. Innate immunity is induced or activated following

recognition of particular chemical signatures of invading potential patho-

gens, such as conserved carbohydrate or lipid structures, and involves

an immediate and non-specific response including the local or systemic

production of small peptide antimicrobials, degradative enzymes and

short-range, short-lived mediators such as nitrous oxide, oxy-radicals and

halo-radicals. Adaptive immunity utilises a complex regulatory network

of genes and gene products to firstly distinguish self from non-self, and

then mount an appropriate and very specific response. The effector end of

the response is mediated via the production of opsonising antibodies and the

recruitment and activation of immune cells that kill or encapsulate patho-

gens. To survive in a host, therefore, a parasite not only has to be able to

adapt its biochemistry to the available nutrients, but also counteract or

evade the immune response.

Two general classes of defence are observed in nematode parasites

(Blaxter et al., 1992; Maizels et al., 1993a, 2001a). The first is enzymatic, and

is hypothesised to play a role in removing or counteracting the toxic

products produced in response to infection. Thus, filarial nematodes express

at their surfaces a set of antioxidant enzymes and anti-enzymes (Selkirk and

Blaxter, 1990; Selkirk et al., 1994). The major surface protein of B. malayi

and other lymphatic filariae is a secreted glutathione peroxidase (GPX) that

has lipid peroxidase activity (Tang et al., 1995). It is unusual in both its

activity spectrum and active site. It has a much more open substrate pocket

that is more accepting of longer chain lipid peroxides than mammalian
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homologues, and has a cysteine at the active site in contrast to the seleno-

cysteine found in other GPX. Also on the surface of B. malayi is a secreted

Cu/Zn superoxide dismutase (SOD) (Tang et al., 1994; Ou et al., 1995a).

The third soluble component detected at the B. malayi adult cuticle surface

is a small secreted cystatin-type protease inhibitor (Lustigman et al., 1992).

Together these three proteins may counteract local deposition of superoxide

radicals (Ou et al., 1995b), may mop up lipid peroxides that would adversely

affect the surface epicuticular lipid layer of the nematodes (Smith et al.,

1996, 1998), and inhibit degradative proteases poised to attack the exposed

cuticle or other structures. Anti-oxidant defences have also been char-

acterised in other parasitic nematodes, such as H. contortus, where they are

also hypothesised to play protective roles (Knox and Jones, 1992; Britton et

al., 1994; Liddell and Knox, 1998; Newlands et al., 2001). EST analyses have

identified as abundantly expressed genes several members of the thioredoxin

peroxidase or peroxidoxin (TPX) family, particularly in mammalian-stage

filaria (Klimowski et al., 1997; Schrum et al., 1998). In the free-living C.

elegans the complete genome sequence reveals both intracellular and

secreted SOD and GPX genes, and these have been implicated in protection

against oxy-radical challenge and also in processes such as ageing and

resistance of the dauer larva to environmental insult (Larsen, 1993). None of

the extracellular forms appear to be expressed on the cuticle surface in

C. elegans (Blaxter, 1993a), suggesting that the filariae have adapted an

intrinsic defence system to counter extrinsic challenge. The cystatin

inhibitors have been shown to play a role in cuticle moulting in O. volvulus

(Lustigman, 1993) and also are present in C. elegans. Microfilariae (the L1

of filarial nematodes) of B. malayi also secrete an anti-enzyme in abundance,

in this case a member of the serpin family of protease inhibitors (SPN-2)

(Zang et al., 1999, 2000; Zang and Maizels, 2001). Interestingly, vector-stage

infective L3 of B. malayi also synthesise an abundant serpin (SPN-1)

(Yenbutr and Scott, 1995), of a different subfamily to SPN-2, that may play

a role in parasite maintenance in the vector or in the early stages of infection.

Nematodes also have an innate immune system like other animals, and

several anti-bacterial factor peptides (ABF) have been identified in A. suum

(Kato and Komatso, 1996), and, by homology, in N. americanus and

C. elegans (Daub et al., 2000). In N. americanus adults secretion of the ABF

homologue may play some role in allowing the nematode to maintain

itself despite the bacterial commensals in the gut. Other small, secreted

peptides identified by EST sequencing in N. americanus may similarly have

local roles in maintaining the feeding site (Blaxter, 2000b).

The second mode of defence expressed by nematode parasites is anti-

immunity, through evasion or subversion (Maizels et al., 2001a, b). Bacterial

and protozoan parasites have often evolved the ability to undergo antigenic
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variation, a trick that means they stay one step ahead of the adaptive

immune system of their hosts for long enough to produce infective

propagules. Nematodes are not known to undergo antigenic variation

in the same manner, but it has been hypothesised that the limited diversity

of possible protein antigens displayed at the surface of parasitic species,

and the changing complement of these proteins on the surfaces of

different parasitic stages of the same species, is an adaptation to avoid

immune surveillance (Philipp et al., 1980). However, as the free-living

C. elegans also has a limited number of proteins exposed at its cuticle

surface, and also changes the complement of proteins through development

(Blaxter, 1993a), this adaptive link is not simply made. Some nematodes,

such as B. malayi microfilariae, also adsorb host molecules to their surfaces,

and these may act to mask nematode antigenic structures (Maizels et al.,

1984).

Nematode parasites may also actively intervene in the complex signalling

of the mammalian immune system. N. brasiliensis adults secrete a number

of acetylcholinesterase enzymes that are hypothesised to play a role in

down-regulating the local inflammatory signalling pathways in the host

gut (Blackburn and Selkirk, 1992; Grigg et al., 1997; Hussein et al., 1999b,

2000, 2002). B. malayi mammalian stages secrete a homologue of the

mammalian cytokine macrophage migration inhibitory factor (MIF)

(Pastrana et al., 1998), first identified through EST sequencing (Williams

et al., 2000), and this factor may be a major player in the induction of

immunotolerance to infection that is such a hallmark of filarial disease

(Maizels and Lawrence, 1991; Allen and Maizels, 1996; Falcone et al., 2001;

Zang et al., 2002). As C. elegans (and most other taxa examined, including

protozoa and plants) also have MIF homologues (Marson, 2001), it is likely

that the B. malayi MIF-1 implicated in immunosubversion has been

recruited from a conserved role in within-organism homeostasis. Indeed, the

B. malayi MIF-1 shares amino acid substitutions with mammalian MIFs

that are absent from other nematode MIFs suggesting that it has evolved to

be more mammal-like (Guiliano et al., 2002). These examples suggest that

secreted, highly expressed genes of animal parasitic stage nematodes are

often implicated in anti-immune functions. In the nematode EST datasets

are many highly expressed, potentially secreted molecules, that have no

detectable similarity to proteins from other nematodes, or their hosts. These

genes are prime candidates for investigation as potential immunomodula-

tors and protective agents. For example, the hyper-abundant ALT proteins

are prominent in filarial species but not in other nematodes: what is their

role in immune evasion.

Plant parasitic nematodes have a different set of host defences to

overcome (Bird and Wilson, 1994b; Bird and Koltai, 2000; Davis et al.,
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2000) The standard non-self response of a plant under attack is to produce

local necrosis that kills host cells as well as invading pathogens. These

responses are under the control of a family of pathogen recognition genes

that have been identified as resistance loci to many different sorts of

pathogens (Ho et al., 1992; Kaloshian et al., 1995, 1998). These resistance

genes are matched by virulence loci in the pathogens, the ‘gene for gene’

model (Staskawicz et al., 1995; Williamson and Hussey, 1996). Virulence

genes have been mapped in the genetically tractable cyst nematode

Heterodera glycines (Dong and Opperman, 1997) and resistance genes

mapped and cloned from many plant species (Williamson et al., 1992; Cai

et al., 1997; Devoto et al., 1999; Koltai et al., 2001).

The nematodes can either have a protective response to necrosis, by either

secreting anti-enzymes that dampen the response or moving to a new feeding

site when a response is mounted, or, as with the animal-parasitic taxa,

interfering with or avoiding the host immune response. Indeed, one startling

feature of many plant-parasitic nematode infections is the lack of patho-

logical response from the plant: the nematode appears to be able to avoid

tripping the triggers for necrosis despite its burrowing behaviours. In setting

up its feeding site, a sedentary tylenchid plant-parasite must digest the plant

cell walls and induce the selected cells to change metabolically and

anatomically to support nematode growth (Jones, 1981). This appears to

be achieved through secretion of enzymes and modulators through the

feeding stylet from anterior dorsal and subventral glands (Hussey, 1989).

Many of the components of the tylenchid plant parasitome have been

identified molecularly through directed cloning (Bird and Wilson, 1994a;

Ray et al., 1995; de Boer et al., 1996; Ding et al., 1998; Robertson et al.,

1999; Gao et al., 2001a; Semblat et al., 2001; Wang et al., 2001) and EST

strategies (McCarter et al., 2000, 2001, 2002), and display two surprising

features. The first is the implication of plant parasitic nematode homologues

of genes identified first in animal parasites as part of the host–parasite

interface. Thus thioredoxin peroxidase (tpx) (Robertson et al., 2000) and

lipid-binding (far) (Prior et al., 2001) genes are expressed in secretions from

Globodera rostochiensis, suggesting that these plant parasites experience

similar stresses and have similar ways of meeting nutritional requirements as

their distant relatives parasitising animals. Fascinatingly, an allergen-like

protein of unknown biological function homologous to proteins identified in

filarial and strongylid secretions (Hawdon et al., 1996, 1999; Bin et al., 1999;

Blaxter, 2000a; Daub et al., 2000; Blaxter et al., 2001; Murray et al., 2001) is

secreted from Heterodera glycines and Meloidogyne incognita (Ding et al.,

2000; Gao et al., 2001b). The second, more surprising finding is the presence

in secretions of gene products related to plant cell wall degrading enzymes

of bacteria. Glucanases and cellulases identified in Meloidogyne and
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Heterodera are expressed from intron-containing nematode genes whose

closest sequence relatives are found in saprobiotic microbes (Smant et al.,

1998; Wang et al., 1999; Veronico et al., 2001a, b). It would appear that

the nematodes have acquired these genes from an environmental bacterium,

and adapted them to their own use.

The setting-up and maintenance of the feeding site in cyst nematodes is

a complex process (Wilson et al., 1994a), and transgenic plant studies

have revealed that certain plant genes are specifically responsive to

nematode infection (Brenner et al., 1998; Koltai et al., 2001). One such

gene, encoding a water channel protein normally expressed in the shoot, is

ectopically turned on in root lesions by the nematode, and the plant gene

promoter has a segment that is specifically responsive to the nematode

(Opperman et al., 1994). It is presumed that the nematode must secrete

either some DNA-binding regulator, or a modifier of a host transcriptional

regulator.

4. SUMMARY

From the above, I hope it is clear that the prospects for a molecular

and evolutionary dissection of the adaptations of nematodes to plant and

animal parasitism are very good. In the next few years there should be

additional nematode genome sequences to mine for genes-of-interest, and

comparative nematode genomics will be a major research topic. The 22 000

EST dataset from B. malayi defines �8000 genes. The growing EST datasets

from other parasitic nematodes should soon yield between 2000 and 10 000

genes per target species. The task for the future of parasitic nematode

comparative genomics is to develop methods for functional testing of

these genes that includes a phylogenetic perspective as well as an integrated

view of parasite biology.

The embarrassment of riches in terms of numbers of genes identified must

be matched by development of methods with which to test hypotheses

of gene function in natural host–parasite systems. Due to complex life

cycles and high fecundity, most nematode parasites are technically

refractory to sensible genetic study, and thus ‘classical’ mutation-based

analysis is unlikely to be applicable. However, emerging functional genomic

and reverse genetic techniques have great promise. DNA-based genetic

transformation of parasitic nematodes is in its infancy (Hashmi et al., 1995;

Higazi et al., 2002) but with some development should permit testing of

promoter function and residue-by-residue dissection of protein activity. As

it can maintain foreign DNA as well as its own, the C. elegans system offers

a tractable transgenesis test bed for conserved functions (Fire, 1986; Fire
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et al., 1990; Mello et al., 1991). Perhaps most exciting is the possibility

of applying the reverse genetic technique of RNA interference (RNAi)

to parasites (Montgomery and Fire, 1998; Timmons and Fire, 1998;

Fire, 1999). In RNAi, introduced double-stranded RNA (dsRNA) induces

the degradation of any corresponding mRNA through a sequence-specific

RNAse activity. RNAi is effective in a wide range of eukaryotes, and

in C. elegans has been used to screen over 80% of the genes in the

genome for knockout phenotypes (Ashrafi et al., 2003; Kamath et al., 2003).

RNAi has been applied to two parasitic nematode species. In N. brasiliensis,

soaking adult animals in dsRNA corresponding to the secreted acetylcho-

linesterases induced a specific and lasting knock-down of mRNA and

protein levels, and the treated nematodes were less able to maintain

themselves when reimplanted into a rat host (Hussein et al., 1999a, 2002).

In B. malayi, RNAi was used to knock down expression of a drug target

gene (beta tubulin) with lethal effect, and a microfilaria-specific gene

(encoding a sheath component), resulting in failure of the later stages of

embryogenesis and a reduction in fecundity of treated adult females

(Aboobaker and Blaxter, 2003). RNAi should be applicable to all

nematodes: dsRNA can be administered by soaking or by feeding

bacteriovores with Escherichia coli expressing dsRNA from a recombinant

plasmid.

Sequencing is cheap, and thus it should be possible, given the right

collaborations between field scientists and molecular phylogeneticists,

to trace the evolution of genes implicated in parasitism and compare their

evolutionary trajectories to the background patterns of the rest of their

genome. This phylogenetically biased genomics will be of especial interest

to researchers wishing to derive universal molecular evolutionary signals

of positive adaptation to parasitism, and may also allow the de novo

identification of genes encoding important virulence factors. As nema-

todes have been coevolving with their hosts for many millions of years,

we may also expect that the molecular tricks that nematodes use to evade

host immunity will also reveal significant novelties in the logic of

host immunity, benefiting the study and cure of other infections also.

Thus anticoagulants, immunosuppressants and other regulators may

be identified in nematodes and developed as novel pharmaceuticals

(Cappello et al., 1995).

As discussed above, phylogenetic analysis of nematode parasites in

relation to their free-living relatives has already yielded some insights into

the evolution of parasitism, and within-parasite group analyses have

revealed patterns of change in the parasitic phenotype that are ripe for

further analysis. Integration of a gene-centred or a genomic view with

these phylogenies is important. For example, in the Rhabditina (Clade V)

166 M.L. BLAXTER



there are many examples of phoresis, necromeny, pathogenicity and true

parasitism that currently appear to be independent events. More detailed

investigation of the interrelationships of this complex group (Fitch, 1995)

will hopefully yield dendrograms from which pattern and process can be

discerned, mapping correlations between observed phenotypes of biology

and behaviour and parasitic traits, and ultimately genetic changes

underpinning them. Within the Strongyloidea, there are still major

problems to be solved, such as the invasion strategy of the ancestral

strongyloid (direct versus indirect) and the evolution of tissue migration.

Within the nematodes of Spirurina (Clade III), the current molecular

phylogeny suggests that taxa with complex, three-host, marine-based

lifecycles arise from the base of the group: are these parasites relict

indicators of the original spirurine or are they derived? In any case, the

pattern of intermediate host usage and invasion/tissue migration

strategies within the group remains a vital topic. Emerging gene and

genomic data will need to be analysed in the light of an accepted species

systematics: only in this framework will genetic and genomic novelties

that define parasitic biology be identified.
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ABSTRACT

We use a new molecular phylogeny, developed from small and large subunit

ribosomal RNA genes, to explore evolution of the digenean life cycle. Our

approach is to map character states on the phylogeny and then use

parsimony to infer how the character evolved. We conclude that,

plesiomorphically, digenean miracidia hatched from eggs and penetrated

gastropod first intermediate hosts externally. Fork-tailed cercariae were

produced in rediae and emerged from the snail to be eaten directly by the

teleost definitive host. These plesiomorphic characters are seen in extant

Bivesiculidae. We infer that external encystment and the use of second

intermediate hosts are derived from this behaviour and that second

intermediate hosts have been adopted repeatedly. Tetrapod definitive

hosts have also been adopted repeatedly. The new phylogeny proposes a

basal dichotomy between ‘Diplostomida’ (Diplostomoidea, Schistosoma-

toidea and Brachylaimoidea) and ‘Plagiorchiida’ (all other digeneans).

There is no evidence for coevolution between these clades and groups of

gastropods. The most primitive life cycles are seen in basal Plagiorchiida.

Basal Diplostomida have three-host life cycles and are associated with

tetrapods. The blood flukes (Schistosomatoidea) are inferred to have

derived their two-host life cycles by abbreviating three-host cycles.

Diplostomida have no adult stages in fishes except by life cycle abbreviation.

We present and test a radical hypothesis that the blood-fluke cycle is

plesiomorphic within the Diplostomida.

1. INTRODUCTION

The Digenea is one of two subclasses of the Trematoda that, together with

the classes Cestoda and Monogenea, form the Neodermata within the

phylum Platyhelminthes. These three classes of flatworms are entirely

parasitic. Of the three, the Digenea, or flukes, have the most complex life

cycles by far. They may have from one to four hosts, three distinct
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generations, many morphologically distinct forms, and they infect their

hosts in many different ways. This complexity has been of interest to

helminthologists from the moment their life cycles began to be elucidated.

Two main classes of questions have been explored: How did the complex

digenean life cycle as a whole arise? and How has the variation within the

group evolved? By no means has a consensus emerged that answers either

question satisfactorily. Indeed, even where consensus appears to have been

reached on a particular point, the explanation is not necessarily well

founded.

Until convincing phylogenetic hypotheses began to be published in the

1980s for the Platyhelminthes as a whole and the Digenea in particular,

attempts to understand the evolution of life cycles within the phylum were

seriously hampered. Hypotheses could only be developed as plausible

narratives that accounted for what was known of the biology of the animals.

The lack of methodological rigour inherent in the narrative approach meant

that there were no real means of testing these hypotheses objectively. Despite

this, earlier authors made remarkable progress; the ideas of Pearson (1972;

1992), Rohde (1972), Cable (1974; 1982), Gibson (1987) and many others

summarised by these authors remain highly influential and often intuitively

persuasive. If an advance in understanding is taking place (certainly no one

would contend that the debates are concluded), then it is by the application

of phylogenetic systematics and molecular data sets that allow the old ideas,

and many new ones, to be tested with greater objectivity than was possible

previously. Our goal here is to understand the origins and evolution of the

digenean life cycle by examining its variation in the light of a phylogeny

derived wholly independently of the life cycle characters themselves.

2. METHODS

Our inferences are based entirely on the phylogeny of the Digenea as

inferred from an independent, molecular data set (Olson et al., 2003); not on

a tree derived from the life cycle characters we examine herein, or any other

combination of morphological characters. We make no assumptions a priori

about character polarity, for example, but instead allow the positions of

the taxa exhibiting the characters themselves to determine which states

are plesiomorphic and which are derived. It is implicit then that we

accept the hypothesis presented in Olson et al. (2003), and the classifica-

tion that follows from it, as the basis for all inferences made herein.

Although the character state patterns we discuss are sometimes complicated

or equivocal and thus require considerable discussion, there is no special
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pleading for a particular pattern by reference to other factors that may

argue for one course of evolution over another; in all cases, the molecular-

based phylogeny is the final arbitrator.

2.1. The Tree

The phylogeny of the Digenea (Olson et al., 2003) was based on a

Bayesian analysis (Huelsenbeck et al., 2001) of 170 taxa characterized for

both the large (variable domains D1–D3) and small (complete) subunit

nuclear ribosomal genes giving a total of 2648 alignable positions. This

constitutes by far the largest molecular-based hypothesis for the group to

date and includes considerable representation of their diversity among

marine and freshwater teleosts, elasmobranchs, and tetrapod hosts. In

addition, seven species representing seven different aspidogastrean genera

were used to root the tree. Although multiple hypotheses based on different

analyses are presented in their paper (Olson et al., 2003), the Bayesian

analysis including all taxa and all characters is reproduced here (Figure 1).

The same figure was used as the basis for a discussion and revision of

digenean classification. Their classification amends and expands that

proposed in volume one of Keys to the Trematoda (Gibson et al., 2002)

and forthcoming volumes, and includes a number of new higher-taxon

names, altered memberships, and other systematic changes that the

non-specialist is likely to be unfamiliar with. For example, we do not

recognize the traditional orders Echinostomida and Strigeida. Instead,

a basal dichotomy is proposed, separating the Diplostomida (comprised of

only, but not including all, ‘strigeids’) and the Plagiorchiida (in which

‘echinostomids’, ‘plagiorchiids’, and the remaining ‘strigeids’ are inter-

mixed). Smaller clades are recognized as suborders, superfamilies, and so

on. Keys to the Trematoda (Gibson et al., 2002) provide a revised

classification only to the level of superfamily and, generally speaking, the

superfamilial circumscriptions based on morphology (Gibson et al., 2002)

and those based on molecules (Olson et al., 2003) are in agreement.

Section 3.4 includes a more detailed discussion on the tree and the

classification.

2.2. The Life Cycle Database

Life cycle trait character states are derived from a database of life cycles

for the Digenea that we have compiled. This database currently comprises

published information on approximately 1350 species (including many
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Figure 1 Phylogeny of the Digenea according to Olson et al. (2003), based on a Bayesian analysis of nuclear ribosomal genes and
indicating their recent assessment of the group’s classification.
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cercariae which have not been associated with sexual adults) and compiles

information on the identity of hosts and the behaviour and morphology of

the life cycle stages. There is such great variability within life cycles of the

Digenea that we have been forced in some cases to make assumptions

when comparing states for higher taxa (e.g. families and superfamilies).

For example, life cycles of some opecoelids, where an arthropod is the

definitive host, are disregarded as we conclude that they have evolved by

abbreviation of the life cycle (Poulin and Cribb, 2002). In most cases such

exceptions are mentioned in the text but, when this is not so, we have

striven to assume nothing that has been open to serious challenge. The

literature is now very large and we are likely to have missed several

significant studies. We have, however, endeavoured to compile a complete

listing.

2.3. Mapping Life Cycle Characters

We infer the evolution of individual life cycle traits by examining their

distribution on the phylogenetic tree. For character mapping we follow the

methods outlined by Maddison and Maddison (2000) in the MacClade

manual, and we encourage readers unfamiliar with this topic to start with

their review. We paraphrase the basic principles here. Put simply, we

pursue the following general question: given the topology of the

phylogenetic tree, the states observed in the terminal taxa, and the

assumptions (if any) regarding character evolution, what assignments of

states to the internal nodes of the tree require the fewest evolutionary

steps? When all extant members of one clade share character state 1, then

it is simplest to infer that all the ancestral members of the clade also had

state 1. Of course, it may be more complex than this, and although many

algorithms for character mapping have been developed incorporating

various nuances in the way characters are allowed to evolve, we have used

a manual approach throughout, deducing plesiomorphic (ancestral)

character states whenever possible. We have few preconceived ideas of

how life cycle characters may evolve from one state to another, and such

characters are undoubtedly difficult to homologize. For instance, we do

not know if losing a host is as easy as acquiring one and whether the

definitive host in a two-host life cycle is homologous with the definitive

host in a three-host life-cycle. Thus, we have not weighted or dictated the

direction of character state transformations. The acquisitions of a host, the

appearance of an attachment organ or the development of a behavioural

strategy are all life cycle characters worthy of mapping, but clearly they

are not of equal rank. Indeed, the problem in employing phylogenies in
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understanding behaviours is a discipline unto itself (Martins, 1996). We do

not have an explicit matrix of characters to hand that lends itself to a

character mapping program such as MacClade. Instead, we make use of a

growing descriptive database.

3. BACKGROUND TO THE DIGENEA

Understanding evolution of life cycle traits in the Digenea requires an

understanding of the relationships in the Neodermata as a whole, the nature

of the Digenea itself (especially its life cycle), the nature of the sister-group

to the Digenea (the Aspidogastrea), and relationships within the Digenea.

We briefly review these subjects below.

3.1. Relationships within the Neodermata

It is now well accepted that the Class Trematoda forms part of a clade of

completely parasitic platyhelminths, the Neodermata, together with the

Cestoda and the Monogenea. The Neodermata is separated from a myriad

of turbellarian taxa by combinations of morphological and molecular

characters (Littlewood et al., 1999). The Neodermata thus encompasses all

major platyhelminth taxa that parasitize vertebrates.

The higher classification and basic phylogenetic relationships of the

Neodermata are considered broadly resolved by most authors. The system

is simple. The Class Trematoda forms the sister taxon to the Cercomero-

morpha which is composed of the Monogenea, Gyrocotylidea,

Amphilinidea and Eucestoda (Figure 2). Lockyer et al. (2003) have new

analyses that challenge the cercomeromorph theory and suggest that the

Cestoda (¼GyrocotylideaþAmphilinideaþEucestoda) may be the sister

taxon to the Trematoda. Surprisingly, this controversial hypothesis has

little effect on the analysis presented below and it is thus not considered

further here.

The topology of the relationships of the Neodermata provides a simple

example of the mapping and interpretation of life cycle traits. The

parsimonious hypothesis for the adoption of these hosts is shown in

Figure 2. It can be inferred that the Neodermata as a whole adopted

vertebrate parasitism, that the Trematoda subsequently adopted parasitism

of molluscs as intermediate hosts, and that the EucestodaþAmphilinidea

adopted parasitism of crustacean intermediate hosts. This inference was first

made by Littlewood et al. (1999).
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3.2. The Digenea in Outline

The Digenea are one of the most successful groups of parasitic flatworms.

Digeneans occur in significant numbers in all classes of vertebrates,

although they are surprisingly rare in chondrichthyans, in which cestodes

and monogeneans are the dominant platyhelminths (see Bray and Cribb,

2003). As adults they are primarily parasites of the intestine, but

representatives are also found in fish under the scales, on the gills, in the

swim bladder, in the body cavity, the urinary bladder, the gall bladder, in

the flesh, connective tissue, ovary and in the circulatory system. In

tetrapods, they may also be found in extra-intestinal sites including the

circulatory system, lungs, air sacs, oesophagus, urinary bladder, liver, eye

and ovary. Morphological variation is found in the form and position of

the suckers, the digestive tract and the reproductive system. Despite this

variation, the sexual adults of phylogenetically distinct taxa may resemble

each other closely (e.g. Allocreadiidae and Opecoelidae, Heterophyidae and

Microphallidae), whereas their life cycle stages are obviously different.

Figure 2 Phylogeny of the Neodermata and a parsimonious hypothesis for the
adoption of definitive host groups.
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The digenean life cycle usually involves both free-living and parasitic

stages and always incorporates both asexual and sexual multiplication.

Most cycles are at least partially aquatic and alternate between a mollusc

and a vertebrate. Sexual adults occur in any of the sites mentioned above

where they produce eggs that pass to the external environment. These eggs

typically hatch to release a motile, short-lived, non-feeding, ciliated larva,

the miracidium. The miracidium swims and penetrates a molluscan

intermediate host in which it sheds its ciliated outer cells and develops

into a mother sporocyst. The mother sporocyst is a simple sac that lacks any

trace of feeding structures or gonads. It produces a second intra-molluscan

generation asexually. This generation comprises either multiple daughter

sporocysts or rediae. Daughter sporocysts resemble the mother sporocyst,

whereas rediae have a mouth, a pharynx and a short saccular gut. In the case

of both second intra-molluscan generation types, i.e., daughter sporocysts

and rediae, there is another round of asexual reproduction. In this case, the

progeny are usually cercariae, the larvae of the generation that will

ultimately become the sexual adult. The cercaria is usually a tailed form that

emerges actively from the mollusc. After emergence, the cercaria behaves in

one of several distinct ways that ultimately leads to active or passive

infection of the vertebrate definitive host. Often the vertebrate is infected by

ingestion of a metacercaria associated with a second intermediate host.

Significant departures from the developmental pattern described above

are numerous. In many digenean taxa (e.g. the superfamilies

Brachylaimoidea, Hemiuroidea, Opisthorchioidea, Pronocephaloidea), the

molluscan host eats the egg and is then penetrated internally. In the

Pronocephaloidea, this process is specialized to the point of a process of

mechanical injection (Murrills et al., 1985). The interaction between the

intra-molluscan generations may be complex. In some families (e.g.

Heronimidae and Bucephalidae), it is possible that there is only a mother

sporocyst. Beyond this, the distinction between daughter sporocysts and

rediae is not as clear as often thought. In some life cycles, rediae have been

shown to lose their digestive systems during ontogeny so as to become

sporocysts secondarily. Some authors have considered daughter sporocysts

as paedogenetic rediae (Matthews, B.F. 1980). In addition, the progression

between the intra-molluscan generations described above may not be as

simple as outlined. There are many reports of rediae or sporocysts

producing more rediae or sporocysts as well as cercariae. This plasticity in

the life cycle was demonstrated most dramatically by Dönges (1971), who

showed that cercaria-producing rediae of echinostomatids were always

capable of reverting to the production of rediae if they were transplanted to

an uninfected gastropod. Finally, life cycles of some cyathocotylids have

been described in which sporocysts have been found to produce miracidia
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that emerge from the snail (Sewell, 1922; Barker and Cribb, 1993),

presumably to infect other snails. The evolution of such complexity and

variation has been fertile ground for more than a century of conjecture and

debate.

3.3. Aspidogastrea – The Sister Group to the Digenea

The Trematoda comprises two subclasses – the Aspidogastrea and the

Digenea. The Aspidogastrea comprises just four families and perhaps 80

species (Rohde, 2001) in contrast to well over 100 families and certainly over

10,000 species of digeneans (Gibson et al., 2002). Many authors, including

Rohde (2001), have considered the Aspidogastrea to be ‘archaic’ relatives

of the Digenea because of the relative simplicity of their life cycles compared

to those of digeneans. As they are the sister group to the Digenea, it is

necessary to have a basic understanding of their life cycles.

Of the four families (Aspidogastridae, Multicalycidae, Rugogastridae

and Stichocotylidae), complete life cycles are known only for the

Aspidogastridae. This, by far the largest family, occurs as sexual adults in

molluscs, teleosts and turtles. Sexual adults typically live in the intestine of

vertebrates and pass eggs in the faeces. These hatch to liberate a ciliated

cotylocidium that swims to a molluscan host to which it attaches. The

cotylocidium sheds its cilia and develops directly to an infective stage in

which the characteristic loculated ventral sucker has formed something

resembling its final condition. Parasitism of the mollusc is usually by

attachment to its external surfaces, for example within the mantle cavity

(Ferguson et al., 1999). In a number of cases, however (see summary by

Rohde, 1972), the parasite enters pores of the molluscs and may be found in

the pericardial cavity, kidney cavity, and even inside the gill filaments. The

vertebrate is always infected by ingestion of the mollusc.

There are two significant variations on this pattern. The first was

described for Lobatostoma manteri (Rohde, 1973, 1975; Rohde and

Sandland, 1973). In this cycle, the egg does not hatch until the gastropod

host eats it. It then hatches within the mollusc gut and migrates into the

cavity of the digestive gland of the gastropod, where it develops to a

juvenile; the life cycle is again completed by the ingestion of the mollusc.

The juvenile is in the gut, not within the tissues as apparently always occurs

in the infections of digeneans within molluscs. The second significant

variation is that several aspidogastrids develop to sexual maturity on

their molluscan hosts. In some life cycles, the vertebrate host is thus

facultative and, in a few species, there is no known vertebrate host. The life

cycles of the other families are not well known but there is no indication of

206 T.H. CRIBB, R.A. BRAY, P.D. OLSON AND D.T.J. LITTLEWOOD



significant differences except that the sole stichocotylid, Stichocotyle

nephropis, occurs as juveniles encapsulated in the crustacean Nephrops

which presumably acts as a second intermediate host since the final hosts are

rays (Raja clavata).

Key features of the Aspidogastrea relative to the Digenea are that they are

external rather than visceral parasites of molluscs, lack asexual reproduction

entirely, and have no stage comparable to the cercaria. Thus, although

certainly the sister-taxon to the Digenea, the aspidogastrean life cycle is so

different from that of digeneans that it may offer little insight into the

evolution of the digenean life cycle.

3.4. A New Phylogeny of the Trematoda

The phylogeny of the Trematoda used here (Figure 1) is that of (Olson et al.,

2003), which includes a revised classification of the group (their Figure 6).

This phylogeny is based on complete small subunit rDNA and partial

(D1–D3) large subunit rDNA sequences of 170 taxa from 77 nominal

families. This is the largest set of taxa and characters yet assembled for the

Digenea and therefore may be more reliable and informative than previous

analyses. The phylogeny used in the present analyses, and on which the

classification of Olson et al. (2003) is based, is based on Bayesian inference

from both the large and small nuclear ribosomal genes (their Figure 3).

Perhaps the key feature of the phylogeny and classification of Olson et al.

(2003) is its recognition of a clear basal dichotomy between two superorders

named the Diplostomida (new name) and the Plagiorchiida; there is no

small basal taxon although the Plagiorchiida is far larger than

the Diplostomida. Fourteen orders (eight new) are recognized within the

superorders. All Diplostomida are incorporated in three superfamilies

in the Order Diplostomata. Of the thirteen orders recognized within

the Plagiorchiida, nine contain only single superfamilies. The four

more inclusive orders are the Hemiurata (AzygioideaþHemiuroidea),

Bucephalata (BucephaloideaþGymnophalloidea), Paramphistomata (Par-

amphistomoideaþPronocephaloidea) and Xiphidiata (Gorgoderoideaþ

MicrophalloideaþAllocreadioideaþPlagiorchioidea). The superorders,

orders and superfamilies are the primary groups that we have used for

considering life cycle evolution, although the trees show the superfamily

Schistosomatoidea divided into its four constituent families, the Clino-

stomidae, Sanguinicolidae, Schistosomatidae and Spirorchiidae. This is

done partly because this superfamily is so complex and interesting, and

partly because it is paraphyletic with respect to the three blood-dwelling

groups. In referring to digenean taxa we refer to the most inclusive taxon
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available. Thus, lists of taxa that share a particular character might include

families, superfamilies and orders. Where an order contains just one

superfamily we refer to the superfamily.

The number of taxa incorporated in the trees used has been reduced as

far as possible for simplicity. For example, multiple taxa from the

Cryptogonimidae, Heterophyidae and Opisthorchiidae are always repre-

sented by a single higher taxon, the Opisthorchioidea. This reflects the fact

that, for the purposes of the present analysis, there is no known difference in

the life cycles represented in this superfamily. A brief description of the key

life cycle characteristics found in each of the 22 superfamilies recognized by

Olson et al. (2003) is given in the Appendix. The complete phylogeny and

higher classification referred to in this analysis is shown in Figure 3. Two

Figure 3 Relationships and higher classification of the superfamilies of the
Digenea (based on Olson et al., 2003) used in this analysis.
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key elements of the classification remain unconfirmed. The type families of

the Allocreadioidea and the Gymnophalloidea were not included in the

molecular analyses, and so the composition of these superfamilies is partly

speculative; see Olson et al. (2003) for a complete list of exemplar taxa

analysed.

Readers should be aware that some elements of the classification

proposed by Olson et al. (2003) and used here conflict with that proposed

in volume one of Keys to the Trematoda (Gibson et al., 2002) and

subsequent volumes. For example, we recognise the Clinostomidae as part

of the Schistosomatoidea which invalidates the Clinostomoidea as

recognised by Kanev et al. (2002) to include the Clinostomidae and

Liolopidae. This change was necessitated by the close relationship identified

between the Clinostomidae and the Sanguinicolidae. We see this change as

an example of the fact that the classification of the Digenea is presently

evolving quite rapidly. We gladly acknowledge, however, that all aspects of

the classification remain hypotheses. Certainly the changes that we propose

in no way affect the utility of Keys to the Trematoda in facilitating the

identification of digeneans.

4. MAPPING AND INTERPRETING LIFE CYCLE TRAITS

The variety in the life cycle of digeneans is reduced here to distinctions in the

identity of the hosts (first intermediate, second intermediate, definitive), the

processes that lead to the infection of these hosts, and the morphology of

the life cycle stages. It is unclear, at least a priori, to what extent these

characters are connected. Our approach, therefore, is to derive hypotheses

for these traits independently and then attempt to draw the separate

hypotheses together.

4.1. First Intermediate Hosts

Figure 4 shows the distribution of the four major groups of first

intermediate hosts: gastropods, bivalves, scaphopods and polychaetes.

Gastropods are clearly the most common group. However, common does

not necessarily equate with primitive; therefore it is necessary to analyse the

data with respect to phylogeny. The outgroup, the Aspidogastrea, infect

bivalves and gastropods. This allows four interpretations of the original

molluscan hosts of trematodes: (a) gastropods were the basal host group; (b)

bivalves were the basal host group; (c) the group as a whole coevolved with
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molluscs as a whole; and (d) the infection of molluscs by aspidogastreans

and digeneans arose independently. We first reject (d) because the

Trematoda as a whole appear to be defined in part by their shared

parasitism of molluscs. We reject (c) because the association of trematodes

with the other classes of molluscs is either very rare (Scaphopoda) or

unknown (Aplacophora, Polyplacophora, Cephalopoda). We can distin-

guish between (a) and (b) comparing the number of evolutionary changes

that each hypothesis requires.

Figure 4 Digenean life cycle variation – first intermediate hosts (gastropods,
bivalves, scaphopods and annelids). Shaded taxa are inferred to have host-switched
from gastropods. Taxa marked with an asterisk (*) are inferred to have made two
switches.
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If the original host of trematodes was a bivalve, then the parasitism of

gastropods, polychaetes and scaphopods shown in Figure 4 requires 24

changes of host (if no reversal of host is allowed). If reversals are allowed,

then the host distribution can be explained in eleven steps. In contrast, if the

gastropods were the first host group then the host distribution can be

explained in just ten steps of host change and no host reversal need be

invoked. The eight taxa in which such changes are hypothesized to have

occurred are highlighted on Figure 4 and the two in which at least two host

changes are necessary are further marked with an asterisk. Hypotheses that

Figure 5 Digenean life cycle variation – first intermediate hosts – selected
gastropod taxa. A, Rissooidea; B, Cerithioidea; C, Lymnaeoidea; D, Eupulmonata.
Intermediate hosts of Aspidogastrea are not shown.
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polychaetes or scaphopods were the first hosts are even less parsimonious.

We thus conclude that gastropods were the basal host group for the

Digenea.

We are also interested in the detail of the individual host associations.

Scaphopods are known hosts only for a ptychogonimid (Palombi, 1942) (the

family presently has only two species) and for one lecithasterid hemiuroid

(Køie et al., 2002), whereas other lecithasterids use gastropods exclusively.

The family Ptychogonimidae is of interest in this respect as it is likely to be

one of the most basal taxa in the Hemiuroidea; unfortunately, this family

was not represented in the present phylogeny. The Lecithasteridae is

relatively derived within the Hemiuroidea. Polychaetes are even more

restricted, occurring as hosts only for some sanguinicolids. Thus, the

conclusion that scaphopods and polychaetes were acquired by host-

switching is plausible as well as parsimonious. Remarkably, sanguinicolids

are found in significant numbers in gastropods, bivalves and polychaetes as

first intermediate hosts, but not enough is known about relationships within

the Sanguinicolidae or about the life cycles of marine taxa for us to draw

conclusions on the origins of this diversity.

Although the majority of digeneans infect gastropods, bivalves never-

theless form a significant intermediate host group (Figure 4). In the

Diplostomida, bivalves are hosts only rarely (some sanguinicolids), but in

the Plagiorchiida they are host to the Allocreadiidae, Bucephalata,

Faustulidae, Gorgoderidae and Monorchiidae. The topology of relation-

ships within the Digenea suggests that, as proposed by Hall et al. (1999) and

others, parasitism of bivalves has arisen as the result of host-switching from

gastropods and that it arose at least seven times (this inference assumes that

the Allocreadiidae does indeed form a clade with the Opecoelidae,

Brachycladiidae and Acanthocolpidae as predicted by Olson et al., 2003).

The Bucephalata is by far the largest taxon that is restricted to bivalves

as first intermediate hosts; no other whole superfamily is found only in

bivalves.

If it is accepted that bivalves, scaphopods and polychaetes are infected

as the result of host-switching from gastropods, then it is still possible that

those taxa associated with gastropods will show evidence of host–parasite

coevolution via congruence of the host and parasite phylogenies. However,

the evidence is strongly against such an interpretation. The simplest level

of phylogenetic comparison possible is that between the Diplostomida

and the Plagiorchiida, the two primary clades of digeneans. About 23% of

records of first intermediate hosts in our database relate to the

Diplostomida and the remainder to the Plagiorchiida. Few distinctions

are noticeable in the distribution of the gastropods they infect (Table 1).

For both groups, there are substantial numbers of records from
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‘‘prosobranchs’’ (especially Rissooidea and Cerithioidea) and freshwater

pulmonates (especially Lymnaeoidea), and the terrestrial pulmonates

(Eupulmonata) used by the two groups are also similar. The distributions

of these four gastropod taxa are shown in Figure 5, where they are

scattered throughout the phylogeny. Thus, we find no reflection of the

basal dichotomy of the Digenea in the first intermediate hosts. The

Table 1 Major gastropod taxa as first intermediate hosts of Diplostomida and

Plagiorchiida.

Subclass Order Superfamily Diplostomida Plagiorchiida

Eogastropoda Patellogastropoda Acmaeoidea �

Patelloidea �

Opisthobranchia Cephalaspidea Haminoeoidea �

Philinoidea �

Orthogastropoda Ampullarioidea � �

Calyptraeoidea �

Cerithioidea � �

Conoidea �

Fissurelloidea �

Littorinoidea � �

Muricoidea � �

Naticoidea �

Neritoidea � �

Pyramidelloidea �

Rissooidea � �

Trochoidea �

Valvatoidea � �

Velutinoidea �

Vermetoidea �

Pulmonata Basommatophora Amphiboloidea �

Lymnaeoidea � �

Siphonarioidea �

Eupulmonata Achatinoidea � �

Arionoidea �

Helicoidea � �

Limacoidea � �

Partuloidea �

Polygyroidea � �

Pupilloidea � �

Rhytidoidea �

Succineoidea � �
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implication of this is that there has been no deep level coevolution between

the major clades of digeneans and their molluscan hosts or, if it has

occurred, it is rendered unrecognizable by host-switching. If such

coevolution has occurred at all it may have been within smaller clades.

The Hemiuroidea, Sanguinicolidae and Bucephalidae each have a wide

range of intermediate hosts and the possibility that they coevolved with

their hosts has not yet been explored.

4.2. Second Intermediate Hosts

At least 17 of the 22 digenean superfamilies incorporate second intermediate

hosts in their life cycles. Figure 6 shows the distribution of taxa exploited as

second intermediate hosts. Table 2 shows counts for host phyla extracted

from our database. Two features are immediately striking. There is a great

diversity of intermediate hosts (nine phyla) and the distributions of different

types of hosts are discontinuous on the phylogeny. These observations lead

to the conclusion that three-host life cycles have been adopted repeatedly.

The fact that three of the most basal superfamilies (Bivesiculoidea,

Azygioidea and Transversotrematoidea) usually lack second intermediate

hosts indicates that three-host cycles have been derived from two-host

forms. Outgroup comparison with the Aspidogastrea also indicates that a

two-host life cycle was plesiomorphic for the Digenea. We can conclude

that at least the Diplostomida, Hemiuroidea, Bucephalata and the

Echinostomatoidea, plus all remaining Plagiorchiida, must each have

separately adopted second intermediate hosts.

An important component of the adoption of second intermediate hosts is

the identity of host groups. Most clades have distinctive host distributions

and several show perfect or almost perfect fealty to a single host group.

Thus, the Azygioidea, Bucephaloidea, Opisthorchioidea and the majority of

Diplostomoidea are restricted to vertebrates and the Brachylaimoidea are

entirely restricted to molluscs. As each taxon with this restricted relationship

with a group of second intermediate hosts is isolated from any other taxon

solely using the same host group, it is arguable that each represents either

an independent adoption or involved a complete switch of host group. Cribb

et al. (2002) suggested that it was a hallmark of many digenean taxa to be

in part defined by their range of hosts in this way. In contrast, the

Echinostomatoidea occur almost equally in vertebrates and molluscs and

the Gymnophalloidea and Lepocreadioidea occur in at least six and seven

different phyla, respectively.

Just two clades of digeneans are frequent parasites of arthropods – the

Hemiuroidea and the Xiphidiata (Table 2, Figure 6). The Hemiuroidea
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infect crustaceans and insects by way of their specialized cystophorous

cercaria which penetrates the gut of the intermediate host and injects the

cercarial body into the haemocoel (e.g., see Køie, 1990). The few records of

metacercariae of hemiuroids in chaetognaths, molluscs and vertebrates are

likely to be reports of third intermediate hosts that have consumed infected

arthropods (e.g., Zelmer and Esch, 1998); hemiuroid evolution may thus be

completely coupled to arthropod second intermediate hosts. In contrast to

the Hemiuroidea, the Xiphidiata have adopted external penetration of

Figure 6 Digenean life cycle variation – phyla exploited as second intermediate
hosts. Lepocreadioidea infects all six shown phyla – Chordata, Mollusca,
Arthropoda, Annelida, Echinodermata and Cnidaria (coded with Ctenophora).
Platyhelminthes and Chaetognatha are not shown.
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Table 2 Second intermediate hosts. Counts are of phyla recorded as second intermediate hosts for individual species. A species

might be counted more than once if shown to infect, e.g., a mollusc and a vertebrate, but not if infecting multiple species of molluscs.

Superfamilies with no or negligible use of second intermediate hosts are excluded.

Superfamily Annelida Arthropoda Chaeto-

gnatha

Cnidaria Ctenophora Echino-

dermata

Mollusca Platyhel-

minthes

Vertebrata Total

DIPLOSTOMIDA

Brachylaimoidea 20 20

Diplostomoidea 4 5 76 85

Schistosomatoidea 11 11

PLAGIORCHIIDA

Apocreadioidea 1 2 3

Echinostomatoidea 1 29 19 49

Hemiuroidea 24 4 1 1 1 31

Lepocreadioidea 3 1 4 2 4 1 3 18

Monorchioidea 1 1 1 7 2 12

Opisthorchioidea 63 63

Bucephalata

Bucephaloidea 16 16

Gymnophalloidea 1 1 3 10 1 16

Xiphidiata

Allocreadioidea 1 27 5 8 41

Gorgoderoidea 18 4 5 27

Microphalloidea 2 50 1 3 1 57

Plagiorchioidea 4 20 12 17 53

Total 17 142 4 5 1 7 102 3 221 556
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arthropods. This is the taxon most frequently reported from arthropods, but

at least 13 species from this clade are reported to be capable of infecting

more than one phylum of intermediate hosts and some species are known

from three phyla (Angel, 1967; Jue Sue and Platt, 1998). Approximately

one-third of our records of metacercariae of Xiphidiata are from non-

arthropods. We conclude that evolution of the stylet conferred the capacity

to infect arthropods by penetrating their cuticle or arthrodial membranes,

but that, in contrast to the Hemiuroidea, this was not at the expense of the

ability to infect other groups of animals.

We conclude that many digenean taxa that have three-host life cycles are

linked strongly to a phylogenetic group of intermediate hosts and that three-

host cycles have arisen repeatedly. Hypotheses that consider the evolu-

tionary history of individual digenean taxa should thus incorporate

reference to the identity of the second intermediate host.

4.3. Definitive Hosts

We have mapped the distribution of definitive hosts on the phylogeny of

the Digenea at the simplest level possible – chondrichthyans, teleosts and

tetrapods (Figure 7). In this context the Aspidogastrea are uninformative

as they occur in all three groups; they do, however, present a strong

contrast to the Digenea in that three of their four families occur in

chondrichthyans. Determination of the basal host group is made more

complicated by problems with the interpretation of the evolutionary status

of the definitive host of the blood fluke families (see Section 4.9, p. 234).

If for this reason the Diplostomida are ignored, the analysis of the

Plagiorchiida alone shows that the basal host group was unambiguously

teleosts. This has been well accepted; most hypotheses for the evolution of

the Digenea argue that the subclass arose in association with marine

teleost fishes (Cable, 1974).

It is noteworthy that so few clades of digeneans occur in chondrichthyans,

and that most of these have apparently host-switched from teleosts or are

accidental infections (Bray and Cribb, 2003). In these categories are the

Acanthocolpidae, Bucephalidae, Faustulidae, Gorgoderidae, Opecoelidae

and Zoogonidae; each of these families occurs mainly in teleosts. There are

three families that are not so easily explained because of their near-basal

position in the case of the Ptychogonimidae and Azygiidae or the

complexity of their host distribution in the case of the Sanguinicolidae,

but all three require further study as discussed by Bray and Cribb (2003).

Thus, the available data support an origin for the Digenea in association

with teleosts followed by host-switching into chondrichthyans.
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Adoption of parasitism in tetrapods can be considered, conveniently, in

the Plagiorchiida and Diplostomida as separate sets of events. Parasitism of

tetrapods is rare among the more basal Plagiorchiida (Figure 7). The two

most basal taxa within the Plagiorchiida (Bivesiculoidea and Transverso-

trematoidea) are entirely parasites of fishes. Parasitism of tetrapods has

arisen within one superfamily of the Hemiurata, the Hemiuroidea, which,

although overwhelmingly parasites of teleosts, have adopted occasional

parasitism of amphibians and reptiles. The monotypic Heronimoidea is the

only plagiorchiidan superfamily to be restricted to tetrapods; it is restricted

to freshwater turtles. The Gymnophalloidea comprise four families of

Figure 7 Digenean life cycle variation – definitive hosts coded as teleosts,
chondrichthyans and tetrapods.
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parasites of teleosts and the Gymnophallidae which parasitize birds

(occasionally mammals). Parasitism of tetrapods tends to be more

significant in the more derived clades although the Haplosplanchnoidea,

Apocreadioidea, Lepocreadioidea and Monorchioidea are all found mainly

or entirely in fishes.

The Echinostomatoidea comprises principally parasites of tetrapods. The

ParamphistomoideaþPronocephaloidea are overwhelmingly parasites of

tetrapods, although the Paramphistomoidea are well represented in fresh-

water fishes. The Opisthorchioidea is a major clade occurring in fishes,

reptiles, birds and mammals. The life cycle within this family is highly

uniform, depending upon a metacercaria in a fish being eaten by the

definitive host. The distribution of opisthorchioids, essentially defined by a

fish-eating host diet, suggests that the appearance of this clade in tetrapods

is the result of a host-switch from fish. The final clade of Plagiorchiida that

has radiated significantly among tetrapods is the Xiphidiata. This clade

comprises four superfamilies. All four include substantial clades (families) of

both fish and tetrapod parasites. The Plagiorchioidea are overwhelmingly

parasites of tetrapods, except for the Macroderoididae of freshwater fishes,

and it is possible that this family represents a secondary colonization of

fishes. The Gorgoderoidea includes such major taxa of fish parasites as the

Gorgoderidae as well as quintessentially terrestrial tetrapod parasites, the

Dicrocoeliidae. Of particular interest within this clade is the Gorgoderidae

itself, members of which infect teleosts, chondrichthyans and tetrapods.

The Allocreadioidea are apparently restricted to fishes except for the

Brachycladiidae, which are parasites of marine mammals. The Micro-

phalloidea is heavily concentrated among tetrapods (e.g. Lecithodendriidae,

Microphallidae, Pleurogenidae, Prosthogonimidae and Renicolidae) but has

one major radiation within fishes, the ZoogonidaeþFaustulidae. The

topology of relationships within the Xiphidiata might suggest either that

parasitism of tetrapods arose several times within the Xiphidiata or that

they have switched back into fishes more than once.

In contrast to the Plagiorchiida, the hosts of the Diplostomida present a

puzzle. All but one of the six resolved clades shown in Figure 7 are parasites

of tetrapods. The only clade with adults of some species in fishes is the

Sanguinicolidae, and this clade is apparently as derived as any within the

Diplostomida. Bray et al. (1999) reported urotrematids from Chinese

freshwater fishes. It is possible that these trematodes belong in the

Diplostomida, but this has not yet been demonstrated. This host

distribution implies that the clade of the Diplostomida, having presumably

arisen with fishes, has either coevolved away from or, with the exception of

the Sanguinicolidae, host-switched out of fishes. The distribution becomes

even more surprising when it is realized that blood fluke life cycles are
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usually considered to be abbreviated three-host life cycles in which a gastro-

intestinal adult has been lost. Indeed, this has been the dominant and

consistent interpretation of the group to the exclusion of any other

interpretation of which we are aware (La Rue, 1951; Pearson, 1972; Cable,

1974; Brooks et al., 1985; Shoop, 1988; Kearn, 1998). This interpretation

means that effectively no extant member of the Diplostomida is primarily a

parasite of a fish. What can account for this unexpected host distribution?

This question is revisited when we attempt to resolve an evolutionary history

for the Diplostomida as a whole.

4.4. Infection Processes – Miracidial Behaviour

All digeneans have a sexual generation that produces eggs. These eggs

embryonate, either within or outside the host, to produce a miracidium.

Digenean miracidia vary significantly in their morphology, but here we

consider just one important behavioural trait – whether the miracidium

hatches and infects the mollusc independently or is eaten by the mollusc and

penetrates internally. Occurrences of ingestion of the egg are mapped in

Figure 8 (shaded taxa); eggs are eaten in all Brachylaimoidea, Hemiurata,

Pronocephaloidea, Opisthorchioidea and Monorchioidea and in several

families of the Xiphidiata. Hatching of the miracidium and active host-

finding is inferred to be plesiomorphic. Passive ingestion of eggs of the

Brachylaimoidea and Dicrocoeliidae (Xiphidiata) are key adaptations in

association with completely terrestrial life cycles.

4.5. Rediae and Sporocysts

All digeneans undergo asexual reproduction within a first intermediate

host. The basic pattern appears to be a mother sporocyst (the adult of the

miracidium) which produces a second generation of sporocysts or rediae.

Life cycles in which there is reported to be only a single asexual generation

(Heronimidae, Bucephalidae) are, by the position of their appearance in

the phylogeny, almost certainly secondary reductions from patterns with

two generations. Both heronimids and bucephalids have enormous

branching sporocysts so that the need for a second generation may have

been lost in both cases. Another interpretation is possible. The mother

sporocyst generation may simply be so reduced as to be almost

unrecognizable. The miracidium in the Heronimidae contains germinal

balls, which are initially enclosed by a fine membrane. Gibson (1987) and
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others have suggested that this membrane may represent a highly reduced

single second generation. Further indications of such reduction are seen in

taxa in which the miracidium contains only a single redia (e.g. all

Cyclocoelidae and the paramphistome Stichorchis). The possibility of the

presence of only a single intra-molluscan generation is not considered

further here.

Figure 8 Digenean life cycle variation – behaviour of miracidia; cercaria-
producing generation. Shaded taxa are those in which the ingested egg is the strategy
adopted by the entire superfamily. R, redia; S, sporocyst. Taxa marked with an
asterisk (*) are inferred to have derived sporocysts. The query (?) next to
Heronimoidea and Bucephaloidea reflects uncertainty about which generation is
present (mother or daughter sporocyst).
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Apart from the issue of the number of generations, perhaps the major

observation to be made about the intra-molluscan stages is in the

distinction between rediae (possessing a mouth, a pharynx and a short

saccular gut) and sporocysts (which have no organs at all). Mapping of

this character (Figure 8) shows that both sporocysts and rediae occur

widely in the Digenea. Analysis of this distribution indicates that rediae

have given rise to sporocysts. This may have happened as many as

four times in the Diplostomida and at least nine times in the

Plagiorchiida (clades in which sporocysts are inferred to have evolved

are marked with an asterisk). The frequency of this evolutionary

change suggests that this derivation occurs relatively easily. It is

intriguing that the sporocyst should be the derived condition in the

light of findings which have shown that in inter-specific interactions

within a mollusc, rediae often eat and dominate sporocysts (Lim and

Heyneman, 1972).

Our compilation of life cycle data revealed a surprising correlation. Of

the taxa that occur in bivalves as first intermediate hosts (Allocreadiidae,

Bucephalata, Faustulidae, Gorgoderidae, Monorchiidae and some

Sanguinicolidae) only the Allocreadiidae have rediae. Even the single

hemiuroid from a bivalve, identified as such by the cystophorous cercaria

(Wardle, 1975), has a sporocyst. In the Allocreadiidae, the redia has a

pharynx, but the gut is often described as being very small or even absent

(Caira, 1989). Thus, we can infer cautiously that parasitism of bivalves has

promoted the derivation of sporocysts from rediae. It is not clear why

the infection of bivalves and the derivation of sporocysts should be

correlated.

The Schistosomatoidea is particularly interesting in the distribution of

sporocysts and rediae (Figure 8). Within the clade Clinostomidaeþ

Sanguinicolidae, rediae are found in some sanguinicolids in polychaetes

and in all Clinostomidae whereas those sanguinicolids that infect

bivalves and gastropods always have sporocysts. The other clade

(Schistosomatidaeþ Spirorchiidae) also always has sporocysts. The

Sanguinicolidae is not only the only digenean family to use both of the

major categories of first intermediate hosts extensively but it is one of few in

which either rediae or sporocysts can be the second generation.

Whereas rediae are dominant in the Hemiuroidea, sporocysts are not

uncommon and have been reported from four families of which three are

also reported to have rediae. Pearson (1972) reviewed evidence that showed

that the ontogeny of at least some of the species in this superfamily includes

a redia that loses traces of its gut to become a sporocyst. Thus, at least in

part, the Hemiuroidea may illustrate the process that led to the development

of sporocysts in general.
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4.6. Cercarial Tails

Figure 9 shows the distribution of the two basic kinds of cercarial tails –

forked and simple (shaded). The distribution is remarkably free of ambiguity.

The fork-tailed cercaria is clearly the plesiomorphic form, a conclusion

Figure 9 Digenean life cycle variation – cercarial tail; behaviour of cercaria.
Shaded taxa have simple tails; the dashed ‘box’ indicates that only some taxa within
the clade have simple tails. The only clade at the superfamily level in which the
cercaria does not emerge from the first intermediate host is marked ‘a’. 1. Cercaria
penetrates definitive host directly. 2. Cercaria attaches directly to definitive host.
3. Cercaria eaten directly by definitive host. 4. Cercaria eaten by second intermediate
host. 5. Cercaria emerges from mollusc and encysts in the open. 6. Cercaria emerges
from mollusc and penetrates second intermediate host externally. 7. Cercaria remains
in first intermediate host which is eaten directly by definitive host.
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reached by Cable (1974). Modification to a simple tail has apparently

occurred perhaps only three times for major clades. In the Diplostomida, it is

modified into a simple, almost absent, tail in the Brachylaimoidea that use

terrestrial molluscs; the aquatic Leucochloridiomorphidae retain a typical

forked-tail. In the Plagiorchiida, separate derivations have apparently

occurred in the Heronimoidea and in the huge clade comprising the

Paramphistomataþ all other more derived Plagiorchiida. There is also

evidence for derivation of a simple tail within some otherwise forked-tailed

taxa (Køie, 1979). There is no evidence that a forked-tail has ever been

acquired secondarily. The topology of the phylogeny of the Digenea given by

Cribb et al. (2001) led them to suggest that the forked-tailed cercaria of the

Bucephalidae had been developed secondarily but the new topology suggests

that this is not the case. Cribb et al. (2001) suggested that the derivation of

the simple cercarial tail correlated with the abandoning of direct pursuit of the

host. This hypothesis requires that highly derived taxa such as the

Opisthorchioidea and Xiphidiata, which penetrate intermediate hosts but

have a simple tail, were derived via forms that encysted without an

intermediate host. This interpretation is supported here.

4.7. Infection Processes – Cercarial Behaviour

The digenean cercaria can behave in many distinct ways that ultimately lead

to the infection of the vertebrate definitive host. We recognize seven distinct

behaviours that are mapped in Figure 9.

(i) The cercaria may penetrate the definitive host directly. This behav-

iour occurs only in some Schistosomatoidea (Schistosomatidae,

Spirorchiidae and Sanguinicolidae).

(ii) The cercaria attaches to the surface of the definitive host. This

behaviour occurs only in the Transversotrematidae.

(iii) The cercaria is eaten directly by the definitive host. This behaviour

occurs in several clades – Bivesiculidae, Azygiidae, Fellodistomidae

and Tandanicolidae (but not in all individuals of these clades).

(iv) The cercaria is eaten by a second intermediate host, and then

frequently penetrates the gut. A metacercaria forms and waits for the

definitive host to eat the second intermediate host. This behaviour is

probably general in the Hemiuroidea but occurs notably elsewhere

in some Fellodistomidae and Gorgoderidae and rarely in the

Bivesiculidae and Azygiidae.

(v) The cercaria emerges from the mollusc, encysts in the open as a

metacercaria on a potential food source of the definitive host, and
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waits there to be eaten. This behaviour is found in several clades

(Paramphistomata, Haplosplanchnoidea, some Echinostomatoidea

and Haploporidae from within the Gorgoderoidea).

(vi) The cercaria emerges from the mollusc and penetrates a second

intermediate host externally. A metacercaria forms and waits for the

definitive host to eat the second intermediate host. This is the most

common life cycle form in the Digenea, both in terms of numbers

of species and numbers of families. It occurs in most of the

Diplostomida, Bucephaloidea, Opisthorchioidea, Echinostomatoidea

and Lepocreadioidea, and overwhelmingly in the four superfamilies

of the Xiphidiata.

(vii) The cercaria remains in the first intermediate host, which is eaten

directly by the definitive host. This behaviour is found in the

Heronimidae, Cyclocoelidae (Echinostomatoidea), Eucotylidae

(Microphalloidea) and Hasstilesiidae and Leucochloridiidae

(Brachylaimoidea) and sporadically elsewhere.

In our view, all other cercarial behaviours within the Digenea are either

derivations or reductions of these seven basic types. Derivations include

extension of the life cycle to four hosts as seen in some Hemiuroidea

(Madhavi, 1978; Gibson and Bray, 1986; Goater et al., 1990) and

Diplostomidae (Pearson, 1956) and numerous secondary abbreviations of

the life cycle (Poulin and Cribb, 2002). The extent to which the seven

behaviours may be derivable from each other is discussed here. Determining

which of the behaviours might be basal for the Digenea is made complex

because there are so many of them. To reiterate, our approach has been to

use a combination of outgroup comparison (including the key assumption

that two-host cycles preceded three-host cycles) and parsimonious inference

from within the phylogeny of the Digenea.

The six behaviours in which the cercaria emerges (behaviours i–vi)

numerically overwhelm that in which it remains within the mollusc

(behaviour vii). Behaviour (vii) is characteristic only of the monotypic

Heronimoidea (node a, Figure 9), but it also appears within the Brachy-

laimoidea (Hasstilesiidae and Leucochloridiidae), the Echinostomatoidea

(Cyclocoelidae) and the Microphalloidea (Eucotylidae) and in some taxa

within many other families. The relatively derived and usually nested

positions of taxa that exhibit this behaviour allow us to infer that this

behaviour has evolved many times. Thus, retention of the cercaria within

the mollusc, to be eaten with the mollusc by the definitive host (life cycle

pattern either analogous or homologous to that of the Aspidogastrea), is a

derived state in the Digenea. Emergence of the cercaria is a synapomorphy

for the Digenea relative to the Aspidogastrea and a plesiomorphic trait
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within the Digenea. Thus, as argued by Pearson (1972), an evolutionary

hypothesis for the Digenea must account for the emerging cercaria as a

plesiomorphic character for the Digenea, unless extinct forms are invoked.

We can now use this inference, the topology of the tree and the

distribution of cercarial emergence to consider which emergent cercarial

behaviour is plesiomorphic. We have presented evidence that a two-host life

cycle of some sort preceded the three-host life cycle; outgroup comparison

and simple logic both suggest that two-host life cycles preceded three-host

cycles. We can thus conclude that behaviours (vi) and (iv) are not

plesiomorphic. Behaviour (vi), external penetration of a second intermediate

host, appears first in relatively highly derived taxa (Bucephalata and higher

taxa, see Figure 9), and so cannot be inferred to be plesiomorphic.

Behaviour (iv), ingestion of the cercaria by a second intermediate host,

appears in some of the relatively basal Azygioidea and Gymnophalloidea,

and generally in the Hemiuroidea and in the highly derived Gorgoderidae.

This three-host life cycle may be derived from ingestion of the free-living

cercaria by the definitive host in the case of the Gymnophalloidea and the

Hemiuroidea and from the more common standard penetrating three-host

cycle in the case of the Gorgoderidae.

There are four behaviours involving two-host cycles in which the cercaria

emerges from the mollusc, which may be plesiomorphic. Behaviour (i),

direct penetration of the definitive host, occurs only in derived

Diplostomida (Figure 9). This behaviour cannot therefore be considered

plesiomorphic for the Digenea (but see Section 4.9, p. 234). Behaviour (ii),

attachment of the cercaria, is seen only in the relatively basal

Transversotrematoidea. This is the only life cycle within the Plagiorchiida

that leads to infection other than, ultimately, by ingestion. It is not

parsimonious to infer that this life cycle strategy was basal to all others in

this clade. Behaviour (v), encystment in the open on a food source, is found

in the relatively derived taxa – Paramphistomata, Echinostomatoidea,

Haplosplanchnoidea and the Haploporidae. Encystment in the open

followed by ingestion is easily derived from ingestion of a free-swimming

cercaria whereas the reverse is not necessarily the case. Again, it is not

parsimonious to infer that this life cycle strategy was basal to all others in

this clade.

Behaviour (iii), ingestion of the free-swimming cercaria, is found in the

most basal taxon of the Plagiorchiida, the Bivesiculoidea, and in at least

some representatives of two other relatively basal clades, the Azygioidea and

Gymnophalloidea. The behaviour is simple and could have arisen easily by

the ingestion of a free-swimming cercaria. The intuitive objection to this

hypothesis is that it seems improbable that the cercaria could survive the

digestive tract, especially the stomach, of its host. The evidence, however, is
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that this happens in several digenean taxa. Thus, we conclude that ingestion

of a free-swimming cercaria is both parsimoniously and plausibly

plesiomorphic for the Digenea. This conclusion may also have the

implication that the first host in the digenean life cycle was a mollusc,

that the ancestor of digeneans had a free-swimming adult, and that the

vertebrates were added secondarily. Problems associated with these

possibilities are discussed in Section 5.2 (p. 241).

4.8. A Hypothesis of Evolution within the Plagiorchiida

The individual hypotheses that have been derived above can now be

combined into an overall hypothesis for life cycle evolution. This is done

separately for the Plagiorchiida and the Diplostomida (see Section 4.9,

p. 234) because there remain substantial difficulties in the interpretation

of the Diplostomida, but both sets of hypotheses refer to the same set of

inferences regarding plesiomorphic life cycle traits for the Digenea. A

parsimonious hypothesis for the evolution of major life cycle traits within

the Plagiorchiida is shown in Figure 10 using just 16 key taxa from the

group. Most of the life cycle diversity within the group can be explained by

20 key evolutionary changes that are described below. The numbers below

refer to clades labelled in Figure 10.

Plesiomorphic life cycle characters for the Digenea (1). The analyses above

suggest that the common ancestor to extant Digenea had a miracidium that

hatched from the egg and penetrated a gastropod. The second asexual

generation developed into a redia that produced fork-tailed cercariae, which

emerged from the gastropod to be eaten passively by a teleost definitive

host. There was no second intermediate host. This combination of

characters is found without modification in some Bivesiculidae, the most

basal taxon within the Plagiorchiida.

Although apparently plesiomorphic in its life cycle, the Bivesiculidae is

not necessarily primitive in all respects. A striking feature of the family is its

lack of oral and ventral suckers. Absence of suckers has been commented on

previously as perhaps consistent with a basal position for this family and

plesiomorphic absence of suckers in the Digenea, but their wide occurrence

in both the Diplostomida and Plagiorchiida leads to the parsimonious

inference that oral and ventral suckers are indeed plesiomorphic for the

Digenea. These parasites occur in the intestines of their host and there is no

ready explanation for the absence of suckers if it has occurred by their loss.

Thus, absences of suckers in this taxon may be apomorphies. A study of the

homology of oral and ventral suckers in the Diplostomida and Plagiorchiida

might shed fresh light on this matter. Whereas most evidence about
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bivesiculids is consistent with a two-host cycle, Cribb et al. (1998) showed

that at least one species has incorporated (perhaps facultatively) a second

intermediate host. A mother sporocyst has never been described in the

Bivesiculidae. The basal position of this taxon suggests this may be

informative.

Cercaria penetrates; infection of tetrapods (2,3). Penetration of a host by

the cercaria is a possible synapomorphy for the Diplostomida; it is clearly

independent of cercarial penetration in other taxa in the higher

Plagiorchiida. The clade may also be defined by the adoption of parasitism

of tetrapods as definitive hosts (see further discussion Section 4.9, p. 234).

Figure 10 A hypothesis for the evolution of life cycles within the Plagiorchiida.
Numbered evolutionary changes are described in the text.
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No synapomorphy. This hypothesis proposes no life cycle synapomorphy

for the Plagiorchiida.

Cercaria attaches externally to scaled fish (4). This character is an

autapomorphy for the Transversotrematidae. We argued above (p. 226) that

the two-host life cycle of the Transversotrematidae, which incorporates

direct attachment of the cercaria, could not be inferred to be basal to that of

the remainder of the Plagiorchiida. The topology of the tree means that it is

thus most parsimonious to interpret it as a direct modification of the

bivesiculid-type life cycle. We have mapped this as a single change.

However, at least three plausible hypotheses can account for this life cycle:

a two-host (ingestion) life cycle in which the cercaria has exchanged

passive ingestion for active attachment (as mapped, Figure 10); an

abbreviated three-host life cycle from which the third (definitive) host has

been omitted; or a two-host life cycle derived independently of other

digenean life cycles.

Counting changes in life cycle traits in the competing hypotheses (not

shown) suggests that derivation of the cycle from a two-host ingestion

cycle is the most parsimonious, if modification of the life cycle from

ingestion to attachment can be construed as a single step. This may be

overly optimistic as it implies complex changes. The hypothesis that the

life cycle is abbreviated was proposed by Brooks et al. (1989), who

suggested that the life cycle had been abbreviated from three to two

hosts. Although this scenario is plausible, it has neither supporting

evidence nor is it parsimonious in the context of the new topology of

the Digenea. The hypothesis that the life cycle was derived independently

by a free-swimming cercaria becoming associated with the surface of

fishes is simple and requires just one step of derivation for the

Transversotrematidae itself, but the topology of the remainder of the

tree would then require that vertebrate parasitism was adopted at least

three times in the Plagiorchiida. This is significant. The discussion in

Sections 4.3 and 4.7 assumed that parasitism of vertebrates had arisen

only once. This interpretation is suggested initially by both outgroup

comparison and parsimony. However, the assumption may be false. We

concluded that basal digeneans infected vertebrates by ingestion of a free-

swimming cercaria. This interpretation may mean that outgroup

comparison (with the Aspidogastrea) is uninformative (or indeed

misleading) in this case. If this is the case, then separate adoptions

of vertebrate parasitism within the Digenea may need to be considered.

In this context, it is noteworthy that the cercaria of the Transverso-

trematidae is one of the most remarkable in the Digenea. It has unique

arms at the base of the tail and it may be sexually mature with sperm

in the seminal vesicle. Sexual maturity of the cercaria may be an echo of
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a free-swimming sexual adult. However, the plasticity of cercariae seen

elsewhere shows that we must be highly cautious in such inferences. The

origin of the transversotrematid life cycle certainly requires further

investigation.

Eggs eaten (5). This life cycle character (and the associated morphological

modification of the miracidium) unites the Azygioidea and the

Hemiuroidea. The two-host life cycles of azygiids differ from the basal

form as represented by the Bivesiculidae only in the behaviour of the

miracidium, which must be eaten. The sexual adults of azygiids are quite

distinct, however, as they have oral and ventral suckers. Some, perhaps

most, azygiids have expanded their life cycles to three hosts but this is

interpreted as a within-clade derivation that does not affect the apparently

plesiomorphic status of the two-host life cycle.

Cercaria eaten by intercalated arthropod second intermediate host (6). The

Hemiuroidea is a huge taxon comprising over 300 genera (including the

Didymozoidae). The ingestion of the cercaria by an arthropod intermediate

host is here interpreted as the intercalation of an extra host in a life cycle in

which the plesiomorphic condition was the cercaria being eaten directly by

the definitive host. The Hemiuroidea, some of the Gymnophalloidea and the

Gorgoderidae are the only clades in which the cercaria is ingested by the

second intermediate host. All other three-host life cycles are characterized

by external cercarial penetration.

Cercaria remains in, and is transmitted by the ingestion of the first

intermediate host; cercarial tail reduced to simple; hosts tetrapods (7–9). The

two-host cycle of the Heronimoidea is here interpreted as the result of the

abbreviation of a cycle in which the cercaria previously emerged. The nature

of the unabbreviated life cycle cannot be deduced, but the simplest

abbreviation would have been of a life cycle in which the free-living cercaria

was eaten directly. The fact that this clade is represented by a single

species infecting the unusual site of the lungs of a freshwater turtle suggests

that this clade is a relict sensu Brooks and Bandoni (1988). Certainly the

Heronimoidea appears to have no significant bearing on understanding the

overall evolution of digenean life cycles as it did when Brooks et al. (1985)

inferred that it might be the sister-group to the remainder of the Digenea.

However, it does represent the first appearance of a simple tail within the

Plagiorchiida.

Host-switch to bivalves; derivation of sporocysts (10–11). The shared

parasitism of bivalves as first intermediate hosts and the derivation of

sporocysts unite the Bucephaloidea and Gymnophalloidea as a clade.

Some two-host fellodistomid and tandanicolid life cycles differ from the

basal form only in the parasitism of bivalves and the derivation of

sporocysts; as noted earlier, these characters may be linked. Some,
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perhaps most, fellodistomids have expanded their life cycles to three hosts

but this is again interpreted as a within-clade derivation that does not

affect the inferred plesiomorphic status of the two-host life cycle.

Cercaria penetrates intercalated second intermediate fish host (12). The

Bucephalidae are parasitic in the intestines of fishes. The life cycle is

uniformly three-host, involving the penetration of a fish and subsequent

formation of a metacercaria in its tissues. There is no particular clue from

living bucephalids to suggest how the three-host cycle might have arisen. We

can only speculate that the capacity of cercariae to survive in association

with the surface of fishes, that they once contacted accidentally, improved

the overall chances of the parasite finally to be ingested by the definitive

host. The origin of the remarkable cercarial tail of the Bucephalidae

(furcate, but without a tail-stem) remains unexplained but it is noteworthy

that Køie (1979) has shown that the same condition can also exist in the

related Fellodistomidae.

Cercarial tail simple (þ encystment in open?) (13). This character unites all

remaining Plagiorchiida: HaplosplanchnoideaþEchinostomatoideaþ

ParamphistomataþOpisthorchioideaþLepocreadioideaþXiphidiata.

Cribb et al. (2001) suggested that derivation of simple tails may relate to the

adoption of external encystment. They argued that cercariae that have

forked tails typically swim faster than those that have simple tails.

Presumably this is energetically expensive. Thus, slower, more efficient

swimming by a cercaria that will encyst in the open rather than pursue

a host may have been selected for. We hypothesize that encystment in the

open and presence of a simple tail are linked characters. Encystment in

the open can be derived from the ingestion of a free-swimming cercaria.

It requires only that the cercaria finds a suitable substrate and secretes

some kind of protective cyst. This behaviour is characteristic of the

Paramphistomata, the Haplosplanchnoidea and the Echinostomatoidea

(although three host cycles do arise within this last clade). These taxa

combine to represent a considerable number of species, pointing to the

substantial advantage conferred by cercarial encystment which prolongs the

effective life of the cercaria.

Encystment on vegetation – specialization for herbivory? (14). This

character is used here rather speculatively to define the Paramphistomata

(PronocephaloideaþParamphistomoidea). These trematodes have two-host

life cycles in which the cercaria encysts in the open. Paramphistomata have

radiated widely among herbivores and their key innovation may have been

encystment on vegetation, although pronocephaloids often encyst on

mollusc shells and infect carnivorous hosts as well. This life cycle strategy

has apparently never expanded to a true three-host cycle, defined here as

growth of the metacercaria at the expense of the second intermediate host.
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An association between this clade and herbivory may also be suggested

by the morphology of the adults. Both the Pronocephaloidea and the

Paramphistomoidea lack an oral sucker (or pharynx) and the

Pronocephaloidea and some Paramphistomoidea lack a ventral sucker.

Both modifications undoubtedly affect feeding behaviour and these losses

may reflect a move to ingestion of gut contents instead of browsing on

the mucosa. These characteristics require further analysis but, for the

present, we propose that they can be usefully combined as a single character

– ‘‘specialization for herbivory’’.

Egg eaten (15). Ingestion of the egg appears to distinguish the

Pronocephaloidea from the Paramphistomoidea, although the behaviour

has not been sufficiently studied in a wide range of taxa.

No synapomorphies: Haplosplanchnoidea and Echinostomatoidea. In

contrast to the Paramphistomata, these superfamilies are not here defined

by life cycle synapomorphies. The simplest life cycles in these clades are

those in the Haplosplanchnidae and, in the Echinostomatoidea, some

Philophthalmidae, Psilostomidae, Fasciolidae and Echinostomatidae in

which the cercaria encysts in the open, usually in association with the

surface of potential prey items (especially molluscs) or vegetation eaten by

the definitive host. The life cycle is associated with herbivory only in the

Haplosplanchnidae of marine fishes and the derived Fasciolidae of

terrestrial mammals. Neither superfamily has modified feeding or attach-

ment structures as are seen in the Paramphistomata. The Echinostomatidae,

by far the largest group within the Echinostomatoidea, usually encyst in

association with animals. The derivation of three-host cycles within the

clade is seen clearly in the Echinostomatidae and Psilostomidae where a

range of levels of association with intermediate hosts leads to a true three-

host life cycle. In addition, within this clade the Cyclocoelidae is

characterized by an apparently abbreviated life cycle in which the cercaria

encysts within the first intermediate host.

Cercaria penetrates intercalated second intermediate (invertebrate?) host

(16). This character appears to define the clade comprising all remaining

plagiorchiidan taxa which, except by apparent secondary modification (e.g.

Eucotylidae, Haploporidae, some Monorchiidae), uniformly use second

intermediate hosts that are penetrated externally with the assistance of

penetration glands. It seems likely that three-host cycles appeared in

the same way that is shown by the range of extant Echinostomatoidea –

external association leading to progressively more intimate association and

penetration.

Second intermediate hosts exclusively vertebrates; eggs eaten (17 and 18).

The Opisthorchioidea represents a substantial clade of trematodes that

uniformly have a three-host life cycle in which fishes and occasionally
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amphibians are exploited as second intermediate hosts. The position in the

phylogeny occupied by the Opisthorchioidea implies that the superfamily

adopted fish as intermediate hosts independently of any other clade of

digeneans. The opisthorchioid cercaria is highly distinctive, uniform and

apparently specialised for this behaviour. This is the third clade of the

Plagiorchiida in which eggs are always eaten by the molluscan intermediate

host. The fact that this is an independent development in each clade is

shown by the morphological distinctions between the eggs and miracidia in

each clade.

No synapomorphies: Lepocreadioidea and Apocreadioidea. These super-

families each lack a clear life cycle synapomorphy. These clades include

many large families most of which are essentially intestinal parasites of

teleost fishes, have gastropods as first intermediate hosts and have

cercariae produced in rediae. All have cercariae that penetrate a wide

range of invertebrate and vertebrate hosts with the conspicuous exception

of any significant presence in arthropods. The lepocreadioid clade com-

prising the Gorgocephalidae, Enenteridae and Gyliauchenidae (Olson

et al., 2003) remains without an elucidated life cycle. All these families

are concentrated in herbivorous fishes and it is possible that their life

cycles are secondarily reduced and have metacercariae that are

associated with algae.

Egg eaten (19). The Monorchioidea appear to be united by the necessity

for the egg to be ingested by the first intermediate host. Otherwise life cycles

in this superfamily broadly resemble those of the Apocreadioidea and

Lepocreadioidea.

Stylet in oral sucker; arthropods adopted as main second intermediate

hosts (20). The Xiphidiata are united by the presence of a stylet in the

oral sucker. This structure appears to have made possible the penetration

of arthropod cuticle or arthrodial membranes. Arthropods are more

heavily exploited by the Xiphidiata than by any other clade of digeneans.

By contrast, the Lepocreadioidea, Monorchioidea and Apocreadioidea,

the three taxa immediately basal to the Xiphidiata, are either rare in or

absent from arthopods. This clade includes the Haploporidae, parasites

of fishes with a two-host life cycle in which the cercaria, lacking a stylet,

encysts in association with algae. Membership of this clade is either an

indication that this two-host cycle has evolved by the loss of a second

intermediate host (and the stylet) or that it has been misplaced in the

present phylogeny.

Overall the Plagiorchiida present a comprehensible system with origins in

fishes and simple two-host life cycles followed by developing life cycle

complexity, the adoption of second intermediate hosts, and repeated

expansion with and into tetrapods.
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4.9. Hypotheses of Evolution within the Diplostomida

It was a major finding of Olson et al. (2003) that there is a basal dichotomy

in the Digenea between the Plagiorchiida and the Diplostomida. The depth

and significance of this dichotomy is reflected in differences in the life cycles

seen in the two clades. Inference of the pattern of evolution within the

Diplostomida is considerably more difficult than for the Plagiorchiida

because the basal taxon, the Brachylaimoidea, have three-host life cycles

and parasitise tetrapods. As noted above, outgroup comparison and simple

logic dictate that a two-host life cycle precedes a three-host cycle. In

addition, parsimony analysis shows that the basal hosts for the Digenea

were teleost fishes. Thus, in several important respects the most basal

Diplostomida are evidently significantly derived in comparison to basal

plagiorchiidans. Two equally parsimonious hypotheses for the evolution of

life cycle characters in the Diplostomida are shown in Figure 11; numbers

below refer to clades labelled in this figure. The hypothesis in Figure 11a

proposes the following sequence*:

Plesiomorphic life cycle characters for the Digenea (1–3). As for the

Plagiorchiida, this hypothesis commences with the inferences that plesio-

morphically the miracidium hatches from eggs outside the host and the fork-

tailed cercaria emerges from gastropods to be eaten passively by a teleost

definitive host.

Definitive hosts tetrapods (4). In contrast to the Plagiorchiida, all

Diplostomida except the blood flukes of fishes (Sanguinicolidae) are

parasites of tetrapods.

Molluscan second intermediate host intercalated by cercarial entry into

natural pores (5). All Brachylaimoidea have molluscs as second intermediate

hosts except where, by abbreviation, the metacercariae form in the first

intermediate host (Hasstilesiidae and Leucochloridiidae).

Egg eaten (6). A life cycle apomorphy for the Brachylaimoidea.

Vertebrate second intermediate host intercalated by cercarial penetration

(7). Whereas in the Brachylaimoidea the cercaria typically enters

molluscs via natural pores, in the remainder of the Diplostomida vertebrates

(or rarely other taxa) are penetrated actively and penetration glands are

present.

Vertebrate definitive host lost (8). This step of life cycle abbreviation gives

rise to the life cycle seen in all three blood fluke families.

*The steps shown here exclude the evolution of the form of the second asexual
generation, which is inferred to incorporate several derivations of sporocysts.
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Vertebrate definitive host added (secondarily) (9). This step hypothesizes

the re-extension to a three host life cycle in the Clinostomidae by the

secondary addition of a vertebrate definitive host.

A second equally parsimonious hypothesis for the evolution of life cycles

within the Diplostomida (Figure 11b) differs from the first by proposing the

independent abbreviation of the life cycle by the Sanguinicolidae and the

Schistosomatidaeþ Spirorchiidae (i.e. number 8 appears twice) and no

secondary adoption of vertebrate parasitism by the Clinostomidae. The

nature of the association between clinostomids and their hosts may allow

Figure 11 Two hypotheses for the evolution of life cycles within the
Diplostomida assuming plesiomorphic ingestion of the cercaria by the definitive
host. Numbered evolutionary changes are described in the text.
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discrimination between these two hypotheses. Whereas the other (three-

host) Diplostomida are parasites of the intestine, clinostomids are found

in the upper digestive tract, typically the oesophagus. This unusual site of

infection could be interpreted as being associated with an independent

adoption of vertebrates.

There is one substantial difficulty with these hypotheses – the vertebrate

host distribution of the Diplostomida. These hypotheses construe the

original vertebrate hosts of the Diplostomida to be those in which they

presently develop to sexual maturity in three-host life cycles. These hosts are

entirely tetrapods, animals associated with the terrestrial habitat in their

evolutionary origin, if not necessarily in their present-day ecology. The hosts

of the blood flukes, which include fishes, are excluded as original vertebrate

hosts because these hypotheses require that they are definitive hosts only by

abbreviation of a three-host cycle. It is difficult to infer what such original

definitive hosts might have been. Thus, this hypothesis suggests that no

extant member of the Diplostomida plesiomorphically develops to adult-

hood in a fish. Given that we have inferred that the original hosts of

digeneans were fishes, this absence must be explained by the extinction of all

clades associated with fishes so that only those that coevolved or host-

switched into tetrapods remain. Such scenarios are possible, but they seem

at best surprising when parasitism of the guts of fishes has proven so

successful in the Plagiorchiida. We were able to infer that plagiorchiidans

adopted parasitism of tetrapods repeatedly because they have left behind so

many traces of these adoptions; in ten of the 11 superfamilies of the

Plagiorchiida that occur in tetrapods, there are also representatives in teleost

fishes. There are no such traces for the Diplostomida. The Diplostomida

might have arisen only as tetrapods appeared but this hypothesis does not

seem plausible because the rise of tetrapods is associated with the interface

between freshwater and terrestrial environments. This context is inconsistent

with the present-day distribution of sanguinicolids which includes marine

teleosts, elasmobranchs and holocephalans (Smith, 1997a, b).

An alternative set of hypotheses is suggested by reconsideration of the

definitive hosts of the Diplostomida. One taxon, the Sanguinicolidae does

occur in fishes and indeed is found in teleosts, elasmobranchs and

holocephalans. What are the implications of making the radical assumption

that direct penetration as seen in this family was the plesiomorphic cercarial

behaviour for the Diplostomida? We here test the hypothesis that the

diplostomidan cercaria originally penetrated its definitive host. The

hypothesis in Figure 12 proposes the following sequence (the numbers

below refer to clades labeled in Figure 12):

Plesiomorphic life cycle characters for the Digenea (1–2). Miracidium

hatches from egg outside host (1); cercaria emerges from gastropod (2).

236 T.H. CRIBB, R.A. BRAY, P.D. OLSON AND D.T.J. LITTLEWOOD



(A key distinction relative to the hypotheses in Figure 11 is that ingestion

of the cercaria is no longer considered plesiomorphic for the Digenea as

a whole but instead a synapomorphy for the Plagiorchiida.)

Cercaria eaten by teleost definitive host (3). This apomorphy serves to

define the Plagiorchiida.

Cercaria forms external association with, and enters mollusc; egg eaten by

mollusc; tetrapod host added by ingestion of mollusc (4–6). These three

apomorphies serves to define the Brachylaimoidea and suggest that they

adopted parasitism of vertebrates independently of any other digenean

taxon.

Cercaria forms external association with and penetrates vertebrate host

(7). This step serves to define the clade of the Diplostomoideaþ

Schistosomatoidea. Whereas in the Brachylaimoidea the cercaria typically

enters the second intermediate host via natural pores, in the remainder of

the Diplostomida (Diplostomoidea and Schistosomatoidea) the host is

actively penetrated and penetration glands are present. This step is sufficient

to establish the nature of blood fluke life cycles.

Vertebrate host added (8–9). The topology here requires the independent

extension to three-host life cycles in the Diplostomoidea and the

Clinostomidae. The comments made above about the distinctiveness of

the association between clinostomids and their vertebrate hosts apply

here also.

This hypothesis proposes that the blood fluke life cycle evolved by the

direct association of an initially free-living cercaria with the definitive host.

The three-host life cycle then evolved by the addition of a new definitive

ASPIDOGASTREA

PLAGIORCHIIDA

Brachylaimoidea

Diplostomoidea

Sanguinicolidae

Clinostomidae

Schistosomatidae

Spirorchiidae

1-2

3

4-6

7

9

8

Figure 12 A hypothesis for the evolution of life cycles within the Diplostomida
assuming plesiomorphic penetration of the definitive host by the cercaria. Numbered
evolutionary changes are described in the text.
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host. This host was adopted by the process of a vertebrate ingesting the

initial definitive host (¼ ‘host-succession extension’ of Sprent (1983) and

‘terminal addition’ of O’Grady (1985)); throughout the Diplostomida where

the life cycle has three hosts the definitive host ingests an intermediate host.

The hypothesis notably requires three separate adoptions of vertebrates by

the Digenea. Although other equally parsimonious hypotheses are possible

(e.g. a single adoption of vertebrate parasitism by the Diplostomoideaþ

Schistosomatoidea and two abbreviations to blood fluke life cycles) this

suffices to illustrate the possibilities of dramatically different interpretation.

This hypothesis requires nine steps of modification, the same as those

shown in Figure 11. The main attraction of this hypothesis is that it provides

a superior explanation of the apparent restriction of diplostomidans to

tetrapods by suggesting that the former are not restricted to the latter at all.

The hosts penetrated by diplostomidan cercariae are aquatic. The

Leucochloridiomorphidae (Brachylaimoidea) have aquatic molluscs as

intermediate hosts and the Diplostomoidea and Schistosomatoidea pene-

trate aquatic vertebrates; a few Diplostomoidea penetrate Annelida and

Mollusca. The hosts of Schistosomatidae may not be strictly aquatic, but

certainly they are infected while they are in water. The only exception to the

penetration of aquatic hosts by cercariae is that part of the clade of the

Brachylaimoidea that has become entirely terrestrial. So, if the host

penetrated by the cercaria is interpreted as the original definitive host

(rather than the actual present-day definitive host), then the range of hosts is

plesiomorphically fully aquatic. Such a distribution is exactly what would

be predicted for one of two basal clades of the Digenea, a group that is

inferred to be a fundamentally aquatic group of parasites and in strong

contrast to the tetrapod-only distribution implied by the hypotheses shown

in Figure 11.

Although this ‘‘cercaria penetrates’’ hypothesis accounts for some aspects

of the host distribution of the Diplostomida, it has three substantial

difficulties in terms of intuitive plausibility. First, the hosts penetrated by

the Brachylaimoidea are molluscs, whereas the rest of the clade infects

mainly vertebrates. This hypothesis suggests that molluscs were once the

definitive hosts of this clade. Is such an idea plausible? Jamieson (1966)

discussed hypotheses proposing exactly this evolutionary scenario, but

certainly no such life cycles are now extant (except perhaps by secondary

reduction).

The second difficulty associated with the ‘‘cercaria penetrates’’ hypothesis

is that it requires that a free-living adult (the proto-cercaria of Pearson,

1972) evolved into one that, for the Diplostomoideaþ Schistosomatoidea,

penetrated a vertebrate host and developed to a sexual adult capable of

releasing its eggs while leaving no evolutionary trace of the process. This
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involves significant conceptual complexity. The evolution of penetration in

the Brachylaimoidea is relatively easily envisaged. Their cercariae typically

enter the excretory pore of another mollusc and then develop as unencysted

metacercariae in the excretory vesicle or other cavities to which they

migrate. Such behaviour might have arisen gradually following the

formation of an external association with the mollusc. Further, this form

of parasitism does not require penetration glands or the evolution of a

mechanism for the escape of the eggs of the parasite. Because the

Brachylaimoidea is basal to the remainder of the Diplostomida, this

simple behaviour might have given rise to the more sophisticated

penetration behaviours of the remainder of the clade. However, there

remains a major gulf between the unsophisticated behaviour of the

brachylaimoids and the sophisticated penetration of the remainder of the

Diplostomida. In addition, the use of nearly completely exclusive second

intermediate host groups (molluscs for Brachylaimoidea and vertebrates for

Diplostomoideaþ Schistosomatoidea) implies either a dramatic host-switch

or independent derivation (as shown in Figure 12).

The third difficulty returns to the host distribution for the Diplostomida.

If two-host blood fluke life cycles gave rise to three-host cycles, then why are

none of these additions found in fishes?

The hypothesis in Figure 12 is radical in proposing that digeneans

adopted vertebrate parasitism three times. Other hypotheses are possible

that require fewer vertebrate host adoptions by proposing host switches

(especially of the second intermediate host). It should be noted, however,

that the interpretation of the evolution of the Plagiorchiida also raised the

possibility that the Transversotrematidae had an adoption of vertebrate

hosts separate from the remainder of that clade. The significance of this is

that one of our underlying inferences from outgroup comparison with the

Aspidogastrea may have been false. That is, although aspidogastreans and

digeneans both share molluscs and vertebrates as alternating hosts, the two

life cycles may be only partly homologous. This potential difficulty was

predicted, in part, when we drew attention to the number of differences

between the nature of the aspidogastrean and digenean life cycles. Finally in

this context we must note that the hypotheses in Figures 11 and 12 are

equally parsimonious only if the analysis is restricted to the Digenea; if the

Aspidogastrea are incorporated then strict parsimony favours the hypoth-

eses in Figure 11. We return to a general consideration of such issues in

Section 5.2 (p. 241).

The evolution of life cycles within the Diplostomida thus remains poorly

understood. The most basal taxa have complex, highly derived life cycles

and several equally parsimonious hypotheses are presently tenable to

explain them. We cannot yet discriminate satisfactorily between them.
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5. PROBLEMS

5.1. Shortcomings of the Parsimony Approach

Whereas we are confident that the parsimony approach we have taken

above has conceptual rigour and in some cases provides excellent insight, we

are certainly aware that it is not infallible. There are two conceptual

problems. The first relates to the underlying phylogeny. Even if we assume

that the phylogeny is broadly correct, we can be certain that many highly

informative taxa are extinct. The problem is illustrated in Figure 13(a) which

shows the ‘‘true’’ relationships between a hypothetical outgroup (X) and

four ingroup taxa (A–D). The mapping of four character states (1–4) on the

five taxa allows an unambiguous interpretation of the pattern of evolution

of the four character states. Figure 13(b) shows the ‘‘true’’ relationships of

five descendants of taxon D and proposes that taxa A–C are extinct. If we

Figure 13 Problems of false inference in parsimony analysis. a. ‘True’ relation-
ships of a hypothetical outgroup (X) and an ingroup (A–D) allowing inference of the
pattern of derivation of four characters (1–4; derived states boxed). b. ‘True’
relationships of outgroup (X) and ingroup (D1–D5) following extinction of taxa
A–C. Parsimonious analysis falsely suggests that all four derived character states
arose within D.
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refer to the ‘‘true’’ pattern of evolution of the characters, then we see that all

four have been subject to some secondary loss in the clade of taxon D’s

descendants. However, without knowledge of taxa A–C this is unknowable.

Relying on parsimony to interpret the evolution of these characters leads to

mistakes in every case; we would conclude that all four derived character

states arose within the clade of D. This type of problem is potentially

significant in analysis of the Digenea. All digeneans have a highly complex

life cycle that has many complex features not found in the sister taxon

(Aspidogastrea; see below). It is reasonable to assume that forms that were

in some way once intermediate between the Digenea and Aspidogastrea are

now extinct. If such forms were incorporated in the phylogeny the

possibility of false inferences would be reduced. In a sense, however, this

observation simply restates the underlying problem: if all ancestors and

extinct taxa were available for study, then the path of evolution would be

clear. This exercise emphasizes the facts that objective parsimony analysis

may easily support false hypotheses and that the evolutionary history of

particular life cycle traits may be unknowable.

A second problem flows from the first. If there is no guarantee that a

parsimoniously derived hypothesis is necessarily true, is there a way in

which we can discover the truth? If parsimony analysis leaves us with a

hypothesis that is actually false, we suspect that the error can be detected

only if it is first deemed to be intuitively unsatisfactory and is thus

subjected to further scrutiny. In our view, the inference of a parsimonious

but unsatisfying hypothesis should quite reasonably be taken as the spur

for further consideration of the underlying data, ideally with the goal of

either finding further objective mappable evidence or exploring the

homology of the existing characters. This is logical, but methodologically

dangerous. The decision that a parsimoniously derived hypothesis is

‘‘unsatisfying’’ carries the implication that the analyst has preconceived

ideas of the ‘‘true’’ answer. Such preconceptions (insights or bias?) can

lead to the ‘‘adjustment’’ or ‘‘development’’ of the data and repeated

analysis until the ‘‘correct’’ result is found. Such an approach has the

capacity to lead to the support of a false hypothesis just as easily as can

the uncritical acceptance of parsimonious hypotheses. In essence, it is

difficult for the analyst to remain both interested and disinterested and

passionate and dispassionate.

5.2. Conflict between Hypotheses

Analysis of the evolution of life cycles in the Digenea creates exactly the

kind of problems that we have described above. In our analysis we largely
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avoided addressing a substantial problem that bears on much of the analysis

above – how did the basic digenean life cycle evolve? The problem that we

have avoided is easily described. The topology of the Platyhelminthes as

a whole, and the position of the Neodermata (Figure 2) allow the

parsimonious interpretation that neodermatans as a whole adopted

parasitism of vertebrates. This hypothesis suggests that, subsequently, the

Trematoda adopted molluscs as second intermediate hosts. It is parsimo-

nious to propose then that the initial digenean two-host cycle resembled that

of present-day aspidogastreans as described earlier.

Two difficulties are posed by this hypothesis. First, it implies that

vertebrates were adopted just once by the ancestors of the Neodermata;

parsimony suggests that all present-day associations can be explained by

coevolution or host-switching, not the separate adoption of vertebrates

de novo. However, the hypotheses developed above may imply separate

adoption of vertebrates, at least by the Diplostomida and the Plagiorchiida.

More extravagant hypotheses, which are not without support, might suggest

even more adoptions. First in the list of candidates for independent

adoption of vertebrates might well be the Transversotrematidae.

The second problem relates to the evolution of the cercaria. Parsimonious

interpretation of the topology of the Neodermata suggests that the digenean

life cycle arose from an aspidogastrean-style cycle. The difficulty with this is

that, in the Aspidogastrea, infection of the definitive host occurs by

ingestion of the mollusc. By contrast, our analysis of cercarial behaviour

allows the unambiguous conclusion that for extant Digenea the cercaria

plesiomorphically emerged from the mollusc. An overall analysis of the

Neodermata suggests that an aspidogastrean-style life cycle gave rise to a

digenean cycle in which the cercaria emerged from the mollusc. However,

there is no compelling narrative to describe how this might have occurred.

Hypotheses for the Digenea such as that of Pearson (1972) suggested that

cercarial emergence occurred in the context of a mollusc-only life cycle. This

idea makes it relatively easy to postulate hypotheses in which some of the

distinctive vertebrate infection strategies of the Diplostomida and the

Plagiorchiida were derived independently.

Thus, objective parsimony analysis of the major taxa of Neodermata

suggests one set of hypotheses whereas analysis of the Trematoda in

isolation suggests quite different hypotheses. In principle, the resolution of

the problem should occur by way of an expanded analysis that

incorporates more taxa and more objectively mappable characters, if

extant taxa have sufficiently retained the evolutionary markers. In

practice, however, the task is formidable; present analyses rely on more

than a century of accumulated study of digenean life cycles. The truth here

may well be unknowable.
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5.3. Ten Questions

We believe that substantial progress is being made in the understanding of

the evolution of the digenean life cycle. However, many questions remain to

be answered. Below we pose ten questions that we consider both important

and unanswered, but potentially answerable when incorporated in the

approach espoused herein.

(i) What, if anything, is homologous between the aspidogastrean and

digenean life cycles? An answer to this question should address two

related issues: Is the infection of molluscs in the two groups truly

homologous? Did the Trematoda as a whole inherit parasitism of

vertebrates from a single neodermatan adoption of vertebrate

parasitism?

(ii) Has any major clade of digeneans coevolved (in the sense of strict

cophyly with little or no host-switching) with molluscan first

intermediate hosts?

(iii) How did life cycles within the Diplostomida arise, and are their origins

linked to the appearance of tetrapods?

(iv) Why are the Sanguinicolidae uniquely found in gastropods, bivalves

and polychaetes as first intermediate hosts and holocephalans,

chondrichthyans and teleosts as definitive hosts?

(v) Why are digeneans conspicuously rare in chondrichthyans?

(vi) Why do the Bivesiculidae lack oral and ventral suckers?

(vii) How did the life cycle of the Transversotrematidae arise?

(viii) Why have the Paramphistomata lost their oral suckers?

(ix) What is the significance of the correlation between the infection of

bivalves and the presence of sporocysts?

(x) What was the chronology of the evolution of the digenean life cycle?

If these questions are answered with evidence that is both objective and

compelling, the evolution of the digenean life cycle may be considered well-

understood. Answers to some of the questions have been inferred herein,

but should certainly be subject to further scrutiny. Other questions

require further descriptive work. We are by no means beyond the age of

information gathering; for a number of intriguing digenean families there is

no life cycle information at all and for many it is inadequate. For some of the

questions we may already have all the information that can be gathered.

Some questions may prove unanswerable based on evidence stemming from

extant taxa.

Analysis of the evolution of life cycles should occur at many

different levels within a phylogenetic framework. For example, we note
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inconsistencies when the phylogeny of the Neodermata and the Digenea are

considered separately. Such inconsistencies are informative in that they

demand further work and illumination. Detailed analyses of smaller clades

(e.g. superfamilies) will minimize the need to make assumptions about more

inclusive clades (e.g. orders) and will provide a better understanding of both

plasticity and conservation in the evolution of digenean life cycles.

Moreover, new phylogenies with even greater representation of digenean

diversity will extend our ability to infer the sequence, acquisition and loss of

life cycle traits. We hope that our efforts will go some way in guiding

workers who wish to elucidate the evolution of parasite life cycles within

other taxa.

APPENDIX

Summary of key life cycle characteristics of major taxa of the Digenea

discussed in this review. Taxa are listed in the order shown in the figures

Order Diplostomida

Brachylaimoidea. This superfamily comprises mainly families that have

entirely terrestrial life cycles (Brachylaimidae, Hasstilesiidae and

Leucochloridiidae) and the Leucochloriodiomorphidae which has an

aquatic cycle. In the Leucochloriodiomorphidae fork-tailed cercariae

emerge from freshwater snails and enter other molluscs in which they

form metacercariae; the molluscs are eaten to complete the life cycle

(Allison, 1945). In the Brachylaimidae almost tail-less cercariae leave the

terrestrial gastropod and enter another gastropod where they form

metacercariae (Mas-Coma and Montoliu, 1986). In the Hasstilesiidae and

Leucochloridiidae (Bakke, 1980) the life cycle is two-host, the cercariae

forming metacercariae in the snail in which they are produced. The egg must

be ingested by the gastropod.

Diplostomoidea. This superfamily comprises six families (Diplostomidae,

Strigeidae, Brauninidae, Bolbocephalodidae, Cyathocotylidae, Protero-

diplostomidae) (Niewiadomska, 2002) all of which occur as adults in

tetrapods only. The life cycle is highly uniform. Fork-tailed cercariae are

produced in sporocysts in gastropods. These penetrate and form metacer-

cariae especially in fishes and amphibians but also in molluscs and annelids

(Pearson, 1961). In some Diplostomidae the life cycle is expanded to

incorporate four hosts by the intercalation of a mesocercaria (a form
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between the cercaria and the metacercaria) (Pearson, 1956). Eggs typically

hatch and penetrate the first intermediate host.

Schistosomatoidea. This superfamily comprises all the blood flukes

(Sanguinicolidae, Schistosomatidae and Spirorchiidae) and the Clinostomi-

dae. Kanev et al. (2002) include the Clinostomidae and Liolopidae in a

separate superfamily, the Clinostomoidea. The relationship of clinostomids

and liolopids has not been confirmed by molecular evidence and almost

nothing is known of liolopid life cycles. In the Schistosomatoidea as

conceived here fork-tailed cercariae are produced in rediae or sporocysts in

gastropods, bivalves or polychaetes and penetrate their definitive hosts

directly in the case of the blood flukes (Wall, 1951; Køie, 1982; Blair and

Islam, 1983) or enter fishes or amphibians in which metacercariae form in

the case of the Clinostomidae (Dönges, 1974). Eggs typically hatch and

penetrate the first intermediate host.

Order PLAGIORCHIIDA

Bivesiculoidea. This superfamily includes only the Bivesiculidae, and is the

most basal clade in the Plagiorchiida. It comprises about 30 species of

digeneans that occur as sexual adults in the small intestine of fishes. Fork-

tailed cercariae are produced in rediae in gastropods. After emergence from

the snail the body is withdrawn into the base of the tail; the cercaria then

awaits consumption by the definitive host (Cable and Nahhas, 1962;

Pearson, 1968; Cribb et al., 1998). In one cycle it has been shown that a fish

intermediate host may be intercalated (Cribb et al., 1998). Eggs typically

hatch and penetrate the first intermediate host.

Transversotrematoidea. This superfamily includes only the

Transversotrematidae, a tiny family of about 10 species found under the

scales of marine and freshwater fish in the Indo-Pacific region. Their unique

and highly modified fork-tailed cercariae are produced in rediae in

gastropods and attach directly to the definitive host (Cribb, 1988). Eggs

typically hatch and penetrate the first intermediate host.

Azygioidea. This superfamily includes only the Azygiidae which are

parasitic in marine and freshwater fishes. Their life cycle is essentially

identical to that of the Bivesiculidae in that fork-tailed cercariae are

produced in rediae in gastropods, the cercarial body is withdrawn into

the tail after emergence, and the definitive host is infected by ingesting the

cercaria directly (Sillman, 1962). Some cycles are known in which cercariae

emerge with eggs already formed in the uterus (Dickerman, 1946). In many

cycles (especially those leading to infection of elasmobranchs) a second
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intermediate host is apparently intercalated in the life cycle (Brinkmann,

1988). The egg must be ingested by the gastropod.

Hemiuroidea. This superfamily comprises 12 families (Gibson, 2002) and

the Didymozoidae and it is one of the major clades of digeneans parasitic in

marine and freshwater fishes (a few have entered tetrapods). Their life cycles

feature a specialized fork-tailed cercaria known as a cystophorous cercaria.

These are produced in sporocysts or rediae in gastropods and very rarely in

scaphopods or bivalves. When cystophorous cercariae are eaten by the

second intermediate host (which may well always be an arthropod), a

specialized structure, the delivery tube, everts, penetrates the host’s gut and

injects the cercarial body into the haemocoel of the arthropod where an

unencysted metacercaria forms (Køie, 1990). These are then transmitted to

the definitive host by ingestion. A number of hemiuroid life cycles have been

extended to four hosts by the intercalation of an extra host between the

second intermediate and definitive hosts (Madhavi, 1978; Goater et al.,

1990). The life cycle may also be abbreviated; Jamieson (1966) reported a

cycle in which all stages were found within the gastropod. The egg must be

ingested by the gastropod.

Heronimoidea. This superfamily includes only the Heronimidae which is

itself represented by a single species, Heronimus chelydrae, which lives in the

lungs of freshwater turtles in North America. Simple-tailed cercariae are

produced in a massive branched sporocyst in gastropods. The cercariae do

not emerge from the snail host, but are eaten with the snail by the turtle

(Crandall, 1960). The egg hatches and the miracidium penetrates the first

intermediate host.

Bucephaloidea. This superfamily contains only one family, the

Bucephalidae, which is a major clade parasitic almost exclusively in the

intestines of teleost fishes. Distinctive fork-tailed cercariae emerge from

branching sporocysts in bivalves and penetrate fishes in which they form

metacercariae which are transmitted by ingestion to other fishes (Matthews,

R.A., 1974). Miracidia typically hatch and penetrate the first intermediate

host.

Gymnophalloidea. This superfamily comprises the Gymnophallidae of

birds and the Botulisaccidae, Callodistomidae, Fellodistomidae and

Tandanicolidae and fishes. Nothing is known of the life cycles of the

Botulisaccidae and Callodistomidae. All known gymnophalloids use

bivalves as first intermediate hosts and have fork-tailed cercariae that

emerge from sporocysts. The simplest cycles are seen in the

Tandanicolidae and some Fellodistomidae in which the cercariae are

eaten directly by the definitive host (Angel, 1971; Køie, 1980). In some

Fellodistomidae and all known Gymnophallidae the cercariae are eaten

by or penetrate a range of second intermediate hosts in which a
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metacercaria forms (Campbell, 1985). Miracidia typically hatch and

penetrate the first intermediate host.

Paramphistomoidea. This superfamily is a major radiation of up to 12

families found principally in teleosts, amphibians, reptiles and mammals.

Cercariae are simple-tailed and produced in rediae in gastropods. Cercariae

emerge from the gastropod and encyst in the open. Encystment is typically

on vegetation or on hard surfaces of food (e.g. gastropods) that is eaten by

definitive host (Durie, 1956). The life cycle never involves a true second

intermediate host. Miracidia typically hatch and penetrate the first

intermediate host.

Pronocephaloidea. This superfamily is a major radiation of six families

found in all classes of vertebrates except chondrichthyans. Cercariae are

simple-tailed and produced in redia in gastropods. They emerge to encyst in

the open, typically on vegetation or on hard surfaces of food (e.g.

gastropods) that is eaten by definitive host (Martin, 1956). The life cycle

never involves a true second intermediate host. The life cycle differs

materially from that of the Paramphistomoidea only in the miracidium,

which must be eaten by the gastropod host whereupon a mechanical

structure injects it into the body cavity of the host.

Haplosplanchnoidea. This superfamily contains only its type-family,

trematodes parasitic in the intestines of marine herbivorous fishes. Few

life cycles have been elucidated for the family but it appears that simple-

tailed cercariae are produced in sporocysts in gastropods and emerge to

encyst in association with algae to be eaten subsequently by the definitive

host (Cable, 1954). Miracidia typically hatch and penetrate the first

intermediate host externally.

Echinostomatoidea. This superfamily is a major clade comprising

mainly families parasitic in tetrapods. Cercariae are simple-tailed and

produced in rediae in gastropods. The cercariae may encyst in the first

intermediate host (Cyclocoelidae) (Johnston and Simpson, 1940), encyst

in the open (Fasciolidae, some Philophthalmidae, Psilostomidae and

Echinostomatidae) (Cable, 1954; Howell and Bearup, 1967) or in associa-

tion with or inside second intermediate hosts (usually molluscs or

vertebrates – some Psilostomidae and Echinostomatidae) (Johnston

and Angel, 1942). Miracidia typically hatch and penetrate the first

intermediate host.

Opisthorchioidea. This superfamily comprises three main families, the

Cryptogonimidae, Opisthorchiidae and Heterophyidae. They are parasites

of teleosts, reptiles, birds and mammals. Simple-tailed cercariae are

produced in rediae in gastropods and emerge to penetrate fishes (rarely

amphibians) in which a metacercaria develops (Bearup, 1961; Cribb, 1986).

The egg must be ingested by the gastropod.
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Apocreadioidea. This superfamily contains only the Apocreadiidae which

are parasites of the intestines of marine and freshwater teleost fishes. Few

life cycles are known. Typically, simple-tailed cercariae are produced in

rediae with in gastropods. These cercariae emerge to penetrate and encyst in

molluscs and annelids which are eaten by the definitive host (Stunkard,

1964). Miracidia typically hatch and penetrate the first intermediate host

externally.

Lepocreadioidea. This superfamily comprises a major assemblage of

perhaps nine families of trematodes overwhelmingly parasitic in teleosts.

Cercariae are always simple-tailed and almost always infect a second

intermediate host. First intermediate hosts are gastropods in which rediae

occur. Cercariae penetrate a wide range of phyla of invertebrates and rarely

fishes in which a metacercaria develops (Køie, 1975; Watson, 1984; Køie,

1985). Life cycles are completely unknown for Gorgocephalidae,

Enenteridae and Gyliauchenidae. Miracidia typically hatch and penetrate

the first intermediate host.

Monorchioidea. This superfamily includes parasites of marine and

freshwater fishes in the families Monorchiidae and Lissorchiidae.

Monorchiidae produce cercariae in sporocysts in bivalves (Bartoli et al.,

2000) whereas Lissorchiidae produce cercariae in both rediae and sporocysts

in gastropods (Stunkard, 1959). Second intermediate hosts are a wide range

of invertebrates. It appears that typically eggs must be eaten by the first

intermediate host.

Xiphidiata. The Xiphidiata is a huge clade parasitic in all classes of

vertebrates except chondrichthyans. The classification proposed by

Olson et al. (2003) recognizes four superfamilies: Allocreadioidea,

Gorgoderoidea, Microphalloidea and Plagiorchioidea. Overall, life cycles

within this clade are characterized by simple-tailed cercariae that have a

stylet, emerge from gastropods, and penetrate arthropod second inter-

mediate hosts; this life cycle is found in all four superfamilies (Yamaguti,

1943; Johnston and Angel, 1951; Stunkard, 1968; Prévôt et al., 1976).

There are many important variations. First intermediate hosts are

bivalves for the Allocreadiidae, Gorgoderidae and Faustulidae (Thomas,

1958; Chun and Kim, 1982). Both rediae and sporocysts are common in

the Gorgoderoidea whereas sporocysts are overwhelmingly dominant in

the other three superfamilies. Some families, notably the Haploporidae

which also has no second intermediate host, lack stylets (Shameem

and Madhavi, 1991). Metacercaria are formed most frequently in

arthropods but occur in almost any animal. The extent to which these

variations are genuine within-clade variation or may reflect weaknesses in

the current classification and phylogeny is not clear. Cercariae may encyst

within first intermediate hosts (all Eucotylidae, some Microphallidae,
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Opecoelidae and others). Miracidia may hatch or await ingestion of the

egg.
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Dönges, J. (1974). The life cycle of Euclinostomum heterostomum (Rudolphi, 1809)
(Trematoda: Clinostomatidae). International Journal for Parasitology 4, 79–90.

Durie, P.H. (1956). The paramphistomes (Trematoda) of Australian ruminants III.
The life-history of Calicophoron calicophorum (Fischoeder) Nasmark. Australian
Journal of Zoology 4, 152–157.

Ferguson, M.A., Cribb, T.H. and Smales, L.R. (1999). Life-cycle and biology of
Sychnocotyle kholo n. g., n. sp. (Trematoda: Aspidogastrea) in Emydura macquarii
(Pleurodira: Chelidae) from southern Queensland, Australia. Systematic
Parasitology 43, 41–48.

Gibson, D.I. (1987). Questions in digenean systematics and evolution. Parasitology
95, 429–460.

Gibson, D.I. (2002). Superfamily Hemiuroidea Looss, 1899. In: Keys to the
Trematoda (D.I. Gibson, A. Jones and R.A. Bray, eds), Vol. 1, pp. 299–413.
Wallingford and New York: CABI Publishing.

Gibson, D.I. and Bray, R.A. (1986). The Hemiuridae (Digenea) of fishes from the
north-east Atlantic. Bulletin of the British Museum (Natural History) Zoology
51, 1–125.

Gibson, D.I., Jones, A. and Bray, R.A., eds (2002). Keys to the Trematoda. Vol. 1.
Wallingford and New York: CABI Publishing.

Goater, T.M., Browne, C.L. and Esch, G.W. (1990). On the life history and
functional morphology of Halipegus occidualis (Trematoda: Hemiuridae), with
emphasis on the cystophorous cercaria stage. International Journal for
Parasitology 20, 923–934.

Hall, K.A., Cribb, T.H. and Barker, S.C. (1999). V4 region of small subunit rDNA
indicates polyphyly of the Fellodistomidae (Digenea) which is supported by
morphology and life-cycle data. Systematic Parasitology 43, 81–92.

Howell, M.J. and Bearup, A.J. (1967). The life histories of two bird trematodes of the
family Philophthalmidae. Proceedings of the Linnaean Society of New South
Wales 92, 182–194.

Huelsenbeck, J.P., Ronquist, F., Nielsen, R. and Bollback, J.P. (2001). Bayesian
inference of phylogeny and its impact on evolutionary biology. Science 294,
2310–2314.

Jamieson, B.G.M. (1966). Larval stages of the progenetic trematode Parahemiurus
bennettae Jamieson, 1966 (Digenea, Hemiuridae) and the evolutionary origin of
cercariae. Proceedings of the Royal Society of Queensland 77, 81–91.

Johnston, T.H. and Angel, L.M. (1942). The life history of the trematode,
Paryphostomum tenuicollis (S. J. Johnston). Transactions of the Royal Society of
South Australia 66, 119–123.

Johnston, T.H. and Angel, L.M. (1951). The life history of Plagiorchis jaenschi,
a new trematode from the Australian water rat. Transactions of the Royal Society
of South Australia 74, 49–58.

Johnston, T.H. and Simpson, E.R. (1940). The anatomy and life history of the
trematode Cyclocoelium jaenschi n. sp. Transactions of the Royal Society of South
Australia 64, 273–278.

Jue Sue, L. and Platt, T.R. (1998). Description and life-cycle of two new species of
Choanocotyle n. g. (Trematoda: Plagiorchiida), parasites of Australian freshwater
turtles, and the erection of the family Choanocotylidae. Systematic Parasitology
41, 47–61.

LIFE CYCLE EVOLUTION IN THE DIGENEA 251



Kanev, I., Radev, V. and Fried, B. (2002). Superfamily Clinostomoidea Lühe, 1901.
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ABSTRACT

Malaria, from the Italian for ‘‘bad air’’, is a term used to describe a

human disease caused by any of four parasites of the genus, Plasmodium.

There are in fact over 200 described species of Plasmodium that parasitize

reptiles, birds, and mammals, and may or may not cause disease in these

various hosts. In this chapter, we highlight important evolutionary studies

that have been undertaken to determine the relatedness among these
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species and their place in the taxonomic hierarchy. We begin by providing

an overview of our present understanding of the phylum to which malaria

parasites belong—Apicomplexa. The unique characteristics of these

parasites reflect both their adaptation to the parasitic life style as well

as some vestigial remnants of their pre-parasitic evolutionary past.

Phylogenetic analyses provide the means for discerning the means by

which these characteristics have come into existence. We next discuss the

systematics of the genus Plasmodium. Morphology, genomic structure and

content as well as host affiliation of these parasites are all traits that have

been used for establishing taxonomic arrangements. Molecular phyloge-

netics has proven to be an invaluable tool in this regard and so we discuss

the current phylogenetic picture of the genus as well as the correspondence

among the various datasets (morphology, molecules, and host-preference).

Lastly, we present a detailed account of our current understanding of the

evolutionary past of the most deadly of the human malaria species—

P. falciparum.

1. THE MALARIA PHYLUM: APICOMPLEXA

The genus Plasmodium belongs to the Apicomplexa, a large and complex

phylum with >5000 known species and many more to be described (Corliss,

1994). All Apicomplexa are parasitic and are characterized by their

eponymous structure, the apical complex, which plays an important role

in the parasite’s penetration of host cells. Apicomplexa other than

Plasmodium that cause disease in humans include Toxoplasma spp.,

Cryptosporidium spp., and Babesia spp., although any one of these accounts

for a very small fraction of the risk associated with Plasmodium. Since there

is no fossil record of apicomplexans (Margulis et al., 1993), molecular

investigations provide the primary insight to the origins of the phylum.

These studies have indicated that the Apicomplexa are very ancient, perhaps

as old as the multicellular kingdoms of plants, fungi, and animals, and thus

somewhat older than one billion years (Ayala et al., 1998).

1.1. Origin of the Apicomplexan Plastid

A common structural feature of many apicomplexans is the occurrence

of an organelle called the plastid or apicoplast, which is a non-photo-

synthetic homologue of the chloroplast found in plants and algae

(Lang-Unnasch et al., 1998). The function of the plastid organelle in
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apicomplexans is unknown, but recent studies have indicated that it shares a

similar secondary endosymbiotic origin to that of dinoflagellates (Fast et al.,

2001). Interestingly, apicomplexan parasites have retained a metabolic

mechanism referred to as the shikimate pathway, which is essential in the

production of various aromatic compounds including the synthesis of the

amino acids tryptophan, phenylalanine, and tyrosine. This vital function-

ality in plants is associated with the plastid organelle, and so the apicoplast

may also be the site of this activity. Since this pathway is absent from

the animal hosts of apicomplexans, it provides ideal targets for inhibitory

agents such as glyphosate, the active ingrediant of the common herbicide

Roundup2 (Sigma) (Roberts et al., 1998).

The plastid genomes of apicomplexans are highly divergent among the

various members of the phylum in terms of both content and nucleotide

sequence. Indeed, the degree of divergence is high to the extent that the

plastid genome provides few informative phylogenetic markers for deep

evolutionary inquiries. Moreover, it appears that horizontal transfer of

genes has occurred between the plastid and the other apicomplexan

organelle, the mitochondrion (Obornik et al., 2002). This paralogous

situation would make determination of phylogeny a perilous task. Fast et al.

(2001) were able to derive robust species trees by focusing their study on

more conserved genes in the nuclear genome that encode proteins localizing

to specific plastid targets. The results of this study indicate that the ancestors

of apicomplexans were probably photosynthetic, and that the modern

descendents have conserved the plastid as a relic that may have co-opted

some new functional role for the parasites that have retained it (Figure 1).

What is clear is that the plastid is essential to parasite survival insofar as

it serves a number of metabolic and house-keeping functions of the cell

(Roos et al., 2002). Hence, the discovery of this evolutionary relic has

presented new opportunities for drug therapies that target plastid genes in

the parasites (Surolia et al., 2002; Touze et al., 2002).

1.2. Evolution of Apicomplexan Life Cycles

Apicomplexans have complex life cycles that are partitioned into distinct

developmental stages that permit the parasite to invade different host

environments. In some instances, this complex life cycle may involve more

than one host species. Parasites that have a single unique host species are

called monogenetic; for example, Cryptosporidium parvum that infects

animal gut epithelia requires only one host species for its transmission.

However, all Plasmodium spp. are digenetic parasites, requiring two separate

host species to complete their life cycle. The two host species are
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distinguished as being either definitive or intermediate, with the definitive

host being the site in which sexual reproduction of the parasite occurs. A

long-standing debate regarding Plasmodium evolution is whether these

parasites evolved directly from monogenetic parasites of ancient marine

invertebrate ancestors of modern chordates, or whether they descended

from other digenetic parasites (Huff, 1938; Manwell, 1955; Garnham, 1966;

Barta, 1989). To date, molecular phylogenetic comparisons have not given

complete resolution to this issue, but it is apparent from analyses of

ribosomal DNA and other genetic loci that the digenetic life style has

multiple independent origins among apicomplexans (Barta, 1989; Escalante

and Ayala, 1995; Fast et al., 2002).

Vertebrates are the typical intermediate hosts of Plasmodium, while

invertebrate species are the definitive hosts or vectors. Plasmodium are

intracellular parasites occupying the blood cells of the intermediate host

for a large part of their life cycle; accordingly, their invertebrate vectors

are blood-feeding organisms, most typically mosquitoes, although in the

case of some of the reptilian malariae, sand flies serve as the vector

(Kimsey, 1992).

2. MORPHOLOGY, PHYLOGENETICS AND

PLASMODIUM SYSTEMATICS

Before the widespread application of molecular phylogenetics, parasite

systematists determined relationships of malaria parasites by comparison

Figure 1 Phylogeny of protozoal phyla, showing the origin of the plastid-like
apicoplast organelle. The most parsimonious explanation for the observed pattern
is that the apicoplast is derived from a very early endosymbiosis and that this
organelle was subsequently lost in the ciliates (Fast et al., 2001).
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of discernible traits such as host- and vector-preference, morphology,

geographical distribution and life history. Many of these parasite charac-

teristics retain importance for diagnostic purposes and assessment of risk,

but their patterns of similarity among Plasmodium species do not necessarily

reflect phyletic relationships. For example, the four species traditionally

considered parasitic to humans: P. falciparum, P. malariae, P. ovale, and

P. vivax are – despite the commonality of their infectivity to humans –

markedly different in their respective geographic distribution, pathogenicity,

and life cycle. Analyses of nucleotide sequences of rDNA indicate that

the common ancestry of these four species probably dates back to the

origin of the genus-wide radiation approximately 130 million years (MY)

ago. Moreover, each of these parasites has much more recent common

ancestry with distinct non-human primate malarias, suggesting that

Plasmodium have found preference for primate hosts, including humans,

multiple times in their evolutionary history (Figure 2) (Escalante and Ayala,

1995; Ayala, et al., 1998).

In other instances, malaria parasites that appear very similar turn out

to be quite different when examined molecularly. For example, P.

azurophilum is a lizard malaria parasite infecting Anoles in the Caribbean.

Figure 2 Phylogeny of primate malaria species based on the circumsporozoite
gene (Ayala et al., 1998).
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Perkins (2000) found that these parasites actually comprise a complex of at

least two cryptic species, one infecting lymphocytes and the other

parasitizing erythrocytes. The two species are virtually indistinguishable

microscopically, but they bear distinct mitochondrial DNA (mtDNA)

haplotypes that suggest they diverged prior to their association with their

Anole hosts (Perkins, 2000).

Accordingly, we should evaluate cautiously traditional taxonomy and

systematic arrangements of Plasmodium and other Apicomplexa species.

Biological similarity (or difference) is, of course, the stuff from which

comparative studies are made; however, it is imperative that we determine

whether these similarities are attributable to common ancestry or to con-

vergence on favorable conditions of transmission. If, for example, particular

pathogenicity factors appear to follow phylogenetic trends, then it may be

possible to anticipate future threats from organisms that are closely related

and hence more likely to possess these traits. However, if such traits appear

to have evolved in multiple instances among species, it may be the case that

the plasticity of the trait is such that even benign organisms may take on

pathogenic characters under the right, or for our sake, wrong conditions.

2.1. Host Affiliation of Malaria Parasites

If phylogenetics is an endeavor to determine evolutionary relationships

among species, then systematics is the discipline of assigning taxonomic

designations to these organisms. While it should be the case that the best

taxonomy will reflect phylogenetic relatedness, we know that this is not

always the case. Among parasite systematics, this disparity is often a

consequence of a long held notion that parasites evolve with their hosts.

This assumption implies that different host species should have different

species parasitizing them, and the phylogeny of host and parasite should

be concordant. As we have indicated above, this is not always so, as

demonstrated by the discordant phylogeny of humans and their malaria

parasites. This is where molecular phylogenetics has proven extremely

useful: by providing a means of objectively evaluating these co-evolutionary

hypotheses using a set of less ambiguous characters, i.e., nucleotide and

amino acid sequences. The comparison of molecular phylogenies of

hosts and parasites, allows us to determine whether alterations in host

preference – host shifts – have occurred.

Among avian and reptilian malaria parasites, host-shifts appear to have

been a common occurrence in the evolution of the genus Plasmodium

(Bensch et al., 2000; Ricklefs and Fallon, 2002). The same can be said for

three of the four species of human Plasmodium species, whose evolutionary
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divergence greatly predates the origin of the primates themselves. It follows

that their parasitic associations with humans are phylogenetically indepen-

dent; that is to say that some of these species have been laterally transmitted

to the human ancestral lineage from other distinct host species. In this

instance, the conclusion is consistent with the diversity of physiological

and epidemiological characteristics of the human Plasmodium species (Gilles

and Warrell, 1993).

Molecular phylogenetics has proven invaluable for determining the state

of affairs among the human malaria parasites. Analysis of the nucleotide

sequence of the circumsporozoite protein (Csp) gene of two of these

extremely divergent human parasites P. malariae and P. vivax, found that

they are virtually indistinguishable from two New World monkey parasites,

P. brasilianum and P. simium, respectively (Figure 2) (Ayala et al., 1998).

From this, we inferred that a lateral transfer between hosts has occurred in

recent times, either from monkeys to humans or vice versa. The Csp genetic

distance between P. malariae and P. brasilianum is 0.002� 0.002, not greater

than the distance among the various isolates of P. malariae (n¼ 2), P. vivax

(n¼ 4), or P. falciparum (n¼ 8) (Ayala et al., 1998). This suggests that

P. malariae (isolated from humans) and P. brasilianum (isolated from New

World monkey) have not long diverged from one another and might be

considered a single species exhibiting ‘‘host polymorphism’’ (Escalante and

Ayala, 1994), i.e., able to parasitize more than one host species. A similar

situation appears in the case of the human agent of benign tertian malaria

P. vivax, and the New World primate malaria species, P. simium; both of

which are also genetically indistinguishable.

Whether or not the two species in each of the human–primate parasite

pairs (P. vivax–P. simium and P. malariae–P. brasilianum) should be

considered the same or distinct species is merely a matter of nomenclatural

convenience, and hence is not biologically substantive. More important is

the conclusion that two of the four known human malaria parasites

have nearly identical platyrrhine (New World monkey) parasite relatives.

This is a strong indication that a host-switch has occurred in recent times, or

perhaps that it continues to occur, as would be the case if there were a

demonstrated host-polymorphism.

Determining the direction of the host-switch between human and

platyrrhine – either from monkey to human, or human to monkey – holds

great biological relevance for understanding the evolution of the genus

and understanding the origin of disease. Human and platyrrhine monkeys

are distantly related and have come to be geographically coupled following

the first human colonization of the Americas, which occurred within

the last 15,000 years. The host-switch may have occurred at that time or,

alternatively, it may not have happened until after the second influx of
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humans to South America, i.e. when Europeans began to colonize the

Americas in the 16th century. Whether 500 or 15,000 years have passed since

the host-switch, it would be a mere moment in evolutionary time and so it is

not surprising that the human and platyrrhine parasites are so little

diverged. Both P. simium and P. brasilianum are known to be infectious to

humans (Gilles and Warrell, 1993). Epidemiological serosurveys of humans

and monkeys in French Guiana indicate that platyrrhines may actually serve

as zoonotic reservoirs for human disease (Fandeur et al., 2000), thus lending

support to the host-polymorphism hypothesis.

Unlike the Old World primate parasite, P. reichenowi, that thrives

exclusively in chimpanzees, the platyrrhine malaria parasites are quite

capacious in their host preference, and so these New World parasites appear

quite susceptible to host-switches. P. simium infects at least three, and

P. brasilianum has been identified in as many as 26 species of New World

monkeys (Gysin, 1998). We have argued in the past on the grounds of

evolutionary parsimony, that the host-switches observed in vivax/simium

and malariae/brasilianum were most likely to have occurred from primates

to humans (Escalante and Ayala, 1995; Ayala et al., 1998). Based on

the observed host distribution, the alternative explanation of a switch

from humans to primates seems less plausible since it would require that

multiple independent switches have occurred. For example, in the case of

the malariae-brasilianum host switch, it is improbable that no less than 26

human to platyrrhine (or platyrrhine to platyrrhine) host-switches would

have occurred in the 15,000-year history of human habitation of South

America.

P. vivax and P. malariae have widespread global distributions, while the

complementary P. simium and P. brasilianum are restricted to South

America. This is not inconsistent with a host-switch of the platyrrhine

parasites to human hosts since humans have been remarkably vagile in the

past several centuries and could have carried their parasites wherever they

may have traveled. For example, a survey of ribosomal DNA sequences

revealed the occurrence of a P. brasilianum isolate in Myanmar (Kawamoto

et al., 2002). The most plausible explanation for New World monkey

malaria in Southeast Asia is that an infected human carried it there.

This pattern of host transmission may become more evident as additional

molecular genotypes of malaria isolates collected from around the globe

become available.

Geographical distribution records are somewhat ambiguous with respect

to determining the direction of host-switch in the case of P. vivax and

P. simium. P. vivax is the most cosmopolitan of the human malarias, but

it is notably absent from sub-Saharan Africa. Absence of vivax-malaria in

the region has been attributed to the widespread occurrence of a genetic
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mutation of the Duffy blood group proteins in indigenous sub-Saharan

peoples. Duffy proteins are expressed on the surface of erythrocytes, and

are necessary for receptor–ligand mediated invasion of P. vivax into red

blood cells (Miller et al., 1976). Duffy receptors do not play a role in

infection by the main African malaria parasite, P. falciparum. Individuals

with an Fya�b� mutation do not express the Duffy receptor, suggesting an

adaptive response for resistance to P. vivax. This adaptation is found

primarily in particular parts of Africa, and its occurrence is inconsistent

with a recent introduction of vivax-malaria to humans, suggesting that

the occurrence of this human mutation was in response to an ancient

exposure to P. vivax, which has since been nearly extirpated from the

continent. The possibility that the Duffy mutation may have arisen in

response to some other selection pressure cannot be eliminated. Indeed,

Duffy negative individuals are resistant to P. knowlesi (Mason et al., 1977),

which is an Old World monkey parasite, and hence one with which human

ancestors have shared a common geographical range for millions of years.

The Duffy mutations may have reached high frequency in sub-Saharan

Africa as a counter response to risk of exposure to this zoonotic malaria

known to be infectious to humans lacking the Duffy negative genotype.

Historical documentation of non-malignant (i.e. non-P. falciparum)

malaria in humans is similarly equivocal. Firstly, there is no record of

quartan malaria in South America prior to European colonization.

This would be consistent with the interpretation that P. vivax (as well as

P. malariae and P. falciparum) was introduced to the New World by

the European colonizers and their African slaves. The weakness of this

argument is that it relies on negative evidence, particularly unreliable when

there are few records or studies that would have likely manifested

the presence of malaria in the New World before the year 1500, even if it

had indeed been present.

In the Old World, historical records are more complete. Chinese medical

writings (dated 2700 B.C.), cuneiform clay tablets from Mesopotamia

(� 2000 B.C.), the Ebere Egyptian Papyrus (ca. 1570 B.C.), and Vedic-

period Indian writings (1500–800 B.C.) mention severe periodic fevers,

spleen enlargement and other symptoms suggestive of malaria (Sherman,

1998). Spleen enlargement and the malaria antigen have been detected in

Egyptian mummies more than 3000 years old (Miller et al., 1994; Sherman,

1998). Hippocrates’ (460–370 B.C.) discussion of tertian and quartan fevers,

‘‘leaves little doubt that by the fifth century B.C. Plasmodium malariae

and P. vivax were present in Greece’’ (Sherman, 1998, p. 3). If this

interpretation is correct, the association of P. malariae and P. vivax with

humans could not be attributed to a host switch from monkeys to humans

that would have occurred after the European colonization of the Americas.
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This would be definitive evidence, so long as one accepts the interpretation

that the fevers described by Hippocrates were indeed caused by the two

particular species P. vivax and P. malariae (rather than, say, P. ovale).

The matter will be resolved by comparing the genetic diversity of the

human and primate parasites. Genetic diversity will be greater in the donor

host than in the recipient host of the switch. If the transfer has been

from human to monkeys, the amount of genetic diversity, particularly

at silent nucleotide sites and other neutral polymorphisms, will be much

greater in P. vivax than in P. simium, and in P. malariae than in

P. brasilianum (including in each comparison the polymorphisms present

in the various monkey host species). A transfer from monkey to humans

should yield much lower polymorphism in the human than in the monkey

parasites. Due to their lesser role in human mortality and morbidity, these

malaria species have not garnered the attention that has been lavished on

P. falciparum, and so very little genetic diversity data are available for

P. vivax and P. malariae, and far, far less for P. brasilianum and P. simium.

Acquisition of this kind of data will be of great benefit in evaluating

the origins of human malaria and in determining whether animals may serve

as disease reservoirs.

In addition to expanding the breadth of genomic sequence data from

well-characterized malaria species, it is also imperative that more taxa be

included in phylogenetic surveys. Exclusion of taxa may lead to biased

results in determining relationships among species. For example, Waters

et al. (1991) found that the human parasite P. falciparum is most closely

related to the avian Plasmodium parasites and hence concluded that

‘‘infection by P. falciparum is a recent acquisition of humans and possibly

coincident with the onset of agriculture-based life style’’. In a follow-up

study utilizing the same dataset, however, with the inclusion of a sequence

from the chimpanzee parasite P. reichenowi, Escalante and Ayala (1994)

found that the closest relative of P. falciparum is P. reichenowi and not the

avian species. The latter study demonstrated conclusively that P. falciparum

has been associated with the human lineage since a time that predates the

split of humans and chimpanzees.

One of the most comprehensive molecular phylogenetic surveys of

Plasmodium species to date is that of Perkins and Schall (2002), who

examined the mtDNA cytochrome-b (cyt-B) gene from 52 species of

mammalian, avian and saurian parasite species of the genus Plasmodium

and three related genera (Haemoproteus, Hepatocystis, and Leucocytozoon).

The resulting phylogeny (Figure 3) revealed two important conclusions,

(1) Plasmodium spp. are paraphyletic with respect to Haemoproteus and

Hepatocystis parasites, and (2) P. falciparum and P. reichenowi belong to a

monophyletic group of mammalian parasites at the exclusion of avian and
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Figure 3 Phylogeny of several species of parasites representing four genera
(Plasmodium, Haemoproteus, Hepatocystis, and Leucocytozoon) (Perkins and Schall,
2002). The dash line connecting the Leucocytozoon outgroup indicates that this
branch is not drawn to scale with genetic distances (the actual branch would be
much longer).
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saurian species. The phylogeny also suggests that the clade consisting of

P. reichenowi and P. falciparum is quite distinct from the other primate

malarias, although likelihood ratio tests (using the method of Shimodaira

and Hasegawa (1999)) failed to reject the hypothesis that these two species

belong to the primate clade (Perkins and Schall, 2002). It should also be

noted that while Perkins and Schall (2002) criticize the taxon-bias short-

comings of previous efforts to determine Plasmodium phylogeny, their own

dataset excludes P. brasilianum, an important and quite possibly a human

parasite whose position is controversial as explained in preceding para-

graphs. Of course, no single study will be able to include all known-species

let alone those species that are yet to be described. Limitations due to taxon

bias can be minimized by using phylogenetic tools to test hypotheses and in

doing so, making certain that the assumptions of the inquiry and the scientific

design of the experiment are sufficient to achieve a robust conclusion.

2.2. Affiliation of Malaria Parasites with their

Arthropod Vectors

Another chasm in our understanding of malaria parasite evolution is with

regard to its shared evolution with the definitive host, the mosquito. Not

only are the diverse human malaria parasites all associated with human

disease, they also share the commonality of having an Anopheles mosquito

as their primary vector. Indeed, the vast majority of Plasmodium spp. are

transmitted by mosquitoes, with the rare exception of a few lizard malarias

which are transmitted by sand flies (Kimsey, 1992). A great deal of

information about these mosquitoes has been collected in recent years,

including the now complete sequence of the Anopheles gambiae (Holt et al.,

2002). Chromosomal inversion, allozymes, and microsatellites have all

proven useful in determining phylogeny and population structure of several

anopheline species (Powell et al., 1999; Walton et al., 2000; Krzywinski and

Besansky, 2002). Certainly, the phylogeny and population structure of

malaria parasites will be linked to that of their vectors, but to date little

work has been done in this regard. A complete understanding of evolution

of malaria will require that this gap be filled.

3. EVOLUTION AND EXTANT DISTRIBUTION OF

MALIGNANT HUMAN MALARIA: P. FALCIPARUM

The classical designation of P. falciparum as the agent of ‘‘malignant’’

malaria is due to the severity of disease it causes relative to the other three
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human parasites. It is among the greatest threats to global human health,

particularly in the developing world. With as many as 500 million malaria

cases per year (among which >2 million will result in death of the patient),

the burden on these developing countries is staggering (Trigg and

Kondrachine, 1998). Despite more than a century of biomedical research,

which saw unprecedented examples of international collaboration to

eradicate the disease, the situation only seems to be worsening as

drug-resistant parasites and pesticide-resistant mosquitoes dominate the

landscape.

Indeed, P. falciparum has demonstrated remarkable adaptive potential

in overcoming every effort to thwart its transmission. Novel strategies are

currently in development. These include the innovation of new therapeutic

modalities (Macreadie et al., 2000; Price, 2000), development of protective

vaccines (Guerin et al., 2002; Moorthy and Hill, 2002; Plebanski et al.,

2002), and efforts to develop refractory mosquito vectors (Atkinson

and Michel, 2002; Ito et al., 2002). Choosing the most effective means of

reducing malaria transmission, for example selecting among the more than

40 vaccines currently in development, will require careful consideration of

the parasites’ ability to circumvent intervention. Accordingly, it is crucial

that we look first to the evolutionary processes that have facilitated the

long-term association of the parasite and its human host. Understanding

this evolutionary past will help to interpret how genetic variation among

extant P. falciparum parasites actuates to become adaptive response.

In stark contrast to the situation in the other human malaria parasites,

P. falciparum has shared a parallel evolutionary trajectory with its

chimpanzee counterpart, P. reichenowi. P. falciparum is distinct from,

although closely related to P. reichenowi. Indeed, P. falciparum is more

closely related to P. reichenowi than it is to any other Plasmodium species.

The time of divergence between these two Plasmodium species is estimated

at 5–7 million years (MY) ago, which is roughly consistent with the time

of divergence between the two host species, human and chimpanzee

(Escalante and Ayala, 1995). A parsimonious interpretation of this state

of affairs is that P. falciparum is an ancient human parasite associated with

our ancestors at least since the divergence of the hominids from the great

apes, and that the divergence of P. falciparum and P. reichenowi was

concurrent with the divergence of their host species, humans and chimps.

Since P. falciparum seemingly shares a long-term evolutionary history

with its human host, investigators have hypothesized that some of the

allelic forms of P. falciparum antigenic determinants may date back even

beyond the origin of the human species (Hughes, 1993; Hughes and

Hughes, 1995). This situation would be analogous to that found in human

HLA loci, where extant allelic variants are older than the human species
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(Ayala et al., 1994). An abundance of epidemiological information suggests

that extant populations of P. falciparum are remarkably variable. However,

most studies of genetic diversity have focused on genes encoding either

antigenic determinants or drug resistance factors. Moreover, much of the

observed diversity is attributable to changes that have occurred in

nucleotide positions leading to changes in the encoded amino acid, i.e.

nonsynonymous or replacement substitutions. Replacement polymorphisms

in antigenic genes are usually under strong diversifying selection imposed by

the host’s immune system (Escalante et al., 1998). Since nucleotide variants

that alter amino acid sequence of antigenic genes may be maintained by

selection, their rates of evolution are likely to be quite erratic, and hence

they do not readily lead to accurate estimation of the age of species (Rich

et al., 2000). Silent-site or synonymous polymorphisms do not alter the

encoded amino acid and so are thought to be largely neutral with respect to

natural selection. Accordingly, nucleotide substitutions at these sites occur

at steady rate through geological time periods, as a function of the mutation

rate and time elapsed. The rate of such substitutions can be obtained

empirically by counting differences among gene sequences from species for

which the divergence time is known.

3.1. Malaria’s Eve Hypothesis

We sought to determine the age of the extant distribution of P. falciparum

by measuring the degree of synonymous polymorphisms among isolates

from globally distributed locations (Rich et al., 1998). Surprisingly, we

found a paucity of such polymorphism, and based on these observations

we estimated that the current distribution of P. falciparum throughout

the world’s tropical regions is derived from a small ancestral population

within the very recent past. We determined the upper confidence interval of

the age of this recent ancestry at 8000–60,000 years (Rich et al., 1998, 2000).

We referred to this conclusion as the Malaria’s Eve hypothesis.

In the few short years following our first report of Malaria’s Eve, the issue

has created a contentious debate. Our initial conclusion was based on

sequences that were then available from GenBank, and the only criteria

for inclusion of genes in our dataset was that they had to be void of

repetitive DNA sequences and show no evidence of being under positive

selection. At that time (1998), the amount of sequence data available

for the species was rather limited, but since that time this dataset has

grown exponentially, culminating in the complete genome sequence of

P. falciparum published in 2002 (Gardner et al., 2002). This has spurred

other investigators to carefully scrutinize Malaria’s Eve hypothesis.
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One of these studies entailed a large scale sequencing survey of 25 introns

located on the second chromosome, from eight P. falciparum isolates

collected among global sites (Volkman et al., 2001). The findings of this

study confirmed our previous result: there is an extreme scarcity of silent

site polymorphism among extant distributions of P. falciparum. Among

some 32,000 nucleotide sites examined, Volkman et al. (2001) found only 3

silent single nucleotide polymorphisms (SNPs) and concluded that the age

of Malaria’s Eve was somewhere between 3200 and 7700 years, depending

on the calibration of the substitution clock.

Conway et al. (2000) have presented further evidence in support of

Malaria’s Eve based on analysis of the P. falciparum mitochondrial genome.

They examined the entire mitochondrial DNA (mtDNA) sequence of

P. falciparum isolates originating from Africa (NF54), Brazil (7G8), and

Thailand (K1 and T9/96), as well as the chimpanzee parasite, P. reichenowi.

Alignment of the four complete mtDNA sequences (5965 bp) showed that

139 sites contain fixed differences between falciparum and reichenowi,

whereas only 4 sites were polymorphic within falciparum. The corresponding

estimates of divergence (K, between P. reichenowi and P. falciparum)

and diversity (�, within P. falciparum strains), are 0.1201 and 0.0004,

respectively. In short, divergence in mtDNA sequence between the two

species is 300-fold greater than the diversity within the global P. falciparum

population. If we use the rDNA-derived estimate of 8my as divergence time

between P. falciparum and P. reichenowi, then the estimated origin of the P.

falciparum mtDNA lineages is 26,667 years (i.e. 8my/300), which

corresponds quite well with our estimate based on 10 nuclear genes (Rich

et al., 1998). In a subsequent survey of a total of 104 isolates from Africa

(n¼ 73), Southeast Asia (n¼ 11), and South America (n¼ 20); Conway et al.

(2000) determined that the extant global population of P. falciparum is

derived from three mitochondrial lineages that started in Africa, and

migrated subsequently (and independently) to South America and Southeast

Asia. Each mitochondrial lineage is identified by a unique arrangement of

the 4 polymorphic mtDNA nucleotide sites.

Arguments against the Malaria’s Eve hypothesis come in two forms. The

first argument is that the loci chosen in the studies described above are a

biased sample and do not reflect the levels of polymorphism in the genome

as a whole. The second counterargument concedes that nucleotide poly-

morphisms are scarce, however this is not attributable to recent origins, but

rather reflects strong selection pressure against the occurrence of synon-

ymous SNPs.

Another study reports an ‘‘ancient’’ origin of a P. falciparum is based on a

survey of sequences available from the GenBank database (Hughes and

Verra, 2001). As with the data in our original paper (Rich et al., 1998), these
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GenBank sequences are compiled from a variety of sources and many of the

entries may contain sequencing errors associated with taq misincorporation

during the PCR amplification of alleles. Moreover, some of the sequences

included in the Hughes and Verra paper were not carefully examined,

and the comparisons include multiple nucleotide sequences from a single

clone derived in different laboratories. For example, GenBank entries

AF239801 and AF282975 are both falcipain-2 sequences from P. falciparum

clone W2. Regardless of possible errors, the overwhelming message from

their compiled data is that there is indeed a dearth of polymorphism. In fact,

among the 23 loci examined, which comprised over 10,000 codons, only

six contained synonymous SNPs in 4-fold degenerate codons. Nonetheless,

Hughes and Verra (2001) conclude that time to most recent common

ancestry of P. falciparum must be 300,000–400,000 years.

A most ambitious effort to quantify polymorphism in P. falciparum

involved a survey of >200 kb from the completed chromosome 3 (Mu et al.,

2002). The authors reported 31 and 62 polymorphisms among 80,415

noncoding and 192,400 synonymous nucleotide sites, respectively. Using

the equation and mutation rates from our paper (Rich et al., 1998), Mu et al.

(2002) estimated that the common ancestor to be between 102,000 and

177,000 years old. At this level of polymorphism, i.e. 62 of 192,400 (or

0.03%), the error rate in PCR and sequencing becomes relevant and bears

great impact on estimates of recent ancestry. Mu et al. (2002) re-amplified

and re-sequenced 56 of the SNP (both synonymous and nonsynonymous)

containing regions and in this second pass found that 2 of the SNPs were

in error (an error rate of �4.0%). Because of this, the previously described

paper by Volkman et al. (2001) incorporated a highly redundant approach

to assure integrity of the data. Their methods involved meticulous

bi-directional sequencing of three clones from each of three independent

PCR amplifications, or an 18-fold redundancy (Hartl et al., 2002).

Another concern about calculation of the age of Malaria’s Eve pertains

to the estimation of mutation rates. The estimates used by Mu et al. (2002)

are from a very small number of nucleotides (708 bp) compared between

the rhoptry-associated protein gene of P. falciparum and P. reichenowi (Rich

et al., 1998). The neutral mutation rate may vary among chromosomal

regions and its estimation is subject to sampling error. Even slight

perturbations in its calculation will have exponential effects on estimation

of age of the common ancestor. Reliable estimates of the mean age of the

recent common ancestor are in the range of 4000 to 380,000 years (Table 1).

While at first glance these differences of nearly two-orders of magnitude

appear unsatisfactory, the differences are, in fact, quite small in light of the

5 MY age of the species dating back to its split with the chimpanzee

parasite. This means that the global, extant distribution of P. falciparum,
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Table 1 Summary of results from various age estimates of the most recent common ancestor (MRCA) of extant populations of

P. falciparum.

Reference Source basis Mean estimate � 95% C.I. of MRCA (105 years)*

5 MY 7 MY

Rich et al., 1998 Non-antigenic housekeeping

coding regions, synonymous sites

0 (�0.38) 0 (�0.53)

Conway et al., 2000 mtDNA (complete genome) (na) (na) 0.267** (na)

Volkman et al., 2001 Introns on chromosome 2 0.032 (na) 0.077 (na)

Hughes and Verra, 2002 Antigenic and housekeeping

coding sequences, synonymous sites

2.94 (�0.9) 3.85 (�0.77)

Mu et al., 2002 Coding regions of chromosome 3 1.26 (�0.46) 1.77 (�0.33)

*age estimates are provided for two different calibrations of the substitutional clock based on the two estimated divergence times (5 and 7 MY) of the P. falciparum –

P– reichenowi split (see Rich et al., 1998 for details).

**estimate based on 8 MY divergence of P. falciparum–P. reichenowi as described in text.
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with its abundant diversity of antigens and drug resistance factors,

originated in only a small fraction (at most �5%) of the time since the

origin of the species. This finding contrasts greatly with the previous

estimates of some antigenic variation to the order of 35 MY old (Hughes

and Hughes, 1995; Rich et al., 2000).

Despite discrepancies in the estimation of age of the Malaria’s Eve

common ancestry, it is clear that nucleotide polymorphisms are scarce in

many portions of the P. falciparum genome (Conway and Baum, 2002;

Hartl et al., 2002). A second criticism of the recent origins hypothesis

concedes the paucity of synonymous site polymorphism, but attributes

this to constraints on the genome itself. One proposition is that the extreme

AT content of the P. falciparum genome may suggest that some constraint

is acting upon mutations that lead to unfavorable codon sequences (Arnot,

1991; Saul and Battistutta, 1988; Saul, 1999). As we have argued elsewhere,

this does not seem to be the case, since in spite of AT content as high as

84% in third positions, there appears to be an equal proportion of A and T

nucleotides in third positions of four-fold degenerate codons (Rich and

Ayala, 1999, 2000). Moreover, the fact that synonymous substitutions are in

evidence in the divergence between P. falciparum and P. reichenowi (which

has a similarly extreme AT content), indicates that mutations can and do

occur (Rich and Ayala, 1999).

3.2. Constraints on Synonymous Substitutions

Hartl et al. (2002) have pointed out that genomic constraints seem unlikely

given the variability of microsatellite markers among introns, intergenic

regions and in some cases, coding sequences (Su and Wellems, 1996;

Anderson et al., 1999, 2000; Volkman et al., 2001). Nonetheless, Forsdyke

(2002) has argued that the extreme conditions of the P. falciparum genome

present a situation where selection for genomic composition exceeds the

selection on the proteins encoded by these genes. The argument is leveled

not so much against the Malaria’s Eve hypothesis in particular, but rather

the author attempts to refute the notion that neutral evolution is even

possible. This warrants further discussion.

In an attempt to assign adaptive significance to the occurrence of a

simple–repetitive sequence element (the Epstein-Barr Nuclear Antigen-1,

EBNA-1) in the genome of the Epstein-Barr virus (EBV), Forsdyke (2002)

argues that the selective pressure for particular genomic content and/or

arrangement supercedes the selection acting on encoded proteins (pheno-

type). The EBNA-1 can be removed from the genome without any loss of

function in the virus. Because EBV, like most viruses, tends to lose

272 S.M. RICH AND F.J. AYALA



extraneous genetic elements nonessential to its survival, Forsdyke (2002)

maintains that the EBNA-1 must have a function other than that typically

assigned to genes, i.e., to encode message. To establish this fact, he has

developed several descriptive parameters that are based on the nucleotide

composition and secondary-folding potential of nucleotide sequences. These

parameters are termed as potential ‘‘pressures’’ acting on the genome to

maintain a particular configuration and/or composition. Forsdyke (2002)

tested whether the region in question has extraordinary values for the

pressure-parameters, and found that in the EBNA-1 region, there was an

excessive skew in purine content (A and G), which would limit the potential

for folding of the molecule and hence reduce recombination. The potential

benefit of this situation is not explained and its biological relevance remains

unclear.

The analysis of the EBV provided the analytical bases of Forsdyke’s claim

that P. falciparum is under pressure for reduced nucleotide polymorphism.

He chose to examine the individual sequence content of two P. falciparum

genes coding for surface antigens, Csp and Msp-2 (merozoite surface

protein-2). As with the EBNA-1, he found that there was a high bias toward

purines (primarily A in this case) and a strong potential for secondary

folding within the repetitive regions of both Msp-2 and Csp. The only

conclusion drawn from this was that the high folding potential might

enhance recombination in the repeat regions of both genes. The model

is neither predictive nor explanatory, and even offers very little in the way of

descriptive value. If it were demonstrated that these extraordinary pressure

regions had significantly less (or greater) synonymous site polymorphism,

and that pressure was predictive of this polymorphism, the author’s claim

may bear some relevance. However, neither of these claims can be made

particularly because the author chose to examine two of the most highly

polymorphic loci known in P. falciparum. What is clear is that silent site

polymorphisms are in evidence in non-falciparum malaria species, and that

synonymous substitutions have occurred in the evolution of P. falciparum

and P. reichenowi. On this basis, we maintain that while substitutions

may be constrained due to nucleotide composition and/or codon usage bias,

these constraints do not explain the paucity of P. falciparum synonymous

site variation. Therefore, the Malaria’s Eve hypothesis remains the most

likely explanation for this state of affairs.

In addition to the analyses of genetic polymorphism data, there

is independent information in support of the Malaria’s Eve hypothesis.

Sherman (1998) notes the late introduction and low incidence of falciparum

malaria in the Mediterranean region. Hippocrates (460–370 B.C.) describes

quartan and tertian fevers, but there is no mention of severe malignant

tertian fevers, which suggests that P. falciparum infections did not yet occur
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in classical Greece, as recently as 2400 years ago. Interestingly, Tishkoff et al.

(1997) traced the origin of malaria-resistant G-6pd genotypes in humans to

the spread of agricultural societies some 5000 years ago. The recent origin of

this mutation in humans suggests a similarly recent association with

widespread exposure to the malaria parasite.

How can we account for a recent demographic sweep of P. falciparum

across the globe, given its long-term association with the hominid lineage?

One likely hypothesis is that human parasitism by P. falciparum has

long been highly restricted geographically, and has dispersed throughout

the Old World continents only within the last several thousand years,

perhaps within the last 10,000 years, after the Neolithic revolution

(Coluzzi 1994, 1997, 1999). Three possible scenarios may explain this

historically recent dispersion: (1) changes in human societies, (2) genetic

changes in the host–parasite–vector association that have altered their

compatibility, and (3) climatic changes that entailed demographic changes

(migration, density, etc.) in the human host, the mosquito vectors, and/or

the parasite.

One factor that may have impacted the widespread distribution of

P. falciparum in human populations from a limited original focus, probably

in tropical Africa, may have been changes in human living patterns,

particularly the development of agricultural societies and urban centers

that increased human population density (Livingston, 1958; Weisenfeld,

1967; de Zulueta et al., 1973; de Zulueta, 1994; Coluzzi, 1997, 1999;

Sherman, 1998). Genetic changes that have increased the affinity within the

parasite-vector-host system are also a possible explanation for a recent

expansion, not mutually exclusive with the previous one. Coluzzi (1997,

1999) has cogently argued that the worldwide distribution of P. falciparum is

recent and has come about, in part, as a consequence of a recent dramatic

rise in vectorial capacity due to repeated speciation events in Africa of the

most anthropophilic members of the species complexes of the Anopheles

gambiae and A. funestus mosquito vectors. Biological processes implied by

this account may have been associated with, and even dependent on the

onset of agricultural societies in Africa (scenario 1) and climatic changes

(scenario 3), specifically gradual increase in ambient temperatures after the

Würm glaciation, so that about 6,000 years ago climatic conditions in the

Mediterranean region and the Middle East made the spread of P. falciparum

and its vectors beyond tropical Africa possible (de Zulueta et al., 1973;

de Zulueta, 1994; Coluzzi, 1997, 1999). The three scenarios are likely

interrelated. Once demographic and climatic conditions became suitable

for propagation of P. falciparum, natural selection would have facilitated

evolution of Anopheles species that were highly anthropophilic and effective

falciparum vectors (de Zulueta et al., 1973; Coluzzi, 1997, 1999).
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4. CONCLUDING REMARKS

Traditional approaches to the study of infectious disease were necessarily

partitioned into a diverse array of disciplinary approaches corresponding

roughly to the hierarchical arrangement of biological systems ranging

from examination of individual molecules to study of epidemiological

patterns of pathogen transmission among host populations. This had

the unfortunate consequence of creating an often-disjointed under-

standing of human disease. At present, it is possible to perceive the

biological aspects of disease transmission in a more astute fashion by

incorporating information that spans this hierarchy: from genomes to

populations of pathogenic organisms and hosts. This opportunity arises as a

result of the confluence of several scientific disciplines, including population

genetics and molecular biology into a unified field of genomics. Phylogenetic

analyses play an important role in this new science, by allowing us not only

to determine relatedness of individual pathogen, but also in sorting out the

interrelatedness of genome elements which themselves have arisen by

phyletic processes within the lines of descent leading to the organisms that

possess them.
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ABSTRACT

A growing number of comparative analyses in the field of parasite evolution

and ecology have used phylogenetically based comparative methods.

However, the comparative approach has not been used much by para-

sitologists. We present the rationale for the use of phylogenetic information

in comparative studies, and we illustrate the use of several phylogenetically

based comparative methods with case studies in parasite evolutionary

ecology. The independent contrasts method is the most popular one, but

presents some problems for studying co-adaptation between host and

parasite life traits. The eigenvector method has been recently proposed as a

new method to estimate and correct for phylogenetic inertia. We illustrate

this method with an investigation of patterns of helminth parasite species

richness across mammalian host species. This method seems to perform well

in situations where host and parasite phylogenies are not perfectly congruent,

but one might still want to correct for the effects of both. Finally, we present

a method recently proposed for variation partitioning in a phylogenetic

context, i.e. the phylogenetically structured environmental variation.

1. INTRODUCTION

One of the most powerful approaches to the study of adaptation and

evolution in general involves comparing different species and searching for a

predictable and consistent fit between their traits and some environmental

variable of interest. This is the essence of the comparative method (Harvey

and Pagel, 1991). It has now become almost globally accepted that one

needs to take into account phylogenetic information in cross-species studies

of adaptation (Felsenstein, 1985). The basic argument is mostly a statistical

one, with phylogenetically closely related species not representing truly

independent samples. Simulation studies and empirical analyses have shown

that ignoring phylogenetic relationships among species included in a

comparative analysis may lead to spurious conclusions due to high type I

or type II errors (Gittleman and Luh, 1992; Purvis et al., 1994; Diaz-Uriarte

and Garland, 1996). A growing number of comparative analyses in the field

of parasite evolution and ecology have used phylogenetically based

comparative methods (Poulin, 1995, 1998; Morand, 2000), but their use is

far from universal. Here, we present the rationale for the use of phylogenetic

information in comparative studies, and we illustrate the use of several

phylogenetically based comparative methods with case studies in parasite

evolutionary ecology.
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2. PHYLOGENETIC EFFECTS AND CONSTRAINTS,

AND THE NEED FOR PHYLOGENIES

Several terms have been proposed in the literature to refer to a potential

influence of evolutionary history, i.e. phylogeny, on the observed pattern of

diversity: phylogenetic effects, phylogenetic constraints, phylogenetic niche

conservatism or phylogenetic inertia.

Derrickson and Ricklefs (1988) placed much emphasis on the difference

between phylogenetic effects and phylogenetic constraints. A phylogenetic

effect is only the expression of the tendency of related species to be similar

because they share a common history, whereas a phylogenetic constraint is the

effect of history on the changes in diversification of a given clade (Derrickson

andRicklefs, 1988). In this sense phylogenetic effects and phylogenetic inertia

are equivalent. However, according to McKitrick (1993), the definition of

phylogenetic constraints, rather than placing the emphasis on the causes

themselves, focuses more on the consequences of the constraints. McKitrick

(1993) proposed the following definition in which a phylogenetic constraint is

‘‘any result or component of the phylogenetic history of a lineage that

prevents an anticipated course of evolution in that lineage’’. This definition is

close to the definition of the term exaptation proposed by Gould and Vrba

(1982). The influence of an ancestor on its descendants has been termed

phylogenetic inertia by Harvey and Pagel (1991). Finally, the concept of

phylogenetic niche conservatism refers to shared attributes of phylogenetic

inertia and ecological factors (Grafen, 1989; Harvey and Pagel, 1991).

So why are all these concepts so important for comparative analyses in

parasite evolutionary ecology? Consider as an example the evolution of

body sizes in parasitic nematodes. There is a wide range of adult body sizes

among extant species of parasitic nematodes, from a couple of millimetres to

several centimetres in length. Body size is the most influential determinant of

parasite fecundity and therefore fitness (Skorping et al., 1991; Morand

1996), and investigating what determines its evolution is thus extremely

relevant. The existence of phylogenetic effects becomes apparent when one

looks at the distribution of body sizes among higher taxa of nematodes.

For instance, lets consider parasitic nematodes belonging to the families

Oxyuridae and Ascarididae, which are common intestinal parasites of

mammals. Whatever the host species in which they occur, members of the

family Ascarididae are almost invariably larger-bodied than members of the

family Oxyuridae (Anderson, 2000). Clearly, oxyurids must have inherited

their small size from their common ancestor, whereas ascaridids have

inherited their large size from their common ancestor. Species within

a family are not independent of one another because they share traits simply
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by being related. It is essential to take phylogenetic relatedness into account

in a comparative analysis of the evolution of body size in parasitic

nematodes. This is true of practically all traits, in any taxon, whether

parasitic or not. The additional problem that is mainly restricted to parasites

and other obligate symbionts is that their traits are not only inherited from

their ancestors, but their expression is also likely to be an adaptation to their

environment, i.e. their hosts. Hosts have their own evolutionary history, i.e.

their own phylogeny. Getting back to nematode body sizes, there is good

evidence showing that adult body sizes covary with host sizes (Morand

et al., 1996); ignoring how host sizes themselves have evolved could lead to

erroneous conclusions. Some host groups, such as bats and rodents among

mammals, have similar body sizes despite having completely different

phylogenetic origins, whereas more closely-related host species (e.g. among

rodents, from tiny mice to the 50 kg capybara) may differ widely in body size

despite a more recent phylogenetic divergence. So, in investigations of traits

such as parasite body sizes, the ideal scenario might involve an analysis that

takes into account both the phylogenies of hosts and parasites. Clearly,

ignoring phylogeny altogether should not be an option anymore.

The major problem with comparative analyses of parasites has been that

most of them are small and cryptic, without fossil records (except in rare

exceptions), and their diversity has received much less attention than that

of free-living animals (Poulin and Morand, 2000). For a long time, robust

phylogenetic hypotheses were lacking for most groups, which limited the

application of comparative approaches to studies of parasite ecology and

evolution. However, recent developments in molecular phylogenetics have

provided numerous historical frameworks that allow the investigation of

parasite evolution in a proper phylogenetic context (e.g., Blaxter et al., 1998;

Littlewood and Bray, 2001).

3. THE PHYLOGENETICALLY INDEPENDENT

CONTRASTS METHOD

The phylogenetically independent contrasts method (Felsenstein, 1985;

Martins and Garland, 1991; Garland et al., 1992) has been developed to

resolve the problem of non-independence of data (i.e., traits measured

across different species) in comparative studies. Felsenstein (1985) suggested

a procedure for calculating comparisons between pairs of taxa at each

bifurcation in a known phylogeny; since these bifurcations represent

independent evolutionary events, contrasts between sister taxa issued from

one bifurcation are thus independent from contrasts computed for other
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bifurcations. Since its development in 1985, the independent contrasts

method has become the most widely used in comparative biology, even if

sister group analyses can also be performed.

In a phylogenetic tree, the independent events (on which an analysis can be

performed) correspond to ancestral (or internal) nodes that give rise to

daughter branches. For each internal node, values for a given variable are

obtained by averaging the values of its own daughter branches. Then the

difference for each variable between the two daughter branches of each node

is calculated. In the calculation of contrasts, the direction of subtraction is

arbitrary. Multiple nodes (i.e. unresolved polytomies) can be treated in a way

that gives a single contrast (Purvis and Garland, 1993). Pairs of sister

branches that diverged a long time ago are likely to produce greater contrasts

than pairs of sister branches that diverged recently. It is thus necessary to

standardise each contrast through division by its standard deviation where

the standard deviation of a contrast is the square root of the sum of the

branch lengths issued from it (Garland et al., 1992). The main assumption of

independent contrasts is a Brownian model of character evolution or random

walk model. Changes in the mean phenotype are expected to occur at a

constant rate and to be non-directional. The Brownian model of character

evolution can be tested by regressing the absolute values of contrasts against

the estimated nodal values. In the absence of information on branch length,

one can assume each branch length to be equal to unity. Another method is

proposed by Grafen (1989) for assigning arbitrary lengths. In this method the

age of a node is assigned as the number of daughter groups descended from

that node minus one. Nevertheless, Garland et al. (1992) showed that using

arbitrary or real branch lengths often leads to similar results. In order to

check that contrasts are properly standardised it is suggested to perform a

regression of the absolute values of standardised contrasts versus their

standard deviations. In case of positive relationship it is necessary to

transform branch lengths before computing standard deviations (Garland

et al., 1992). Contrasts can then be analysed using standard parametric tests,

although all correlations between contrasts are forced through the origin.

Non-parametric methods can also be used to analyse the contrasts (e.g. sign

test). Several programs have been developed for performing independent

contrasts analyses, e.g. CAIC (Purvis andRambaut, 1995). Clearly, not taking

into account the phylogenetic information may lead to spurious results,

as illustrated by Morand and Poulin (1998) for the relationship between

mammalian population density and parasite species richness. A non-

phylogenetic approach (cross-species comparisons) leads to the conclusion

that parasite species richness correlates negatively with mammalian

population density (Figure 1A), whereas the use of the independent contrasts

method showed a positive relationship (Figure 1B).
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A robust and accurate phylogeny is the most important assumption of the

independent contrasts method (Harvey and Pagel, 1991; Symonds, 2002) as

well as for sister group analyses. Because of the general lack of phylogenetic

information, the use of randomly generated phylogenetic trees has

been proposed as an alternative (Losos, 1994; Martins, 1996; Abouheif,

1998). For instance, this procedure was used by Simkova et al. (2000) for

the investigation of morphological adaptations of Dactylogyrus spp. to

their Cyprinid hosts. However, a recent simulation study performed by
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Figure 1 Relationship between host body density and parasite species richness
(both variables controlled for host sampling effort) (A) using cross-species
comparisons (p<0.01), (B) using independent contrasts (p<0.05) (redrawn after
Morand and Poulin, 1998).
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Symonds (2002) showed that random phylogenies may actually perform

worse than analyses using raw data with no attempt to control for

phylogeny.

With respect to comparative analysis of parasites, the problem is how to

use the independent contrasts method when investigating the coadaptation

of traits in hosts and their parasites, since ideally phylogenetic information

from both hosts and parasites should be taken into account simultaneously.

The independent contrasts method does not allow for this requirement.

However, if the trait studied is clearly influenced much more by the

phylogenetic history of parasites rather than hosts, or vice versa, then the

independent contrasts method is a powerful tool for studies on parasites.

4. DIVERSITY AND DIVERSIFICATION

Instead of continuous traits, one may want to investigate differences in

rates of diversification among related taxa. The study of biodiversity

involves the measurement of net rates of diversification (rates of speciation

minus rates of extinction). Extinction and speciation rates may differ

among clades, and they may explain the relative ‘‘proliferation’’ of species in

one clade compared to others. The search for causal links between key inno-

vations and the diversification of platyhelminths (Brooks and McLennan,

1991) has stimulated several investigators to study diversification in parasite

lineages.

Diversification rates can be tested using sister group analyses (Barraclough

et al., 1999). Desdevises et al. (2001) tested whether the level of host

specificity affects parasite species diversification within a monogenean

family. They were the first to use the MacroCAIC program (Agapow and

Isaac, 2002), derived from CAIC (Purvis and Rambaut, 1995), in a study on

parasites. MacroCAIC is designed specifically for studies of diversification,

and uses a basic approach based on phylogenetically independent contrasts.

Desdevises et al. (2001) found no effect of host specificity on the species

diversification of the group of monogeneans they investigated. Here, we

investigate the effect of body size on monogenean diversification across all

monogenean families using the data collected by Poulin (2002). Body size is

often believed to be a key driver of diversification rates in animals in general

(Orme et al. 2002a,b), and our example illustrates how this fundamental issue

can be addressed with parasites in a phylogenetic context.

MacroCAIC allows one to use species richness as a variable in a

comparative analysis to estimate whether other traits (here body size) are

associated with high speciation rate (species richness, genus richness, or
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family richness within a higher clade). Species, genus, or family richness per

clade cannot be used as any other continuous variable with independent

contrasts because, in this case, the estimated richness value at each internal

node in the phylogeny is not the average of the values of branches issued

from the node, but their sum.

In our example using monogenean body size and diversification, the

variables tested were:

. the natural log of the CLS/CHS ratio; where CLS is the species richness

of the clade with lower mean body size, for each node of the phylogeny,

and CHS is the species richness of its sister clade with larger mean body

size;

. the natural log of the CLG/CHG ratio; where CLS is the number of

genera in the clade with lower mean body size, for each node of the

phylogeny, and CHS is the number of genera in its sister clade with

larger mean body size;

. the natural log of the CLF/CHF ratio; where CLS is the number of

families in the clade with lower mean body size, for each node of the

phylogeny, and CHS is the number of families in its sister clade with

larger mean body size.

When the ratio is 1, i.e., ln ratio¼ 0, the number of species (or the number

of genera or families) in each sister clade is the same, and when the ratio is

greater than one (positive ln ratio), the clade with the most species (or

genera or families) is also the one with the highest mean body size. The

analyses were then performed across pairs of sister clades at each internal

node of the phylogeny.

The ln(CLS/CHS), the ln(CLG/CHG) and the ln(CLF/CHF) were

regressed against standardised contrasts for ln(mean body size), using

MacroCAIC. If the hypotheses tested are true, we should observe an

increase of diversification with mean body size.

The regression equations using contrasts (forced through origin) were:

ln(CLS/CHS)¼�1.14 ln(mean body size) (R2¼ 0.023, p¼ 0.35, Figure 2A).

ln(CLG/CHG)¼�0.50 ln(mean body size) (R2¼ 0.007, p¼ 0.62, Figure 2B).

ln(CLF/CHF)¼�1.62 ln(mean body size) (R2¼ 0.13, p¼ 0.10, Figure 2C).

Thus, no significant relationships were found between mean body size and

diversification at any taxonomic level among the Monogenea, i.e. clades

with higher species richness are not characterized by smaller or larger mean

body size than their sister clades. Nevertheless, the methods are now

available, and similar comparative studies of parasite diversification are now

possible within other parasite groups with well-resolved phylogenies.
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5. THE PHYLOGENETIC EIGENVECTOR METHOD

The phylogenetic eigenvector regression (PER) has been recently proposed

by Diniz-Filho et al. (1998) as a new method to estimate and correct for

phylogenetic inertia, based on an approach that is very different from that

used when computing phylogenetically independent contrasts.

Diniz-Filho et al. (1998) only used the first principal coordinates selected

with reference to a broken-stick model. All the principal coordinates

extracted from the distance matrix that are significantly related to the

dependent variable(s) can be used. The broken-stick model does not provide

reasons to select variables of importance for the explanation of the

dependent variable. As distances used might not always be Euclidean,

negative eigenvalues may be produced (see Legendre and Legendre, 1998).

In this case, it is possible to apply some correction methods, as presented in

Gower and Legendre (1986) or Legendre and Legendre (1998). Again, a

phylogenetic distance matrix can be obtained either from the raw data (e.g.

sequence alignments), which avoids the reconstruction of a tree, or

computed from a patristic distance matrix representing a phylogenetic

tree. In simple terms, this method consists of transforming phylogenetic

information into numbers that can then be used as any other variable.

A principal coordinate analysis (PCoA) is then performed on a

pairwise phylogenetic distance matrix between species. Eigenvectors and

eigenvalues are extracted from this analysis (Figure 3). Traits under

analysis are regressed on eigenvectors retained by a broken-stick model

and the residuals express the independent evolution of each species,

whereas estimated values express phylogenetic trends in the data. Multiple

regression analyses can also be performed using eigenvectors as predictors

(see below).

5.1. Example Using Mammals

We illustrate this method with an investigation of patterns of helminth

parasite species richness across mammalian host species. We used data on 79

mammal species (see Morand and Poulin (1998) for sources). Data on

various life history traits were obtained from the literature (see Morand

(2000) for sources). We also used recent advances in the knowledge of

mammalian phylogenetic relationships (Cooper and Fortey, 1998; Murphy

et al., 2001) to derive a working phylogeny of the 79 species included in the

analyses. In this case, we correct for host phylogeny, as we expect host

features to influence the number of parasite species they harbour.
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Morand and Harvey (2000), using the independent contrasts method,

have found that parasite species richness is positively correlated with the

basic metabolic rate of mammal hosts and negatively correlated with

mammal longevity. Basal metabolic rate (BMR) gives an indication of

energy expenditure by animals, and represents the minimum energetic cost

necessary for maintaining the activity of an organism. BMR, which scales

with body mass, has been related to a great number of variables such as

body mass, dietary habits, brain size, and reproductive strategies, and the

reasons for the residual variation have been discussed (see Morand and

Harvey, 2000).

We applied the PER to these data and all partial regression coefficients of

the linear correlations are given in Figure 4. The subset of determinants was

obtained using a stepwise regression with a backward elimination procedure.

First, we detected a phylogenetic effect on many of the host life history

traits as depicted by linear correlations between these traits and the first

principal coordinate of the phylogenetic matrix. It appears that the observed

parasite species richness is not correlated with any of the principal

eigenvectors. Second, the stepwise procedure allowed the selection of three

Figure 3 Principal coordinate analysis (PcoA) performed on phylogenetic
distance matrix in order to extract eigenvectors representing the phylogenetic
information (the maximum number of eigenvectors is (n�1) but this may not always
be the case) (after Desdevises, 2001).
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determinants of parasite species richness (corrected for sampling size),

namely host body weight, host BMR and host longevity. We found a

negative effect of body size and much more importantly a negative effect of

host longevity (R2¼ 0.58, p¼ 0.0011). These results illustrate how the PER

can be used in multivariate analyses including corrections for phylogenetic

effects.

6. THE STUDY OF HOST–PARASITE CO-ADAPTATION USING

THE INDEPENDENT CONTRASTS METHOD

Although the phylogenetically independent contrasts method does not

allow for the simultaneous inclusion of two phylogenies, such as that of

hosts and parasites, it can be used to control for both phylogenies in

the unusual case where both phylogenies are perfectly congruent. In other

words, in such cases one needs only to derive contrasts from one phylogeny

to correct for the other one at the same time. This is particularly important

when comparing the effect of one host trait (which may constrained by

host phylogeny) on one parasite trait (which may constrained by parasite

phylogeny).

Sexual Maturity

Parasite Species Richness

(corrected for sample size)

Longevity

BMRDensity

Weight

PC3

PC2

PC1

Latitudinal

range

Midrange

latitude

-0.52

(p<0.005)

1.02

(p<0.001)

-0.36

(p<0.05)

Figure 4 Diagram of the correlations between parasite species richness (corrected
for host sampling size), host attributes (sexual maturity, longevity, weight, density,
geographic distribution) and eigenvectors representing host phylogeny (principal
coordinates: PC1, PC2, PC3), and results of a backward procedure on a multiple
linear regression to select a subset of explanatory variables (determinants) of parasite
species richness of mammals.
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Morand et al. (2000) examined the relationship between body size of

pocket gophers and body size of their chewing lice (Hafner et al., 1994;

Hafner and Page, 1995). Because chewing lice of mammals grasp the hair

of the host in a semi-circular head groove, the head groove appears to be

critically important to the louse’s survival. Morand et al. (2000)

hypothesised that the observed correlation between louse body size and

gopher body size (Harvey and Keymer, 1991) may reflect a relationship

between gopher hair-shaft diameter and louse head-groove dimensions,

suggesting that there is a ‘‘lock-and-key’’ relationship between these two

anatomical features.

They used the CAIC program to obtain independent contrast values for

gopher and louse body sizes (Purvis and Rambaut, 1995). However, because

the independent contrasts method compares the nodes of a single

phylogeny, it was necessary that the host and parasite phylogenies being

compared be topologically identical. Accordingly, Morand et al. (2000)

restricted the analysis to the congruent portions of the gopher and louse

phylogenies. They showed a positive relationship between gopher hair-shaft

diameter and louse head-groove width and concluded that changes in body

size of chewing lice may be driven by a mechanical relationship between the

parasite’s head-groove dimension and the diameter of the hairs of its host.

Louse species living on larger host species may be larger simply because

their hosts have thicker hairs, which requires that the lice have a wider head

groove. This study of gopher hair-shaft diameter and louse head-groove

dimensions suggests that there is a ‘‘lock-and-key’’ relationship between

these two anatomical features. It also illustrates how the phylogenetically

independent contrasts method can, in some cases, simultaneously control

for both host and parasite phylogenies.

7. THE STUDY OF HOST–PARASITE CO-ADAPTATION

USING PER

In most situations, however, host and parasite phylogenies are not perfectly

congruent, but one might still want to correct for the effects of both. In these

cases, PER provides a solution.

We investigate the covariation of life history traits between hosts and

parasites. We reinvestigate the case of primates and their oxyurid parasites

(Sorci et al., 1997). Sorci et al. (1997) tested the hypothesis of a positive

covariation between parasite body length (reflecting parasite longevity) and

host longevity using the independent contrasts method. However, this

method can only be applied when there is a high degree of cospeciation in
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the host system; otherwise, it ignores the phylogenetic information of either

hosts or parasites. In the present example, the phylogenies of primates and

their oxyurid nematodes are not perfectly congruent (Figure 5), and it would

be preferable to control for the influence of both phylogenies.

The use of eigenvalues allows this to be done. Two principal coordinate

analyses (PCoA) are first performed on a pairwise phylogenetic distance

matrix between species of primates and between species of oxyurid parasites

(Figure 4). Eigenvectors and eigenvalues are extracted from this analysis.

We then regress life history traits on eigenvectors retained by a broken-

stick model, which retains the statistically explaining eigenvectors (see

Legendre and Legendre, 1998) independently for primates and for oxyurid

parasites. All traits are then corrected for all phylogenetically confounding

effects and then can be compared.

Figure 5 Tanglegram of phylogenies of oxyuroid nematodes and their primate
hosts (after Hugot, 1999).
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We find that female parasite body length is positively correlated with host

longevity (Figure 6) after correcting for host body mass and phylogeny

using PER. This result confirms the previous finding of Sorci et al. (1997).

However, the great advantages of this method are that it corrects for both

host and parasite phylogenies and that it can be used in host–parasite system

where the degree of cospeciation is very low (Desdevises et al., 2002a, 2002b)

and even if the degree of host specificity is low.

8. SCEPTICISM ABOUT COMPARATIVE METHODS:

WHY BOTHER WITH PHYLOGENY?

Several authors have questioned the use of phylogenetic comparative

method (Ricklefs and Starck, 1996; Bjöklund, 1997; Price, 1997). Leroi et al.

(1994) argued that comparative methods are ‘‘valuable for examining the

evolutionary history of traits but they will often mislead in the study of

adaptive processes’’. Their major concern was that we know very little about

the evolutionary genetic mechanisms responsible for the distribution of

traits among species. They claimed that it is very difficult to justify any

evolutionary scenario without evidence of historical selection forces and,

more important, the genetic relations among traits. Some of their arguments

concern mainly the invocation of constraints in the explanation of either

adaptation or phylogenetic conservatism. Their second criticism is about

‘‘the confounding of the causal influence of selection with that of genetic

Figure 6 Relationship between female body length of oxyuroids and primate
longevity (corrected for body weight). Both variables are controlled for phylogenetic
confounding effects using PER (phylogenetically eigenvector regression) (see text).
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correlations’’. This is a more serious critique but, again, the problem applies

more to inferences about the causality of the correlations than to the

methods themselves. Indeed, Leroi et al. (1994) concluded their essay with

the acknowledgement ‘‘that the methods of comparative biology and

genetics might be usefully combined’’.

A different kind of criticism came from Westoby et al. (1995a, b). Their

concern was that a phylogenetic correction (i.e. phylogenetically based

comparative analysis) is not a correction, but rather a conceptual decision

that gives priority to one interpretation over another. The comparative

method, and particularly the independent contrasts method, assumes that

part of the variation of a given trait is correlated with phylogeny and

another part is correlated with ecology. They criticised that the procedure

first removes the phylogenetic influences before estimating the influence of

present-day ecological factors.

The problem is that we only know the actual phenotypes of species under

the current selective regimes. We do not know what may have happened to

ancestral species and what their phenotypes were. Hence, phylogenetic

conservatism may be described as follows: ‘‘the ancestor of a lineage

possesses a constellation of traits, enabling it to succeed in a particular

habitat and disturbance regime, through a particular life history and

physiology. The lineage will therefore leave most descendants in similar

niches. This niche conservatism in turn will tend to sustain a similar

constellation of traits in descendants of the lineage’’ (Westoby et al., 1995a).

Harvey et al. (1995) tried to provide an answer to this criticism by

emphasising that the independent contrasts method does not remove

phylogenetic effects, but produces plots in which all the variation of the data

set in one variable is graphed against all the variation in the other variable.

In this way, phylogenetic niche conservatism means that adaptations to

different components of the niche will be correlated (Harvey et al., 1995). In

any event, perhaps the best resolution of this debate would be to use

methods that allow both the variance due to phylogenetic influences and

that due to present ecological causes to be evaluated; we now turn to one

such method.

9. PHYLOGENETICALLY STRUCTURED ENVIRONMENTAL

VARIATION

Desdevises et al. (2001 (unpublished) and 2002a) have re-examined the

controversy initiated by Westoby et al. (1995a) (but see also Ackerly and

Donoghue, 1995; Fitter, 1995; Harvey et al., 1995; Rees, 1995; Westoby
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et al., 1995b, c). Westoby et al. (1995a) pointed out that the phylogenetic

portion of the total variance may contain a phylogenetic effect related to

ecology, which Harvey and Pagel (1991) called ‘‘phylogenetic niche

conservatism’’. This includes the shared attributes that related species

have acquired because they tend to occupy similar niches during their

evolutionary history. Westoby et al. (1995) proposed to partition the

variance of the data set in three components (Figure 1 from Westoby et al.,

1995a; here Figure 7, equivalent to fraction [a], [b] and [c]): a part strictly

due to ecology ([a]), a part strictly due to phylogeny ([c]), and a part due to

the common influence of these two factors ([b]), which was called

‘‘phylogenetically-structured environmental variation’’, an expression

equivalent to ‘‘phylogenetic niche conservatism’’ as used by Desdevises

(2001) and Desdevises et al. (2002a).

Desdevises et al. (2002a) proposed a method for variation partitioning in

a phylogenetic context, which was already proposed by Borcard et al. (1992)

and Borcard and Legendre (1994) for the analysis of spatially structured

ecological data sets.

In a phylogenetic context, we express phylogeny as a distance matrix

following PER previously discussed. The phylogeny is expressed in the form

of principal coordinates computed from a patristic distance matrix,

following Diniz-Filho et al. (1998).

The method used to partition the variance is as follows. Let Y be the

dependent variable (i.e. parasite species richness or PSR), XE the ecological

explanatory variable(s) (i.e. BMR, host weight, host longevity), and PCs the

principal coordinates representing the phylogeny.

Figure 7 Partitioning the variance of the data, with a part strictly due to ecology
([a]), a part strictly due to phylogeny ([c]), a part due to the common influence of these
two factors ([b]), and the unexplained variance (d) (after Desdevises et al., 2002).
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We first compute a regression of Y on XE. The coefficient of multiple

determination of the regression, R2, is equal to the fraction [aþ b] of the

variance decomposition (a stepwise procedure can select a subset of

explanatory variables). Second, we compute a multiple regression of Y on

PCs. R2 in this case is equal to [bþ c]. Third, we compute a multiple

regression of Y on both XE and PCs. R2 is now equal to [aþ bþ c].

We can find [d]¼ 1� [aþ bþ c], which is the unexplained variance (note

[a] can be found from [aþ bþ c]� [bþ c]).

This method is here illustrated with an application to the same data set on

mammal hosts and the species richness of their helminth parasites that we

used earlier.

We find [aþ b]¼ 0.581 (p<0.0001) with host BMR, weight and longevity

as explanatory variables of PSR.

We find [bþ c]¼ 0.169 (p¼ 0.008) and [aþ bþ c]¼ 0.711 ( p<0.0001)

This allows us to estimate the phylogenetically structured environmental

variation [b]¼ 0.039, i.e., about 4% of the variance in parasite species

richness among mammal species is due to phylogenetically structured

environmental variation. The phylogenetic inertia is given by [c]¼ 0.13, i.e.,

13% of the variance in parasite species richness among mammal species.

This result can mean that hosts with comparable PSR tend to occupy the

same kind of ecological niche, but this trend is very weak because the

phylogenetic inertia [b] is low; also, because of the very low value of

phylogenetically structured environmental variation [c], phylogenetic and

ecological influences on PSR are almost independent.

This method of partitioning the variance between phylogenetic and

ecological causes not only serves to silence the critics of phylogenetically

Table 1 Some software packages available for comparative and statistical

analyses.

Software Website

ACAP http://www.stanford.edu/�dackerly/ACAP.html

ANCML http://www.zoology.ubc.ca/�schluter/ancml.html

CAIC http://www.bio.ic.ac.uk/evolve/software/caic/

MacroCAIC http://www.bio.ic.ac.uk/evolve/software/macrocaic/

COMPARE http://compare.bio.indiana.edu/

DISCRETE http://www.ams.rdg.ac.uk/zoology/pagel/mppubs.html

PDAP http://cnas.ucr.edu/�bio/faculty/Garland/PDAP.html

TFSI http://life.bio.sunysb.edu/ee/ehab/

R, Permute!,

ParaFit

http://www.fas.umontreal.ca/biol/casgrain/en/siteOutline.html
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based comparative approaches, but it allows one to quantify precisely the

importance of phylogeny for any character.

10. CONCLUSIONS

Data on a wide range of biological features of parasites have been

accumulating steadily over the past several years. This information may

contain the key to understanding how parasites evolve in response to

selective pressures from their hosts and the external environment. Modern

comparative methods that incorporate phylogenetic information allow us to

make full use of these data. They allow several questions to be answered.

For instance, how are two traits correlated with each other independently of

the phylogenetic relationships of their bearer? What portion of the variation

in one trait is due to ecological influences as opposed to historical or

phylogenetic effects? Here, we briefly reviewed some of the current

comparative methods available to address these and related questions,

providing references where readers can find out more about these methods.

As pointed out recently (Poulin, 1998), the comparative approach has not

been used much by parasitologists. Our hope is that this essay will stimulate

more researchers to adopt these methods and apply them to the study of

parasite evolutionary ecology.
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ABSTRACT

Virtually every problem in biology benefits from consideration within an

evolutionary frame work. Parasitism has been part of life ever since one

organism was able to provide an environment for another: questions of

parasitology naturally lend themselves to consideration of the shared
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ancient history of parasites and hosts. The derivation of that shared history

is therefore an area of great interest to theoreticians and practitioners alike.

The most intuitive approach to this is by cophylogeny mapping.

Mathematically the problem is that of optimally mapping the dependent

tree into the independent one, e.g., parasite into host or gene tree into

organismal phylogeny. This article describes some of the recent advances in

cophylogenetic simulation, significance testing, and theoretical properties of

maps. In simulation the author shows that the number of ways of mapping

the parasite phylogeny into that of the hosts does indeed grow exponentially

quickly in most cases and shows no close correlation with the similarity

between the phylogenies, and that under a simple coevolutionary model, the

range of behaviours of simulated parasite phylogenies is extremely broad

and would appear to confound efforts to infer model parameters from

observed cases. In the area of significance testing the author demonstrates

that the maximal number of inferred codivergence events is not necessarily

the best statistic for measuring cophylogenetic agreement, and that

significance testing by randomisation which does not alter the parasite tree

substantially biases results, and provides a new test to determine whether

phylogenetic similarity is consistent with preferential host switching.

1. INTRODUCTION

The recovery of phylogenetic history is a steadily advancing science. The

‘phylogeny problem’, that of inferring a phylogenetic tree based on the

limited information presented by extant organisms, is seeing significant

improvements, not least of which being the recent inclusion of Bayesian and

Markov chain Monte Carlo methods into the systematist’s toolbox. Such

developments mean that not only are phylogenies becoming more frequently

available, but that they are becoming more reliable. The phylogeny is not

the end of the story however: for the most part we find it in order to answer

some other question, such as how a particular morphological character may

have evolved or the origin of a certain pathogen (Hahn et al., 2000).

Cophylogeny mapping is a relatively recent development in the study of the

relationships among and between ecologically related organisms. In this

discipline, a dependent phylogeny, such as that of a taxonomic group of

parasites, is mapped into an independent one, such as that of their hosts.

The favourite example is of pocket gophers and their chewing lice (Hafner

and Nadler, 1988; Huelsenbeck et al., 1997). Parasites and their hosts, genes

and the organisms which house them, geographical areas and their endemic

species, retrotransposons and their host genomes (Martin et al., 1999, 2002),

even words and the people that utter them (Gray and Jordan, 2000): all

304 M.A. CHARLESTON



these are very closely related problems, and are amenable to solution in

much the same way. The theory involved is intricate and subtle, and

therefore appealing to (bio)mathematicians, but far greater is its appeal to

practising biologists interested in the associations of parasites with their

hosts. At the smallest scale coevolutionary study revolves around the

microscopic and even molecular: incremental changes in both parasite and

host resulting in an arms race through concomitant evolution. At the

phylogenetic level, such coevolution can lead to similarity between the

phylogenies of hosts and parasites, that of the parasites coming to ‘mirror’

that of their hosts (Fahrenholz, 1913; Eichler, 1948). Unfortunately, there

are not only numerous processes which can lead to disparity between the

phylogenies, but even some which can suggest cophylogenetic evolution

(in fact, codivergence) when there is none.

In cophylogeny mapping, the most intuitive method of discovering these

processes, a dependent phylogeny is mapped into an independent one – in

this case, that of a group of parasites into that of their hosts. The map is

constructed so as to provide the best possible explanation of why the

phylogenies are as they are: whether the parasites have consistently

codiverged with their hosts, or whether they have undergone host switching,

duplication by independent speciation or extinction events. The number of

maps is extremely large: it grows approximately exponentially with the

number of host and of parasite taxa, and so exhaustive listing of all

solutions rapidly becomes prohibitive.

Another method of uncovering ancient associations between dependent

and independent taxonomic groups arose in the subject of biogeography. In

that case the ‘hosts’ are geographical regions and their ‘parasites’ are the

species endemic to those regions, undergoing codivergence in vicariant speci-

ation, loss by extinction and ‘missing the boat’ sensu Paterson et al. (1993),

independent divergence (sympatric speciation), and horizontal transfer by

migration. In a similar way we may consider genes (or other genomic

material) as parasitising their host organisms, with horizontal transfer

taking the place of host switching, multigene families arising from multiple

duplications, and genetic loss (Page and Charleston, 1997). The parallels are

easy to see, and are listed in Table 1. The biogeographical method men-

tioned above, known as Brooks’ Parsimony Analysis (Brooks, 1981, 1990)

re-codes the parasite tree as a set of binary characters and then fits the

resulting ‘data matrix’ to the host tree in a parsimonious fashion, that is,

minimizing the number of changes of character ‘state’ on the host tree to

arrive at the pattern of character states at the tips of the host tree. It was

indeed a ‘valiant effort’, but is now widely recognised as inadequate since it

fails to deal correctly with host switching (Page, 1990) and at any rate it is

not clear what exactly a change of character state means in this situation.
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There are various ‘fixes’ to the approach (Brooks, 2001) but its fundamental

flaw remains: the characters are derived from the non-independent branches

of the parasite tree, and then treated independently. As such it cannot be

considered as a valid solution to the cophylogeny problem and will not be

considered further here, even though the problem to which it was applied is

mathematically identical to that presented by host–parasite systems.

All the empirical results presented here were gained using the Macintosh�

programs TREEMAP2 (Charleston and Page, 2002) and COSPEC 0.51

(Charleston, 2002b). TREEMAP2 is available from the evolution web site at

http://evolve.zoo.ox.ac.uk/software, and COSPEC is still in development

prior to public release.

There has been some interesting new work in a maximum likelihood

approach to solving the cophylogeny mapping problem (Huelsenbeck et al.,

1997, 2000), but the models are simplistic at present and much remains to be

done. A difficulty in such methods is lack of confidence: since even a

relatively restrictive stochastic model of cophylogenetic evolution can give

rise to a huge variance in observed behaviours, the converse problem of

estimating a set of parameters from a single instance of the cophylogeny

problem will have huge confidence limits (Figure 9). The approach taken

here is a necessary compromise, since at some level we must ‘put our necks

out’ and say that if these are the correct phylogenies, then these are the sets

of ancient associations which we must consider as the best explanations of

what took place to give rise to their (dis)similarities.

2. COPHYLOGENETIC EVENTS

Essentially, there are just four kinds of events which we can hope to recover

from an analysis of pairs of phylogenetic trees. These are codivergence, dupli-

cation, loss and host switching, represented in Figure 1(a)–(d) respectively.

Table 1 Parallel problems in cophylogeny.

General

problem

Codivergence Duplication Loss Host

switch

Host/parasite codivergence/

cospeciation

independent

speciation/

divergence

‘‘missing the

boat’’ and

extinction

host

switch

Biogeography vicariant

speciation

sympatric

speciation

‘‘missing the

boat’’ and extinction

migration

Genes/organisms codivergence duplication loss horizontal

transfer
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Codivergence, also called cospeciation but more general than that term,

is the concurrent divergence of host and parasite lineages into two new

lineages each, as in Figure 1(a). Concurrence is not assumed to be at the

exact same instant in time of course: speciation takes a finite period, and

there is bound to be some slight variation in divergence times of host and

parasite, but codivergence must be inferred when we cannot resolve a

significant time difference between the two. Codivergence is a more general

term than cospeciation since it is concerned only with lineages in a

phylogeny, and avoids the whole species concept altogether. Cospeciation

is codivergence, but codivergence may be concurrent divergence of

populations, viral strains, genera, species and their areas of endemism, etc.

Duplication (b) is the divergence of the parasite lineage into two new

lineages, independently of the host. The term comes from, and is easiest to

think about in terms of, gene duplication in an organism. The organism does

not speciate, but suddenly there become two new copies of a gene coexisting

in that organism, for instance in the �- and �-haemoglobin genes in primates

(Goodman et al., 1979).

Loss (c) encompasses three kinds of events, but we cannot distinguish

them from each other just from the phylogenies (Paterson et al., 2002).

These are ‘missing the boat’ sensu Paterson et al. (1993) in which a newly

divergent host lineage is simply not occupied by the parasite lineage, and so

the parasite misses out on occupying that host; next is extinction, in which

the parasite just goes extinct on its host; the last is sampling error, in which

Figure 1 Recoverable cophylogenetic events. The codivergence event (a) is the
most obvious one to recover and is the only kind present in a history of strict
codivergence. We have to posit other events if the trees disagree either in their
branching pattern or their divergence times, to include duplication (b) and loss (c),
and possibly host switching (d).
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we do not find that parasite occupying that host. It is easy to see why we

cannot distinguish these events solely by using phylogenetic information of

extant taxa. (Page uses ‘sorting event’ to include both missing the boat and

extinction.)

Host switching (also known as horizontal transfer) Figure 1(d), is the bane

of all cophylogeny analysis. If there is no host switching present, or indeed

permitted in the analysis, then the problem is remarkably easy and simple

methods can be used to find guaranteed optimal solutions to the problem,

such as Page’s ‘reconciled tree analysis’ (Page and Charleston, 1998).

However the presence of host switching, in which a newly diverged parasite

lineage invades another host lineage, dramatically increases the number of

possible solutions to the problem.

3. COPHYLOGENY MAPPING

Informally, the cophylogeny mapping problem can be phrased as follows:

Given a host tree H and parasite tree P, and known associations expressed

as a mapping ’ from the tips of P to the tips of H – this (H, P, ’) triplet

collectively known as a tanglegram as in Figure 3(a), we must find the set of

maps of P into H which optimise some cost function and which are

interpretable biologically.

3.1. Interpretability

Beyond the cost function, we must be able to ensure of our maps that they

have explanatory power: they must be biologically reasonable, interpretable,

and applicable in principle to any appropriate P, H, and ’, regardless of

their size and phylogenetic agreement. A feasiblemap will be one that makes

biological sense. In this case maps which require time-travelling parasites are

not feasible, and those with more than one cophylogenetic event occurring

contemporaneously are likewise infeasible. For instance we shall discount all

solutions with combinations of events like those shown in Figure 2, which

can either be interpreted in several different ways (with equal lack of

confidence), or which require comparatively rare events to take place in the

same instant, which must be deemed impossibly unlikely.

Such uninterpretable and untraceable events have to be discounted from

our analyses simply because we can never recover them. Their inclusion

would only add confusion and increase the complexity of this already

difficult problem.
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3.2. Optimality

The simplest cost function is to use the total number of codivergence

events (CEs), and that has been used successfully in the past in numerous

studies (Hafner and Nadler, 1988). Alternatively we might count the

total number of non-codivergence events (NCEs) and minimise that. Both

counts will give the correct optimal result if the trees match perfectly, but

they differ if the match is imperfect. It makes sense to use the number of

NCEs required in addition to the number of CEs possible as a measure

of agreement, particularly when determining the significance of fit of P into

H, since its distribution is wider. Because there is a greater range of

categories available in terms of NCEs, we can get a more accurate measure

of the significance than if we just used CEs on its own (see Tests of

Significance, Section 6).

A slightly more general scheme gives a positive cost to each of the non-

codivergence events which are recoverable from a given tanglegram:

duplication, host switch, and loss. (We cannot distinguish extinction,

‘missing the boat’ or simple taxon sampling from each other given only the

tanglegram.) The cost of a map is then the sum of the costs of all the events

which the map posits. This is the most general model of its kind, since no

more events can be recovered from a mapping of P into H.

Figure 2 Uninterpretable (a, b) and untraceable (c, d) cophylogenetic events. In
(a) both the host and parasite diverge, and one of the new parasite lineages switches
host at the same moment. (b) shows some possible resolutions of these two events
which cannot realistically be taken to occur in the same instant. In (c) a parasite
lineage indulges in a ‘‘short stay’’, which is untraceable from the phylogenies, as is
the switching of both descendent parasite lineages in (d).
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The next step might be to allow more complex cost functions for the

various events, such as an affine cost function for host switches, which

increased the event cost proportionally to the phylogenetic distance between

source and target host. Such a measure would be appropriate when

preferential host switching is believed to be an important factor in the

coevolution of host and parasite (Charleston and Robertson, 2002).

A convenient interpretation of event costs is as a measure of their

‘unlikelihood’ – say as their negative log-likelihoods (Huelsenbeck et al.,

2000). However all biological systems are different and it cannot ever be

expected that global cost measures will be found that are appropriate for all

host–parasite systems, let alone gene/species or biogeographical ones. Our

best bet at the moment is to accommodate all maps which could be optimal

under some cost scheme and, once we have found them, use other external

biological information to deduce which provides the best explanation of the

similarities and differences between P and H.

3.3. Jungles

Given all the constraints which a cophylogeny map must satisfy in order to

be feasible, the next problem is to find one, in fact, to find all those which

might be feasible or optimal. To that end, the jungle was developed

(Charleston, 1998).

A jungle is a graph whose vertices, called j-vertices, are associations of

elements of the associate phylogeny P with locations in the host phylogeny

H. A location in H can be either a vertex (elsewhere called a node) or an arc

(elsewhere, a branch or edge). I use the graph theoretic terminology here for

convenience in later discussions.

One of the central assumptions in all cophylogeny methods to date, either

explicit or implicit, has been that once associate lineages diverge they can

be treated independently. If we adopt this assumption one more time, we

can then treat each component of a mapping of P into H as essentially

independent, possibly to be repeated in many other maps. Thus, we can

construct a graph which contains all the components of all the solutions

which we care to consider, from the extreme of all feasible solutions right

down to only those which have the maximal number of codivergence events

or minimal number of non-codivergence events.

In Figure 3 there is one of the simplest possible tanglegrams, on just three

taxa for H and P, and the jungle containing all the maps of P into H. A

detailed description of jungle construction is not appropriate here: the

interested reader is directed to Charleston (1998). The root of P is labelled

with a square œ and the other internal vertex with a circle *. Two of the
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maps have been selected using dotted and dashed lines, maps 1 and 2

respectively, and are shown in Figure 4. The arcs in the jungle correspond to

arcs in the parasite tree, so the history of the parasite lineages can be read

directly from the maps embedded within the jungle.

Map 1 in Figure 4 requires a host switch and no losses, whereas map 2

needs no host switch but requires 3 losses. Both solutions have one

codivergence event, but without assigning event costs it is impossible to say

Figure 4 Maps 1 and 2 from Figure 3.

Figure 3 A simple tanglegram and jungle. In the above figure we see a simple
tanglegram with host (H) and parasite (P) trees on three taxa each (a), and the jungle
containing all the maps of P into H. Two of the maps are selected with dashed lines
(see Figure 4).
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which one is to be preferred. If having one host switch is more costly (i.e.,

less likely) than having three losses then we would infer that map 1 is more

likely to be correct; else if three losses are less more likely than 1 host switch

we would infer that map 2 was to be preferred.

3.4. Optimality and Event Costs

Clearly an issue central to the determination of which solution(s) is (are)

optimal is that of the event costs. The assignment of general event costs is

likely to remain very difficult since every biological system is different, and

empirical testing of the likelihood of the various events is difficult and

expensive (Clayton, 1990, 1991; Johnson and Clayton, 2002). It certainly will

never be possible to measure the likelihood of ancient host switches between

species long gone. It is fortunate then that in many cases the exact value

of event costs does not change significantly which solutions are optimal

(Charleston and Perkins, 2002). This lack of change in the optimal solutions

in the face of changing event costs can be viewed as a kind of sensitivity

analysis: those solutions which remain optimal over a wide range of event

costs could be thought of as being more robustly supported than those which

are only optimal for a smaller range. There is a caveat to this kind of thinking

however, since in general we do not have a good idea in advance as to the

probability distribution of those event costs: our prior information is not so

much limited as virtually non-existent. Therefore we cannot justify saying

that a particular solution is 90% supported just because it is optimal in 90%

of the set of event costs which we consider, nor can we say that a particular

codivergence (or any other) event is 90% supported just because it appears in

90% of the potentially optimal solutions.

Statistical inference in cophylogeny mapping is, and will remain, a very

difficult process, until we have a better understanding of the distribution of

likely event costs which we should consider. For that reason we must retain

all those solutions which could be optimal for some combination of event

costs, and judge them on their own merits using external information where

available.

4. COMPLEXITY

Crucially important to any complex optimisation problem, such as this one,

is an understanding of computational requirements involved. Too often one

hears ‘why not just get a faster computer?’, in connection with the solution

of larger and larger combinatorial problems, like the phylogeny problem for

instance. The phylogeny problem is, in most formulations, NP-complete,
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that is, no polynomial time method exists for its solution, and the chance

that one exists is becoming more and more remote (Garey and Johnson,

1979). The exponential growth in the number of solutions possible means

that even though it may be quick to find the ‘goodness’ of a solution (e.g., its

likelihood value) there are simply too many feasible solutions to guarantee

ever finding the optimal one. Most of the interesting optimisation problems

in systematics are NP-complete, or worse.

It appears that the cophylogeny mapping problem is one of these

characteristically ‘interesting’ combinatorial problems also. In order to

determine just when heuristics must be used, and how we may find faster

methods, we must therefore find out how the number of feasible solutions

grows with the size of the problem input, i.e., the number of taxa involved.

Empirical complexity testing of cophylogeny mapping is slow almost by

definition since a thumbnail calculation shows the number of feasible

cophylogeny maps to increase approximately exponentially with the number

of host and associate taxa. For example, consider the case where bothH and

P are the completely unbalanced trees with n leaves and a 1-1 relationship

between the tips of each tree. Provided we preserve the partial ordering of

the (n� 1) internal nodes in P when mapped into the (2n� 1) branches in H

(including one prior to the root), there are 3n�1
n�1

� �

¼ (3n� 1)!/((2n!)(n� 1)!)

maps with no codivergences at all. This number, which is fewer than the

total number of maps, grows exponentially in n, so the total number of

cophylogeny maps for such tree shapes will also grow at least exponentially.

Unfortunately, a complete combinatorial assessment of the number of

feasible maps is beyond easy computation since the number of maps is

dependent on the shape of each tree, and on the given relationships between

their tips. Therefore it is necessary, in order to get a global impression of

the complexity of this problem, to perform an empirical test and estimate

the growth in number of maps for some small values of n, by elucidating

all the maps and counting them. Since by our thumbnail calculation this

number will grow approximately exponentially, we will therefore be limited

in the number of taxa which we can use. In this case we begin with n¼ 2 and

increase to n¼ 7 and construct all the feasible maps from P into H for

several random instances of the cophylogeny mapping problem.

The procedure then amounts to a repetition of the following steps: For

each value of n,

1. create random host and parasite trees H and P respectively, according

to the standard Markov model of tree growth;

2. randomly associate each tip of P with a unique tip of H;

3. construct all the feasible maps (using jungles in TREEMAP2);

4. repeat.
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Due to the computational constraints mentioned above the sample sizes

are limited to 1000 instances of the cophylogeny problem for n¼ 2,3,4,5 and

6, and 250 instances for n¼ 7. Results are displayed in Figure 5.

Our thumbnail calculation of the complexity of cophylogenetic mapping is

thankfully not too far off: Figure 5 illustrates the growth in the number of

maps with n, the number of taxa in both host and parasite trees. We find that

the best (least squares) estimate of the exponential growth function is

(#Number of feasible maps)� 0.2116e1.2501n. This complexity is ‘worst case’

in a sense because this is for random instances of the problem, not necessarily

representative (indeed we hope not) of the kinds of problems which we

expect to work on. However, it is evident for these random instances that

the number of feasible maps does not appear to be correlated at all with

the degree of fit of the potentially optimal maps: there the correlation is

non-significant and the relationship appears random (Figure 6).

Figure 5 Numbers of cophylogeny maps vs. number of taxa. The number of
feasible cophylogeny maps (white circles) increases exponentially with the number of
taxa involved, but the number of potentially optimal maps (grey circles) does not
increase so rapidly.
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This is a slightly irritating, if unsurprising, result in that if we are to seek

all the feasible maps of a given P into a given H, then we will be bounded in

the number of taxa we can consider to relatively small numbers, since the

number of solutions will increase approximately exponentially no matter

how well matched our trees are. But there is some good news: the number

of potentially optimal maps does not increase anything like as much as the

number of feasible ones (Figure 5), so we can reduce the number of maps

which we need to consider enormously, by only accepting those which could

be optimal under some scheme of event costs.

While the set of feasible maps of parasite into host phylogeny increases

exponentially with the number of host and of parasite taxa, it is therefore

Figure 6 The number of maps plotted against the degree of fit for different
numbers of taxa. The plot above shows no strong relationship between the number
of feasible maps and the optimal degree of fit, measured in minimal number of non-
codivergence events, of those maps, for different numbers n of taxa, though the
number of feasible maps increases with n; the data points are slightly offset for
clarity.
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comforting to discover that the rate of growth in the number of potentially

optimal maps is much lower (Figure 5). In fact the size of POpt is negatively

correlated with the degree of fit when measured in terms of number of

codivergence events, as Figure 7 shows.

This means that while the number of all feasible maps remains large, we

can narrow down the potentially optimal ones to manageable numbers,

provided we can fit enough codivergences between P and H.

5. MODELLING COPHYLOGENY

I have described above those cophylogenetic events which we can recover.

These are closely linked to, but not precisely the same as, those events we

Figure 7 Number of potentially optimal maps vs. max. codivergences. The plot
above shows the negative relationship between the size of POpt and the degree of
agreement as measured by maximum number of codivergence events, split by the
number of taxa; again, the data points are slightly offset for clarity.
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must include in any stochastic model of cophylogenetic evolution. It seems

clear that such a model should be based on growing an associate tree on an

existing host tree with given branching order and branch lengths, and

include

(i) a probability of codivergence qc at the divergence of a host lineage;

(ii) an instantaneous rate of duplication rd ;

(iii) a probability of host switching of a newly diverged associate lineage rx;

(iv) an instantaneous rate of extinction of associates, rx;

(v) a probability of sampling each associate on its host(s) qs.

Recently it has also become apparent that a further event is required: the

failure to diverge must be included to take into account those cases in which

the parasite continues to exist, undifferentiated, on two or more diverged

host lineages. Clonal parasites for instance cannot realistically be judged to

be different taxonomic units simply because they have different hosts. Thus

we might also aim to have in our model

(vi) a probability of failure to diverge.

The inclusion of a parameter in a model does not mean that it may be

recovered from data generated by that model. In the above, we must

realistically include parameters for missing the boat, extinction, and non-

sampling, but it is impossible to determine from a map of P into H which of

these events led to any losses observed. This shows part of the difficulty in

inferring model parameters such as the probability of codivergence in a

single host–parasite system, from a single instance of cophylogeny.

A further difficulty lies in the huge variability in the behaviours which

can arise from a single set of input parameters in such a model. Huelsenbeck

and Rannala have made some progress with modelling cophylogenetic

processes (Huelsenbeck and Rannala, 1997; Rannala and Michalakis, 2002)

but much remains to be done: as yet the models are very simple, and

cannot account for all the complexities which are commonly apparent in

host–parasite, gene–organism, and species–area systems. One of the main

aims in a likelihood analysis involving a stochastic model is the estimation

of parameters of that model. For instance we include a Ts/Tv (transition/

transversion) ratio as a parameter in many models of molecular evolution,

and such programmes as PAUP* (Swofford, 2002) can be used to estimate

the Ts/Tv ratio which maximises the likelihood that we observe the

data which we do. In cophylogeny we would like to be able to estimate

rates of duplication and extinction in the parasite tree, probabilities of

host switching and of codivergence, and more complex parameters when

we graduate to more sophisticated models.
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Perhaps the most immediately interesting parameter is the probability

of host switching, since that will provide insight into the risk of new

human pathogens emerging through zoonosis. Some work has already

been done on this as mentioned previously (Huelsenbeck et al., 2000),

but we must be cautious: we do not yet know how phylogenies evolv-

ing under even the simplest cophylogenetic models are expected to

behave. It is not clear how much variation we should expect if we were to

‘rewind the clock’ and start over with the same host tree (which we consider

to be an independent variable here) and regrow the parasite tree on it. Hence

it is crucial to find out that variation, in order to assess how confident we

may be in the values of parameters which we hope to estimate from ourH, P

and ’.

Unfortunately we must treat each instance of a cophylogeny problem as a

single data point in such an estimation, and in order to assess how accurate

that will be, we need to find out the converse relation, of how much

variation we expect to see in the behaviour of an evolved parasite tree P

given a single parameter set in the model.

The program COSPEC (version 0.51) (Charleston, 2002b) was used in this

part of the study, with prescribed numbers of host taxa, but with the number

of parasite taxa surviving to the present being a consequence of the

stochastic processes involved in the model.

The parameters of the model are quite simple: they are

� rd, the rate of duplication (independent speciation) of the parasite tree,

� rx, the rate of extinction in the parasite tree,

� qc, the probability that, given that a parasite is currently occupying a

host lineage which undergoes a divergence (speciation) event, the

parasite does too,

� qhs, the probability that, given that a parasite duplicates, one lineage

switches to another randomly chosen contemporaneous host, rather

than remain on the original one.

The host tree is created in the same way as are random host and parasite

trees in the parts of the study using TREEMAP, that is, according to a Yule–

Markov model (Yule, 1924) in which each tip is considered equally likely to

undergo a divergence event at any instant, that rate remaining constant over

time. The extinction rate for the host tree was set to equal zero for

computational feasibility; this will be allowed to vary positively in later

studies. Once H is constructed with the correct number n of tips and

divergence times consistent with the Yule model, a single ‘parasite’ lineage is

placed at the root of H. The growth of P continues stepwise through H in

different phases: the first phase concerns the nodes of H, and the second the
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cophylogenetic events which take place between those nodes. The growth

proceeds from the root of H to its tips.

5.1. Phase 1, Codivergence: Location in host tree: node x

At each internal node of H, if there are any parasites currently occupying it,

there is a finite probability that they will codiverge with the host lineage.

Hence for each parasite p occupying x we randomly determine whether it

codiverges with x with probability qc, or whether the parasite misses the

boat and continues down just one of the descendent host lineages, chosen at

random.

5.2. Phase 2, Duplication, Extinction and Host Switch: Location in

host tree: branch a

After Phase 1 we consider the events which may befall any parasite on any

branch at a time t which is not at a divergence event in H. (There will be

more than one such branch.) For each extant tip of P we first determine the

time of the next duplication or extinction event according to an exponential

distribution based on the instantaneous rates of each, and then compare

that with the time of the next relevant event on the host tree, i.e., the

divergence of that host lineage or the arrival of the host lineage at the

present time. If either event occurs before the next relevant host event, then

we modify the parasite tree accordingly: if the event is an extinction then we

simply remove that parasite from its extant status (though it is left in the

tree for the purpose of counting events later), whereas if the event is a

duplication, that parasite lineage diverges. After a duplication event we next

determine whether one of the two descendent parasite lineages also

undergoes a host switch, with probability qhs, to a uniform randomly

chosen target host lineage.

The simulation is performed many times (typically 1000) for each host

tree in order to assess the variance in the numbers of events of each kind.

Figure 8 shows the distribution of numbers of parasite lineages surviving to

the present, and Figure 9 shows the variance in the number of ‘real’ events

which occur under the model described above, for the parameter sets listed

in Table 2.

In Figures 8 and 9 we can see the wide range of possible outcomes for

quite ‘sensible’ sets of parameters in this simple model of cophylogenetic

evolution. In Figure 8 we see the distributions of numbers of parasite

lineages which survive to the present using parameter sets 1–4 in Table 2.
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Given that we observe, say, 10 parasite taxa surviving to the present on H,

we would be hard pressed to distinguish which parameter set were acting

in our model, even from the small set available in Table 2, let alone the

problems we’d have if we had to choose from the entire continuum of

possible model parameters. The plots for parameter sets 1 and 2 are very

similar over a large range. Note that all the plots show a clear exponential

decay to the right hand of the frequency distribution (to the right-hand side

of the peak, R2� 0.95 is typical). This is to be expected under the Yule

model of tree growth of H (modulated by the codivergence probability) and

of P apart from codivergence events.

Figure 9 shows plots of the number of real cophylogenetic events which

occur in the coevolution of P and H (study is underway to show how the

Figure 8 Number of parasite lineages surviving. The above plots show the
distribution of the number of parasite lineages which survived in 105 simulations for
each parameter set.
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Figure 9 Distributions of numbers of cophylogenetic events.

Table 2 Parameters used in cophylogenetic simulation with the COSPEC program.

qc is the probability of a codivergence in the parasite lineage given that its host has

diverged; rd is the instantaneous rate of duplication of the parasites, quoted as 1/

(mean time between events), as is rx, the instantaneous rate of extinction of the

parasites; qhs is the probability that, given a duplication has occurred, one of the two

child lineages switches to a randomly chosen contemporaneous host. The number of

trials is quoted as (number of host trees � number of parasite trees per host tree).

The expected length of each branch in the host tree was 1.0.

Parameter set Num. hosts qc rd qhs rx Num. samples

1 10 0.75 1/5 0.5 1/10 100� 1000

2 20 0.5 1/5 0.2 1/10 100� 1000

3 30 0.6 1/5 0.25 1/10 100� 1000

4 20 0.9 1/5 0.5 1/20 100� 1000
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number of inferred cophylogenetic events relates to this). These plots were

constructed from those simulations generating the data in Figure 8 in which

10 parasite lineages survived to the present.

The plots in Figure 9 show the number of cophylogenetic events which

occurred on a set of simulated host trees – 100 host trees and 1000 parasite

trees ‘grown’ on each, for each parameter set. All the plots show quite similar

distributions of numbers of codivergences: if we were considering just the

number of inferred codivergence events (even assuming we recovered them

correctly) we would have little chance of distinguishing between the

parameter sets. Of course there is more than one kind of event; perhaps in

concert we might use the number of reconstructed codivergences, of host

switches, and of losses (extinctionsþmissings of the boat). Again, this is not

likely to prove fruitful: supposing we reconstructed 12 codivergences, 8 host

switches and a total of 8 loss events. Each of these values is near the middle of

its distribution both in parameter set 2 and in set 3, and not far off (in host

switches) for parameter set 1 either. It would be difficult to choose between

just one of these four possibilities, let alone finding the maximum likelihood

estimation from the complete range of parameters available.

It does appear that the recovery of model parameters from a single

instance of the cophylogeny problem is going to remain a difficult statistical

issue, to be plagued by a great lack of precision, in addition to the

methodological problems in reconstructing most likely scenarios of

coevolutionary history between H and P.

6. TESTS OF SIGNIFICANCE

It is not enough to provide a degree of fit of P to H without being able to

quantify it. Asserting that we can fit P into H with 12 codivergence events is

meaningless unless we know how surprising that is: is 12 codivergences a lot?

A standard statistical method in biology uses randomisation to create a

null distribution, with which a test statistic can be compared. The standard

test in cophylogeny mapping uses randomisation of the associate tree P, to

create instances of the cophylogeny mapping problem (H, P0, ’), and then

solve them to minimize the number of NCEs or maximise the number of

CEs. The former is to be preferred since it has a wider distribution and hence

provides a more accurate estimation of the real significance of the level of

agreement between P and H. Note that randomising P effectively also

randomises ’.

Again, with significance testing it is not possible to calculate the

distribution of goodness of fit which we would expect from real biological

data; we must estimate it from random instances of the cophylogeny problem
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and use that as a first guess. In most cases in practice, we will not be testing

the significance of agreement between trees which are unrelated to each

other, rather, we are more likely to be investigating the relationship

between the trees of taxonomic units which we believe to be ecologically

linked, and therefore have phylogenies which are non-randomly related to

each other. The method employed to estimate the distribution of significance

in cophylogeny mapping is slightly different from that used to measure

complexity. In testing significance we are only concerned with whether a

given triplet of (H, P, ’) has a solution with a certain degree of fit, and if it

does not, we may discard it completely. Hence this part of testing can use the

bounding method built in to jungle construction in TREEMAP2, as follows:

For each n,

1. create random instances of H and P and the tip associations ’;

2. choose a measure of degree of fit, e.g., 5 or more codivergence events;

3. construct a jungle stepwise and halt if no map can exist with this degree

of fit;

4. repeat many times and keep count of the number of acceptable maps.

At the highest values of degree of fit (whether they be the maximum

number of codivergence events possible or the minimum number of

non-codivergence events required), there will be very few random instances

of P and H (and therefore ’) which will permit such maps. Since jungle

construction can be often halted before the jungle is complete if no

acceptable solution is possible, many more random instances can be used at

the highly significant tail of the distribution than at less significant values.

Hence a more precise estimate of the distribution is possible at this tail.

Test trees with 8 taxa were used, and at least 1000 random instances were

created for each significance category (10 000 replicates were used for

the most significant categories for both measures) in order to increase

precision.

Results are shown in Figure 10. In the figure we see the marked

difference between using maximum number of codivergence events (CEs)

and the minimum number of non-codivergence events (NCEs) as a measure

of goodness of fit between P and H, for the case where n¼ 8. Results are

plotted on the same figure for easy comparison; hence the standard method

is given as minimum required duplications, rather than maximum possible

codivergences. There are just two categories which are significant in terms of

numbers of codivergence (duplication) events, while there are seven

categories of significance of numbers of NCEs required to reconcile the

trees. This trend is more marked as we increase the number of taxa, as the

disparity in numbers of possible classes increases (data not shown).
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It is clear that using NCEs as a measure is therefore to be preferred since

the distribution has more classes of significance possible, therefore will

provide a more accurate measure of the significance of cophylogenetic

agreement between P and H.

There may well be more biologically appropriate measures which could

be used, but as yet they are not apparent. For the moment the statistical

argument must carry sway, that it makes sense to use the distribution with

the greater spread. When we learn more about cophylogenetic processes we

will probably find measures more appropriate to specific systems.

7. CONFOUNDING COPHYLOGENY

Coevolution is not the same thing as codivergence.

A number of cases have arisen recently in which codivergence is taken as

the logical consequence of ‘host-dependent evolution’ (Beer et al., 1999),

which is making a rather unjustified leap of logic. Just because host and

parasite are coevolving, that is not the same thing as codivergence, even

Figure 10 Distribution of significance of CEs and NCEs with 8 taxa. Plotted are
the frequency distributions of minimum required non-codivergence events (NCEs)
and of duplication events estimated from random instances of the cophylogeny
problem with 8 taxa on each tree.
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if the pattern of divergence of the parasite is dependent on that of the host

(Charleston and Robertson, 2002).

It was shown in that study that much of the significance of match between

accepted primate and primate lentivirus phylogenies could be attained

through a model involving no codivergence at all: merely the presence of

‘preferential host switching’, in which parasites are more likely to

successfully switch to hosts which are more closely related to their current

host than they are to more distant ones. Quite a lengthy simulation was used

to give this result. It would be convenient if there were to be a simple test of

such behaviour, and one has recently been added to TREEMAP.

This ‘cherry-picking test’ (Charleston and Robertson, in prep.) makes use

of the following observation: if preferential host switching is causing much

of the apparent cophylogenetic agreement between P and H, then this will

be reflected in inflated numbers of apparent codivergence events near the

tips of both trees (as in Figure 1, at (a), but absent in the tanglegram in

Figure 3(a)). A cherry is the term given to a pair of extant sister taxa

(McKenzie and Steel, 2000).

In Figure 11 we see the tanglegram of a pair of phylogenies, of primates

(left) and lentiviruses (right), with their known associations (compiled from

various sources). One of each pair in a matched cherry is removed and the

significance of the best possible match is measured, both using maximum

codivergences and minimum non-codivergence events as the test statistic.

From a significance of p¼ 0.05� 0.02 (based on a sample size of 100 and

Figure 11 Primate/lentivirus tanglegram. The tanglegram above shows an
estimate of the phylogenies of a group of primates and their lentiviruses. The
significance of the match is 0.05� 0.02 (based on 100 replicates) with all taxa
included, and 0.28� 0.04 without the greyed-out taxa.
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using the normal approximation to the binomial distribution), the

significance drops to p¼ 0.28� 0.04 – a huge change. But that does not

tell us whether that change is itself significant: we must determine whether

randomly removing the same number of associated tips from both trees

would engender the same drop. Thus we must compare the significance drop

in many replicates (a lengthy process) and count how many replicates have

an equal or greater drop in significance (or, equivalently, how many have

a lower significance than 0.28). If we find that 95% of tanglegrams with

an equal number of tips removed have p<0.28, then the ‘pruning’ of the

matched cherries had a significant effect, and we may take this as an

indication (though not proof) that preferential host switching, possibly in

addition to codivergence, may be playing a large part in the coevolution of

these two groups of organisms. This is the subject of current study.

8. DISCUSSION

The discipline of cophylogeny mapping is a new and growing one. There are

few working in the field, but that number is gradually increasing, and the

number of studies published which include a cophylogenetic study is also on

the increase. Statistical, computational and theoretical methods are however

in their infancy, and much needs to be done to extend the bounds of what

information we can recover from related phylogenies.

In the above sections I have introduced the basic concepts of cophylogeny

mapping and described some recent results in that field.

The complexity of the cophylogeny mapping problem has been explored

empirically, and some interesting results unearthed: though it is unsurprising

that the number of cophylogeny maps increases exponentially with the

number of taxa, it is interesting to note also that the number of potentially

optimal maps (those which are optimal for some scheme of event costs) and

the optimal number of codivergences is negatively correlated, that is, the

better the fit when measured in CEs, the fewer the potentially optimal

solutions. This is a useful result because we can therefore constrain the map

construction (using jungles) to maximise the fit of parasite into host tree

(since it is that maximal degree of fit will be tested for significance): jungle

construction is much faster when the constraints are tighter, and thus

cophylogenetic analysis can be made more speedy when we do have closely

congruent host and parasite phylogenies.

The downside of this analysis is that there is no apparent correlation

between the number of feasible maps and the maximum number of CEs

which can be posited to reconcile P with H, nor does there seem to be one
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between the number of potentially optimal maps and the degree of fit when

measured in terms of NCEs, which the later section on statistical testing

concluded was the better statistical test to use. This argument was based on

the more spread out distribution in minimum number of non-codivergence

events required to reconcile P with H, leading to a more precise measure of

significance.

Another challenge is presented by the variability in cophylogenetic

behaviour for particular sets of model parameters, described in the section

on modelling cophylogeny, above. It has become clear that similar

distributions of numbers of codivergence, duplication, host switching,

extinction and ‘missing the boat’ events, can occur with quite different

model parameters. This means that the converse problem of estimating

model parameters from a single instance of the cophylogeny problem is

fraught with difficulty, and the confidence intervals for these parameters are

likely to be very broad. It is not clear what to do about this problem: since

every biological system is different, we cannot expect to arrive at global

parameters which can be agreed upon to apply to many systems, but

perhaps within a range of similar systems some progress can be made. Again

the cry must go up for more data, else we shall not be able to recover the

global patterns of change which relate the large-scale evolution of host and

parasite.

8.1. The Future

There is much to do in order to advance further the study of how

phylogenies relate to each other.

The sampling problem is clearly an important issue which must be

resolved – to date there has been little work on the effect of which hosts we

choose, or which parasites we find on those hosts, or how we deal with

widespread parasites (those whose life cycles are closely linked with more

than just the definitive host).

A recent theoretical advance in cophylogeny mapping is the ability to map

non-treelike phylogenies – either or both of the host and parasite phylo-

genies can be networks. The method, using ‘lianas’ (Charleston, 2003),

makes use of the fact that none of the several qualities which we require of

cophylogeny maps require either phylogeny to be a tree. We can let either

(or both) be the more general structures of directed acyclic graphs, i.e., each

must have a root, and be directed away from the root (towards the present).

It is therefore possible to perform cophylogeny mapping with recombinant

viruses as parasites, or hybridised plant phylogenies, or non-treelike

histories of geographical areas. This generalisation represents a substantial
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advance in the practice of cophylogeny mapping, but still is of little use to

the practising parasitologist or systematist until there is software to

implement the method.

Another complication arises naturally when we start to consider the

relationships among more than two phylogenies: unearthing the dependen-

cies among figs, their pollinating and parasitoid wasps, and their parasites, is

computationally intractable and must eventually be solved with heuristics

(noting again that methods that take non-independent characters from

phylogenies and then treat them independently cannot deal correctly with

multiple phylogenies, despite the attractively intuitive optimisation of such

multiple-derived ‘data’ sets on the single host tree). No methodology exists

for such situations, though it would surely be desirable, if only to avoid the

statistical problem of multiple testing relationships between the same

phylogenies. Perhaps there is room for a ‘hyperjungle’ – though the

computational complexity of such a structure promises to be prohibitively

high, even with the possibility of added temporal data to further constrain

the solutions.
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ABSTRACT

The processes of mutation and nucleotide substitution contribute to the

observed variability in virulence, transmission and persistence of viral

pathogens. Since most viruses evolve many times faster than their human

hosts, we are in the unusual position of being able to measure these

processes directly by comparing viral genes that have been isolated and

sequenced at different points in time. The analysis of such data requires

the use of specific statistical methods that take into account the shared

ancestry of the sequences and the randomness inherent in the process of

nucleotide substitution. In this paper we describe the various statistical

methods for estimating evolutionary rates, which can be classified into

three general approaches: linear regression, maximum likelihood, and

Bayesian inference. We discuss the advantages and shortcomings of

each approach and illustrate their use through the analysis of two

example viruses; human immunodeficiency virus type 1 and dengue virus

serotype 4. Reliable estimates of viral substitution rates have many

important applications in population genetics and phylogenetics,

including dating evolutionary events and divergence times, estimating

demographic parameters such as population size and generation

time, and investigating the effect of natural selection on molecular

evolution.

1. INTRODUCTION

As a general rule, parasites have faster rates of mutation than their hosts.

Parasites tend to be smaller in size, with shorter generation times, and

therefore undergo more rounds of reproduction per unit time. This

difference in mutation rates is particularly clear for viruses and their

human hosts, not only because viral generation times are often very short,

but also because replication of their genetic material is commonly many

times more error-prone than in humans. That said, viruses do vary widely

in mutation rate as a result of differences in their life cycles and mode of

replication (e.g., Holland et al., 1982; Smith and Inglis, 1987; Jenkins et al.,

2002).

The most significant consequence of the high mutation rate of viruses is

their ability to quickly adapt to their environment, as illustrated by the

rapid evolution of human immunodeficiency virus (HIV) strains that are

resistant to anti-viral drugs or are capable of evading the hosts’ immune

response (e.g., Nijhuis et al., 1997; Goulder et al., 2001). In other
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circumstances, mutation may allow a virus to productively infect new cell

types or new host species. As the rate of mutation contributes to the

adaptive potential of a virus it is obviously important to accurately

measure this value. In addition, the mutation rate is a key parameter in

population genetic and phylogenetic analyses of viral populations and is

therefore necessary to understand both the pattern of viral genetic

diversity observed today and the timescale of past evolutionary and

epidemiological events.

In this article we describe the various methods by which mutation rates

can be estimated from molecular sequence data, and discuss the

advantages and disadvantages of each. We illustrate these methods by

applying them to two human viruses that cause worldwide morbidity and

mortality; human immunodeficiency virus type 1 (HIV-1) and dengue virus

serotype 4 (DEN-4). Both are RNA viruses whose large genetic diversity

and high mutation rates directly contribute to their virulence and

pathogenicity. Our choice of data sets also illustrates the range of

evolutionary timescales across which the methods we describe can be

applied, as the HIV-1 data are taken from a study of viral evolution within

an individual infected patient (Shankarappa et al., 1999), whereas the

DEN-4 data have been sampled from infected individuals across several

decades in many different countries (Lanciotti et al., 1997). Both these

data sets are characterized by the fact that the sequences were sampled at

different points in time (commonly referred to as temporally spaced, or

serially sampled sequences).

Although we only consider viruses here, the methods described are

equally applicable to any population from which gene sequences sampled

at different points in time show a statistically significant number of genetic

differences. Populations from which estimates of mutation rates can be

readily obtained are characterised by some combination of the following

properties: (i) a high mutation rate, (ii) long periods of time between

samples, as is the case for ‘‘ancient DNA’’, and (iii) long stretches of

sampled sequence data.

At this point we must introduce the distinction between mutation rates

and substitution rates, although the two terms are sometimes confused in

the literature. The former is the rate at which mutational errors are

incorporated into a genome during replication, and can be expressed as the

number of mutations per nucleotide site per replication event. This rate is

largely determined by the particular viral or host polymerase used and the

presence or absence of post-replicative repair systems. RNA viruses and

small DNA viruses tend to lack such repair systems and thus have higher

mutation rates. Molecular biology techniques can be used to estimate the

mutation rate of viruses in vitro and in vivo (e.g., Mansky and Temin, 1995).
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In contrast, the substitution rate of a virus depends on many factors and is

a property of the viral population as a whole. It is the rate at which new

mutations spread and become fixed in the population as a result of natural

selection or random genetic drift, and is expressed as the number of

substitutions per nucleotide site per unit time (days, years or generations).

The substitution rate depends on the complex interaction between the

effective size of the population and the distribution of mutational selection

coefficients, that is, the relative proportion of mutations that are

advantageous, neutral or disadvantageous. Some of these interactions can

be unravelled by comparing the substitution rates separately at synonymous

and non-synonymous nucleotide sites – mutations at synonymous sites do

not change the encoded amino acid and can therefore be considered as

having little or no selective effect (for example, Kimura, 1977). One of the

most important theoretical results in molecular evolution is that if all

mutations are selectively neutral then the substitution rate is equal to the

mutation rate (Kimura and Ohta, 1971; Kimura, 1987). Although useful,

the argument that synonymous sites are neutral should be applied carefully

as it assumes the absence of several factors, some of which are common in

viruses, namely (i) fitness differences arising from the use of alternative

codons, (ii) secondary RNA or DNA structure in coding and non-coding

regions, and (iii) overlapping reading frames. In general, if selection is acting

at the nucleotide level as well as the encoded protein absolute statements

about selection at the protein level can be difficult, although relative

statements can often still be made.

All the procedures outlined below estimate the substitution rate, not the

mutation rate. Although the substitution rate depends on several

parameters and may sometimes be difficult to interpret, it is important

precisely because it does contain information about many fundamental

evolutionary processes. For example, if two genes in the same viral

genome have unequal substitution rates then we might conclude that

different selection pressures have been acting on them, since the underlying

mutation rate is unlikely to differ. Furthermore, comparison of substitu-

tion rates among different virus species and strains may shed light on the

varied roles that mutation and genetic diversity play in maintenance of

viral infection and transmission.

1.1. Ancestral Diversity and Evolutionary

Non-independence

Intuitively, one might expect to be able to estimate substitution rates using

a simple argument along the lines of ‘‘distance equals rate multiplied by
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time’’. If two gene sequences differ at d nucleotide sites and were sampled at

different points in time, t1 and t2, then this rationale suggests that the

substitution rate � equals d/(t2�t1) (Figure 1a). However, this will only be

true if one sequence is a direct ancestor of the other. In practice, as

illustrated in Figure 1b, this method will overestimate � when the time of

most recent common ancestor (troot) of the two sequences exists prior to t1.

This is known as the problem of ‘‘ancestral diversity’’ and occurs because

the population at time t1 contains some genetic variation. In most cases troot
will be unknown so the time over which genetic distance d has accumulated

will also be unknown. Ancestral diversity can be taken into account by

adding a third outgroup sequence. The difference between the genetic

distances (d1 and d2) of the two sampled sequences to this outgroup thus

reflects the difference between their sampling times (Figure 1c; Li et al.,

1988). This argument holds even if individual nucleotide sites have

undergone multiple substitutions, provided that an accurate probabilistic

model of nucleotide substitution is used to estimate d (see Swofford et al.,

1996). In common with many other methods this approach assumes that the

substitution rate remains constant through time, an assumption known as

the molecular clock.

Extending this methodology to multiple sequences appears straight-

forward; for example, if yi is the genetic distance from sequence i to the

most recent common ancestor of the sampled sequences (measured off

a phylogenetic tree) and ti is the sampling time of sequence i, then the

Figure 1 The problem of ancestral diversity. Gene sequences (open circles) have
been sampled at two time points, t1 (earlier) and t2 (later). The vertical dimension
represents genetic distance. (a) There is zero genetic diversity at the earlier time point
(t1) so the genetic distance d between the sequences reflects the difference in sampling
times. (b) Due to genetic diversity at the earlier time point, the common ancestor of
the sampled sequences (troot) exists prior to t1. Hence the genetic distance d is
erroneously large. (c) The problem of ancestral diversity can be avoided by using an
outgroup. The difference between the distances d1 and d2 correctly reflects the
difference in sampling times.
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gradient of a linear regression of yi against ti should provide an estimate of

the substitution rate � (Figure 2). We call this method the root-to-tip linear

regression method and it has often been used to estimate substitution rate,

but unfortunately it has serious shortcomings. It assumes that each yi is

statistically independent, whereas the sampled sequences are linked by a

common evolutionary history and are thus not independent. The non-

independence arises from the internal branches of the phylogeny that

describes this shared history, as these branches contribute to multiple pairs

of yi and ti values. This problem of non-independence arises in many other

evolutionary problems (e.g., Harvey and Pagel, 1991) and can be solved by

developing methods that explicitly incorporate the phylogenetic structure

implicit in sampled sequence data. The use of models that do not

incorporate this information will produce unpredictable biases in inference

and hypothesis-testing procedures.

While many computational methods have been developed to estimate

the phylogenetic structure of sequence data under the assumption of a

molecular clock, few allow for temporally spaced sequences. Methods such

as UPGMA (Sokal and Michener, 1958), likelihood ratio tests of the

molecular clock (Felsenstein, 1981) and coalescent methods in population

genetics (Kingman, 1982; Hudson, 1990; Kuhner et al., 1995) all assume

that there are no significant differences between the sampling times of the

individual sequences. Rather than being a potential problem, we show here

that the unique structure of temporally spaced sequence data is an asset that

can be exploited to a number of novel ends, including the accurate

estimation of substitution rates.

Figure 2 Root-to-tip distances measured on a phylogeny. Four gene sequences
(open circles) have been sampled at three different time points (t1, t2, t3). The y values
represent the genetic distances from each sequence to the root (filled circle). Many of
the y values are non-independent because of shared ancestry of the sequences. For
example, the dark arrow denotes the shared part of distances y1 and y2.
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The remainder of this article is organised with each section focusing on

a different approach for estimating molecular evolutionary rates. We start

with the simplest methods and progress to the more sophisticated. In each

section we demonstrate the relevant methods on HIV-1 and DEN-4 data

sets, discussing the advantages and shortcomings of each.

2. GENERAL LINEAR REGRESSION AND

OTHER DISTANCE-BASED METHODS

Some of the first estimates of substitution rates using temporally spaced

sequences were obtained by comparing sequences of human influenza A

strains (Krystal et al., 1983; Martinez et al., 1983; Hayashida et al.,

1985). All of this early work involved direct comparison of the genetic

distance between two sequences with the interval separating their

isolation times (Figure 1a). As explained in the previous section, this

method is only accurate if the genetic diversity of the population at the

time of sampling is negligible, such that sequences isolated at different

times differ only by substitutions accumulated during the time interval.

If this condition is not met then this method has an upward bias

and can provide an upper limit for the estimate of substitution rate.

Consequently, the outgroup method described in Figure 1c was intro-

duced in the context of estimating the rate of evolution of HIV-1 (Li

et al., 1988).

From the mid 1980s to the present, a series of distance-based regression

methods were employed by various researchers to remove the ‘‘ancestral

diversity’’ bias generated by the substantial population polymorphism that

exists in most viral populations (for example, Buonagurio et al., 1986;

Saitou and Nei, 1986; Gojobori et al., 1990; Fitch et al., 1991; Leitner and

Albert, 1999; Pagel, 1999; Shankarappa et al., 1999; Drummond and

Rodrigo, 2000; Korber et al., 2000). With some exceptions, these methods

were largely introduced in an informal manner, and often not linked to past

research. In the next sections we will describe the three major classes of

regression methods that this body of research fall into.

2.1. Root-to-tip Linear Regression

The ‘‘root-to-tip’’ linear regression method, described briefly above, has

been a common choice for the estimation of substitution rate. This method

proceeds by first estimating a rooted phylogeny of the sequences under

analysis and then performing a linear regression between the time of
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sampling of each tip and the genetic distance (sum of reconstructed branch

lengths) from the root to each tip. The linear model is thus:

E½droot, i� ¼ �ðti � trootÞ ¼ �ti � �troot

where ti is the time of tip i, � is the unknown substitution rate and troot is the

unknown time of the root (in population genealogies this is equal to the time

of the most recent ancestor). Under this model, the gradient of a linear

regression of droot,i against ti provides an estimate of the substitution rate

and the y-intercept is equal to ��troot. By definition, the x-intercept is equal

to troot. Shankarappa et al. (1999) used this linear regression technique

to study the long-term intra-host rate of HIV-1 evolution in nine

infected patients, and Korber et al. (2000) used it to date the origin of

HIV-1 group M.

2.2. Pairwise Distance Linear Regression

The second regression method was introduced by Leitner and Albert (1999)

and formally described and extended upon in Drummond and Rodrigo

(2000). This method relies on a result from the population genetics

literature; that the expected distance between two random sequences

sampled at the same time in a haploid population is equal to �¼ 2Ne�g,

where Ne is the effective population size and �g is the mutation rate per site

per generation. Extending this model to pairs of sequences i and j with times

ti and tj, results in the following linear model:

E½di,j � ¼ �jti � tjj þ�

Following this model, the gradient of a linear regression of di, j against

itij¼ |ti� tj| is an estimate of the substitution rate and the y-intercept is

an estimate of the population genetic parameter �. Because �g is

measured in mutations per generation, while the slope of the regression is

typically in units of substitutions per year or per day, it is only possible

to interpret the x-intercept of this regression as the product of 2Ne and

generation length in the time units used. Unlike the root-to-tip method,

this method does not require an estimate of the tree, and has been shown

to be an unbiased estimator (Drummond and Rodrigo, 2000). However,

because it does not use information about the correlation of the

sequences due to shared ancestry the power of this method is significantly

reduced, typically leading to very large confidence intervals. Leitner and
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Albert (1999) used a parametric bootstrapping technique to demonstrate

that the distribution of pairwise distances in the HIV-1 transmission

history they analysed was not over-dispersed. This suggests that a

simple Poisson process could not be rejected as an adequate description

of molecular evolution of HIV-1 in the transmission history they

studied. However, this result could also be due to the low power of

this method.

2.3. Generalised Least-squares on a Tree

An interesting approach to substitution rate estimation arises from

literature concerning the use of the comparative method in evolutionary

biology (Harvey and Pagel, 1991; Pagel, 1999). The comparative method is a

general framework for estimating the covariance of phenotypic traits among

species, which correctly accounts for the non-independence arising from

shared ancestry. These methods can be regarded as a class of generalised

least squares (GLS) approaches. Within this framework the correlation

between a continuous trait and the branch lengths of the tree itself can also

be examined. If we regard time itself as a continuous trait, then we can

consider the correlation of time with the branch lengths of the tree. If the

branch lengths of the tree are in units of substitutions per site then we can

obtain an estimate of the rate of substitution per site per unit time (see

Pagel, 1999). Because this method explicitly considers the correlation

structure of the tree, the non-independence of observed sequences is correctly

accounted for. However, the interpretation of this method is difficult, as it

assumes that time is a random variable, when clearly the substitutions

themselves are the source of stochasticity, not time. Nevertheless, this

method represents an interesting intermediate between the distance methods

outlined above and the fully probabilistic methodologies outlined in later

sections.

2.4. Hypothesis Testing and Estimation of Errors

Point estimates are meaningless without a measure of the error associated

with the estimate. This is particularly important when the aim of estimation

is hypothesis testing. Unfortunately we cannot make use of standard linear

regression tests and statistics because these assume that the data are

independent, whereas the sequences are not independent because they share

evolutionary history. For example, the use of confidence intervals about a
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regression line (e.g., Tanaka et al., 2002) can produce an underestimate of

the true error about substitution rate.

However, the linear regression procedures are amenable to general

statistical techniques for error estimation such as bootstrapping (para-

metric and non-parametric; Efron and Tibshirani, 1993) and jackknifing

(Wu, 1986). These methods involve the construction of pseudo-replicate

data sets to estimate the stochastic error in the original data. In the case of

bootstrapping, this can be done by randomly sampling the original data

with replacement (non-parametric bootstrapping), or by simulating data

using an assumed or inferred model of evolution (parametric boot-

strapping). However, care must be taken because of the non-independence

of the genetic distance data used. For example, Korber et al. (2000) used

the root-to-tip regression method to estimate the evolutionary rate and age

of the root (troot) of HIV-1 (group M) viruses. Korber et al. attempted

to estimate confidence intervals around their point estimate of troot by

re-sampling with replacement (non-parametric bootstrapping) the linear

regression data points. Their analysis gave a tight confidence interval

around their estimate of troot and thus enabled them to reject a recent

hypothesis for the origin of HIV-1. However, in this setting the bootstrap

procedure they used will underestimate the true confidence intervals as it

does not take into account the correlation of bootstrap replicates due to

shared ancestry (i.e., it treats each root-to-tip distance as an independent

piece of information about substitution rate). A statistically rigorous

approach would have been to bootstrap the nucleotide sites in the

sequence alignment, rather than the root-to-tip distances, as each site in

an alignment represents an independent realization of the substitution

process. In the next section we verify this theoretical result and show that

bootstrapping the nucleotide sites rather than the regression points

produces significantly larger and more realistic confidence intervals for a

set of DEN-4 virus sequences.

Non-parametric bootstrapping of sequence data could also be used to

estimate the confidence intervals of the GLS method. However, non-

parametric bootstrapping of sequences is not sufficient for error estimation

in the pairwise distance regression. The pairwise distance regression has

two sources of statistical error: (i) error due to the substitution process, and

(ii) error due to the coalescent process. Thus, a full parametric bootstrap

must be employed to correctly assess the error associated with the pairwise

distance method (Drummond and Rodrigo, 2000).

In all three cases the statistical error due to phylogenetic reconstruction is

difficult to accommodate. However, these problems can be circumvented by

the use of full likelihood or Bayesian methods, which we describe in Sections

3 and 4, below.
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2.5. Examples of Linear Regression Methods

In this section we compare the root-to-tip and pairwise distance linear

regression methods on two example datasets (DEN-4 and HIV-1) in order

to illustrate their relative performance. For both methods, a matrix of

pairwise genetic distances was calculated using an empirically derived F84

model of substitution (described in Swofford et al., 1996). For the root-to-

tip regression method, this matrix was used to estimate a neighbour-joining

tree (Saitou and Nei, 1987), and the root of the tree was picked so as to

maximise the R2 value of the regression. In a real-life application, some form

of model selection process should be used to choose the substitution model

that best describes the data.

Figures 3 and 4 display the results of both root-to-tip and pairwise

distance regression analyses on the DEN-4 and HIV-1 datasets, respectively.

The root-to-tip estimate of substitution rate for the DEN-4 dataset was

8.14� 10�4 substitutions per site per year with a confidence interval of

[4.69� 10�4, 14.1� 10�4] estimated from 5000 bootstrap replicates of the

sequence data. The corresponding estimate of the date of the root is 1928

with a confidence interval of [1901, 1946]. The estimated rate compares with

9.10� 10�4 [0, 33.7� 10�4] for the pairwise distance method. These

confidence intervals are very large and include a rate of zero. The two

Figure 3 Application of the linear regression methods to 17 Dengue virus
serotype 4 (DEN-4) sequences, isolated from different patients across five decades.
(a) Root-to-tip linear regression. The gradient of the regression (bold line) is an
estimate of the substitution rate (�) and the x-axis intercept is an estimate of the time
of the most recent common ancestor (troot). The pale lines represent 500 bootstrap
replicates of the original sequence alignment and provide an estimate of the
statistical error in these estimates. (b) Pairwise distance linear regression.
The gradient of the regression (bold line) is an estimate of the substitution rate (�)
and the y-axis intercept is an estimate of � (see text for details).
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methods are congruent, and as we will see in later sections they agree well

with the results of more sophisticated methods, but suffer from a lack of

power, and less flexibility in model specification.

Note that if we had followed Korber et al. (2000) and bootstrapped the

root-to-tip distances instead of the sequence data we would have calculated

a confidence interval for substitution rate of only [5.83� 10�4, 11.1� 10�4],

and a confidence interval for troot of [1912, 1942]. These intervals are 56%

and 67% of the intervals produced by the correct bootstrapping method.

Discrepancies of this magnitude can easily result in incorrect conclusions

when testing specific hypotheses.

Figure 4 shows the results of the distance-based analyses of the HIV-1

dataset. The pairwise regression method gave an estimate rate of 3.17� 10�3

[0.26� 10�3, 8.61� 10�3] substitutions per site per year, whereas the root-

to-tip regression method gave an estimate of 6.24� 10�3 [4.64� 10�3,

7.89� 10�3], with confidence intervals that exclude the pairwise estimate.

A possible reason for this discrepancy is model misspecification in one or

both of the methods. However because of the very wide confidence intervals

on the pairwise method, the discrepancy between these results may not be

very important.

In general, linear regression procedures are fast and useful for visualising

new data sets. They can assist in model selection, by suggesting whether a

uniform or variable model of substitution rate through time is necessary

to explain the temporal structure in a given data set (for example,

Shankarappa et al., 1999). However, they make several limiting assumptions

and we do not recommend that they provide the final result of an analysis of

Figure 4 Application of the linear regression methods to 117 HIV-1 sequences,
isolated over 134 months from a single infected patient. (a) Root-to-tip linear
regression. (b) Pairwise distance linear regression. See Figure 3 legend for more
details.
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temporally spaced viral data. Newer methods, such as maximum likelihood

and Bayesian statistical inference, can utilise more information from the

sequences and can potentially allow much more complex models of

molecular evolution and demography to be investigated. We will describe

these methods in the next two sections.

3. MAXIMUM LIKELIHOOD ESTIMATION

Since the initial attempts to estimate rates using distance-based methods, a

number of researchers have developed and tested ML methods that accom-

modate the time structure of temporally spaced sequences (Rambaut, 2000;

Drummond et al., 2001; Seo et al., 2002b). Each tip of the tree has a known

time (the isolation date of the sequence). The times of the internal nodes

of the tree are initially unknown and are given arbitrary starting times

consistent with their order in the tree. An additional parameter, the

substitution rate, is then used to scale these times into units of expected

number of substitutions per site. Given the tree and the expected number

of substitutions per site for each branch of that tree, the likelihood of the

model can be calculated (Felsenstein, 1981). The vector of internal node

times, (t0, t1, . . . ,tn) along with the substitution rate (�) and any parameters

of the substitution model (such as the transition–transversion ratio) are then

put into a standard multi-dimensional optimisation procedure to find the

values that provide the maximum likelihood. This model has been labelled

as the ‘single rate dated tips’ (SRDT) model (Figure 5; Rambaut, 2000).

Figure 5 Maximum likelihood estimation of substitution rate using the single rate
dated tips (SRDT) model. Ancestral divergence times (filled circles) are unknown
and free to vary. The isolation times of the sampled sequences (open circles) are
known and fixed. The substitution rate (�) is used to convert the isolation times into
genetic distances (measured in units of substitutions per site). The ancestral
divergence times and � are then found by maximum likelihood.
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These methods are more sensitive and accurate than distance-based

methods, as can be seen by the reduced confidence intervals reported in

Section 3.3.

3.1. Hypothesis Testing and the Likelihood Ratio Test

One of the strengths of the ML inference framework is that it provides

powerful tools for hypothesis testing and model comparison through tests

such as the likelihood ratio test (LRT). This test uses the difference in log

likelihood between two hypotheses to assess whether one provides a

significantly better fit to the data than the other. The LRT requires that the

hypotheses are nested, that is, one or more parameters of the more general

hypothesis are constrained to particular values in order to obtain the more

specific hypothesis. For example, the substitution rate parameter could be

constrained to a particular a priori value (perhaps a previously inferred

value estimated from different data). The likelihood ratio would then be

used to test whether this substitution rate was a significantly worse fit to

the data than the maximum likelihood estimate of rate (the more general

hypothesis). For such cases, an approximate null distribution of the

likelihood ratio statistic has been described (Wilks, 1938) or it can be

generated using simulation (e.g., Huelsenbeck and Rannala, 1997). One of

the first descriptions of such a test in phylogenetics was the test of the

molecular clock by Felsenstein (1981) but this test assumes that all

sequences were sampled contemporaneously. The application of the

likelihood ratio test to temporally sampled data is described in more

detail by Rambaut (2000) and Drummond et al. (2001).

3.2. Rate Variation Through Time

There are a number of reasons why evolutionary rates may vary through

time across an entire viral population. For example it has been suggested

that HIV-1 viruses in a host exhibit a slowdown in substitution rate at the

end of the asymptomatic period (Shankarappa et al., 1999). These patterns

of concerted population-wide changes in rate through time have also been

observed due to external changes in environment such as application of

anti-retroviral drugs (Drummond et al., 2001). It is relatively straight-

forward to design an LRT that will test the hypothesis of concerted rate

variation through time, and this has already been described for the case of

stepwise changes in substitution rate (Drummond et al., 2001). Models of

this variety may be described as multiple rates dated tips (MRDT) models.
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Further advances in this direction will assist in the rigorous and detailed

dissection of the molecular evolutionary process and its variation through

time.

3.3. Examples of Maximum Likelihood Methods

Under a maximum likelihood framework we have greater flexibility in

model selection. Using the program TipDate (Rambaut, 2000) we estimated

the substitution rate of the DEN-4 dataset using the HKY model of

substitution with a different rate at each codon position. The input tree

topology was estimated under the different rates (DR) model and the same

substitution model in PAUP* (Swofford, 1998). The maximum likelihood

estimate of the mean substitution rate was 7.91� 10�4 [6.07� 10�4,

9.86� 10�4] substitutions per site per year and the estimated age of the

root is 1922 [1900, 1936]. Figure 6 shows the maximum likelihood trees for

DEN-4 under the SRDT model of evolution.

Using the program PAML (Yang, 1997), which also allows estimation of

rate under the SRDT model but is better able to handle large data sets, we

Figure 6 Application of the maximum likelihood approach to the DEN-4 data
set. The phylogeny shown was estimated under the SRDT model, so that each
sequence is positioned correctly with respect to its sampling date. The tips are
labelled with the year of sampling and the top scale gives the genetic distance from
the root. At the bottom is the timescale in years estimated using maximum
likelihood.
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estimated the rate of evolution of the HIV-1 sequences. Again, the input tree

topology was estimated under the different rates (DR) model and under

the HKY model of substitution in the program PAUP*. The maximum

likelihood estimate of the mean substitution rate was 4.24� 10�3

[3.26� 10�3, 5.36� 10�3] substitutions per site per year. The associated

confidence intervals do not contain either the pairwise or the root-to-tip

regression point estimates. This inconsistency in error estimates between

different methods arises from the implicit assumptions of each method,

such as the assumption of perfect knowledge of the tree topology, which

we discuss in the next section.

3.4. Shortcomings of Current Maximum

Likelihood Implementations

One limitation of current ML implementations, such as PAML and

TipDate, is that only a single tree is considered. This can be a problem for

two reasons: Firstly, there is usually considerable uncertainty in our

estimation of the true tree, so that it becomes important to reflect this

uncertainty in the confidence interval associated with the estimated

evolutionary rate. Secondly, the maximum likelihood tree topology under

the single rate dated tips (SRDT) model can be different from the maximum

likelihood tree topology under the DR model (Drummond et al., 2001), so

using an ML topology from PAUP* can bias substitution rate estimation

using TipDate. As with the root-to-tip regression analysis, the use of a single

tree introduces the potential for bias.

One could attempt to simultaneously find the maximum likelihood tree

and the evolutionary rate using heuristic optimisation. This would involve

progressively making changes to the tree accepting those that improve the

likelihood (the hill-climbing approach). Such techniques are used to estimate

the maximum likelihood tree in phylogenetics packages such as PAUP* and

PHYLIP, although not for the case of temporally sampled sequences.

Whilst such methods are feasible for small numbers of sequences, the

number of possible trees increases explosively as the number of sequences

increases (Schröder, 1870). This, in addition to the complex nature of the

constraints of the SRDT model, would make hill-climbing extremely

susceptible to producing sub-optimal solutions. On the other hand, if we

were not directly interested in the ancestral tree itself, it would be preferable

to have a method that took into account the shared ancestry of the data

without basing inference on a single estimation of ancestral genealogy.

Markov chain Monte Carlo (MCMC) methods provide exactly this

opportunity.

346 A. DRUMMOND, O.G. PYBUS AND A. RAMBAUT



4. BAYESIAN INFERENCE OF EVOLUTIONARY RATES

Markov chain Monte Carlo (MCMC) integration is often used in statistical

inference to summarise high-dimensional probability densities where

analytical solutions are difficult or impossible to calculate. MCMC works

by sampling the probability density function of interest, so as to provide a

representative sample of parameter values of the chosen model, given the

data. To estimate substitution rates, the chosen model generally includes the

tree topology, the times of ancestral nodes in the tree, the substitution rate,

and substitution parameters such as the transition/transversion ratio

(Drummond et al., 2002).

In phylogenetics and population genetics we often want to estimate

parameters, such as substitution rate, despite not knowing the true ancestral

history of the sequences. A good solution to this problem would be to

estimate the substitution rate from each of a large set of different ancestral

histories and then combine these individual estimates such that each rate is

weighted proportional to the likelihood of the corresponding tree. Trees that

make the data highly probable contribute most to the overall estimate. By

making the tree a nuisance parameter of the model, it becomes possible to

sample all plausible trees in an MCMC analysis in order to find the range of

plausible substitution rates. Unlike ML, which typically employs some kind

of hill-climbing procedure, MCMC is a stochastic algorithm and is thus able

to avoid getting stuck in local sub-optimal solutions because it samples the

whole distribution of interest. At each step in the algorithm, MCMC

proceeds by proposing a new set of parameter values (of which the tree

topology is one) and then either accepting or rejecting the newly proposed

state based on the Metropolitan-Hastings criterion (Metropolis et al., 1953;

Hastings, 1970). In essence, if the proposed state is better than the previous

state, it is accepted. However, if the proposed state is, say, 10 times worse

than the current state, it is accepted with a probability of p¼ 1/10¼ 0.1. If

the proposed state is rejected then the MCMC retains the current state and

the process is repeated. Using this acceptance criterion, the proportion of

times the MCMC algorithm visits a particular tree is an estimate of its

relative probability given the data.

Sample-based inference using MCMC readily lends itself to Bayesian

inference, in which prior information can be incorporated into the analysis.

Probability theory tells us that Posterior Probability / Likelihood � Prior

Probability. One natural approach to assigning prior probabilities to

genealogies that represent large populations is the coalescent process

(Kingman, 1982). In addition, parameters such as troot and effective

population size (Ne) can be given prior distributions that reflect information
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from independent sources, or are simply used in an exploratory manner to

investigate different a priori assumptions and hypotheses. For example, in

the case of a set of viruses sampled from a single infected host, a potential

prior distribution on troot is the age of the host. This prior represents the

assumption that the initial infection was from a single viral particle or a

small homogeneous population with no double-infection.

The historical population processes that shape the genetic diversity of a

population can be illuminated by genealogical methods such as the coalescent

(Kingman, 1982). The coalescent is the most appropriate framework for

studying the evolutionary genetics of a large population from which a sample

of sequences is drawn, and provides a number of opportunities for inference

in viral populations (e.g., Pybus et al., 2000, 2001). A description of the

coalescent for serially sampled sequences has recently been given (Rodrigo

and Felsenstein, 1999). This formulation of the coalescent has been used to

develop methods that estimate population sizes and substitution rates from

serially sampled sequences whilst taking into account the uncertainty of the

tree topology using MCMC (Drummond et al., 2002). Others have used the

coalescent to describe a pseudo-maximum likelihood method of estimating

population size or substitution rates when the tree is known (Seo et al.,

2002a). However, it should be noted that currently implemented coalescent

methods make a number of limiting assumptions, specifically, no population

subdivision, no recombination within the genome region under investigation,

and no selection.

Theoretical developments in the future will enable these assumptions to be

relaxed, but for the time being our understanding of the molecular biology

and life cycle of the virus concerned should be used to carefully interpret the

results of each analysis. For example, strong natural selection acts on many

viruses, but often acts unequally at different levels: within an infected individ-

ual, HIV is constantly adapting in response to the host’s cellular and humoral

immune responses and selection is obviously strong. However, successful

transmission to a new host almost always leads to the establishment of a

persistent infection, so the number of ‘‘offspring’’ infections generated by

one infected host is primarily determined by that host’s behaviour, rather

than by particular mutations in the viral genome. Thus the reproductive

success of an HIV infection at the epidemiological level has a low heritability,

and consequently selection at this level will be weak and slow-acting.

4.1. Estimation of Errors Using MCMC

Highest posterior density (HPD) intervals and central posterior density

(CPD) intervals are Bayesian analogues of the confidence interval. HPD and
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CPD intervals of a parameter of interest, such as substitution rate, can be

obtained empirically from the frequency distribution of the parameter’s

values sampled by the MCMC algorithm. This is valid because after the

MCMC algorithm has had an appropriate time to converge (referred to as

the burn-in period) it will begin to sample values of a parameter at a

frequency proportional to their (posterior) probability density. The resulting

frequency distribution of a parameter of interest is thus an empirical

estimate of the marginal posterior probability density of the parameter.

These marginal densities can be used to reject specific a priori hypotheses;

for example, the substitution rates of two genes are the same.

4.2. Examples of MCMC Estimation Methods

MCMC was used to estimate the substitution rate of DEN-4 without

assuming exact knowledge of the tree topology. In addition, a coalescent

prior on node heights was introduced to investigate its effect on rate

estimation. Figure 7 shows the marginal probability distributions for each of

the three codon positions as well as the mean substitution rate across all

nucleotide positions. The posterior estimate of mean substitution rate in

DEN-4 was 8.29� 10�4 [6.33� 10�4, 10.4� 10�4] substitutions per site per

year. Notice that this HPD interval is slightly larger than the ML confidence

interval (Figure 9). This reflects the increased uncertainty in the rate due

to the uncertainty in the exact genealogical relationships of the sequences.

By assuming a single tree topology the ML analysis gave artificially tight

confidence intervals. Interestingly, the confidence intervals for the age of the

root are smaller in the MCMC analysis. This probably reflects the effect of

the coalescent prior on the tree topology, as assumptions about population

processes will tend to reduce the variance in estimates of node times.

Figure 8 shows the resulting probability densities of substitution rate for

two independent MCMC analyses of HIV-1 dataset. The only difference

between the models used was that the first analysis assumed a constant

population size whereas the second allowed an exponentially expanding

population (with the growth rate included as a parameter of the model). The

two distributions are remarkably similar demonstrating a robustness of the

estimate of rate to the exact choice of prior on the distribution of internal

node ages. The posterior estimates and HPD intervals of substitution

rate for the constant size and exponentially expanding population models

were 6.19� 10�3 [5.32� 10�3, 7.07� 10�3] and 6.11� 10�3 [5.33� 10�3,

6.88� 10�3] substitutions per site per year, respectively. With these

examples, we have tried to demonstrate that properties such as (i) low

variance, (ii) flexibility of modelling and (iii) accurate assessment of
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statistical errors, make MCMC an attractive and practical option for the

estimation of evolutionary parameters such as substitution rate.

5. DISCUSSION

Temporally spaced data from rapidly evolving viruses provide an

opportunity to ask questions about population dynamics and molecular

evolution that are not possible with slow-evolving organisms or con-

temporaneous sequence data. Although we have concentrated on the

estimation of molecular evolutionary rates there are a number of closely

Figure 7 Application of the Bayesian inference approach to the DEN-4 data set.
The figure shows the estimated posterior distributions of substitution rate for each
codon position. In addition, the estimated posterior distribution of the mean rate is
shown. Interestingly, the mean rate distribution does not overlap with any of the
codon position distributions. The figure overlays results from four separate runs of
the MCMC algorithm on the same data each with different random starting
topologies. The similarity of the four distributions indicates that the algorithm has
converged to the correct posterior distribution and thus has sampled the parameter
space of the model adequately.
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related problems that can be tackled using the methods above. We outline

a few of them below.

5.1. Estimation of Divergence Times

Temporally spaced sequence data allows for the independent estimation of

divergence times in viral phylogenies and genealogies. Traditionally, in the

wider field of phylogenetic inference, independent calibration information

has been used to determine the divergence time of an anchor node and then,

assuming a molecular clock, used to estimate the ages of other divergences

in the tree (for example, Shields and Wilson, 1987). However internal-node

calibration methods suffer difficulties when there are few calibration points

and when the substitution rates over long timescales are used to calibrate

divergences over short timescales. It is also generally unlikely that internal-

node calibrations will be available for viral sequence data, although a

few examples do exist (e.g., Leitner and Albert, 1999; Pybus et al., 2001;

Van Dooren et al., 2001).

Figure 8 Application of the Bayesian inference approach to the HIV-1 data set.
The figure shows results from two separate runs of the MCMC algorithm, the first
assuming a constant population size for the coalescent model (thin line) and the
second allowing an exponentially expanding population (bold line).
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5.2. The Neutral Theory of Molecular Evolution

and the Molecular Clock

The clock-like nature of many rapidly evolving viruses has been used to

support both the molecular clock hypothesis (e.g., Leitner and Albert, 1999)

and Kimura’s neutral theory of evolution (e.g., Gojobori et al., 1990).

Although there is now fairly strong evidence of positive selection in HIV-1

(Nielsen and Yang, 1998), it still appears to be a relatively minor

contribution to the molecular evolution of the HIV-1 genome as a whole.

In fact, recent preliminary evidence of a negative correlation between

population size and mutation rate suggests that negative selection imposed

by functional constraints is more important and ubiquitous in HIV-1

Figure 9 A comparison of the parameter estimates produced by the different
methods discussed in this paper; root-to-tip linear regression (RT), pairwise linear
regression (PW), maximum likelihood (ML) and Bayesian Markov chain Monte
Carlo inference (MCMC). (a) Comparison of the results obtained for the time of the
most recent common ancestor for the DEN-4 data set. (b) Comparison of the results
obtained for the rate of substitution for the DEN-4 data set. (c) Comparison of the
results obtained for the rate of substitution for the HIV-1 data set. For this data set,
the MCMC estimates under both the constant population size and the exponential
growth models are shown.
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evolution than positive selection (Seo et al., 2002a). This observation can be

explained by either the nearly neutral theory or the slightly deleterious

model of molecular evolution (Ohta and Kimura, 1971; Ohta, 1987;

Tachida, 1991; discussed in Gillespie, 1995). The difficulty is that the strict

molecular clock hypothesis does not appear to survive careful scrutiny. For

example, only 7 out of 50 RNA viruses fit a strict molecular clock when

tested in one recent comprehensive study (Jenkins et al., 2002). However,

the authors of that study went on to show by simulation that even for the

viruses that did not obey a strict molecular clock, the substitution rates

estimated could still be regarded as an accurate reflection of the average

substitution rate. A more satisfactory solution to this problem is the recent

development of ‘relaxed clock’ models of substitution (Thorne et al., 1998;

Huelsenbeck et al., 2000). These models allow molecular evolutionary rates

to vary over time and across lineages. In the future, incorporation of these

methods into the analysis of temporally spaced sequence data should allow

both estimation of average evolutionary rate and the extent of rate variation

across lineages. This has already begun, with a recent description of an

MCMC method (though without considering phylogenetic uncertainty)

that allows for dated-tips and lineage-specific rate variation (Thorne and

Kishino, 2002). The chief concern in the further development of tests of the

molecular clock will be in assessing the relative merits of rate-per-lineage

models and MRDT models in uncovering the trends in the variation of

evolutionary rate.

5.3. Estimating Generation Length

If the ages of sequences are known in calendar units (for example, days or

years) then it is possible to estimate the substitution rate per site per

calendar unit. However, population genetic theory tells us that in a haploid

population the expected genetic diversity, �, is two times the product of

population size and mutation rate per generation. Hence in order to estimate

population size we need to know the conversion factor �, the number of

calendar units per generation (i.e. the generation length). This problem can

be turned on its head if the mutation rate is already known from some

external source. In this case, one can estimate the generation length from

serially sampled genetic data, given the mutation rate. A number of methods

have been described to do this for HIV-1 (Rodrigo et al., 1999; Fu, 2001;

Seo et al., 2002a) and all agree closely with methods based on viral load

dynamics. This congruence between genetic methods and viral load

dynamics is encouraging because it occurs despite completely different

sources of data. The most recent of these methods, a pseudo-likelihood
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method (Seo et al., 2002a), was used to estimate the generation length of

nine intra-patient data sets. Assuming a single underlying mutation rate,

they estimated that generation length in HIV-1 varied from 0.73 to 2.43 days

among the nine patients, again showing close congruence with early work.

5.4. Conclusion

Recent maximum likelihood and Bayesian methods of analysis have filled

an important gap in the study of viral evolution. These methods both

provide a wealth of options for hypothesis testing and model comparison by

providing a solid statistical basis for genealogy-based inference of molecular

rates, based on coalescent theory and likelihood models of molecular

evolution. However, as mentioned above, the methods described here are

still limited by a number of simplifying assumptions. Substantial population

subdivision, recombination or selection may adversely affect analysis of

temporally spaced viral sequences. Most of the methods described here

assume single panmictic populations, free of recombination and selection.

Therefore, extensions of the Bayesian inference framework described here to

take into account migration between subpopulations, substantial recombi-

nation and selection effects are needed. Most of these processes fall squarely

within the purview of population genetics and are already understood in the

context of contemporaneous samples of sequences. We expect that in the

near future methods that allow incorporation of all of these effects will

exist for analysis of rapidly evolving viruses. In fact, very early on it was

predicted that temporally spaced data would provide the opportunity to

shed new light on these forces:

‘‘To sum up, selective trends will be detectable only if data from the past are

available.’’ (Cavalli-Sforza and Edwards, 1967)

The use of the methods outlined in this article, and their derivatives, will

assist in answering fundamental questions about the tempo and mode of

viral molecular evolution.

Software packages for performing some of these analyses and links to

other resources are available from http://evolve.zoo.ox.ac.uk/VirusRates/.
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ABSTRACT

It is likely that infectious diseases have shaped the evolution of many

vertebrates, including humans. The etiological agents of disease

continuously strive to evade the immune response and the immune response,

in turn, seeks to change in order to keep pace with the invaders. This ‘arms

race’ may be characterized by the selection for new variant hosts and new

variant parasites. Here we discuss the utility of phylogenetics in detecting

adaptive evolution at the molecular level and, for illustration, we

concentrate on a family of surface-exposed proteins (the rifins) found in

the recently sequenced genome of Plasmodium falciparum. We employed

phylogeny-based methods in order to characterize adaptive evolution in

these proteins. We found evidence for adaptive evolution in many of the

amino acid residues in at least one lineage. These results indicate that there

has been selection for those strains of P. falciparum that contain the new

genotypes. These proteins are likely to be of great importance for the

survival of the parasite. Studies of the interaction of these proteins with the

antigen-presenting cells of the immune system should lead to a better

understanding of malarial infection.

1. WHAT IS ADAPTIVE MOLECULAR EVOLUTION?

Proteins are exquisitely designed molecular machines that have been honed

and perfected by a system of mutation and selection over time. Mutation

relentlessly increases variation which selection edits, either removing (as in

negative selection) or accepting it (as in positive directional or non-

directional selection). For that reason, selection is likely to have been a

powerful agent of evolution, largely dictating the rate and pattern of protein

change. Usually, we think of the main role of selection in terms of rejection

of new variants that are considered deleterious. However, it is becoming

more obvious that adaptive change (positive selection of new variants) is a

frequent and essential component of molecular evolution (McDonald and

Kreitman, 1991; Swanson and Vacquier, 1995; Messier and Stewart, 1997;

Nielsen and Yang, 1998; Zanotto et al., 1999; Bielawski and Yang, 2001).

If a new mutation occurs, a number of factors will influence whether or

not this mutation remains polymorphic in the population for a long period.

If the new mutation is neither significantly advantageous nor disadvanta-

geous, then the length of time it remains in the population as a poly-

morphism along with the wild type is dependent on the effective population

size of the species. If the new mutation affects the phenotype then it either
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may be removed or become fixed in the population in a manner that is

almost independent of the population size depending whether the mutation

is under positive or negative selection (Hughes, 1999).

For the most part, the effects of selection are analysed in protein-coding

regions. Protein-coding genes are a mosaic of nucleotide positions and

mutations within them can be classified as either synonymous or

nonsynonymous, depending on whether or not the mutation at that

codon site changes the encoded amino acid. The most commonly used

method of detecting adaptive evolution at the protein level usually has

involved comparing rates of synonymous changes per synonymous site (dS)

versus nonsynonymous changes per nonsynonymous site (dN). The synony-

mous rate is used to calibrate the properties of neutrally evolving DNA so

that when it is compared against the nonsynonymous rate the action of

negative or positive selection may be detected. Negative selection, being the

retention of status quo, is characterized by a synonymous rate that is much

greater than the nonsynonymous rate. Positive selection, being the advocate

of change, is characterized by a nonsynonymous rate that is much greater

than the synonymous rate.

It is usual to think of adaptive evolution as an ephemeral event that is

associated with the development of a new function or the modification of an

existing property of a protein. A period of positive selection might be

supplanted by a period of purifying selection once this novel property has

been established. The transient nature of this phenomenon, allied to its

enormous potential for affecting phenotypic diversity, makes it important to

understand its nature and extent.

For example, it has been reported that periods of adaptive evolution have

characterized the development of new functions in the lysozyme proteins of

foregut fermenting primates (Yang, 1998; Creevey and McInerney, 2002).

In this situation, a lysozyme protein that is active in low pH conditions and

is unusually resistant to cleavage by pepsin is found in the fermenting

foregut of herbivorous primates. The unusual properties of lysozyme allow

the digestion of plant material that would otherwise have remained

refractory. In some marine invertebrates, positive selection for new variant

sperm proteins has also been reported and implicated to be responsible

for the origin of new species (Yang et al., 2000a). The biological ‘arms race’

that characterizes the interaction between pathogenic micro-organisms and

their vertebrate hosts has also been documented in terms of adaptive

evolution of important components of both systems (Hughes, 1992; Hughes

and Hughes, 1995).

In a seemingly contradictory finding, the importance of any individual

gene for the survival of a species may be relatively small. In yeast, it has been

shown that deleting a gene has little phenotypic effect owing to the existence
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of compensatory mechanisms (Winzeler et al., 2000). This could indicate

that individual residues within genes are even more dispensable (and

presumably not under a great deal of selective pressure). However, running

contrary to this expectation are the observations of selective pressures on

most genes (Creighton and Darby, 1989; Hughes, 1992; McInerney, 1998;

Bielawski and Yang, 2001).

2. METHODOLOGICAL ADVANCES

Although it is becoming increasingly obvious that the evolutionary histories

of many genes have been characterized by intermittent periods of adaptive

evolution, it is still a controversial and difficult task to correctly identify

those periods and to identify the amino acids that were influenced by

positive selection (Yang and Bielawski, 2000). Initially, the most commonly

used methods relied on simple pair-wise comparisons of protein-coding

sequences (Li et al., 1985; Nei and Gojobori, 1986; Li, 1993; Ina, 1995).

More recently, however, phylogenetic trees have been employed in order to

pinpoint adaptive evolutionary events with greater accuracy (Messier and

Stewart, 1997; Yang, 2000; Yang and Bielawski, 2000; Creevey and

McInerney, 2002; Yang and Nielsen, 2002).

2.1. Pair-wise Comparisons

One of the first pair-wise distance methods was devised by Li et al. (1985).

This method was later revised (Li, 1993) and other modifications of this

principle have also been described (Ina, 1995). According to Nei and

Gojobori (1986), for each pair of protein-coding sequences in an alignment,

each codon position is classified according to whether or not there has been

a change since the two sequences last shared a common ancestor. These

variable positions are classified as synonymous (silent) or nonsynonymous

(replacement) substitutions. Two pair-wise ‘distances’ are calculated – the

proportion of synonymous substitutions per synonymous site (pS) and the

proportion of nonsynonymous substitutions per nonsynonymous site (pN):

pS ¼ Sd=S ð2Þ

pN ¼ Nd=N ð3Þ

where Sd is the number of synonymous differences and S is the number of

synonymously variable sites and Nd is the number of nonsynonymous
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differences and N is the number of nonsynonymous sites. A log-normal

correction (Jukes and Cantor, 1996) for superimposed substitutions

modifies the observed distance and produces an estimate of dN and dS

that is larger than the observed distance:

dS ¼ �3 logeð1�4pS=3Þ=4 ð4Þ

dN ¼ �3 logeð1�4pN=3Þ=4 ð5Þ

These corrected distances are compared and, in those situations where

dN is significantly greater than d S, a period of adaptive evolution is invoked

as the reason for this occurrence. There are many variations of methods for

calculating these distances (Li et al., 1985; Li, 1993; Ina, 1995), but the

principle remains the same.

This kind of approach works very well for closely related sequences. The

distances can be compared statistically as the variance can be computed

and differences that may be due to estimation error can be distinguished

from differences that are due to selection.

There are, however, a number of problems with pair-wise distance

analyses. First, the rate of change at silent sites is usually quite high. Since

substitutions at these sites are either not deleterious or only very slightly

deleterious (there may be small selective pressures for optimal codon usage;

McInerney, 1998), the silent substitution rate is very close to the mutation

rate (Kimura, 1968). Mutation rates have been measured to be of the order

of 10–9 substitutions per site per year (Gaut and Clegg, 1991, 1993). This

means that, while amino acid conservation may be high in some proteins, a

considerable amount of change may have occurred at silent positions. This

results in a tendency to underestimate the value of dS. The value of dN is

not masked to the same extent, although superimposed substitutions also

occur at amino acid replacement sites. Additionally, the overall pair-wise

distance is an average of the rate of change at all positions. Therefore, if

selective pressures are heterogeneous across the protein, this variability is

masked. Even in those situations where pair-wise sequence analysis indicates

that positive selection has occurred, it is not possible to say on which lineage

it has occurred.

2.2. Phylogeny-Based Methods

New methods for detection of adaptive evolution are based on phylogenetic

trees. This has been the case since the seminal contribution by Messier and

Stewart (1997). Their innovation involved the use of a phylogenetic tree to

try to pinpoint the time when an adaptive evolutionary event took place.
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Using a dataset of primate lysozyme sequences, Messier and Stewart

reconstructed the hypothetical ancestral sequences at each of the internal

nodes of the phylogenetic tree. They then performed all possible pair-wise

comparisons between all sequences, both hypothetical and contemporary,

and found that this provided a greater power when trying to pinpoint the

time of adaptive evolutionary events.

There are a number of advantages to this approach. The first stems from

the use of both a phylogenetic tree and reconstructed ancestral sequences.

Given a phylogenetic tree, it is possible to use either maximum parsimony

(MP) or maximum likelihood (ML) methods (Felsenstein, 1981, 1996; Yang

et al., 1995) to reconstruct the hypothetical sequences at internal nodes. This

means that a particular dataset has 2n�2 taxa: n terminal lineages and n�2

internal nodes for a bifurcating unrooted phylogeny. These hypothetical

ancestral sequences are distributed throughout the evolutionary history of

the analysed sequences, reducing the gap between sampling times. This

means that if selective pressures differ across the tree, the increased sampling

should allow a greater power in pinpointing when the period of adaptive

evolution occurred.

According to the neutral theory, the rate of synonymous to nonsynymous

mutations should be the same for intra- and interspecific comparisons of

sequences. Initially proposed by Maynard-Smith (1970), this was imple-

mented by McDonald and Kreitman (1991) to detect adaptive evolutionary

events in the alcohol dehydrogenase locus of Drosophila species. An increase

in the number of intraspecific nonsyonymous mutations compared to

interspecific nonsynonymous mutations indicates that the intraspecific

substitutions were favoured by selection within that species. This approach

also implicitly uses phylogenetic trees, albeit simple ones with a single

branch separating two closely related species.

Creevey and McInerney (2002) suggested a method that is loosely based

on the McDonald and Kreitman test. In this case, a phylogenetic tree is

inferred and presumed to be correct. The ancestral sequences at each

internal node on this tree are reconstructed. From each internal node, all the

substitutions in the descendent clade are characterized and their numbers

are counted. Substitutions are classified into replacement-invariable (RI),

replacement-variable (RV), silent-invariable (SI) and silent-variable (SV)

sites. Replacement-invariable sites are those where a replacement substitu-

tion has occurred at a particular codon position somewhere in the clade, but

this new amino acid did not subsequently change. Replacement-variable

sites are those where a replacement substitution occurred in the descendent

clade and, subsequently, this amino acid position changed again. Similar

statistics, SI and SV, are calculated for silent substitutions. As with the

McDonald–Kreitman test, it is assumed that, in cases where the sequences

364 J.O. McINERNEY ET AL.



are evolving neutrally, there should be no difference between the ratios

RI :RV and SI : SV. Once again, the silent substitutions are considered to be

neutrally evolving and are used to calibrate the properties of neutrally

evolving DNA. In this case, the ratio of SI to SV substitutions in any clade

should be determined by the size and shape of the clade and the mutation

rate. If the internal branch that describes the clade is close to the tips of

the tree, then SI sites will dominate (and indeed, so should RI sites if the

sequences are evolving neutrally). If the internal branch is further from the

tips, then the ratio of SI to SV will decrease. If positive selection has

characterized the evolution of the sequences being examined, the number of

either RI or RV substitutions will be significantly greater than is expected

from neutrality. The former indicates the presence of positive directional

selection, and the latter indicates positive nondirectional selection. This

method has been shown to be very effective at identifying adaptive evolution

in a number of instances (Creevey and McInerney, 2002).

Maximum likelihood (ML) and Bayesian methods have also been imple-

mented for detection of adaptive evolution (Goldman and Yang, 1994; Yang,

1998; Yang and Nielsen, 2002). Maximum likelihood methods choose a

hypothesis that maximizes the likelihood of observing the data. This

hypothesis is usually composed of two parts – the tree and the evolutionary

process, each with a certain set of parameters. More formally:

L ¼ PðXj�, �, � 10Þ

where L is the likelihood and P is the probability of observing X, the

alignment given the tree � with branch lengths � and the substitution process

described by �.

The substitution process can be described by a continuous time Markov

process with transition/transversion rate bias and codon usage bias allowed

to vary. In addition, the physicochemical distances between amino acids

being is used to accommodate selective restraints at the protein level. Given

that selective pressures are likely to vary across different sites in a protein

sequence, models have been developed to incorporate heterogeneous selec-

tive pressures at different sites (Yang et al., 2000b). Variation in selective

pressure is usually modelled according to a statistical distribution or a

mixture of statistical distributions (Yang et al., 2000b). As a result, a site has

a probability of belonging to a particular class. In addition, the process may

vary over the tree. To account for this, mixed models have been developed

that allow the dN : dS ratio to vary either among lineages or among sites.

In this case, classes of sites may differ between ‘foreground’ lineages

(pre-specified lineages of interest) and ‘background’ lineages (the other

lineages in the tree).
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The likelihood ratio test (LRT) is used to evaluate nested models of

sequence evolution. Some models are more parameter-rich extensions of

other models and, when this is the case, an LRT may be performed with

twice the log-likelihood difference being compared with a 	
2 distribution

with the degrees of freedom equal to the difference in the number of

parameters between the two models (for a more complete description, see

Yang et al., 2000b).

Finally, when after the ML optimization of the parameters is complete, an

empirical Bayes approach is used to infer which class a site is most likely to

come from (Nielsen and Yang, 1998). Those sites with a high probability of

coming from a class of sites with a high dN : dS ratio are most likely to be

under positive selection.

3. EXAMPLE OF ADAPTIVE EVOLUTION IN

THE MALARIA RIFIN PROTEINS

We examine the RIFIN family of proteins in the newly sequenced genome of

the malarial parasite Plasmodium falciparum to demonstrate some of the

methods of detecting adaptive evolution mentioned previously. Malaria is a

major contributor to mortality and morbidity in developing countries. Its

economic impact alone is sufficient to cripple the economy of most countries

in which it is endemic (World Health Organization, 2002). Globally, it is

estimated that 300–500 million people are infected with Plasmodium

annually, with an estimated 1.5 to 2.7 million people dying each year

from the disease, mostly children under the age of five years (World Health

Organization, 1997).

Immunity to malaria usually develops later in life, with individuals

usually not acquiring the broad repertoire of antibodies necessary to suppress

the disease until they are older (Abdel-Latif et al., 2002). The acquired

immune system mounts a response to the polymorphic antigens that are

expressed on the surface of infected erythrocytes during the blood stage of

the Plasmodium life cycle (Fernandez et al., 1999; Good and Doolan, 1999).

These antigens usually display both temporal (Kyes et al., 2000)

and sequence (Forsyth et al., 1989) variation. The best-characterized

P. falciparum surface antigen is the erythrocyte membrane protein 1

(PfEMP-1), which is encoded by about 50 var genes (Abdel-Latif et al.,

2002). Malaria infection is linked to parasite-induced surface changes of

infected red blood cells. These lead to sequestration of infected red blood

cells in the microvasculature and rosetting of uninfected red blood cells, with

consequent obstruction to microvascular blood flow, tissue damage and

disease (Kyes et al., 1999). The PfEMP-1 family of proteins mediate
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adhesion to at least some host cell receptors, via CD36 with endothelial cells

and via complement receptor 1 with uninfected red blood cells (Kyes et al.,

1999). PfEMP-1 is, therefore, considered a major virulence factor, but it

alone is not sufficient to explain all parasite-induced surface phenotype

changes. Recent analysis of the P. falciparum genome identified other

multicopy gene families unique to the genus, the largest of which belongs to

the rif (repetitive interspersed family) gene family (Weber, 1988; Kyes et al.,

1999). It is estimated that there are in excess of 200 rif genes per haploid

genome making them at least four times as abundant as the var genes. Rif

genes are located in close association with var genes in clusters within 50 kb

of the telomeres, and the name rifins has been proposed for the putative

protein products (Gardner et al., 1998).

Rif genes possess two exons, the first of which encodes a putative signal

peptide and the second of which encodes an extracellular domain made up

of a conserved and a variable region, followed by a transmembrane segment

and a short intracellular portion (Abdel-Latif et al., 2002). Rifin proteins

have been shown to express on the surface of infected red blood cells. While

they have a function in rosette formation along with var genes, it is not

thought to be their primary function, as some parasites that do not show

appreciable levels of rosetting still express rifin proteins (Kyes et al., 1999).

Unlike var genes, only one of which is expressed at any one time, several rif

genes are believed to be concomitantly expressed on the surface of infected

erythrocytes. The function of these clonally variant rifins on the surface of

IE remains speculative but, because of their surface locality and sequence

diversity, these proteins may play an essential role in the host–parasite

interface during the asexual blood stage (Abdel-Latif et al., 2002).

Supporting this hypothesis, Abdel-Latif et al. (2002) demonstrated a

naturally acquired antibody response in a large number of hosts to a

subset of erythrocyte surface-localized rifin proteins. However, to date the

functional role of rifins as a multigene family of clonally variant surface

proteins has not been elucidated, but it remains plausible that anti-rifin

antibodies could interfere with some important aspect of the life or cell

function of the parasite, such as cytoadherence or rosette formation.

3.1. Methods

A total of 51 sequences were extracted from the P. falciparum database

available at http://www.plasmodb.org/. Members of the family were

identified using a BLASTP search (Altschul et al., 1997) using various

candidate members of the rifin family as query sequence against a protein-

coding version of the annotated Plasmodium genome. The DNA version of
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all sequences was retrieved, conceptually translated into the corresponding

protein, aligned using the ClustalW alignment software (Thompson et al.,

1994) and the indel positions that were introduced by the alignment

software were put into the DNA sequences according to where they were

found in the protein alignment. Any amino acid position that could be

aligned in more than one way was removed from the alignment. Also, some

sequences were removed from the final alignment as a result of alignment

difficulty. The result was a 573 bp alignment of protein-coding DNA

sequences, where every position in the alignment was aligned with a

reasonable degree of confidence.

Analyses of signatures of adaptive evolution were carried out using four

different methods. The first was the pair-wise method comparing the dN

and dS values (Li, 1993). The second method involved the modification of

this approach as described by Messier and Stewart (1997), where all the

hypothetical ancestral sequences are reconstructed at each internal node of

the phylogeny and dN and d S values are calculated between each node and

its descendants. The third method was the relative rate ratio method

(Creevey and McInerney, 2002) and the fourth method used the ML

approach (Goldman and Yang, 1994; Yang et al., 2000b; Yang and

Swanson, 2002). The first three methods are implemented in the program

CRANN (Creevey and McInerney, 2003) and the ML calculations were

carried out using the program package PAML (Yang, 1997).

3.2. Results

3.2.1. Pair-wise Distance Method

A pair-wise distance analysis was carried out for all possible pairs of

sequences. In each case the averaged dN and the d S values were calculated.

For just 205 of the total of 1275 comparisons, the dN value was greater

than the d S value. Among these 205 cases, 149 (73%) involved just three

sequences: PFD0070, PFD0125 and PFD1220. An examination of the

phylogenetic position of these three sequences (Figure 1) indicates that these

sequences are closely related to one another. This result provides strong

evidence that the evolution of these sequences has been influenced by

positive selection.

3.2.2. Messier and Stewart Method

Using Messier and Stewart’s method (Messier and Stewart, 1997), two

analyses were carried out. Two phylogenetic trees were constructed, one
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using the neighbor-joining method based on distances derived from synony-

mous sites (d S-distances) and one using the neighbor-joining method based

on distances derived from nonsynonymous sites (dN-distances) calculated

as described above. Both trees are shown in Figure 1. Although the trees

differ slightly in their topology, there is broad agreement among the

groupings on both trees. Of interest are the branches leading to the three

sequences mentioned previously (PFD0070, PFD0125 and PFD1220). This

clade appears to be rapidly evolving in both trees, however the branches in

this clade are much longer on the tree based on dN distances, relative to the

branch lengths in the rest of the tree. For each internal node on the tree,

hypothetical ancestral sequences were inferred using parsimonious character

reconstruction. Using the dN tree, the estimated dN : d S ratio comparing

Figure 1 Phylogenetic trees of the rifin protein family from P. falciparum. The
tree on the left has been inferred by the neighbor-joining method based upon dN
distances calculated using the Li (1993) method. The tree on the right is based upon
dS distances calculated using the same method. Scale bars represent 0.1 substitutions
per site.
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PFD0070 with the hypothetical common ancestor of the clade was 6.5. The

estimated dN : d S ratio for the comparison of the common ancestor of

PFD1220 and PFD0125 and the common ancestor of the entire clade was

4.3. The dN : d S ratio of the common ancestor of PFD0125 and PFD1220

and the extant sequence of PFD0125 was 2.37, while the dN : d S ratio for the

common ancestor of these two sequences and PFD1220 was less than unity.

3.2.3. Relative Rate Ratio Test (RRRT)

The method proposed by Creevey and McInerney (2002) represents a

different kind of approach to the problem of identifying adaptive evolution.

In this approach, there is no attempt to estimate dN and d S ratios, rather

the attempt is to detect clade-specific deviations from neutrality. An entire

clade is chosen and the mutational process from the internal branch that

describes the clade to the tips of the clade are evaluated. Using this method,

and choosing a variety of outgroups, the clade that describes the sequences

PFD1220, and PFD0125 was again consistently selected as one that has

potentially undergone a period of adaptive evolution. Interestingly, the

clade that included PFD0070 was not deemed significantly different from

neutrality. This indicates that the most probable location of an adaptive

evolutionary event is on the internal branch separating PFD1220 and

PFD0125 from the rest, not on the internal branch that separates the clade

that also includes PFD0070.

3.2.4. Likelihood Ratio Test (LRT) of Positive Selection

A variety of analyses was carried out on the alignment using different

models of sequence evolution. The results of these analyses are summarized

in Table 1. There were four different categories of models employed in these

analyses. The first kind of model, designated M0 in Table 1, is the model of

Goldman and Yang (1994). In this model a single dN : d S ratio (designated

!) is assumed for all positions in the alignment across all lineages. Using this

model, the ! value was estimated to be 0.1859, indicating strong purifying

selection. However, this model is somewhat unrealistic and restrictive and

represents an average across all positions in the alignment and all lineages,

so a number of other models were also employed.

The next model was that of Yang (1998). This model allows the ! value to

vary across the tree. In this model, we allow a single ! value for background

lineages and an ! value for ‘foreground’ lineages. These ! values are

iteratively optimized during the procedure. From our initial analyses
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Table 1 Results of ML analysis of the rifin data using a variety of ML models. p0, p1, p2 and p3 refer to the proportion of sites in

categories 0, 1, 2 and 3 respectively. ! refers to the dN : dS ratio in these categories of sites. Descriptions of the various models are to

be found in the text.

p ln L Estimates of parameters

M0: one-ratio 1 �14735.843499 !¼ 0.1859

Branch-specific (PFD0125, PFD1220)

Two Ratios 2 �14734.339974 !0¼ 0.1864 !1¼ 0.0097

Branch-specific (PFD0070, (PFD0125, PFD1220))

2 �14731.799842 !0¼ 0.1868 !1¼ 0.0014

Site-specific

M1–Neutral 1 �15278.599347 p0¼ 0.05446 p1¼ 0.94554

M2–Selection 3 �14280.751708 p0¼ 0.04307 p1¼ 0.28258 p2¼ 0.67435 !2¼ 0.13284

M3 – k¼ 2 3 �14219.571671 p0¼ 0.57091 !0¼ 0.06189 !1¼ 0.45720

M3 – k¼ 3 5 �14134.152650 p0¼ 0.46970 p1¼ 0.37161 p2¼ 0.15869 !0¼ 0.04819

!1¼ 0.27168 !2¼ 0.80995

M7 – beta 2 �14108.801679 p¼ 0.56930 q¼ 1.55267

M8 – beta&! 4 �14095.766769 p0¼ 0.90962 (p¼ 0.80147 q¼ 3.53496) !¼ 1.02483

Branch-site (PFD0125, PFD1220)

Model A 3 �15217.403731 P0¼ 0.03549 p1¼ 0.43042 p2¼ 0.04068 p3¼ 0.49341 !2¼ 128.05992

Model B 5 �14208.574035 P0¼ 0.21796 p1¼ 0.16293 p2¼ 0.35428 p3¼ 0.26484 !0¼ 0.06207

!1¼ 0.45667 !2¼ 32.01223

Branch-site (PFD0070, (PFD0125, PFD1220))

Model A 3 �15247.783057 p0¼ 0.04589 p1¼ 0.65750 p2¼ 0.01935 p3¼ 0.27725 !2 ¼ 561.08899

Model B 5 �14209.806432 P0¼ 0.47544 p1¼ 0.34650 p2¼ 0.10300 p3¼ 0.07507 !0¼ 0.06123

!1¼ 0.46200 !2¼ 519.22796
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described above, we found that three sequences were potentially interesting,

so we have chosen to perform different analyses of clades that contain these

sequences. The first branch (branch I in Table 1 and Figure 1) was labelled

as the foreground lineage and surprisingly, while the background lineages

were estimated to have an ! value similar to M0 (0.1864), the foreground

lineage was estimated to have an ! value of 0.0097, with a consequent,

though not significant, increase in the log-likelihood. A similar situation was

observed when the branch leading to the larger clade (branch II in Table 1

and Figure 1) was labeled.

The next series of models that were employed were those models that

allow the ! value to vary across the sequence. These models allow for

heterogeneity in selective pressures at different amino acid sites, however

they do not account for rate variation across lineages. Model M1 is the least

realistic of the models. It includes two classes of sites, one class where

nonsynonymous substitutions are completely deleterious and removed !¼ 0

and one class that are neutral and have an ! value of 1. This particular

model had the lowest log-likelihood score of all (�15278.59935). The next

model (M2) includes an additional class of site with ! estimated from the

data. The likelihood for this model is better than the simpler model M1 and

the estimated ! for the additional class of sites is 0.13284, with an estimated

proportion of 0.67435 sites in this category. This indicates that there is

variation in selective pressure across these sites that is not accounted for by

the neutral model.

We then used two models that use an unconstrained discrete distribution

to model variability at different sites (M3). In the first of these models, we

allow two separate discrete classes of sites (k¼ 2). This model fits the data

much better that the one ratio model as evidenced by the increase of

approximately 516 log-likelihood units. The M3 model with three site

classes is an even better fit to the data by an additional 85 log-likelihood

units. The model M7 does not allow for positively selected sites, but allows

variation in ! across sites in the interval (0, 1), however it again is a better fit

to the data than any model so far. The model that appears to be the best fit

is the model M8. This model can be compared with M7 using a 	
2 test with

d.f.¼ 2 (i.e. 2�l¼ [2� 13]¼ 26, P<10�4). This is much greater than the 	2

critical value. This model does not identify any amino acid positions that

have a high probability of being under positive selection.

The conclusion so far is that models that allow variation in selective

pressure across the alignment are preferable to those models that do not

allow differences in ! at different sites.

The next category of models we have examined are those mixed models

that allow ! to vary among sites and also allow ! to vary in different parts

of the tree. These are designated ‘Model A’ and ‘Model B’ in Table 1. Given
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that we may select different lineages as the ‘foreground’ and ‘background’

lineages, we have decided to examine the same two internal branches that

were examined in the previous branch-specific models.

Model A is a special case of the site-specific neutral model M1 and can be

compared with this model using a 	
2 test with d.f.¼ 2. Model B is a special

case of the discrete model M3 with k¼ 2 and can be compared with this

model using a 	
2 test with d.f.¼ 2. In all cases, the branch-site models are

significantly better than the respective null models with all p-values <10�4.

This indicates that models that account for differences along these two

lineages are a significantly better fit to the data than models that do not

account for this variation. The best fitting branch-site model is model B.

This model does not fix any category of site to any particular value. We

note, however, that there are significant differences in the outcomes of

labelling the different branches.

When the branch leading to the larger clade is labelled as the foreground

branch, approximately 17% of sites are predicted to be under strong positive

selection (p2þ p3). When the branch leading to the smaller clade is labelled,

a much larger proportion of sites are predicted to be under positive

selection. In fact, 61% of the sites are predicted to be under positive

selection in this lineage. This result may help to explain the result from

the RRRT and the unusual branch lengths for branch I on the dN tree in

Figure 1.

3.2.5. Bayesian Inference of Codons under Positive Selection

The branch-site models in our analyses have proposed that a large

proportion of sites are under the influence of positive selection. The sites

with a high probability of being in the classes of site that are under positive

selection are outlined in Table 2. Clearly, when branch I is labelled, a much

higher number of sites have a significant probability of being in the class of

site that is undergoing positive selection. A total of 28 sites have a

probability of greater than 0.95 of being in the class of site that is

undergoing positive selection in the internal branch labelled (I) in Figure 1.

There are only two sites with this high a probability of being under positive

selection on the branch labelled (II) in Figure 1.

4. PROSPECTS

Episodic adaptation to new ecological niches has been reported in a wide

variety of proteins, ranging from primate stomach proteins (Messier and
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Stewart, 1997) to invertebrate sperm proteins (Swanson and Vacquier,

1995; Galindo et al., 2003), and bacterial membrane proteins (Smith et al.,

1995). In all cases, these adaptive events have been associated with lifestyle

changes in the organism in which these changes are found. In this chapter,

we have analysed a set of 51 paralagous genes from P. falciparum. In three

of these genes, we have found evidence that positive selection has

Table 2 A list of the amino acid positions that

have a probability greater than 0.95 of having been

under positive selection along either of the two

branches labelled in Figure 1. Branch I refers to the

branch labelled (I) in Figure 1, branch II refers to the

branch labelled (II) in Figure 1.

Branch Branch II

7 N 0.9800* 119 S 0.9917**

10 L 0.9978** 174 R 0.9925**

19 L 0.9900**

24 C 0.9635*

31 P 0.9940**

54 R 0.9784*

76 D 0.9588*

82 I 0.9818*

86 I 0.9927**

92 E 0.9783*

93 K 0.9968**

101 T 0.9960**

102 L 0.9990**

113 T 0.9977**

114 C 0.9969**

116 C 0.9705*

118 K 0.9833*

121 A 0.9978**

131 C 0.9898*

136 G 0.9958**

153 S 0.9960**

168 Y 0.9967**

170 I 0.9938**

172 R 0.9616*

179 V 0.9872*

181 K 0.9992**

188 L b0.9815*

191 E 0.9849*
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occurred. We have also used LRTs in order to evaluate different models of

sequence evolution. The preferred models directly point to adaptive evolu-

tion in the clade that defines these sequences. In addition, this finding is

supported by pair-wise analyses of the sequences and a relative rate ratio

test of deviation from neutrality. We have also identified amino acids within

these proteins that are likely to be under positive selection for change.

It is interesting to note that only three proteins, or 6% of the members of

this family, appear to be under positive selection for change. Overall, the

proteins are not too dissimilar, with typical pair-wise amino acid distances

being less than 0.3 substitutions per site. The rifin proteins generally elicit

an antibody response from malaria-infected individuals and presumably,

because they are recognized by the immune system, they are exposed to

strong selective pressures. The reason for positive selection in just these three

members of the family may therefore be their location on the cell surface,

their level of expression, or perhaps their slightly different function. Based

on sequence analysis alone, it is not possible to say with certainty why there

are differences in selective pressure among different members of this family,

however there is some strong evidence that different members interact

differently with the human immune system.

In a study of individuals living in an area where malaria is endemic,

Abdel-Latif et al. (2002) found that one particular rifin protein caused a

greater induction of anti-rifin antibodies than other rifin proteins in the

same study. This could suggest that this gene belongs to a subset of stably

expressed dominant and commonly recognized rif proteins, which are

present on the infected red blood cell surface. If this were the case, members

of this subset would be continually under selective pressure for change,

unlike the less commonly recognized proteins. The results described here of

variable selective pressures in different members of the rifin gene family

support this theory. This study has identified three rifin proteins that appear

to be under positive selection for change. This contrasts with the rest of the

members of the family. Positive selection will manifest itself only if the

selective advantage offered by the mutation is sufficient to overcome

random genetic drift. If a protein is only transiently expressed or if it does

not elicit a strong antibody response, then it will not be subject to the same

selective pressure as one that is expressed more regularly and/or is capable

of inducing a strong adaptive immune response.

The analyses described in this paper have succeeded in finding a lineage

within a multigene family where positive selection appears to characterize its

evolutionary history. The rate of retention of replacement substitutions in

three genes of the rifin*-family has been greater than the rate of retention of

silent substitutions. In other words, those lineages of P. falciparum in which

these new mutations occurred had a selective advantage as a result. Those
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lineages in which these substitutions did not occur were less fit and are not

part of the extant genome of P. falciparum.

Although it is dangerous to conclude that evidence of adaptive evolution

is indicative of lifestyle change, analyses of adaptive evolution may provide

testable hypotheses. Subsequently, it may be possible to investigate further

(using biochemical or other means) amino acids that are identified as having

been under positive selection.

Frank (2002) recently reviewed the advantages of measuring selection in

understanding further the immunology and evolution of infectious diseases.

In the absence of structural data, detecting positive selection through gene

sequence analysis has enabled the prediction of ‘which site may be

structurally exposed and can change and which sites are either not exposed

or functionally constrained’ (Frank, 2002). This has led to the recognition of

epitopes, the sites within macromolecules to which a specific antibody binds,

as well as other positively selected amino acid sites that may or may not

constitute unidentified epitopes (Endo et al., 1996; Yang and Bielawski,

2000). Sites under strong positive selection may represent candidate

vaccination targets (Suzuki and Gojobori, 2001), although there is no

means of knowing at present, whether such sites will continue to be primary

targets of selection and thus to what extent they will either change or remain

important in the host–parasite interaction. Identifying genes and gene

regions under selection brings the effect of the environment on the genotype

into focus. When selection within a parasite’s genome can be demonstrated

to be in response to the host, or indeed when host genes can be

demonstrated to be under selection in response to a parasite, we can

narrow our focus on the evolutionary genetic basis of the host–parasite

interaction. For vaccine development there may come a time when routine

genome analysis involves the assessment of whether genes appear to be

under positive selection even before the function of the genes is fully

understood. Phylogenetically based methods of detecting selection within

and between lineages clearly have great potential in elucidating gene and

protein evolution, and host–parasite interactions. Thus, once again, an

accurate phylogeny is pivotal, whether founded on proteins, protein-coding

genes, or species.
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key life cycle characteristics 245

BLAST 154–5

BLASTP 367

Bolbocephalodidae 244

Bordetella pertussis 28

Borrelia burgdorferi 28, 33

Botulisaccidae 246

Brachiopoda 105

Brachycladiidae 201, 212, 219

Brachycoeliidae 201

Brachylaimidae 201, 244

Brachylaimoidea 201, 205, 208, 210, 211,

215–6, 218, 220, 221, 223, 224–5,

234, 235, 237, 237–9

key life cycle characteristics 244

Brachyteles arachnoides 294

Braconidae 80

Bradyrhizobium japonicum 28

Brauninidae 244

Brevibuccidae 109, 130

broken-stick model 290

Brooks’ Parsimony Analysis 305

Brucella ovis 33

Brugia 129, 130

Brugia malayi 127, 131, 132, 139,

140–1, 146, 144–5, 155–60,

162–3, 166

linkage and microsynteny

conservation 140

number of genes 165

Brugia pahangi 127, 131, 160

Bryozoa 105

Bucephalata 201, 207, 208, 212, 214,

216, 222

Bucephalidae 201, 214, 217, 220, 224,

231

Bucephaloidea 201, 208, 210–1, 215–6,

218, 221, 223, 225, 228, 230

key life cycle characteristics 246

Buchnera 111
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Buchnera aphidicola 156

Bunonematomorpha 109, 130

Burkholderi cepacia 33

Cableia 201

Caenorhabditis 130, 132, 143

patterns of genome evolution 137–8

Caenorhabditis briggsae 124, 128, 131,

132, 138, 141

Caenorhabditis elegans 4, 28, 33, 34,

104, 113, 119–20, 124, 128–9, 131,

134–45, 146, 150–1, 153, 155–9,

162–3, 165

chromosome arms and chromosome

centres 136

genes co-transcribed in operons 142

genome 132–7, 134–5

HOX genes 141

linkage and microsynteny

conservation 140

number of genes 149–52

ORFeome 152–6, 153

orthologues 141

proteome 147

Caenorhabditis remanei vulgaris 113, 119

CAIC program 285, 287, 293

Callicebus moloch 294

Callicebus torquatus 294

Callimico goeldi 294

Callithrix jacchus 294

Callodistomidae 201, 246

Calyptraeoidea 213

Campydorina 109, 130

Campylobacter jejuni 41

Cantharoctonus 81

Cardiochilinae 85

Carpediemonas membranifera 24, 38

Caulobacter crescentus 28, 33–4

Cebus albifrons 294

Cecconia 86

central posterior density (CPD)

intervals 348

Cephalaspidea 213

Cephalobomorpha 109, 130–1

Cephalogonimidae 201

Cephalopoda 210

Cephoidea 75

Ceraphronoidea 75

Ceratosolen arabicus 87

Ceratosolen bisulcatus 87

Ceratosolen capensis 87

Ceratosolen constrictus 87

Ceratosolen gailili 87

Ceratosolen notus 87

Ceratosolen pilipes 87

Ceratosolen solmsi 87

Ceratosolen vetustus 87

cercaria, behaviour during infection

224-7

cercaria, tails 223-4

Cerithioidea 211, 213, 213

Ceroptres 86

Chaetognatha 105, 216

Chalcidoidea 75, 81

aculeate Hymenoptera 88

fig-pollinating in 87–8, 87

gall-forming in 84–5

chaperonin 60 (Cpn60) 28, 29, 31, 37

Cheirogaleus major 294

Cheloninae 85

cherry-tree picking test 325

Chiropotes chiropotes 294

Chlamydia trachomatis 33, 41

Chlamydomonas reinhardtii 28, 41

Chlamydophila pneumoniae 41

Chlorarachnion 16

Chlorocebus aethiops 294

Chloroflexus aurantiacus 41

Choanaflagellida 105

Choanocotylidae 201

Chordata 105, 215

Chromadoria 109, 118

Chromadorida 109, 130

Chromatium vinosum 28

Chrysidoidea 75

ciliates 20, 258

Ciona intestinalis 132

Cladorchiidae 201

Clinocentrus 81
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Clinostomidae 201, 207, 208, 209, 210–1,

215, 218, 221, 222, 223, 235, 235,

237, 237, 245

Clinostomoidea 245

CLF/CHF ratio 288

CLG/CHG ratio 288

Clinocentrus 80–1

Clinostomidae 209

Clostridium-like bacterium 27

Clostridium perfringens 28, 33

Clostridium thermocellum 41

CLS/CHS ratio 288

Cnidaria 105, 215–6

coalescent methods 348

codivergence 306–7, 307, 319, 324

codivergence events (CEs) 309, 311,

323–4, 324, 326

codons under positive selection,

Bayesian inference of 373, 374

coevolution 324

Colobenterobius colobis 294

Colobenterobius entellus 294

Colobenterobius guerezae 294

Colobenterobius inglisis 294

Colobenterobius paraguerezae 294

Colobenterobius pesteri 294

Colobenterobius presbytis 294

Colobenterobius zakiri 294

Colobus guereza 294

combinatorial problems 312–13

comparative method 281–302

essence of 282

scepticism concerning 295–6

continuous time Markov process 365

Conoidea 213

Convoluta roscoffensis 111

cophylogenetic behaviour for particular

sets of model parameters 327

cophylogenetic events 306–8, 307, 309

distributions of numbers of 321, 322

cophylogenetic simulation 321

cophylogeny

confounding 324–6

in associations with viruses 82–4

modelling 316–22

parallel problems 306

with hosts 82

cophylogeny mapping 5, 303–30

complexity 312–18, 326

discipline of 326

empirical complexity testing 313

future 327–8

interpretability 308–9

number of potentially optimal maps

vs. max. codivergences 316

numbers of maps vs. degree of fit for

different numbers of taxa 315

numbers of maps vs. number of taxa

314

optimality 309–10

overview 304–6

problem phrasing 308

statistical inference 312

theory involved 305

cophylogeny modelling

phase 1, codivergence 319

phase 2, duplication 319–22

COSPEC 0.51 program 306, 318, 321

Cossonus 127

Cotesia 83

Cotesia congregata 85

Cotesia glomerata 85

Cotesia marginiventris 85

Cotesia melitaearum 85

Cotesia orobenae 85

Cotesia rubecula 85

cotylocidium 206

Courtella armata 87

Courtella bekiliensis 87

CoxII 44

CRANN program 368

Cricetulus griseus 28, 33

Crithidia fasciculata 33

Critogaster 87

cryptic organelles

detection and identification 21–3

in protists and fungi 9–67

mitochondria 21–3

plastids 23

use of term 12
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Cryptogonimidae 201, 208, 247

cryptomonads 20, 258

Cryptosporidium 50, 256

Cryptosporidium parvum 257

Ctenophora 105, 215–6

Culex pipiens 127

Cuscuta europeae 48

Cyanidium caldarium 28

cyanobacteria 16–21, 18, 20

Cyanophora paradoxa 28

Cyathocotylidae 244

Cycliophora 105

Cyclocoelidae 201, 221, 225, 232, 247

Cynipidae

gall-forming in 84–5

host–plant associations in 86

Cynipini 86

Cynipoidea 75

Dactylogyrus 286

Daubentonia madagascariensis 294

DEN-4 333, 340–3, 341, 345, 349,

350, 352

dengue virus serotype 4 see DEN-4

Derogenes 201

Derogenidae 201

Desmodorida 109, 114, 130

Desulfovibrio desulfuricans 41

Deuterostomia 105, 141

Diabrotica virgifera 127

Diastrophus 86

Dicrocoeliidae 201, 219–20

Dictyocaulus viviparus 159

Dictyostelium discoideum 28, 34

Didymozoidae 201, 230, 246

Digenea 4, 198–254

basal host group 212

basal superfamilies 214

character state patterns 199–200

departures from developmental

pattern 205–6

hypothesis of evolution within

Diplostomida 234–9,

235, 237

hypothesis of evolution within

Plagiorchiida 227–33, 228

individual host associations 212

life cycle database 200–2

life cycle evolution 197–254

conflict between hypotheses 241–2

questions remaining to be answered

243–4

shortcomings of parsimony

approach 240–1, 240

life cycle stages 205

life cycle variation

cercarial tail 223–4, 223

definitive hosts 217–20, 218

first intermediate hosts 209–14,

210–11

infection processes and cercarial

behaviour 223, 224–7

infection processes and miracidial

behaviour 220, 221

second intermediate hosts 214–17,

215–16

mapping and interpreting life cycle

traits 209–39

mapping life cycle characters 202–3

overview 204–6

phylogeny 199–200, 201

relationships and higher classification

of superfamilies 208

relationships within Neodermata 203

dinoflagellates 20, 42, 258

Dioctophymatida 109, 130

Diphtherophorina 109, 130

Diplodiscidae 201

Diplogasteromorpha 109, 130–1

Diplolepidini 86

diplomonads, mitochondria in 36–8

Diplostomata 201

Diplostomida 201, 207, 208, 212, 213,

214, 216, 218–20, 228, 239, 242–5

hypothesis of evolution within 234–9,

235, 237

key life cycle characteristics 244–5

major gastropod taxa as first

intermediate hosts 213

INDEX 385



Diplostomidae 201, 225, 244

Diplostomoidea 201, 208, 210–1,

215–6, 218, 221, 223, 235, 237,

237–9, 244

Diptera 80

Dirofilaria 130

Dirofilaria immitis 127, 131

Dirofilaria repens 127

Dirrhopinae 85

distance-based methods 337–43

divergence times, estimation of 351

diversification 287–8

diversification ratio and body size 289

DNA-based genetic transformation of

parasitic nematodes 165

DNA sequences 368

DNA viruses 333

Dolichoris 87

Dorylaimia 109, 117

Dorylaimida 109, 114, 130

double-stranded RNA (dsRNA) 166

DR (different rates) model 346

Dracunculoidea 109, 130

Drosophila 72, 364

Drosophila melanogaster 28, 128–9, 132,

137, 140, 150–2

number of genes 149–51

ORFeome 153

Drosophila orientacea 127

Drosophila recens 127

Drosophila sechellia 127

Drosophila simulans 127

Duffy blood group proteins 263

duplication, cophylogeny and 306–7,

307, 309, 319–22

Ecdysozoa 105, 141

Echinodermata 105, 215–6, 201

Echinostomatidae 201, 232, 247

Echinostomatoidea 201, 208, 210–1,

214, 215–6, 218, 219, 221, 223,

225–6, 228, 231–2

key life cycle characteristics 247

Echiura 105

ectoparasitism, evolution of

endoparasitism and koinobiosis

79–81

EF-1� 32

EF-2 32

Ehrlichia chaffeensis 28

Ehrlichia ruminantium 28

Eimeria tenella 33

Elisabethiella baijnathi 87

Elisabethiella glumosae 87

Encephalitozoon 15, 32, 35, 49

Encephalitozoon cuniculi 32, 33–4, 35,

148

Encyclometridae 201

endoparasitism, evolution from

ectoparasitism 79–81

endosymbiosis

mitochondria 12–16, 14

plastids 16–21

Enenteridae 201, 233, 248

Enoplia 109, 117

Enoplida 109

Enoplina 109, 130

Entamoeba 15, 49

entamoebid mitosomes 30–1

Entamoeba histolytica 28, 30

Enterobius anthropopitheci 294

Enterobius bipapillatus 294

Enterobius brevicaudata 294

Enterobius buckleyi 294

Enterobius lerouxi 294

Enterobius macaci 294

Enterobius vermicularis 294

Entoprocta 105

Eogastropoda 213

Ephestia cautella 127

Epifagus virginiana 48

Epstein-Barr Nuclear Antigen-1

(EBNA-1) 272–3

Epstein-Barr virus (EBV) 272–3

error estimation 339–40

using MCMC 348–9

Erysipelothris rhusiopathiae 33

erythrocyte membrane protein 1

(PfEMP-1) 366–7
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Eschatocerus 33, 41, 86

Escherichia coli 166

EST analyses 162

EST-based gene discovery 157

EST datasets 154–5, 158, 160–1, 163, 165

EST matches 155

EST programme 154

EST sequencing 152, 163

EST strategies 164

Eucestoda 204

Eucotylidae 201, 225, 232, 248

Euglena 16–7

Euglena gracilis 28

euglenids 20

Eulemur fulvus 294

Eulemur macaco 294

eukaryotes

and prokaryotes, difference between

10–2

structure and function 3

Eupristina verticillata 87

Eupulmonata 211, 213, 213

Evanoidea 75

event costs 312

evolutionary non-independence 334–7

evolutionary rates

Bayesian inference of 347–50

variation through time 344

Exothecini 81

exploitative symbioses 111–2

FabI (enoyl-ACP reductase) 41

Fagaceae 86

Fahrenholz’s Rule 70

Fasciolidae 201, 232, 247

fatty acid synthase (FAS) 46

Faustulidae 201, 212, 217, 219, 222, 248

feasible map 308

Fellodistomidae 201, 224, 230, 231, 246

Ficus 87

fig-pollinating in Chalcidoidea 87–8, 87

Fissurelloidea 213

Francisella tularensis 28, 33

Fugu rubripes 132

fungi, cryptic organelles in 9–67

gall-forming

in Chalcidoidea 84–5

in Cynipidae 84–5

Gastrotricha 105

generalised least-squares (GLS) on a tree

339–40

generation length estimation 353–4

Geobacter metallireducens 41

Giardia 15, 37–8, 50

Giardia intestinalis 28, 36

Glaucophytes 20

Globodera 118, 130

Globodera pallida 145, 146

Globodera rostochiensis 164

Globodera pallida 131, 146

Globodera rostochiensis 131

glutathione peroxidase (GPX) 161–2

glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) 36–7,

43–5

Gnamptodontinae 81, 81

Gnathostomatomorpha 109, 130

Gnathostomulida 105

Gonaspis 86

Gorgocephalidae 201, 233, 248

Gorgoderidae 201, 212, 217, 219, 222,

224, 226, 230

Gorgoderoidea 201, 208, 210, 211,

215–6, 218, 221, 223, 225, 248

Gorilla gorilla 294

green algae 20

green algal parasites 46–7

Green Fluorescent Protein (GFP) 40

Gryllus integer 127

Gryllus rubens 127

Gyliauchenidae 201, 233, 248

Gymnophallidae 219, 246

Gymnophalloidea 201, 208, 209, 210–1,

214, 215–6, 218, 218–9, 221, 223,

226, 228, 230

key life cycle characteristics 246–7

Gyrocotylidea 204

Haemonchus 130

Haemonchus contortus 131, 142, 161
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Haemophilus ducreyi 33

Haemophilus influenzae 28, 33, 41

Haemoproteus 294

Haemoproteus kopki 294

Haemoproteus majoris 294

Haemoproteus ptyodactylii 294

Haemoproteus sylvae 294

Halicephalobus gingivalis 115, 119

Halobacterium cutirubrum 33

Halobacterium marismortui 33

Haminoeoidea 213

Haploporidae 201, 225–6, 232–3

Haplosplanchnata 201

Haplosplanchnidae 201

Haplosplanchnoidea 201, 208, 210–1,

215, 218, 219, 221, 223, 225–6,

228, 231–2

key life cycle characteristics 247

Haploxyuris callithricis 294

Haploxyuris goeldii 294

Haploxyuris oedipi 294

Haploxyuris tamarini 294

haptophytes 20

Hasstilesiidae 225, 234

heat shock protein see HSP70

Hedickiana 86

Helicobacter pylori 41

Helicoidea 213

Helicosporidia 46–7

Helicosporidium parasiticum 46–7

Heliothis virescens 28

helminth parasite species richness

across mammalian host species

290

Hemichordata 105

Hemiperina 201

Hemiurata 201, 207, 208, 218, 220

Hemiuridae 201

Hemiuroidea 201, 205, 208, 210–1,

212, 214–5, 215–6, 218, 218, 221,

223, 224–6, 228, 230

key life cycle characteristics 246

Hepatocystis 265

Heronimata 201

Heronimidae 201, 220, 225, 246

Heronimoidea 201, 208, 210–1, 215, 218,

221, 223, 224–5, 228, 230

key life cycle characteristics 246

Heronimus 246

Heterodera 118, 130

Heterodera glycines 131, 164

Heterodera schachtii 131

heterokonts 20, 258

Heterophyidae 201, 204, 208, 247

Heterorhabditis 113–4, 119, 121, 125

highest posterior density (HPD)

intervals 348–50

Himalocynips 86

HIV-1 333, 341–4, 346, 349, 352, 352,

353–4

Bayesian inference approach 351

evolution rate 338

origin of 340

transmission history 339

HKY model 345–6

Homo sapiens 28, 33, 34, 132, 137–8,

151–2, 294

number of genes 149–51

ORFeome 153

host body mass and parasite species

richness relationship 286

host-driven evolution 71

host longevity and parasite body length

293

host–parasite co-adaptation

independent contrasts method 292–3

PER method 293–5

host–plant associations in Cynipidae 86

host-switching 306–7, 307, 308–9,

311–12, 318, 325–6

hosts and parasites 1–2

HOX gene cluster 143–4

HOX genes, evolution 141, 143–144

HSP10 22

HSP70 22, 30–2, 33, 34

human immunodeficiency virus (HIV)

332, 348

human immunodeficiency virus type 1

see HIV-1

hydrogenosomes 24–9
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Hymenoptera 4, 69–99

comparative method 89–90

comparative traits 90

diversification 71

DNA sequence data 77

earliest form of parasitism found in 77

ectoparasitoid 88

evolution from parasitism to other

lifestyles 84–9

evolutionary transitions to and from

parasitoidism 73

host and parasitoid phylogenies 82

non-aculeate apocritan 88

origin of parasitism 76

parasitoid lifestyle as evolutionary

‘dead end’ 74–6

parasitoids 71–4

partial phylogenetic tree 78

phylogenetic hypothesis 77

phylogeny 74–84

species richness 75

summary tree 78–9

venoms and viruses 79

hyperjungle 328

Ichneumonoidea 75, 80–1

aculeate Hymenoptera 88

idiobionts 80

independent contrasts method 296

host–parasite co-adaptation 292–3

Iraella 86

Ironina 109, 130

Isoculus 86

jungles 310–12, 311

Kardibia gestroi 87

Khoikhoiinae 85

Kinorhyncha 105

koinobionts 80

koinobiosis, evolution from

ectoparasitism 79–81

Labicolidae 201

Lagothrix lagothricha 294

Lamiaceae 86

Lecithasteridae 201, 212

Lecithodendriidae 201

Legionella pneumophila 28, 41

Lemuricola baltazardi 294

Lemuricola contagiosus 294

Lemuricola daubentoniae 294

Lemuricola lemuris 294

Lemuricola microcebi 294

Lemuricola vauceli 294

Lepocreadiata 201

Lepocreadiidae 201

Lepocreadioidea 201, 208, 210–1, 214,

215–6, 218, 219, 221, 223, 225, 228,

231, 233

key life cycle characteristics 248

Leptopilina australis 127

Leptospira interrogans 28

Leucochloridiidae 201, 225, 234, 244

Leucochloridiomorphidae 224, 238, 244

Leucocytozoon dubreuli 294

Leucocytozoon simondi 294

likelihood ratio test (LRT) 344, 366,

370–3

Limacoidea 213

linear regression methods 337–43,

341–2, 375

examples 341–3

Liolopidae 209, 245

Liposthenes kerneri 86

Lipporrhopalum tentacularis 87

Lissorchiidae 201, 248

Listeria innocua 41

Littorinoidea 213

Litomosoides 130

Litomosoides sigmodontis 127, 131, 156,

158

Lobatostoma manteri 206

Lophotrochozoa 105, 141

Loricifera 105

Lymnaeioidea 211, 213, 213

lysozyme proteins 361

lysozyme sequences 364
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McDonald–Kreitman test 364

Macaca fascicularis 294

MacroCAIC program 287–8, 289

Macroderoididae 201, 219

malaria

malignant human 268–74

research 5, 255–80

rifin family of proteins 366–73

species base on circumsporozoite gene

259

malaria parasites

affiliation with arthropod vectors 266

host affiliation 260–6

molecular phylogenetics 261

morphology, phylogenetics and plas-

modium systematics 258–66

Malaria’s Eve hypothesis 268–74

arguments against 269

independent information in support

of 273

mammalian phylogenetic relationships

290

Markov chain Monte Carlo method see

MCMC methods

maximum likelihood analysis of rifin

data 371

maximum likelihood estimation 343–6,

343, 352

maximum likelihood implementations,

shortcomings of 346

maximum likelihood methods 364–5

examples 345–6, 345

maximum parsimony (MP) methods 364

MCMC methods 304, 346–8, 353

error estimation using 348–9

examples of 349–50

Megalodontoidea 75

Megalyroidea 75

Meloidogyne 118, 145, 130

Meloidogyne hapla 131

Meloidogyne incognita 131, 164

Meloidogyne javanica 131, 141

Mendesellinae 85

Mermis nigrescens 158

Mermithida 109, 130

Mesometridae 201

Mesorhizobium loti 34, 41

Mesozoa 105

Messier and Stewart method 368–70

Methanosarcina mazei 33

Microcebus murinus 294

Microgastrinae 85

Microphallidae 201, 204, 219, 249

Microphalloidea 201, 208, 210–1,

215–6, 218, 219, 221, 223,

225, 248

Microphallus fusiformis 201

Microscaphidiidae 201

microsporidia 31

microsporidian mitosomes 31–6

migration inhibitory factor (MIF) 163

miracidium, behaviour during infection

220

Miracinae 85

mitochondria 11–12

case histories 24–8

cryptic organelles 21–3

endosymbiosis 12–16, 14

future directions 49–51

origin 12–16

mitochondrial DNA (mtDNA) 22, 260,

269

mitochondria in diplomonads 36–8

molecular clock 336, 352–3

molecular evolution, neutral theory of

352–3

Mollusca 105, 215–6

Monhysterida 109, 114, 130

Monogenea 204

Mononchida 109, 130

Monorchiata 201

Monorchiidae 201, 212, 222, 232, 248

Monorchioidea 201, 208, 210–1, 215–6,

218, 219–20, 221, 223, 228, 233

key life cycle characteristics 248

Multicalycidae 201, 206

multiple rates dated tips (MRDT)

models 344, 353

Muricoidea 213

Mus musculus 33, 132
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mutation rates

and substitution rates 333–4

differences 332

estimation of 333

Mycobacterium leprae 33

Mycoplasma genitalium 33

Mymarommatoidea 75

Myolaimina 109, 130

Myzostomida 105

Naegleria gruberi 28

Naticoidea 213

Neaylax 86

Necator 130

Necator americanus 131, 146, 155–6,

162

Neisseria meningitides 28, 41

Nematoda 4, 101–95

association to parasitism 112–16

bacterial symbionts 114

bacterial symbiosis 127

body sizes 283

Clades I, II and C&S 108

coevolution 124–6

definition 103

evidence for variation in and selection

on parasitism genes 160–1

expressed sequence tag sequences 131

genes with parasite-specific signatures

157–9

genome evolution 129–48

and parasitism 148

genomes 103–11

genomes and parasitism 126–65

genomics programmes 130

L3 rule 119–20

limitations of current molecular

phylogeny 108–11

mitochondria 144–8

mitochondrial genomes 146

molecular analyses of diversity and

phylogeny 107–8

necromenic 113

number of genes 149–56

number of species 107

parasite defences 161–3

parasites of vertebrates 116

parasitic groups underrepresented in

datasets 110

parasitism 103–26

patterns in parasitism of animals

119–26

patterns of genomic evolution 138–43

phenotype of parasitism 126

phenotypes 104

phylogenetic analysis of parasites 166

phylogenetic placement of parasites

116–9

phylogeny 106–11, 109

phylum status 106

ranked as phylum 103–6

rapid genomic change 143–4

response to necrosis 164

spectrum of exploitative symbioses

112–6

tree of metazoan life 105

Nematomorpha 105

Nemertea 105

Neocallimastix 25

hydrogenase proteins 26

Neodermata

phylogeny 204

relationships 203, 242

Neorickettsia risticii 28

Nephrops 207

Neritoidea 213

Neurospora crassa 34

neutral theory 352–3, 364

Nicotiana tabacum 41

Nippostrongylus 130

Nippostrongylus brasiliensis 131, 139,

158, 163

Nitrosomonas europaea 41

non-codivergence events (NCEs) 309,

323–4, 324, 327

non-independence problem 336

non-parametric bootstrapping of

sequence data 340

nonsynonymous mutations 364
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Nosema locustae 33–4

Nostoc punctiforme 41

Notocotylidae 201

Nycticebus coucang 294

Nyctotherus ovalis 25

Oceanobacillus iheyensis 41

Odontella sinensis 28

Omphalometridae 201

Onchocerca 130

Onchocerca flexuosa 126, 127

Onchocerca gibsoni 127

Onchocerca gutturosa 127

Onchocerca ochengi 124, 127, 131, 156,

158–9

Onchocerca volvulus 124, 131, 146

Onchocercinae 114

Oncholaimina 130, 109

Onychophora 105

Opecoelidae 201, 204, 212, 217, 249

Opiinae 80, 81

Opisthobranchia 213

Opistholebetidae 201

Opisthorchiata 201

Opisthorchiidae 201

Opisthorchioidea 201, 205, 208, 208,

210, 211, 214, 215–6, 218, 219–20,

221, 223, 224–5, 228, 231–3, 247

key life cycle characteristics 247

Opisthotrematidae 201

Orchipedidae 201

ORFeome/proteome evolution 148–65

organellar genomes, size and

characteristics 13
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