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Preface

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

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

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

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

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

Xix



XX Preface

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

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

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

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

Access to Colour lllustrations

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

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

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



1 The Evolution of Parasitism
in Flatworms

D.T.J. Littlewood
Department of Zoology, The Natural History Museum,

Cromwell Road, London SW7 5BD, UK

Introduction . ......... .ttt et et 1
Parasitism in the Platyhelminthes ............. .. .. i 6
The Origins of Obligate Parasitism — The Appearance of the Neodermata .......... 7
When did the Neodermata appear? . ... 12
The Neodermata — advantages of anew skin .......... ... ... ... ... ... ...... 13
The Radiation of the Parasitic Flatworms .............. ... .. i, 15
Radiation of the Monogenea .. ......... . . . . 16
Radiation of the Cestoda . . . ... .. . 20
Radiation of the Aspidogastrea . ....... ... .. . . . . 23
Radiation of the Digenea . . . ... ... 24
Concluding Remarks . ..........ciuiiiiiinneiiiieerrrrrnnnnnnnnnnnnnnnnns 27
Acknowledgements . .......... ...ttt i e s 30
ReferenCes . ... ... i e e 31
Introduction

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

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

As parasites, flatworms have extended
their global presence by taking advantage of
the adaptations of many diverse invertebrate
and vertebrate hosts. Many parasitic forms are
host-specific and many of these are site-
specific within or on their host. Contemplate
on the biodiversity of vertebrates, consider that
many platyhelminths use one or more interme-
diate hosts and one may just begin to grasp the
diversity of parasitic flatworms. From the
microscopic interstitial free-living species that
live between particles of mud to the enor-
mously long tapeworms of blue whales, an
estimate of 100,000 extant species, of which
only about 20,000 have been formally

©CAB International 2006. Parasitic Flatworms: Molecular Biology, Biochemistry,
Immunology and Physiology (eds A.G. Maule and N.J. Marks) 1
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described, still seems conservative when we
consider the hosts and habitats yet to be sur-
veyed. Even among those hosts and habitats
already surveyed, many of the smaller parasitic
species seem to have been overlooked and
new species from commonly collected hosts
are not uncommon. Small-bodied parasitic
taxa are harder to find and are generally more
specios than related large-bodied taxa (Poulin
and Morand, 2000), suggesting a long future
ahead for flatworm systematists.

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

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

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

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

Figure 1.1 illustrates a recent estimate of
relationships among the Metazoa with an
indication showing which phyla are para-
sitized by the main parasitic flatworm groups.
Parasitic flatworms have had a marked impact
on many other animal groups, most notably
the Chordata. Most vertebrates are parasitized
by at least one species of flatworm, and larger
vertebrates tend to have richer parasite
communities with many helminths (see,
for example, Poulin, 1995). Considering
the importance of parasitism as an ‘engine
of diversity’, maintaining the diversity of the
major histocompatibility complex, imposing
selection favouring sexual reproduction in
hosts and increasing speciation rates, among
other factors (Summers et al., 2003), the influ-
ence of the Platyhelminthes in evolution
and ecology seems greater than the sum of
its parts.
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Fig. 1.1. Platyhelminthes and their position in the tree of life with an indication of which phyla are
parasitized by neodermatan flatworms (Monogenea, Cestoda, Aspidogastrea, Digenea); basic tree
adapted from Eernisse and Peterson (2004) who estimated this tree topology using a combined analysis
of molecular (SSU rDNA and myosin IlI) and morphological data; monophyletic protostomes are shown
as this remains the general consensus (Baldauf, 2003). Acoelomorph flatworms (Acoela and
Nemertodermatida) are no longer members of the Platyhelminthes, but are instead recognized as basal
bilaterians. True flatworms are members of the Lophotrochozoa but their relative position within this
clade and the identity of their sister group is still debated. Digenea utilize the greatest diversity of
metazoan phyla as hosts, including some free-living flatworms.



D.T.J. Littlewood

Figure 1.2 provides a consensus view of the
major flatworm groups and a hypothesis of their
interrelationships based on molecular and mor-
phological estimates (Littlewood et al., 1999b);
individual estimates may be found in Brooks
(1989), Carranza et al. (1997), Ehlers (1984,
1985), Littlewood et al. (1999b) and Zamparo
et al. (2001). The ‘Turbellaria’ is a paraphyletic
assemblage and the relationships between its
constituent taxa and the Neodermata are yet to
be satisfactorily resolved (see section on ‘The
Origins of Obligate Parasitism’). Catenulid flat-
worms employ a different mitochondrial genetic
code than the remaining flatworms, the
Rhabditophora (Telford et al., 2000), and appear
to have few, if any, convincing morphological
synapomorphies with the Rhabditophora.
Nevertheless, molecular data routinely resolve
the Catenulida as the most basal members of the
Platyhelminthes and they have long been con-
sidered flatworms (Ehlers, 1984). Most of the
turbellarian groups include marine and fresh-
water examples and only some of the triclad
turbellarians are terrestrial. The majority of the

— Macrostomida

Rhabditophora

Digenea®
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Cestodai E

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

Flatworms have no fossil record, beyond
one or two trace fossils of uncertain origin or
limited utility (Conway Morris, 1981;
Upeniece, 2001; Valentine, 2004), including
Quaternary turbellarian eggs (Binford, 1982), a
typhloplanoid rhabdocoel in Eocene amber
(Poinar, 2003) and shell pitting in marine
bivalves caused by digeneans (Ruiz and
Lindberg, 1989). This paucity of dateable evi-
dence seriously hampers an understanding of
the timing of key evolutionary events in the his-
tory of flatworm radiation (Littlewood and
Donovan, 2003). To unpick the evolutionary
history of parasite evolution and radiation
objectively is no easy task and we must do it
based on our knowledge of extant species, our

BuejeqIng,

Fecampia + Urastomidae + Genostomatidae A ,f'3
Prolecithophora* :
Tricladida
Aspidogastrea

saysesed a1eblqo

Fig. 1.2. Interrelationships of the major groups of Platyhelminthes based on a consensus of
morphological and molecular estimates. Parasitic flatworms, the Neodermata, form a monophyletic group
although their interrelationships are estimated differently by different molecular analyses (see Fig. 1.3).
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ability to reconstruct phylogenies and the
extent to which we can recognize shared
ancestral characters. Considering present day
host associations, which provides an insight
into the diversity of adaptations exhibited by
parasitic flatworms, and to some extent refer-
ence to the phylogeny of the various intermedi-
ate and definitive hosts may provide an
understanding of the evolutionary history
shared by the parasites and their hosts. This
process depends on parasites having cospeci-
ated with their hosts. However, strict cophyly,
where parasite speciation events are unequivo-
cally mapped on to a fully congruent host tree,
requires coevolution to have occurred in the
absence of host switching, and we know this to
be relatively rare. Evolutionarily ancient line-
ages of hosts are not necessarily parasitized by
evolutionarily ancient lineages of parasites;
Szidat (1956) postulated that the more ‘primi-
tive’ a host the more ‘primitive’ the parasites it
harbours and there are many cases where this
appears to hold among the parasitic flatworms.
However, it is not a hypothesis that can be used
unreservedly or uncritically to infer past host
associations. In the absence of reliable phylo-
genies, hypotheses such as this have fuelled a
storytelling approach to evolutionary parasitol-
ogy that has led to erroneous interpretations of
comparative data (Brooks and Mclennan,
1993). Constructing scenarios that lead from
ectoparasitism to endoparasitism or iteratively
from one, to two, to three, to four hosts (and
never, for example, from one to three, or three
to one) may be compelling and persuasive, but
in the absence of means by which we can test
alternative hypotheses these stories remain of
limited value. Although not phylogenetically
based, Combes (2001) reviewed the bewilder-
ing range of interactions between hosts and
parasites in an ecological and evolutionary
context; flatworms provided many examples.
Phylogenetic analysis provides an evolu-
tionary framework with which we can map the
evolution of characters, including those perti-
nent to parasitism, that define the diversity and
biology of extant flatworms, and from which
ancestral conditions may be inferred. Alternative
scenarios can be tested in terms of how parsi-
moniously they may map on to the evolution-
ary hypothesis to hand and through these

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

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

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

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

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

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

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

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

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

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

The Origins of Obligate Parasitism —
The Appearance of the Neodermata

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

Apomorphies that unite these taxa include:

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

e protonephridia with a two-cell weir;

e epidermal locomotory cilia with single, cra-
nial rootlet;

e epithelial sensory receptors with electron-
dense collars;

e complete incorporation of both axonemes
in sperm body;

¢ two long and one short insertions in nuclear
small subunit (SSU) ribosomal DNA (rDNA).

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

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

(a) Ehlers (1984); morphology
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‘Turbellaria' ’0(9 Neodermata "Turbellaria'

Neodermata

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

(b) Brooks and MacLennan (1993); morphology (c) Kornakova and Joffe (1999); morphology

% Neodermata

Mediofusata
Revertospermata

‘Turbellaria’:
Temnocephalida
Urastomidae

Fecampiida
,% Genostomatidae
Prolecithophora

Tricladida

‘Turbellaria’ Rhabdocoela

N 4

(e) Lockyer et al. (2003 a,b); complete 18S and 28S rDNA

‘Turbellaria' @ % Neodermata

(d) Zamparo et al. (2003); morphology

Neodermata

Hosts of putative outgroup taxa

Fecampiida : crustaceans, myzostomids,
annelids

Genostomatidae : crustaceans, fish

Urastomidae : bivalve molluscs

Temnocephalida : crustaceans

Fig. 1.3. Four morphological and one molecular estimate of the interrelationships of the Platyhelminthes

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

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

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

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

The interrelationships among the
Neodermata are just as important in reconcil-
ing this conundrum, and yet unfortunately they
seem just as confused. In this case the confu-
sion arises from alternative solutions provided
by molecular data. Morphological analysis
consistently resolves the Trematoda (Digenea
and Aspidogastrea) as sister taxon to the
Cercomeromorpha (Cestoda and Monogenea).
Historically, the Monogenea have been resolved
as a monophyletic group by most morpholo-
gists offering at least four synapomorphies:
(i) larva with three ciliated zones; (ii) larva and
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adult with two pairs of pigmented eyes; (iii)
one pair of ventral anchors and (iv) one egg fila-
ment (Boeger and Kritsky, 2001). In contrast,
molecular data have provided two alternative
options of a paraphyletic Monogenea (Justine,
1998; Littlewood et al., 1999a) and a mono-
phyletic Monogenea (Lockyer et al., 2003a),
but in the latter study where complete SSU and
complete large subunit (LSU) ribosomal RNA
(rRNA) genes were utilized, the Cestoda and
Trematoda were also resolved as a mono-
phyletic clade thus challenging a long-held
theory uniting the Monogenea and Cestoda
(Lockyer et al., 2003a). Subsequent to the

%, %
% o % s, o,
% Y, By, % o % m 4
(@ K %”(7 T, o o, W g, S
B R R & B K B
Ecto/endoparasitic @ @o @ @ @ O. O.
Annelid [a]
Crustacean/arthropod
Mollusc
Vertebrate
orin place
1, A
Q %, %
& Ty, G Ty, P4, %%,
%, 6’5 %, o % % Q
© . R Py ‘96&/ Q, O, B
B R e R R Ry %
Ecto/endoparasiic (@) (@e @® ® © (Oe Oe
Annelid [a]
Crustacean/arthropod
Mollusc
Vertebrate

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

() Vertebrate host adopted

Ecto/endo

Fig. 1.4. Competing hypotheses on the interrelationships of the Platyhelminthes and the consequences
for interpreting the evolution of parasitism. Four competing topologies for the interrelationships of the
Neodermata have been proposed based on (a,b) morphology, (c,d) partial LSU rDNA, (e,f) complete
SSU rDNA and (g,h) combined complete SSU and complete LSU rDNA.
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Fig. 1.4. (contd) Two main competing outgroups for the Neodermata are (a,c,e,g) a clade of parasitic
turbellaria, which, with the obligate parasites, form the Mediofusata (see Fig. 1.3c) and (b,d,f,h) a clade
of neoophoran turbellarians (see Fig. 1.3e). By mapping site of infection (ectoparasitic/endoparasitic)
and identity of hosts used, few topologies offer unequivocal reconstructions of plesiomorphic states.

An interpretation of the origins of parasitism, the point at which vertebrates were adopted and the
adoption of various invertebrate hosts depends on tree topology. Only a (Ehlers, 1985), d (Mollaret et al.,
1997), f (Littlewood et al., 1999b) and h (Lockyer et al., 2003a) represent topologies found in

the literature, the remaining topologies are hybrid solutions between those offered by molecular and
morphological results.

interrelationships of the Neodermata. Recently,  endoparasitism, it says little about neoder-
Sopott-Ehlers et al. (2003) argued that the stem  matan relationships beyond possibly support-
Neodermata must have had mitochondrial ing a Trematoda + Cestoda clade. As with its
lenses, a feature found in larval monogeneans, sister group, until additional data are collected
apparently lost in endoparasitic Monogenea for the Neodermata, the precise interrelation-
and not present in Cestoda or Trematoda, sug-  ships among the group remain unresolved.

gesting that the stem taxa must also have been Resolving the interrelationships of the
ectoparasitic. However, whilst the presence/ Neodermata, and identifying its sister group,
absence of such lenses may indicate ecto/ will allow us to narrow the likely evolutionary
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events that underscored the origins and radia-
tion of the obligate parasitic flatworms, but just
as phylogenies are important at this level they
are also important to resolve within the major
parasitic groups.

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

When did the Neodermata appear?

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

neodermatans are all obligate parasites of verte-
brates it is to the fossil record of the hosts that we
must turn. Among the extant Craniata, all line-
ages are parasitized by platyhelminths except
the Myxini (hagfish) and Petromyzontida (lam-
preys). It is assumed then that neodermatans
became parasites of the Vertebrata at least at the
time when Chondrichthyes and Osteichthyes
diverged or before (Littlewood et al., 1999a).
The radiation and distribution of parasitic
platyhelminths among the chordates is shown
in Fig. 1.5. Brooks (1989) suggested that
the divergence of the Aspidogastrea and
Digenea and that of Gyrocotylidea from other
Cestoda was associated with the divergence of
the Chondrichthyes and Osteichthyes. Boeger
and Kritsky (1997) suggested that among
the Monogenea, the Polyopisthocotylea
(Oligonchoinea) and the Monopisthocotylea
(Heteronchoinea) each radiated with the diver-
gence of the Chondrichthyes and Osteichthyes,
suggesting they arose somewhere among the
stem group Gnathostomata. Subsequently,
based on present day host-associations and
our knowledge of the fossil record, the origin
of the Neodermata may be estimated to have
occurred anytime during the history of the
stem group Gnathostomata (540-480 Mya),
but not the stem group Vertebrata (560-540
Mya) if extant host-associations reflect early
history. To assume that parasitic platyhelminths
have been around at least since the appropri-
ate vertebrate and invertebrate hosts were all
present provides only a crude estimate of the
timing of the appearance of neodermatans.
Whether or not the parasitic flatworms
appeared earlier cannot be known without
additional evidence. Furthermore, phyloge-
netic uncertainty is not just restricted to the
Platyhelminthes; there are ongoing debates on
the phylogenetic relationships among the vari-
ous host groups too (Cracraft and Donoghue,
2004) and there are a wide range of estimates
of divergence times for metazoan lineages
(Benton and Ayala, 2003). A suitably calibrated
molecular clock may provide better estimates
of divergence times for the Platyhelminthes.
Recent estimates place the divergence
between the Mollusca and the Platyhelminthes
as 538 Mya (Peterson et al., 2004). However,
a molecular-clock approach for estimating
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Fig. 1.5. Phylogeny of the deuterostomes indicating position of oldest fossil taxa against the geological
record. All neodermatans parasitize vertebrates and, if present, host associations represent historical
associations; the Neodermata must have parasitized the stem group Gnathostomata between the
Cambrian and Ordovician. Tree redrawn from Rowe (2004).

divergence times within the Platyhelminthes,
and in particular for that of the Neodermata,
has yet to be attempted, presumably because
neither a suitable single gene, a suite of genes,
nor a reasonable calibration point for the platy-
helminth phylogeny has been found yet,
notwithstanding the inherent problems associ-
ated with molecular clocks and error estimation
(Benton and Ayala, 2003; Douzery et al.,
2004). Expressed sequence tag and genome
projects on platyhelminth taxa will undoubt-
edly provide sufficient protein coding genes to
attempt these estimates in the near future.

The Neodermata — advantages
of a new skin

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

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

Monogenea

Aspidogastrea

Digenea

Cestoda

Surface layer
(tegument)

Basement membrane
Circular muscles

Perikarya

Longitudinal muscles
Diagonal muscles

Fig. 1.6. Schematic representation of the adult
body wall of neodermatan flatworms as seen in
longitudinal section, and subdivided to show
typical surface structure typical of major groups.
Unlike turbellarian flatworms, diagonal muscle
fibres lie innermost. Redrawn from Tyler and
Hooge (2004); image kindly supplied by the
authors.

regions. Different life-cycle stages demonstrate
different degrees of neodermis development,
and these differences are quite distinct
between the major neodermatan lineages. For
instance, the epidermis is always syncitial in
larval Cestoda, although realistically this ‘char-
acter’ is more a failure of the ability to recog-
nize that ‘larval’ cestodes are in fact simply
juvenile adults and so there is little surprise
that the neodermis has already developed
among these stages. Additionally, some species
have unique features of the neodermis,
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presumably as adaptations to their particular
parasitic lifestyle (Dalton et al., 2004).

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

The Radiation of the Parasitic
Flatworms

The functional morphology of the parasitic flat-
worms is well covered elsewhere (Coil, 1991;
Fried and Haseeb, 1991), as are descriptions
of the general biology of many of the major
groups and taxa of biomedical, veterinary and
economic importance (Burt, 1970; Arme and
Pappas, 1983a,b; Williams and Jones, 1994;
Kearn, 1998; Caira and Littlewood, 20071;
Galaktionov and Dobrovolskij, 2003). Excellent
taxonomic keys for the Cestoda (Khalil et al.,
1994) and the Trematoda (Gibson et al., 2002;
Jones et al., 2005; Bray et al., Keys to the
Trematoda, 2006, in preparation) are avail-
able, but nothing of similar breadth is available
for the Monogenea beyond what was pro-
duced in a classic series of monographs by
Yamaguti (1963). Each of the major lineages is
characterized by shared morphologies and
developmental strategies that enable them to
capture and utilize suitable hosts. Here, | con-
sider the major features of each group and
demonstrate the appearance of key innova-
tions on recently estimated phylogenies for the
major groups. As mentioned earlier, there is
still the need to utilize comparative ecological
(and biochemical) data in understanding the
influences of phylogeny, host and life-history
strategy on the evolution of parasitism in the
flatworms.

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

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

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

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

Radiation of the Monogenea

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

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

Apomorphies that unite the Monogenea
include:

¢ |arva with three ciliated zones;

e larva and adult with two pairs of pigmented
eyes;

e one pair of ventral anchors;

¢ one egg filament.

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

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

All Monogenea (or Monogenoidea as some
authors prefer; see Wheeler and Chisholm,
1995; Boeger and Kritsky, 2001) are dependent
on an aquatic environment for the development
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of their eggs and the distribution of their lar-
vae (Kearn, 1994). Although predominantly
ectoparasitic (often on skin or gills), there are
many successful endoparasitic Monogenea
that tend to be restricted to the least hostile
environments offered within the host. The
mouth, pharynx, reproductive system, urinary
system, body cavity, olfactory capsules and
ocular orbits are the most common sites inhab-
ited by endoparasitic Monogenea, although
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Fig. 1.7. Interrelationships of the Monogenea. An extensive morphological analysis by Boeger and
Kritsky (2001) is largely supported by a preliminary molecular analysis by Olson and Littlewood (2002).
In each case, the Monogenea were treated as monophyletic although it is possible that the
Monopisthocotylea (Polyonchoinea) and Polyopisthocotylea (Heteronchoinea) form a paraphyletic

Monogenea (see text).
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some species inhabit the gut and stomach
(Kearn, 1994). Collectively they are found in
or on a diversity of freshwater, euryhaline and
marine vertebrates including teleosts, chon-
drosteans (sturgeon and paddlefish), elasmo-
branchs, holocephalans, amphibians, reptiles,
squid, marine crustaceans and even the eyes of
hippopotamus. Whittington et al. (2000b) sug-
gest that monogeneans are the most host-
specific of parasites in general and may be the
most host-specific of all fish parasites.
Subsequently, their evolution is considered to
be intimately connected to that of their hosts,
with coevolution and strict cophyly playing
important roles in their radiation (Kearn, 1994;
Boeger and Kritsky, 1997; see Fig. 1.8).
Generally with both anterior and posterior
attachment structures, monogeneans are capa-
ble of movement on and in their hosts, and they
tend to migrate towards favoured sites of infec-
tion once settled. The posterior attachment

Radiation of the
Monopisthocotylea (Polyonchoinea)

structure, the haptor, may bear glands, suckers
and may be divided into numerous loculi; the
terminology of the various structures, hooks
and sclerites is complicated and some
researchers use these terms differently. Usually
with an anterior mouth, most monogeneans
possess a muscular pharynx and a blind-end-
ing intestine with two, or sometimes just one,
caeca. They feed usually on the skin, the
mucus it produces or blood of their hosts. All
monogeneans are hermaphroditic and most
possess a ciliated larval stage known as an
oncomiracidium. With a single host monoge-
neans have relatively simple life cycles. The
oncomiracidium bears a posterior haptor that
develops into the adult haptor. Asexual multipli-
cation is uncommon within the group, although
it occurs in the form of sequential polyembry-
ony (hyperviviparity) in some Gyrodactylidea.
Adult viviparous gyrodactylids can produce
sequential generations of offspring without

Radiation of the
Polyopisthocotylea (Heteronchoinea)
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Fig. 1.8. The two main groups of Monogenea each diverged with the Chondrichthyes and Osteichthyes,
suggesting a relatively ancient origin. Boeger and Kritsky (1997) proposed historical relationships of the
Polyonchoinea and Heteronchoinea and their hosts; redrawn here. The parasite cladograms (solid lines)
are superimposed on that of their plesiomorphic hosts (broad grey lines). Dotted lines indicate postulated
extinctions; dashed—dotted lines indicate postulate primary host switching (dispersal) of parasites.
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releasing them, resulting in a Russian doll
effect until a single individual might harbour
up to 20 successive generations in utero
(Harris, 1983, 1985, 1993; Kearn, 1994). Other
defining features of the Monogenea and the
main constituent groups are detailed in Fried
and Haseeb (1991), Kearn (1998) and Caira
and Littlewood (2001). Whittington et al.
(2000a) provide an excellent review of the lar-
vae of Monogenea.

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

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

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

The one-host life cycle of Monogenea has
enabled studies on the colonization and radia-
tion of freshwater systems by South American
sciaenid fishes (Boeger and Kritsky, 2003), and
a test of whether the species rich Gyrodactylidae
underwent an adaptive radiation through mul-
tiple vicariant events or adaptive modes of spe-
ciation (Boeger et al., 2003). In the latter, rapid
diversification of Gyrodactylidae was facili-
tated by, among other features, the develop-
ment of hyperviviparity and high dispersal
to new host groups and geographical areas.
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Phylogenetically based studies offer the oppor-
tunity to reveal additional micro- and macro-
evolutionary patterns in the Monogenea, but
details on biogeographic ranges, larval devel-
opment and dispersal, site specificity and phy-
logenies of the hosts are needed to complete
a broader understanding of their widespread
radiation.

Radiation of the Cestoda

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

DEVELOPMENT>

1st host

N E

1st host

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

e all stages without an intestine;
e neodermis with distinct microtriches (also
known as microvilli or microthrix);

Secondary multiplication

1st and def. host (Archigetes)

Fig. 1.9. Life-cycle variations among the Cestoda, indicating the position of the main developmental
stages in relation to hosts. Usually with two or more hosts, cestodes develop through a number of
stages between egg and adult, often distinct and with their own terminology for different tapeworm
groups (Chervy, 2002). Asexual multiplication by metacestode proliferation occurs in about 20 species of
polyzoic tapeworms through larval stages known as coeneri or hydatid cysts. The caryophyllaeid
Archigetes undergoes all its development in a single host, an oligochaete annelid.
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e first canal of protonephridium lacks cell gap
and desmosome;

e reticulate protonephridial system in post-
larvae;

e cell bodies of protonephridial canal cells
under basal lamina;

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

e ten larval hooks;

e large body dimensions;

e apical pit forms when in first host;

¢ male copulatory organ a cirrus;

e vertebrate host in life cycle.

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

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

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

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

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

Both morphologists and molecular system-
atists have contributed to estimating phyloge-
nies for the Cestoda and although many general
patterns of tapeworm evolution are accepted,
the monophyly of a number of groups (e.g. the
‘Trypanorhyncha’) and the interrelationships of
the tetrafossate clades remains problematic
(Brooks et al., 1991; Hoberg et al., 1997,
2001b; Mariaux and Olson, 2001; Olson et al.,
2001). A generalized view of the interrelation-
ships of cestode orders based on multiple
sources is shown in Fig. 1.10, indicating the
evolutionary trend towards serial repetition of
reproductive organs (polyzooy, with mono-
zooy as ancestral), proglottization and the dif-
ferentiation of the scolex into a tetrapartite
condition.
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O
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Fig. 1.10. Interrelationships of the Cestoda; adapted from Olson et al. (2001) after Hoberg et al.
(2001b). The serial repetition of gonads appeared in cestode evolution with the appearance of the
Spathebothriidea; proglottization immediately after that with the emergence of difossate lineages; and
then the majority of lineages with a four-part scolex appearing thereafter.

Most eucestodes require at least two hosts
to complete their life cycles but the use of
paratenic hosts is common. Little or no devel-
opment takes place in a paratenic host but ces-
todes may use them to bridge food-chain gaps

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

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

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

Much research effort has been expended
on tapeworms infecting humans, but not in
terms of their evolutionary radiation. Ashford
and Crewe (2003) listed 54 species of cestodes
(from one family of Diphyllobothriidea and six
families of Cyclophyllidea) found in humans
but only few of these are of major significance
(e.g. Hymenolepis nana, Taenia saginata,
T. solium, T. asiatica, Echinococcus granulosus
and E. multilocularis) and these are all cyclo-
phyllideans. All occurrences of cestode infec-
tion in humans, and indeed by all the
definitive hosts infected by eucestodes, arise
through the ingestion of larval stages in an
intermediate host. Only among the Taeniidae
has the origin and evolution of human tape-
worms been closely studied; phylogenetic
analyses of samples from humans and wildlife
suggested that Taenia entered humans on at
least two separate occasions in Africa during
their evolutionary history (Hoberg et al., 2000,
2007a). Similar phylogenies show that within
the Taeniidae asexual multiplication appears
to have been lost and recovered several times
throughout their evolution (Trouvé et al., 2003).

Radiation of the Aspidogastrea

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

Apomorphies that unite the Aspidogastrea
include:

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

o few ciliated cells in larvae;

e neodermis with characteristic microvilli (=
microtubercles).

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

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

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

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

Radiation of the Digenea

The Digenea is arguably the largest group of
internal metazoan parasites with over 2500
nominal genera in over 150 families. As with
the other obligate parasite flatworm groups,
the Digenea have a distinctive morphology,
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Fig. 1.11. Phylogeny of the Aspidogastrea at the family level, according to a reanalysis of characters in
Gibson (1987) by Brooks et al. (1989) and recently from a broader analysis by Zamparo and Brooks
(2003); figures of animals redrawn from Rohde (2001).

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

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

Apomorphies that unite the Digenea include:

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

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

* jawed vertebrates in complex life cycle;

e cercaria;

e miracidium and mother sporocyst without
digestive system.

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

Egg Miracidium Mother sp

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

Cribb et al. (2001b) reviewed the early
views on the interrelationships of flukes and
provided new estimates of their phylogeny
based on an explicit character matrix and a
molecular analysis based on SSU rDNA. Thirty
adult and 26 life-cycle characteristics provided
a tree largely congruent with the molecular
estimate, and a combined morphological and
molecular analysis provided a reasonably
well-resolved phylogeny, in spite of a few poly-
tomies. More recently, partial LSU and com-
plete SSU rDNA has provided the foundation
for a further resolved phylogenetic tree that has
been the basis for the interpretation of mor-
phology, a re-evaluation of relationships and
nomenclature (Olson et al., 2003) and a study

def. (3) host

def. (4) host

definitive (2nd) host

1st host

def. host

1st and definitive host

Penetrated
or ingested

Penetrated
ingested or
encysted

Fig. 1.12. Life-cycle variations among the Digenea, indicating the position of the main developmental
stages in relation to hosts. Generally more complex than tapeworm life cycles, digeneans utilize more
hosts and include more discrete developmental stages. Secondary multiplication is ubiquitous and takes

place within sporocysts and rediae.



Evolution of Parasitism in Flatworms 27

on the evolution of life cycles (Cribb et al.,
2003; see Fig. 1.13). The Digenea are split into
two main groups, the Diplostomida and the
Plagiorchiida (Olson et al., 2003) comprised of
1 and 13 orders, respectively. A total of 22
superfamilies were recognized; but see Gibson
et al. (2002).

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

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

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

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

Concluding Remarks

There are many important life-history traits of
parasitic flatworms that determine their suc-
cess, as measured either as numbers, biomass,
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Fig. 1.13. Interrelationships of the Trematoda estimated from combined complete SSU and partial LSU

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

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

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

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

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

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

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

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

Table 2.1. Distribution of platyhelminth molecular data on GenBank, March 2005.

Number of entries

DNA Protein Structure Genome  Popset

Platyhelminthes 329,880 13,837 22 10 118
Cestoda 12,690 1,560 2 5 42
Cestodaria 18 - - - 2

Eucestoda 12,671 1,560 2 5 42

inc. Echinococcus 10,793 659 1 1 3

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

Trematoda 306,264 11,747 20 5 45
Aspidogastrea 26 1 - - 3

Digenea 306,238 11,746 20 5 45

inc. Schistosoma 302,786 10,697 16 3 14

‘Turbellaria’ 10,173 406 - - 14
Catenulida 22 4 - - 3

Lecithoepitheliata 14 - - - 1

Macrostomorpha 24 14 - - 1

Mediofusata 8 - - - 1

Polycladida 54 31 - - 9

Prolecithophora 47 - - - 1

Rhabdocoela 60 4 — - 1

Seriata 9,943 353 - - 8

inc. Schmidtea 3,089 99 - - 3

inc. Dugesia 6,586 104 - - 1

Unclassified 1 - - - -

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

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

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

Table 2.2. Platyhelminth contribution to DNA sequence data for the bilateral

Metazoa on GenBank, March 2005.

Taxonomic group?

DNA sequences

Deuterostomes
Vertebrates
Cephalochordates
Urochordates
Hemichordates
Echinoderms

Ecdysozoans
Gastrotrichs
Nematodes
Priapulids
Kinorhynchs
Onychophorans
Tardigrades
Arthropods

Lophotrochozoans
Bryozoans
Entoprocts
Platyhelminths
Pogonophorans
Brachiopods
Phoronids
Nemerteans
Annelids
Echiurans
Molluscs
Sipunculans
Gnathostomulids
Rotifers

30,308,602
28,908,567
16,772
862,324
112
520,827
3,695,260
32
922,845
34

4

236
6,460
2,765,649
412,479
551

6
330,856
313

165

22

321
17,698

85
61,775
131

14

540

aTaxonomic groups taken from Adoutte et al. (2000).
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Genome Features
Genome size

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

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

Table 2.3. Platyhelminth genome size estimates.

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

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

Haploid genome size®

Taxon2b Picograms Megabases Reference
Cestoda—Eucestoda
Echinococcus granulosus 0.17 150 7
Hymenolepis diminuta 1.7 1,500 12
Spirometra mansonoides 1.79 1,600 8
Trematoda—Digenea
Diplostomum pseudospathaceum 0.89 800 5
Schistosoma mansoni 0.30 270 10
Trichobilharzia spp. 1.06-1.31 950-1,120 5
‘Turbellaria’—Seriata
Archilina spp. 0.75 670 2
Archiloa petiti 1.15 1,030 2
Archilopsis marifuga 0.95 850 2
Archimonocelis spp. 2.4 2,160 2
Archotoplana holotriche 1.2 1,080 2
Bothrioplana semperi 4.7 4,210 1
Carenscoilia biforamen 1.75 1,570 2
Crenobia alpina 1.1 990 6
Dendrocoelum lacteum 1.2 1,080 6
Dugesia spp. 1.66-2.40 1,490-2,150 6, 11
Duploperaclistus circocirrus 0.6 540 2
Foviella affinis 1.8 1,610 1
Girardia tigrina 1.40-1.88 1,260-1,690 1,6
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Table 2.3. Platyhelminth genome size estimates. (contd)

Haploid genome size®

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

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

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

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

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

“Turbellaria’-Macrostomorpha
Macrostomum spp. 0.17-0.58 150-520 1

aHigher level taxonomy taken from GenBank’s Taxonomy Division (http://www.ncbi.nlm.nih.gov/Taxonomy).
bIntrageneric ranges are given for genera where data for more than one species are available.

“‘Where the primary literature cites genome size in picograms of DNA, size in megabases (Mb) has been estimated on
the basis that 1 Mb of double stranded DNA = 0.001116 pg (assuming the mean molecular weight of a base pair to be

672 Daltons and an unbiased genome base composition).

Note: 1, Gregory et al. (2000); 2, Martens et al. (1989); 3, Hebert and Beaton (1990); 4, Pellicciari et al. (1983); 5, T.R.
Gregory, unpublished data, cited on http://www.genomesize.com; 6, J. Bagufia, unpublished data, cited on
http://www.genomesize.com; 7, Rishi and McManus (1988); 8, Cox et al. (1990); 9,
www.genome.gov/Pages/Research/Sequencing/SeqProposals/PlanarianSEQ.pdf; 10, Simpson et al. (1982);

11, Garcia-Fernandez et al. (1995); and 12, Searcy and Maclnnis (1970).
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Genome composition

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

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

DNA methylation

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

(a) (b)

Repeat sequences

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

Individual copies of integrated mobile
elements may either be degenerate relics or

100 kb

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

S.mansoni/BACs/



Table 2.4. Mobile genetic elements and other repetitive sequences in platyhelminth genomes.

Estimated frequency

Species Repeat Repeat type in genome? Transcribed Reference
Digenea
Schistosoma Boudicca LTR retrotransposon (Ty3/Gypsy) >1,000/1,000-10,000 copies  Yes Copeland et al. (2003)
mansoni Saci-1 LTR retrotransposon (BEL) 70-700 copies Yes DeMarco et al. (2004)
Saci-2 LTR retrotransposon (Ty3/Gypsy) 85-850 copies Yes DeMarco et al. (2004)
Saci-3 LTR retrotransposon (Ty3/Gypsy) 150-1,500 copies Yes DeMarco et al. (2004)
Sinbad LTR retrotransposon (Pao/BEL) 50 copies Yes Copeland et al. (2005)
Fugitive LTR retrotransposon (Ty3/Gypsy) >2000 copies Yes Laha et al. (2004)
Perere Non-LTR retrotransposon (CR1) 250-2,500 copies Yes DeMarco et al. (2004)
SR1 Non-LTR retrotransposon (CR1) 200/2,000-20,000 copies Yes Drew and Brindley (1997)
SR2 Non-LTR retrotransposon (RTE-1) 2,600—-26,000 copies Yes Drew et al. (1999)
Sm-alpha Tandemly repeated and 7,000-10,000/20,000— Yes Spotila et al. (1989)
family dispersed SINE 200,000 copies
Sm-alpha fem-1 Female-specific, tandemly ND ND Drew and Brindley (1997)
repeated SINE
Sm750 Polymorphic repeat ND Yes Spotila et al. (1991)
Wi1 476 base, female-specific repeat >500 copies ND Webster et al. (1989)
W2 715 base, female-specific ND ND Drew and Brindley (1997)
tandem repeat
SM23 Female-specific repeat 75 copies No Walker et al. (1989)
pSm1-7 121 base, species-specific 250,000 copies ND Hamburger et al. (1991)
tandem repeat
Schistosoma Gulliver LTR retrotransposon (Ty3/Gypsy) 500 copies Yes Laha et al. (2001)
Jjaponicum SjR2 Non-LTR retrotransposon (RTE-1) 10,000 copies Yes Laha et al. (2002a)
Pido Non-LTR retrotransposon (CR1) >1000 copies Yes Laha et al. (2002b)
Sj-alpha family SINE 10,000 copies ND Laha et al. (2000)
Sjrh1.0/1.3 >1000 and >1300 base, species- 100-200 copies ND Drew et al. (1998)
specific tandem repeats
Schistosoma Drat 121 base tandem repeat >300,000 copies ND Hamburger et al. (1991)
haematobium
Clonorchis CsRn1 LTR-retrotransposon (Ty3/Gypsy) >100 copies Yes Bae et al. (2001), Bae and
sinensis Kong (2003b)
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Paragonimus
westermani

Fasciola
hepatica

Dicrocoelium
dendriticum

Opisthorchis
viverrini

Cestoda

Echinococcus
granulosus

Taenia solium

Taenia saginata

‘Turbellaria’

Dugesia etrusca

Giradia tigrina

Multiple
Multiple
Multiple

Fhr-1
Fhr-11
Fhr-1ll
Ddr-1V

pOV-A6

TREg

EgG1 Hae lll
HDP1

DEL

PEVE

LTR-retrotransposon (Ty3/Gypsy)
LTR-retrotransposon (Pao/BEL)
LTR-retrotransposon (Xena)

124 base, genus-specific repeat

Species-specific repeat
Species-specific repeat
Species-specific repeat
Species-specific repeat

334 base, species-specific
tandem repeat

477-489 base repeat

186 base, genus-specific,
polymorphic, tandem repeat

269 base, species-specific,
dispersed tandem repeat

158 base, species-specific
tandem and dispersed repeat

53 base, species-specific
tandem repeat

>1.4 kb dispersed
LINE

Helicase-encoding, extra
chromosomal, virus-like
element

Mariner-like transposon

Highly repetitive

Highly repetitive

ND

15% of genome/300,000
copies

Middle repetitive

120-23,000 copies (strain-
dependent)

6,900 copies

ND

ND

1% of genome

8,000 copies

Yes
Yes
No

ND

ND, unlikely
ND, unlikely

ND
ND

ND, unlikely

ND, unlikely

Not proven

Bae and Kong (2003a)
Bae and Kong (2003a)
Bae and Kong (2003a)
Kaplan et al. (1995),
Kramer and Schnieder
(1998)
Heussler et al. (1993)
Heussler et al. (1993)
Heussler et al. (1993)
Heussler et al. (1998)

Sermswan et al. (1991a)

Marin et al. (1993)

Rosenzvit et al. (1997,
2001)

Abbasi et al. (2003)

Chapman et al. (1995)

Gonzalez et al. (2002)

Batistoni et al. (1998)

Rebrikov et al. (2002)

Garcia-Fernandez
et al. (1995)

aData from original references: Brindley et al. (2003) and DeMarco et al. (2004).

ND = not determined.
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retain some potential functionality. Virtually
all platyhelminth integrated mobile elements
described to date appear to be transcribed to
some degree. Indeed, the overall transcription
level can be very high; in S. mansoni some
14% of cercarial transcripts encode sequences
with putative homology to reverse transcrip-
tase and there appear to be low copy number
elements with high transcriptional activity and
vice versa (DeMarco et al., 2004). Direct evi-
dence for translation of these transcripts to cre-
ate functional mobile elements has yet to be
demonstrated. However, reverse transcriptase
activity has been detected in cultured S. man-
soni (Ivanchenko et al., 1999) and the reverse
transcriptase domain of the S. japonicum SjR2
non-LTR retrotransposon has been expressed
in insect cells and shown to prime reverse tran-
scription of SjR2 mRNA in vitro (Laha et al.,
2002a). Therefore, at least indirect evidence
exists for functional mechanisms. Such activity
would certainly help explain reports of
genome instability (see section entitled
‘Genome Instability”).

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

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

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

Integration of host DNA sequences

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

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

Genome instability

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

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

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

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

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

Gene processing

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

Table 2.5. Platyhelminth spliced leader RNAs/genes.

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

Spliced leader (length) Enolase trans-splicing Reference
Digenea
Schistosoma mansoni Yes (36) Yes 1,3
Fasciola hepatica Yes (37) Yes 2,3
Echinostoma caproni Yes (37) Yes 3
Haematolechus spp. Yes (34) Yes 3
Stephanostomum spp. Yes (36) Yes 3
Cestoda
Echinococcus multilocularis Yes (36) No 4
Echinococcus granulosus Putative identification No 4
Taenia solium Yes No 5
Hymenolepis diminuta No No 3
Calliobothrium spp. No No 3
Lacistorynchus tenuis No No 3
Monogenea
Megacotyle tributa No No 3
“Turbellaria’
Stylochus zebra Yes (51) Yes 3
Notoplana spp. Yes (51) Yes 3
Dugesia dorotocephala No No 3
Bdelloura candida No No 3
Phagocata morgani No No 3
Syndesmis franciscana No No 3

Note: 1, Rajkovic et al. (1990); 2, Davis et al. (1994); 3, Davis (1997); 4, Brehm et al. (2000); and 5, Brehm et al. (2002).
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trans-spliced (Brehm et al., 2000) nor any dis-
cernible pattern or apparent sex, tissue or cell
specificity in the genes that get trans-spliced
within a species (Davis et al., 1995), and the
functional significance of flatworm spliced
leaders remains to be determined. There is a
conserved AUG (methionine) codon immedi-
ately before the splice site but this does not
necessarily serve as the translation initiation
site and can be out of frame with the following
open reading frame (ORF) (Davis, 1997).
However, 43% of trans-spliced Echinococcus
sequences potentially utilize the donated AUG
(Fernandez et al., 2002). In other taxonomic
groups (e.g. nematodes) spliced leaders are
involved in the processing of poly-cistronic
transcription units (Spieth et al., 1993). In §.
mansoni the gene encoding the ubiquinol-
binding protein, UbCRBP, is situated only 54
nucleotides upstream of the enolase gene and
RNAs, which significantly overlap both the
genes are observed, suggesting that they form
a poly-cistronic unit. A close linkage of the two
genes is also seen in F. hepatica, which also
trans-splices its enolase gene (Davis and
Hodgson, 1997). Such evidence strongly sug-
gests that spliced leaders are involved in pro-
cessing poly-cistronic units in flatworms.

Karyotype Features
Chromosome number

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

Ploidy

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

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

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

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

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

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

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

Sex chromosomes

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

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

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

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

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

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

Recombination frequency

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

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

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

Telomeres

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

Mitochondrial Genomes
General characteristics

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

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

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

Code’). As all mitochondria-encoded proteins
are integral membrane proteins, hydrophobic-
ity plots can be used to assist in localizing the
less conserved genes (NAD3, NAD4|, NAD6)
(Le et al., 2001a). The rRNA gene sequences
are identified by homology, coupled to their
ability to form appropriate secondary struc-
tures; their ends have not been determined
experimentally. Transfer RNA (tRNA) genes are
identified by a combination of automated pre-
diction using the tRNAscan-SE server at
http://www.genetics.wustl.edu/eddy/tRNA
scan-SE/ (Lowe and Eddy, 1997), manual
inspection, homology and the ability to form
appropriate secondary structures. In some
cases it is not possible to definitively identify
the limits of tRNA genes as alternative, over-
lapping sequences fulfilling these criteria can
be identified, e.g. tRNA-cystine in S. mansoni
and S. japonicum (Le et al., 2001b).

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

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



Table 2.6. Progress in sequencing platyhelminth mitochondrial genomes.

Complete
genome/coding

Species Length  region Accession and reference
Cestoda; Eucestoda; Cyclophyllidea; Taeniidae
Taenia asiatica 13,703  Yeslyes NC_004826 — K.S. Eom and H.K. Jeon
(unpublished)
Taenia solium 18,709  Yesl/yes NC_004022 — Nakao et al. (2003)
Taenia crassiceps 13,503  Yeslyes NC_002547 — Le et al. (2002)
Echinococcus multilocularis 13,738  Yeslyes NC_000928 — Nakao et al. (2002)
Echinococcus granulosus G1 genotype (sheep—dog strain) 13,588  Yeslyes AF297617 — Le et al. (2002)
Echinococcus granulosus G4 genotype (horse—dog strain) 13,598  Yeslyes AF346403 — Le et al. (2002)
Cestoda; Eucestoda; Cyclophyllidea; Hymenolepididae
Hymenolepis diminuta 13,900  Yeslyes NC_002767 — von Nickisch-Rosenegk et al.
(2001)
Trematoda; Digenea; Strigeidida; Schistosomatoidea; Schistosomatidae
Schistosoma mansoni 14,415  Nolyes NC_002545 — Le et al. (2001b)
Schistosoma japonicum 14,085  Nolyes NC_002544 — Le et al. (2001b)
Schistosoma mekongi 14,072 No/yes NC_002529 - Le et al. (2001b)
Schistosoma malayensis 9,581 No/no AF295106 — Le et al. (2001b)
Trematoda; Digenea; Echinostomida; Echinostomata; Fascioloidea; Fasciolidae
Fasciola hepatica 14,462  Yeslyes NC_002546 — Le et al. (2001a)
Trematoda; Digenea; Plagiorchiida; Troglotremata; Paragonimidae
Paragonimus westermani (triploid) 14,965  Yeslyes NC_002354 — T. Agatsuma and M. lwagami
(unpublished)
Paragonimus westermani (diploid) 14,244  No/no AF540958 — M. lwagami, Y. Sato, A. Iwashita,
T. Abe, S.J. Hong and T. Agatsuma
(unpublished)
‘Turbellaria’; Macrostomorpha; Macrostomida; Microstomidae
Microstomum lineare 6,882  No/no AY228756 — Ruiz-Trillo et al. (2004)
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both diploid and triploid forms (annotation of
two tRNA-cysteine genes in S. mansoni and S.
japonicum in some sources reflects alternate
models covering the same genomic region (Le
et al., 2001b)). In addition to the genes, there
is a D-loop/control region.

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

therefore, possess a functional ATP-synthase.
Whether it functions with or without subunit 8
awaits more detailed analysis. In the yeast
Saccharomyces cerevisiae, mutations affecting
ATP8 are not lethal, but produce a slow grow-
ing, ‘petite’ phenotype that is unable to survive
without a fermentable carbon source (Marzuki
et al., 1989).

3. None of the genes possess introns and, with
the exception of the D-loop/control region,
intergenic distances are only a few nucleotides
long. Some genes, especially tRNA genes, may
abutt and some overlap, especially ND4L and
ND4 (by up to 40 bases in all taxa examined
apart from T. solium and Echinococcus multi-
locularis) and COI and tRNA-threonine.

4. Excepting P westermani, which has an
(A+T) content of 51.6%, all the genomes show
a significant (A+T) bias, ranging from 63.6% in
F. hepatica to 74% in T. crassiceps (McManus
et al., 2004b). Additionally, codon bias, skew
(the unequal representation of complementary
bases on a single strand) and convergence and
divergence in nucleotide and amino acid com-
position are observed across taxa (Le et al.,
2004).

5. The D-loop/control regions are non-coding
regions of the mitochondrial genomes and may
contain repeated sequences and stable stem-
loop structures involved in replication. Usually
there is a short and a long non-coding region,
separated by one or more genes. The control
regions of digeneans are generally much longer
than those of cestodes and their structure
makes them difficult to sequence through.
Hence, the majority of available digenean
sequences represent complete coding regions,
rather than complete genomes (Table 2.6). The
full size of the mitochondrial genome can be
estimated by RFLP studies. For P westermani
these suggest an overall size of 21 kb versus 15
kb for the sequenced coding region (Agatsuma
et al., 1994b) and for F. hepatica of up to 19 kb
(Zurita et al., 1988) (although a genome of 14.5
kb has been completely sequenced (Le et al.,
2001a)). For S. mansoni considerable inter-
isolate variation is apparent, with sizes ranging
from approximately 16.5 to 24.9 kb (Despres
etal.,, 1991, 1993) compared to 14.4 kb for the
sequenced coding region (Le et al., 2000). The
detected polymorphism is as great between dif-
ferent African isolates as it is between African
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and South American isolates, providing evi-
dence that the introduction of S. mansoni into
the New World was a recent historical event
(likely as a result of the slave trade), rather than
an ancient one due to tectonic separation
(Despres et al., 1993). The polymorphism local-
izes to a single region, which does not
hybridize with genic probes, suggesting that it
affects the control region. A complex, tandemly
arrayed minisatellite (F21) comprising a 558
base sequence and a variable-length, subarray
of a 62 bp repeat motif (effectively forming a
nested variable number of tandem repeat
(VNTR) polymorphism) has since been identi-
fied in the S. mansoni mitochondrial genome
(Pena et al., 1995) and is a likely cause of the
polymorphism. Both the 62-base sequence and
parts of the 558-base sequence are also found
in the SM750 repeat found in the nuclear
genome (Spotila et al., 1991) and the relative
organization of the two versions suggests either
that the element has moved from nuclear to
mitochondrial genome (a vanishingly rare
occurrence in nature) or that both genomes
acquired it simultaneously from a mobile ele-
ment (Pena et al., 1995).

6. Mitochondrial genome sequence is available
for two different populations of both P. wester-
mani and E. granulosus. For P westermani, both
diploid (sexual) and triploid (parthenogenetic)
forms have been sequenced (T. Agutsuma,
M. lwagami, Y. Sato, A. lwashita, T. Abe and S.-J.
Hong, unpublished; sequence accessions
AF540958 (2n), NC_002354/AF219379 (3n)).
Gene order is identical in the two sequences
and, apart from a 163-base deletion in the short
non-coding region of the triploid, the sequences
are very highly conserved (99% at the
nucleotide level across the whole genome,
99.5% at the amino acid level in the protein
coding regions), suggesting a recent divergence.
In contrast, the mitochondrial genomes of the
G1 (sheep—dog) and G4 (horse—-dog) strains of
E. granulosus are almost as different from each
other (12% divergence at both DNA and amino
acid levels in protein coding regions) as each is
from E. multilocularis (13-15% divergence at
DNA level, 12-14% at amino acid level). This
supports suggestions that the G1 and G4 geno-
types should be designated as separate species
(Bowles et al.,, 1995; Thompson et al., 1995;
Le et al., 2002).

Gene order

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

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

Genetic code

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

brate mitochondrial code (GenBank code 5:
ftp:/ftp.ncbi.nih.gov/entrez/misc/data/gc.prt) is
based on analysis of patterns of codon usage at
conserved positions in mitochondrial DNA-
encoded protein coding genes (primarily
COX1); i.e. the observation of novel codons at
positions that are known to represent highly
conserved amino acids across sequences from
other organisms, or as a result of intraspecific
sequence variation, coupled with the lack of
use of that codon at conserved positions,
which code for the amino acid stipulated by
the standard code. For stop codons, reassign-
ment results from the presence of standard-
code stop codons in the middle of known
coding sequences and the occurrence of novel
codons at conserved ends of coding regions.
However, this approach is only as reliable as
the sampling density that identifies the con-
served positions and the range of amino acids
occurring at them. Moreover, it fails to con-
sider the possibility that conservative amino
acid substitutions, which might have minimal
impact on protein function, could have
occurred. A more sophisticated analysis
method, which weights the probability of code
change with respect to known amino acid
change/substitution preferences derived from
empirical data (protein alignment matrices) has
therefore been developed (Telford et al., 2000).
Multiple versions of the platyhelminth mito-
chondrial genetic code have been proposed
and are summarized in Table 2.7. Currently
GenBank lists three different genetic codes for
the Platyhelminthes, codes 9, 14 and 21
(ftp://ftp.ncbi.nih.gov/entrez/misc/data/gc.prt).
Of the approximately 2100 platyhelminth
mitochondrial sequences on the database,
1800 have a genetic code assigned to them
(the remainder comprise 125 or 16S rRNA
gene sequences, tRNA genes, non-coding
region sequences or putative nuclear pseudo-
genes). Code 9 (Telford et al., 2000) is speci-
fied by the vast majority of entries (92%) and
has been used to define a major clade within
the flatworms, the Rhabditophora, which com-
prises the majority of the free-living turbellar-
ian taxa together with the parasitic Neodermata,
but excludes three classes of turbellarian flat-
worm, the Acoela, Catenulida and Nemerto-
dermatida. Code 14 is still retained by 8% of
entries as GenBank curation staff report that



Cestoda
H. dim

tRNA-Tyr
NCR1

tRNA-Leu

tRNA-Arg
NDS
NCR2

tRNA-Gly

COX3

tRNA-His
CYTE
ND4L
ND4
tRMNA-GIn
tRNA-Phe
tRMNA-Mat
ATPE
ND2
tRNA-Val
tRNA-Ala
tRNA-ASp
ND1
tRNA-Asn
tRNA-Pro
tRNA-lle
tRNA-Lys
ND3
tRNA-Ser
tRNA-Trp

cox1
tRNA-Thr
I-rRNA
tRNA-Cys
s-TRNA
coxz2
tRMA-Glu
ND&

T. asia

tRNA-Tyr
NCR1

R

tRNA-Leu

tRNA-Arg
ND5
NCR2

tRNA-Gly

COX3

tRMA-His
CYTB
ND4L
ND4
tRMNA-GIn
tRNA-Ph
tRMNA-Met
ATPE
ND2
tRMNA-Val
tRMNA-Ala
IRMA-Asp
ND1
tRNA-Asn
tRNA-Pro
tRMNA-lle
tRMA-Lys
ND3
tRMA-Ser
tRNA-Trp

cox1
tRNA-Thr
I-rRNA
IRNA-Cys
s-TRNA
Ccox2
tRMNA-Glu
ND&

T. sol

TRNA-Tyr
NCR1
tRNA-Leu
tRNA-Ser

tRNA-Leu

tRNA-Arg
NDS
NCR2

tRNA-Gly

COX3

tRNA-His
cYTB
ND4L
ND4
tRMNA-GIn
tRNA-Phe
tRNA-Met
ATPE
ND2
tRNA-Val
tRMNA-Ala
tRNA-Asp
ND1
tRNA-Asn
tRNA-Pro
1RNA-lle
tRNA-Lys
ND3
tRNA-Ser
tRNA-Trp

Cox1
tRMNA-Thr
I-rRNA
tRMNA-Cys
s-fRNA
cox2
tRNA-GlU
ND&

T. cras

tRNA-Tyr
NCR1

tRNA-Leu

tRNA-Ser

tRNA-Leu

tRNA-Arg
ND5
NCR2

tRNA-Gly

COX3

tRNA-His
CYTB
ND4L
ND4
tRNA-GIn
tRNA-Phe
tRNA-Met
ATPE
ND2
tRNA-Val
tRNA-Ala
tRNA-Asp
NDA
tRNA-AsN
tRNA-Pro
tRNA-lle
tRMNA-Lys
ND3
tRNA-Ser
tRNA-Trp

cox1
tRMNA-Thr
I-rRNA
tRNA-Cys
s-TRNA
cox2
tRMA-Glu
ND&

E. multi

tRMNA-Tyr
NCR1

tRNA-Leu

tRMNA-Ser

tRMNA-Leu

tRMNA-Arg
NDS
NCR2

tRNA-Gly

cox3

tRMNA-His
CYTB
ND4L
ND4
tRNA-GIn
tRNA-Phe
tRNA-Meat
ATPE
ND2
tRMA-Val
tRMNA-Ala
IRNA-Asp
ND1
tRMNA-AsSN
tRMNA-Pro
tRNA-lle
tRMA-Lys
ND3
tRMNA-Ser
tRNA-Trp

cox1
tRNA-Thr
I-rRNA
tRMNA-Cys
s-rRNA
coxz
tRNA-Glu
ND&

| E. gran G1 | E. gran G4 |

tRMA-Tyr
NCR1

tRNA-Leu

tRMA-Ser

tRNA-Leu

tRMNA-Arg
NDS
NCR2

tRNA-Gly

COX3

tRMNA-His
CcYTB
ND4L
ND4
tRNA-GIn
tRNA-Phe
tRNA-Met
ATPE
ND2
tRMA-Val
tRMNA-Ala
tRNA-Asp
ND1
tRMA-Asn
tRMA-Pro
tRMNA-lle
tRMNA-Lys
ND3
tRMNA-Ser
tRNA-Trp

cox1
tRINA-Thr
I-rRNA
tRNA-Cys
s-TRNA
cox2
tRNA-Glu
ND&

TRNA-Tyr

NCR1
tRNA-Leu
tRMNA-Ser

tRNA-Leu

tRNA-Arg
ND5

tRNA-Gly

COX3

tRMNA-His
CYTB
ND4L
ND4
tRNA-GIn
tRNA-Phe
tRNA-Met
ATPE
ND2
tRNA-Val
tRMNA-Ala
tRMNA-Asp
ND1
tRMNA-Asn
tRNA-Pro
tRNA-lle
tRMA-Lys
ND3
tRNA-Ser
tRNA-Trp

cox1
tRNA-Thr
I-rRNA
tRNA-Cys
s-rRNA
COX2
tRNA-Glu
ND&

tRNA-Tyr

tRINA-Leu
tRMNA-Ser

tRNA-Leu

tRNA-Arg
ND§

COoX3

tRNA-His
cYTe
ND4L
ND4
tRNA-GIn
tRNA-Phe
tRMNA-Met
ATPS
ND2
tRMNA-Val
tRNA-Ala
tRMNA-Asp
ND1
tRMA-Asn
tRMNA-Pro
tRMNA-lle
tRNA-Lys
ND3
tRMA-Ser
tRNA-Trp

coxi
tRMNA-Thr
I-rRNA
tRNA-Cys
s-rRNA
Ccox2

ND&

P. west 2N

tRMNA-Tyr

tRNA-Leu
tRMA-Ser

tRNA-Leu

tRMNA-Arg
NDS

tRNA-Gly2
NCR1

tRNA-His
cYTB
ND4L
ND4
tRNA-GIn
tRNA-FPhe
tRNA-Met
ATPE
ND2
tRMNA-Val
tRMA-Ala
tRMA-Asp
ND1
tRNA-AsSN
tRMNA-Pro
tRNA-lle
tRMA-LyS
ND3
tRMA-Ser
tRNA-Trp

coxi
tRNA-Thr
I-RNA
tRNA-Cys
s-TRNA
coxz

ND&

| P.west 3N |

tRNA-Tyr

tRNA-Leu
tRNA-Ser

tRNA-Leu

tRNA-Arg
ND5

RNA-Gly2

tRNA-Gly
coxs

tRNA-His
CYTB
ND4L
ND4
tRNA-GIn
tRNA-Phe
tRNA-Met
ATP&
ND2
tRMA-Val
tRMNA-Ala
tRMA-Asp
ND1
tRMNA-Asn
tRNA-Pro
tRNA-lle
tRNA-Lys
ND3
A-Ser
A-Trp

tF
tRM.

cox1
tRNA-Thr
I-rRNA
tRNA-Cys
s-rRNA
cox2

NDE&

NCR1

tRNA-Leu

NCR2
tRNA-Arg
NDS

tRNA-Gly
COX3
tRNA-Glu
tRNA-His
cYTB
ND4L
ND4
RNA-GIn
tRNA-Phe
tRNA-Meat
ATPS
ND2

tRNA-Ala
tRNA-ASP
ND1
tRNA-Asn
tRMNA-Pro
tRNA-lle
tRMA-Lys
ND3

tRNA-Trp

tRMNA-Se
cox1
tRNA-Thr
I-rRNA
tRNA-Cys
s-TRNA
Ccox2

ND&

S. malay

ND5

tRNA-Gly
COX3
tRNA-Glu
tRMNA-His
cYTB
ND4L
ND4
tRNA-GIn
tRNA-Phe
tRNA-Met
ATPE
ND2

tRNA-Ala
tRNA-Asp
ND1
tRNA-Ash
tRNA-Pro
tRNA-Ile
tRNA-Lys
ND3

tRNA-Trp

tRNA-Val

tRNA-Ser
cox1

tRNA-Leu

tRNA-Arg
NDS

tRNA-Gly
coxa
tRNA-Glu
tRNA-His
cYTe
ND4L
ND4
tRNA-GIn
tRMA-Phe
tRNA-Met
ATPE
ND2

tRNA-Ala
tRNA-Asp
ND1
tRNA-Asn
tRNA-Pro
tRNA-lle
tRNA-Lys
ND3

tRMA-Trp
tRNA-Val
tRNA-Ser
Cox1
tRMA-Thr
I-rRNA
tRNA-Cys
s-rRNA
cox2

NDE

S. man

tRNA-Leu
tRMA-Ser

tRNA-Tyr

IRNA-AsN
tRMNA-lle

ATPE
ND2
tRNA-Ala

tRNA-Phe

tRNA-Leu
ND§

COoX3
IRNA-Glu
tRNA-His

CYTB

ND4L

ND4
tRNA-GIn
tRNA-Lys

ND3

ND1
NCR2
tRMA-Pro
tRNA-Val
NCR1
tRNA-Met

tRNA-Cys
s-rRNA
coxz
ND§

tRNA-Arg

tRNA-Gly

tRNA-ASp

09

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

The abbreviated stop codon T has been
proposed for two cestode mitochondrial genes:
H. diminuta COX1 (von Nickisch-Rosenegk
et al,, 2001) and T. solium ND1 gene (Nakao
et al., 2003); and for COX1 in the free-living
Rhabditophoran M. lineare (Ruiz-Trillo et al.,
2004). It is suggested that post-transcriptional
polyadenylation converts this to a full TAA stop
codon and for T. solium ND1, 3’-RACE analy-
sis has confirmed this suggestion (Nakao et al.,
2003).

Maternal inheritance

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

Fig. 2.2. Diagrammatic Representation of Mitochondrial Gene Orders in Parasitic Flatworms.

The orders of genes around the circular mitochondrial genomes of parasitic platyhelminths are shown in
vertical columns. Protein-coding and rRNA genes are shown with grey shading and bold text. White text
with black shading indicates gene order rearrangements between adjacent sequences. The Schistosoma
mansoni data are shown unlinked to the other species because it shows very significant rearrangements;
black boxes around subsets of the S. mansoni genes indicate localized regions of gene order
conservation with Asian Schistosoma species. Abbreviations: COX1/2/3 = Cytochrome ¢ oxidase complex
subunits one, two and three; ND1/2/3/4/4L/5/6 = nicotinamide dehydrogenase complex subunits one, two,
three, four, four-L five, six; CYTB = cytochrome B; ATP6 = ATP-synthase subunit six; s-rRNA = 12S rRNA
(small subunit); I-rRNA = 16S rRNA (large subunit); NCR1 = small non-coding region; NCR2 = large non-
coding region; nd = not determined (note also that the Schistosoma malayensis sequence represents a
partial coding region); H. dim = Hymenolepis diminuta; T. asia = Taenia asiatica; T. sol = Taenia solium;

T. cras = Taenia crassiceps; E. multi = Echinococcus multilocularis; E. gran G1/G4 = Echinococcus
granulosus genotypes G1/G4; F. hep = Fasciola hepatica; P. west 2N/3N = Paragonimus westermani
diploid/triploid; S. jap = Schistosoma japonicum; S. malay = Schistosoma malayensis; S. mek =
Schistosoma mekongi; S. man = Schistosoma mansoni.



Table 2.7. Platyhelminth mitochondrial genetic code assignment.

Genetic code Codon identity Derivation Reference Comments
GenBank Code 1: Basel = CCCCCCCCCCCCCCCAAAAAAAAAAAAAAA — —
standard code Pases - TCAGTCAGTCACTCAGTCAGTOAGTCACTCAGTCACTOAGTCACTCAGTCACTCAGTCAGTCAG
AAs = FFLLSSSSYY**CC*WLLLFPPPPHHQQRRRRIIIVLTT
Starts =
GenBank Code 5: AAS = FFLLSSSSYY**CCWWLLLLPPPPHHQQRRRRIIMMTTTTNNKK COX1 from catenulid  Telford et al. (2000)
invertebrate searts : Hi flatworms and
mitochondrial Acoelomorpha
code starts Partial mitochondrial ~ Ruiz-Trillo et al. Truncated T and TA
genomes of two (2004) stop codons
Acoelomorpha proposed

GenBank Code 9:
Rhabditophora
mitochondrial
code

GenBank Code 14:
alternative
platyhelminth
mitochondrial
code

AAs
Starts

AAs
Starts

FFLLSSSSYY**CCWWLLLLPPPPHHQORRRRIIIMTTTT

FFLLSSSSYYY*CCWWLLLLPPPPHHQQRRRRIIIMTTTT

Unification of:

(1) COX1 from 24
species in 10
Rhabditophoran
classes

(2) Code 14

Unification of:

(1) Dugesia japonica

COX1, from multiple

isolates showing

sequence variation

(2) Code 21

Telford et al. (2000)

Bessho et al. (1992)

No evidence found to
confirm TAA as
Tyrosine (Y)

(1) AAA incorrectly
abbreviated as Asp
(= Aspartic Acid, D)
rather than Asn
(= asparagine, N) in
original paper

(2) Only canonical ATG
(Methionine) assigned
as start



GenBank Code 21: Ans

Trematode Starts i
mitochondrial
code AAs = M
Starts = i i
AAs =
CeS'[Ode AAs = FFLLSSSSYY**CCWWLLLLPPPPHHQQRRRRIIIMTTTTNNNKSSSSVVVVAAAADDEEGGGG
Starts = i i
mitochondrial
code

Fasciola hepatica
ND1, ND3, COX1

Fasciola hepatica
ND1, ND3, COX1

Fasciola hepatica
ND1, COX1

COX1, ND2, ND4,
ATP6 from eight
species of cestode

Unification of data
from the following
two sources, below:

Garey and
Wolstenholme
(1989)

Ohama et al. (1990)

Nakao et al. (2000;
2003)

ATA = methionone is
proposed but not
confirmed
experimentally

Re-examination of
sequences from (Garey
and Wolstenholme,
1989)

No evidence found to
confirm TAA as
Tyrosine (Y)

Adapted from: http://www.ncbi.nim.nih.gov/Taxonomy and primary literature.
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misinterpreted as being of paternal origin
(Bieberich and Minchella, 2001).

Flatworm Genomics
Rationale

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

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

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

Gene discovery and transcriptome
analysis

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

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

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

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

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

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

Physical mapping

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

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

Chromosome mapping

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

Genome sequencing

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

Schistosoma projects is nearing completion
and initial assembly attempts are underway.
For S. mansoni, these already suggest that
more, large-scale scaffolding information is
needed to link together thousands of small
contigs that possess repeat sequences at either
end. End-sequencing of 38-42 kb inserts in
fosmid libraries and of 130 kb BAC clones
from a new BAC library is currently underway
to provide this additional information (M.
Quail, Wellcome Trust Sanger Institute,
Hinxton, 2005, personal communication).
Even a early draft genome assembly can pro-
vide valuable scientific data and an auto-anno-
tated database of the S. mansoni data has
already been released (http://www. genedb.org/
genedb/smansoni/). Ultimately it is hoped that
resources will become available to allow pro-
teomic, microarray, comparative EST, literature
and community-based annotation data to be
integrated with the genome assembly data to
provide a ‘one stop’ curated reference system.
None of the three flatworm WGS proj-
ects has yet secured funding for genome clo-
sure, the highly labour-intensive (and thus
slow and costly) process of using PCR to
amplify across the large number of individ-
ual, small gaps that will be present in the
completed assembly and sequencing the
PCR products to fill in those gaps. Only when
robust assemblies are in place will decisions
be made as to the scientific need for, and
cost-effectiveness of, closure.

Concluding Remarks

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



68 D.A. Johnston

transferable across taxa. Given the ever-falling
costs of high-throughput sequencing and the
lessons that have been learned from the cur-
rent projects, there is no reason why, with suf-
ficient community support and collaboration
to justify the efforts, a similar review under-
taken 10 years from now should not chronicle
even more dramatic advances across a broader
range of flatworm taxa. We will all be scientif-
ically richer for it.
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Introduction

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

sis (AE) (McManus et al., 2003). Both CE and AE
are serious and severe diseases, the latter espe-
cially so, with high fatality rates and poor prog-
nosis if managed incorrectly (McManus et al.,
2003). Hydatid cysts of E. granulosus develop
in internal organs (mainly liver and lungs) of
humans and other intermediate hosts as uniloc-
ular fluid-filled bladders. The cyst (metaces-
tode) of E. multilocularis is a tumour-like
infiltrating structure consisting of numerous

©CAB International 2006. Parasitic Flatworms: Molecular Biology, Biochemistry,
Immunology and Physiology (eds A.G. Maule and N.J. Marks) 81
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small vesicles embedded in stroma of connec-
tive tissue. The metacestode mass usually con-
tains a semisolid matrix rather than fluid. The
initial phase of primary Echinococcus infection
is always asymptomatic. The incubation period
of CE is unclear but probably lasts for many
months to years. The infection may become
symptomatic if the cysts either rupture or exert
a mass-effect. Recurrence may occur following
surgery on primary cysts. CE has been reported
in subjects ranging in age from below 1 year to
more than 75 years old. The mortality rate is
estimated to be 0.2/100,000 with a fatality rate
of 2.2%. Over 90% of cysts occur in the liver,
lungs or both. Symptomatic cysts have been
reported occasionally in other organs.

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

Genetic Variation in Echinococcus

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

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

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

A number of well-characterized strains are
now recognized (Table 3.1) that all appear to be
adapted to particular life-cycle patterns and host
assemblages (Thompson and McManus, 2001,
2002; McManus, 2002). Up to the time of the
publication by McManus (2002), molecular
studies, using mainly mitochondrial DNA
(mtDNA) sequences, had identified nine distinct
genetic types (genotypes (G) 1-9) within E. gran-
ulosus. This categorization followed very closely
the pattern of strain variation emerging based
on biological characteristics. Another genotypic
group (G10), named the Fennoscandian cervid
strain, was recently described infecting reindeer
and moose in northeastern Finland (Lavikainen
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Table 3.1. Genotypes/strains of Echinococcus granulosus categorized by DNA analysis with their
host and geographical range. (Modified from McManus and Thompson, 20032.)

Genotype (strain) Host origin Geographic origin
G1 (common sheep strain) Sheep UK, Spain, China, Australian mainland,
Tasmania, Kenya, Uruguay, Turkey, Jordan,
Lebanon, ltaly, Argentina, Brazil, Iran, Nepal,
North Algeria, South Algeria, Bulgaria, Portugal
Cattle UK, Spain, Kenya, Tasmania, Jordan, China,
North Algeria, Bulgaria, Australia
Human Australian mainland, Tasmania, Jordan,
Lebanon, Holland, Kenya, China, Argentina,
Spain, Algeria, Austria
Goat Kenya, China, Nepal, Spain
Buffalo India, Nepal
Camel Kenya, China, Tunisia
Pig China, Kenya, Bulgaria
Wild boar Spain
Kangaroo Australian mainland
Dog (adult) Kenya
Dingo (adult) Australian mainland
Wolf (adult) Bulgaria
Jackal (adult) Bulgaria
G2 (Tasmanian sheep Sheep Tasmania, Argentina
strain) Human Argentina
G3 (buffalo strain?) Buffalo India
G4 (horse strain; Horse UK, Ireland, Switzerland, Spain
bEchinococcus equinus) Donkey Ireland
G5 (cattle strain; Sheep Nepal
bEchinococcus ortleppi) Goat Nepal
Cattle Switzerland, Holland, Brazil, Sudan
Buffalo India, Nepal
Pig Kenya, Sudan
Human Holland, Argentina
Zebra Namibia
G6 (camel strain) Camel Kenya, Somalia, Kenya, Sudan, China, Iran,
Mauritania, Egypt, South Algeria, Tunisia
Cattle China, Iran, Mauritania, Kenya, Sudan
Human Argentina, Nepal, Iran, Mauritania, Kenya, Egypt
Sheep Iran, Sudan
Goat Kenya
G7 (pig strain) Pig Poland, Slovakia, Ukraine, Argentina, Spain,
Egypt (?), Kenya, Austria (G6/G7)
Wild boar Ukraine, Spain
Goat Spain
Beaver Poland
Cattle Slovakia
Human Poland, Slovakia, Austria (G6/G7)
G8 (cervid strain) Moose USA
Human USA
G9 Human Poland
G10 (Fennoscandian Moose, Northeast Finland
cervid strain) Reindeer

aAdditional references: Bardonnet et al. (2003), Lavikainen et al. (2003), Azab et al. (2004), Bart et al. (2004), Breyer
et al. (2004), Daniel-Mwambete et al. (2004), Dinkel et al. (2004), Haag et al. (2004), Lahmar et al. (2004) and

Obwaller et al. (2004)

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

Identification of Echinococcus
Isolates using Molecular Genetic
Techniques

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

RFLP/RAPD analysis

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

PCR-amplified DNA sequences

Direct comparison of the nucleotide sequences
of defined DNA segments between organisms
provides a highly diagnostic and sensitive
means of detecting genetic variation.
Mitochondrial sequences, particularly frag-
ments of the mitochondrial protein-coding
genes, cox! and nad1, have proved invaluable
for E. granulosus strain identification. Recently,
Dinkel et al. (2004) have devised a specific and
sensitive PCR/semi-nested PCR system for the
rapid diagnosis of E. granulosus genotype GT,
E. granulosus genotype G6/7 and E. ortleppi
(G5). Diagnosis of G1 and the group G5/6/7 is
performed by a simple PCR, while discrimina-
tion between E. ortleppi (G5) and G6/7 involves
a subsequent semi-nested PCR step. The target
sequence for amplification is part of the mito-
chondrial 12S ribosomal RNA (rRNA) gene.
Specificity of the PCRs was 100% when evalu-
ated with isolates of 16 species of cestodes,
including E. multilocularis, E. equinus (G4),
E. ortleppi (G5) and three strains of . granulo-
sus (G1, G6 and G7). This approach can be
readily applied for the screening of large num-
bers of samples in epidemiological surveys.
Preliminary epidemiological results obtained
with this PCR approach included the detection
of a camel strain (G6) infection for the first time
in a human patient from eastern Africa, and the
first reports of E. ortleppi (G5) in livestock from
Kenya and the Sudan. It is noteworthy that
human CE in Central Sudan appears to be rela-
tively rare and this may result from the absence
or limited distribution of the sheep—dog strain
there (Elmahdi et al., 2004), and/or the fact that
in Sudan, sheep and goats seem to harbour cal-
cified or infertile cysts of E. granulosus (Saad
and Magzoub, 1989; Elmahdi et al., 2004).
Daniel-Mwambete et al. (2004) analysed
cox1 and nad1 sequences in combination with
RAPD-PCR analysis to genotype isolates of
E. granulosus from a range of hosts from Spain.
Previously, three strains (sheep-dog, horse—dog
and pig-dog) of E. granulosus had been identi-
fied in Spain. The new study confirmed that the
Spanish ‘sheep’ strain corresponded to geno-
type 1 (G1), infecting sheep, cattle, goats, pigs,
wild boar and human; the ‘horse’ strain corre-
sponded to genotype 4 (G4), only infecting
horses; and the ‘pig’ strain corresponded with
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genotype 7 (G7), infecting goats, pigs and wild
boar. Goats, pigs and wild boar can be infected
by two genotypes, G1 and G7. The authors
pointed out that this circumstance, and espe-
cially the possibility of sylvatic intermediate
hosts serving as reservoirs of the G1 genotype of
the parasite, should be taken into consideration
by authorities to develop and evaluate effective
control programmes for echinococcosis.

Mutation scanning methods

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

Microsatellite markers

A virtually untapped area for studying diversity
in Echinococcus is the use of microsatellite
DNA. Some microsatellite markers are avail-
able for E. multilocularis, following the earlier
studies of Bretagne et al. (1996) who were
able to use microsatellite DNA to divide iso-
lates of E. multilocularis into three groups:
European, North American (Montana) and
Japanese. More recently Nakao et al. (2003)
isolated two microsatellite loci that were used
to demonstrate population-level polymor-
phisms in E. multilocularis adult worms derived
from wild red foxes collected from a limited
geographical area of Hokkaido, Japan.
Bartholomei-Santos et al. (2003) described
for the first time the isolation and characteriza-
tion of microsatellites from E. granulosus. This
group searched the E. granulosus genome for
microsatellites using eight different oligonu-
cleotides containing particular repeats as probes.

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

Molecular Identification of
E. granulosus Strains

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

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

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

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

Another approach to investigating levels
of divergence is by means of phylogenetic
trees. Careful phylogenetic analysis of mito-
chondrial sequence data, in combination with
additional nuclear sequence data (Bowles
et al., 1995), formally demonstrated the evolu-
tionary distinctiveness of the sheep and horse
strains of E. granulosus. Additional phyloge-
netic analyses (Fig. 3.1) of concatenated atp6,
nad1 (partial) and cox1 (partial) genes from
E. multilocularis, E. vogeli, E. oligarthrus, five
genotypes of E. granulosus, and using T. crassi-
ceps as an outgroup, yielded the same results
(Le et al., 2002). Overall, the comparisons sug-
gested that the horse and sheep strains are
as distinct from each other as either is from
E. multilocularis. In addition, data have accu-
mulated from throughout the world demon-
strating the conserved nature of the horse
and sheep strains/genotypes of E. granulosus.
Furthermore, the fact that their genetic char-
acteristics are maintained in sympatry in
endemic areas such as UK or Spain where
the life cycles overlap, reinforces the argument

Table 3.2. Divergence (%) in 12 mitochondrial protein-coding genes (nucleotide sequence (above
diagonal) and amino acid sequence (below diagonal)) and in nucleotide sequences of the mitochondrial
large (rrnL) (above diagonal) and small (rrnS) (below diagonal) ribosomal RNA (rRNA) subunits between
the sheep—dog (EgG1) and horse—dog (EgG4) strains of Echinococcus granulosus, E. multilocularis
(Em) and Taenia crassiceps (Tc). (After Le et al., 2002.)

EgG1

EgG4 Em Tc

EgG1 EgG4 Em Tc

Protein-coding sequences?

rrnL and rrnS sequences®

EgG1 12.37 14.97 27.01 8.76 11.05 23.73
EgG4 11.57 13.01 26.37 8.18 11.24 24.47
Em 13.67 11.53 25.73 11.20 10.24 25.41
Tc 30.60 30.78 29.58 22.45 2256 2225

aE. granulosus G1 differs from G4 by 12.4% (nucleotides (nt)) and 11.6% (amino acids (aa)), a level similar to
differences between these two genotypes and E. multilocularis (13—15% nt and 11.5-13.5% aa). As expected,
divergence is considerably higher when any member of the genus Echinococcus is compared with T. crassiceps
(26-30% nt and aa differences), suggesting that saturation has not been reached within Echinococcus.

bE. granulosus G1 and G4 differ by 11% from E. multilocularis and differ from each other by 8%. The differences
between the two E. granulosus genotypes are noteworthy as rRNAs are known to be conserved among related taxa.
Overall, the comparisons suggest that E. granulosus G1 and G4 are as distinct from each other as either is from

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

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

(A)

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

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

Until the early 1990s, all surgically obtained
human isolates of E. granulosus examined by
isoenzyme and DNA analysis conformed to
the common domestic sheep strain. However,
a partly calcified hydatid cyst, removed from a
young Dutch patient and typed by PCR/RFLP
analysis and cox7 and nadl sequences, was
shown to belong to the genetically distinct
bovine or cattle strain (G5 genotype) of . gran-
ulosus. This strain has also been shown to
infect humans in Argentina (Kamenetzky et al.,
2002; Haag et al., 2004). Thus, in regions
where the bovine strain occurs, cattle may act
as reservoirs of human infection.

Cattle are commonly found to harbour
hydatid cysts throughout the world but the

100{ EgG6
100 EgG7

EgG8

57

EgG1
EgG4

E. vogeli
E. oligarthrus

E. multilocularis

Taenia crassiceps

Y T —
0.05

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

indicated with an asterisk.
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B)

EgG1
9 EgG4
E. vogeli
EgG8
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E. multilocularis

0.05

Taenia crassiceps

Fig. 3.1. (contd) (B) A distance matrix was constructed from the nucleotide sequences using the Kimura
2-parameter correction for multiple hits and the unrooted tree constructed using the minimum evolution

approach. It is clear that EgG4, EgG1, Echinococcus vogeli and E. oligarthrus are almost equidistant
from each other in terms of mitochondrial sequences. Furthermore, the E. granulosus G1 and G4
genotypes are also almost equidistant from the G6—-G8 genotype cluster, although there is some
structure in this latter group. Echinococcus multilocularis appears as basal within the genus.

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

and phylogenetic analysis using nuclear and
mitochondrial genes (Bowles et al., 1995). The
cattle-adapted form has a widespread geo-
graphical distribution that includes parts of
Central Europe, South Africa, India, Sri Lanka,
Nepal and possibly South America (Thompson
and McManus, 2001, 2002). As with
Echinococcus of horse origin, the cattle form
of Echinococcus was originally given specific
status as E. ortleppi (Lopez-Neyra and Soler
Planas, 1943) based on a re-evaluation of
an earlier description (Ortlepp, 1934) of
Echinococcus in South Africa where the cattle-
adapted form is now known to occur. The
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validity of E. ortleppi as a separate species was
not accepted by Rausch and Nelson (1963) but
subsequent studies (Verster, 1965) showed that
previous taxonomic considerations were based
only on a limited appraisal of the morphologi-
cal features, which characterize this form of
Echinococcus. Accordingly, Thompson and
McManus (2002) suggested that E. ortleppi
should be reinstated and recognized as the cat-
tle-adapted form of Echinococcus. Recently,
genotype 5 was shown by cox7 and nad1
sequence analysis to infect a Namibian zebra
(Obwaller et al., 2004). There have been no
molecular genetic studies undertaken on
Echinococcus isolates from South African hosts
and clearly this would be a fruitful area for
future research.

Camel-dog strain (Genotype 6)

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

Pig—dog strains (Genotypes 7 and 9)

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

Cervid strains (Genotypes 8 and 10)

The northern biotype of E. granulosus occurs in
North America and northern Eurasia in life
cycles involving cervids (moose and reindeer)
with the wolf as the principal definitive host;
cycles involving sled dogs and domesticated
reindeer also occur. Based on its unique nad17
sequence and ITS-1 PCR-RFLP pattern, a cervid
strain obtained from Alaskan moose appeared
to represent a distinct genotype of E. granulosus,
which was designated G8 (Bowles et al., 1994).

Case-based data have suggested that the
course of sylvatic disease is less severe than
that of domestic disease, which led to the rec-
ommendation to treat CE patients in the Arctic,
presumed to be infected with the cervid strain,
by careful medical management rather than by
aggressive surgery. The first two documented
E. granulosus human cases in Alaska with
accompanying severe sequelae in the liver
were recently reported (Castrodale et al.,
2002). The results of molecular analysis of the
cyst material of one of the subjects supported
identification of the parasite as the sylvatic
(cervid) strain (G8) and not as the domestic
(common sheep) strain, which was initially
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thought to be implicated in these unusually
severe cases (McManus et al.,, 2002). The
adverse outcomes could have been rare com-
plications that are part of the clinical spectrum
of sylvatic CE, an indication that the sylvatic
form of E. granulosus, especially when affect-
ing the liver, has potential for severe clinical
consequences.

In a recent study, Lavikainen et al. (2003)
provided molecular evidence for the existence
of a new variant of the cervid strain. Five iso-
lates of E. granulosus were collected from four
reindeer and one moose in northeastern
Finland. DNA sequences within regions of the
cox1 and nad1 genes and the rDNA ITS-1 were
analysed. The mitochondrial nucleotide
sequences were identical in all isolates, but
high sequence variation was found in cloned
fragments of the ITS-1 region. Mitochondrial
and nuclear sequences of the Finnish cervid
E. granulosus and the camel strain (G6) of . gran-
ulosus closely resembled each other. Phylo-
genetic analysis indicated the Finnish isolates
had close relationship also with the pig (G7)
and cattle (G5) strains. Although some similar-
ities were found with G8 cervid strain, partic-
ularly in the nad7 and some of the ITS-1 clones,
the Finnish E. granulosus form appeared to rep-
resent a distinct, previously undescribed geno-
type of E. granulosus, which the authors named
as the Fennoscandian cervid strain (G10). It is
important to evaluate the geographical distri-
bution of this new genotype and to determine
whether it is infective to humans as has been
shown for the G8 form.

Detection of Echinococcus Nucleic
Acids in Clinical Samples

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

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

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

DNA Detection of Infection in
Definitive and Intermediate Hosts

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

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

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

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

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

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

Concluding Remarks

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

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

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

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

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

Research area Gene region Taxon and notes Reference
Broad-scale phylogeny nSSU Platyhelminthes Littlewood and Olson (2001)
of flatworms nSSU/LSU Platyhelminthes and Neodermata Lockyer et al. (2003a)
Molecular taxonomy and ITS Trematodes of marine fish Jousson et al. (2000)
discovery of cryptic species ITS2 and mtLSU Cryptic species of trematodes in marine gastropods Donald et al. (2004)
ITSH Cryptic species of trematode in freshwater salmonids Criscione and Blouin (2004)
Identification of life-cycle stages ITS Matched cercariae and adults of mesometrids (Trematoda) Jousson et al. (1998)
ITSH Opecoelids (Trematoda) in marine fish and snails Jousson and Bartoli (2000)
ITS2 Bivesiculids (Trematoda) have three-host life cycle Cribb et al. (1998)
Evaluation of morphological nSSU Affinities of Gyliauchenidae (Trematoda) Blair and Barker (1993)
features
Host specificity and speciation ITS Gyrodactylus species Zietara and Lumme (2002)
nSSU and ITS Gyrodactylus species Huyse et al. (2003)
nSSU and ITS1 Sympatric speciation in Dactylogyrus Simkova et al. (2004)
nLSU Polystomes in freshwater turtles Littlewood et al. (1997)
Coevolution nSSU Host—parasite cospeciation not typical in a monogenean/ Desdevises et al. (2002)
marine fish system
Biogeography ITSH Cestodes of lemmings Haukisalmi et al. (2001)
nLSU and ITS Lung flukes of frogs Snyder and Tkach (2001)
nSSU/LSU and Asian Schistosoma species Attwood et al. (2002)
mtSSU
nSSU/LSU and ITS Schistosoma species Morgan et al. (2003a)
and mtLSU
nSSU/LSU Schistosoma species Lockyer et al. (2003b)
Host evolutionary history nLSU Polystomes (Monogenea) and early vertebrates Verneau et al. (2002)
Molecular diagnosis nSSU Hymenolepis nana formed cystic mass in AIDS patient Olson et al. (2003)
mtSSU Echinococcus granulosus strains Dinkel et al. (2004)
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16S rRNA is orthologous with the mitochondr-
ial (mt) 12S and the nuclear (n) small subunit
(SSU) (nSSU) or 18S rRNAs in eukaryotes.
Similarly, the bacterial 23S rRNA is orthologous
with the mt16S and the nuclear (n) large subunit
(LSU) (nLSU) or 28S rRNAs of eukaryotes. Two
other small rRNAs transcribed from the eukary-
ote nuclear genome are universally referred to
as the 5S and 5.8S molecules. Both form a com-
plex with the nLSU, which is the scaffolding for
the LSU of the ribosome. The nSSU forms the
scaffolding for the SSU of the ribosome.

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

Nuclear Ribosomal Operons

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

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

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

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

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

In addition to the tandem repetition of the
operon, diverse repeats of varying length often
occur within each operon, mostly within spacers.
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IGS+5 ETS nSSU=18S ITS1 5.8S ITS2 nLSU = 28S 3" ETS +IGS

Monogenea

Gyrodactylus salaris? 1991 623 157 428 3818 2168
Digenea

Schistosoma mansoni2 1994 456 155 309 4127 2558

Fasciola hepatica3 ~1900 433 364 ~4 kb ~5-9 kb

Opisthorchis viverrini4 ~ ~2000 ~4.2 kb ~5.8 kb
Cestoda

Gigantolina magna® 2873 5503

Echinococcus granulosus® 2394  251-957 ~250 >3.6 kb ?->13 kb

1 Matejusova and Cunningham (2004); 2 Kane and Rollinson (1998), Capowski and Tracy (2003);
3 Blair and McManus (1989), Mas-Coma et al. (2001); 4 Korbsrisate et al. (1992);
5 Lockyer et al. (2003a); 6 This study and Picé et al. (1996).

Fig. 4.1. Lengths of various components (diagram not to scale) of the nuclear rRNA operon in selected
neodermatans. Mature rRNA molecules are shown as shaded boxes. Literature sources are listed.
Lengths of some nSSU and nLSU are slightly underestimated because conserved primer sites at each
end are not always included in the GenBank accessions.

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

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

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

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

Intergenic spacers (IGSs)

The IGS region is the least conserved in the
operon (although it may be rivalled by the ITS1
in some taxa). For example, Cunningham et al.
(2003) found intra- and inter-individual
sequence variation in the IGS among taxa that
had identical sequences at other variable
regions of the operon, such as the V4 region of
the nSSU rRNA gene and the ITS. Intra- and
inter-individual variation in the 1GS was noted
in the early restriction-mapping studies (Walker
et al., 1986 for Schistosoma margrebowiei;
Blair and McManus, 1989 for fasciolids;
and Korbsrisate et al., 1992 for O. viverrini).
Subsequent sequencing studies have provided
further information. Complete IGS sequences
are available for the monogenean C. salaris
(see Collins and Cunningham, 2000) and three
species of the trematode genus Schistosoma

Schistosoma intercalatum (2571 bp)

(see Kane and Rollinson, 1998). Partial
sequence has been obtained for additional
species of Cyrodactylus (see Cunningham
et al., 2003) and for the cestode E. granulosus
(see Silva et al., 1991; Picon et al., 1996).
PCR amplification of the IGS region of
Schistosoma intercalatum and S. haemato-
bium, followed by cloning of PCR products,
yielded two size variants in each case (Kane
and Rollinson, 1998). Similarly, three bands
were obtained for the monogenean C. salaris
(Collins and Cunningham, 2000). Analyses
reported by these authors were mostly based
on the largest sequenced products. The IGSs of
these Schistosoma species and of E. granulosus
resembled one another in containing many
repeats and AT-rich tracts. In Schistosoma
species, diverse repeats (19-379 bp long) were
scattered throughout the 1GS and copies could
be direct or inverted. Sequences of the entire
IGS region from three species of Schistosoma
could be aligned with each other with reason-
able ease, provided gaps were inserted to
accommodate species-specific repeats and
insertions (Kane and Rollinson, 1998) (Fig. 4.2).
Differences among species were due to differ-
ences in numbers and types of identifiable
repeats, as well as to insertions/deletions and
sequence variation within non-repetitive
regions (Fig. 4.2). The smaller sequenced PCR
product from S. intercalatum lacked a large
repeat present in the larger product, and dif-
fered somewhat in sequence. In the case of

C1-C3 D1 F1 F2 D2 G1 G2
2gs — ({1 1— L T {1+ —H1ss
>>> > > > < > >
S. haematobium (2058 bp)
C1-C3 D1 D2 G1 G2
28s il —EH]-I}EI— |:| —EI—D —{H 18s
>
S. mansoni (2558 bp)
A1A2 B1B2 D1 E1 E2 E3 D2 H1H2G2
28S — H 18S
>>>> > > < < < > > >

Fig. 4.2. Schematic diagram of the components of the IGSs for three species of Schistosoma, after
Kane and Rollinson (1998). Major repeats are shown as open boxes, with an arrowhead indicating
whether each is direct or inverted. Repeats coded by the same letter are similar in sequence. The
AT rich region (present in Schistosoma intercalatum and S. haematobium) is shown as a filled box.
Breaks in the horizontal line indicate large alignment gaps.
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S. haematobium, the smaller product was very
short and surmised to be a non-functional relic
or a PCR artefact. Intra-individual variation
was apparently present in the AT-rich regions
occurring near the 5" end of the IGS (Kane and
Rollinson, 1998).

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

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

Fig. 4.3. Dotplot of the IGS of Gyrodactylus
salaris (AJ276032 — 2619 bp) to show locations of
repeats. This was made using the resource at
http://arbl.cvmbs.colostate.edu/molkit/dnadot/.

A moving window of 11 and a mismatch limit of

2 were specified. Two blocks of repeats are
indicated — see text for details.

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

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

The length to which transcription extends
3’ of the nLSU and 5’ of the nSSU is uncertain
for Schistosoma species and for G. salaris.
More definite information is available for the
5" ETS of the cestode E. granulosus. The region
of the IGS immediately upstream of the nSSU
gene in this species was investigated by Picon
et al. (1996). These workers used experimental
methods to place the transcription start point at
1100 bp upstream of the 5" end of the nSSU
gene. Regions close to this contained a variety
of interesting motifs, notably a poly-T tract and
short inverted repeats. Copies of a 12 bp repeat
were scattered in the remainder of the ETS
closer to the nSSU gene. The availability of this
sequence data should make it possible to
explore variation in sequence and patterns of
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repeats in the 3’ end of the IGS of other
Echinococcus species.

Internal transcribed spacers (ITSs)

Conserved sequences at the 3” end of the nSSU
gene and the 5" end of the nLSU gene have
made it easy to design primers to span the ITS
region (Fig. 4.1). The conserved 5.8S gene lies
between the two spacers and can also be used
as a target for PCR primers. The spacers them-
selves are poorly conserved (in both sequence
and length) and can rarely be aligned at or
above the level of family. ITS1 is generally
the more variable in sequence and length
(e.g. Luton et al.,, 1992; Morgan and Blair,
1995; Bell et al., 2001; and Galazzo et al,,
2002 for the trematode genera Dolichosaccus,
Echinostoma, Diplostomum and Ichthyocoty-
lurus, respectively and Cunningham et al., 2000
for the monogenean genus Cyrodactylus).
However, Le6n-Regagnon et al. (1999) found
ITS2 to be the more variable spacer in
Haematoloechus species and Luo et al. (2002)
and Olson et al. (2002) found the same for the
cestode genera Bothriocephalus and Ligula,
respectively. Figure 4.4 shows an edited screen
shot of the result from a BLAST search in
GenBank. The ITS sequence (including parts of
the flanking nSSU and nLSU genes) of the het-

e B A B B

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

The first cleavage of the primary rRNA
transcript occurs within ITS1 (Capowski and
Tracy, 2003). Possibly associated with this, ITS1
contains features reminiscent of the IGS;
repeats, simple-sequence tracts and possible
promoter sites and recombination hot spots.
Secondary structure models for the ITST are
tentative. The ITS2, on the other hand, func-
tionally resembles the expansion segments
found within the rRNA genes (Gerbi, 1996). It
folds so as to bring the 3" end of the 5.8S rRNA
and the 5" end of the nLSU rRNA together to
facilitate their base pairing in a conserved sec-
ondary structure. The ITS2 differs from almost
all expansion segments in neodermatan rRNA
genes, however, in that it is excised from the
ribosomal transcript (i.e. it could be regarded as
a processed expansion segment (Gerbi, 1996)).

0 250 500 750 1000
1
32
54
76
nSSU ITS1 5.8S ITS2 nLSU

Fig. 4.4. Edited screen shot of results of a BLAST search (default parameters) in GenBank using as the
query a portion of the rDNA of Haplorchis taichui (AY245705)(fam. Heterophyidae) spanning the ITS
region and including the 3" 60 bp of the nSSU and 5’ 50 bases of the nLSU genes. All ‘hits’ not spanning
the entire ITS region have been edited out. Regions of relatively high similarity are shown as a solid line,
those of lower similarity as a broken line. 1, Haplorchis taichui; 2, Centrocestus sp. (AY245699)(fam.
Heterophyidae); 3, Pygidiopsis genata (AY245710)(fam. Heterophyidae); 4, Haplorchis pumilio
(AY245706)(fam. Heterophyidae); 5, Zoogonus rubellus (AJ241804)(fam. Zoogonidae); 6, Cainocreadium
labracis (AJ241795)(fam. Opecoelidae); 7, Nicolla elongata (AJ241792)(fam. Opecoelidae).
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Intra-individual variation and repeat
sequences

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

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

The first published digenean ITS1 sequen-
ces were from Dolichosaccus symmetrus
(GenBank accession L0163 1) and Dolichosaccus
helocirrus (L01630) (Luton et al., 1992). Cloned
PCR products were sequenced. Respective
lengths of the ITST were 525 and 868 bp, with
almost all of the difference in length being due
to the presence of a number of repeats close to
the 5" end of the ITS1 in D. helocirrus of which
only a single example appeared in D. sym-
metrus (Fig. 4.5). Each repeat consisted of two

A. (D. symmetrus
L01631 523 bp)

B. (D. helocirrus
L01630 868 bp)

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

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

C. (D. helocirrus
L01630 868 bp)
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Fig. 4.5. Dotplots (constructed as for Fig. 4.3) to show repeats in the ITS1 of Dolichosaccus helocirrus
and Dolichosaccus symmetrus. In panels A and C, the sequence on the y-axis is that of D. symmetrus. In
panel B, the sequence on the y-axis is that of D. helocirrus. Identity of the sequence on the x-axis is

indicated on the figure in each case.
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sequenced PCR products represent all the vari-
ants present. By probing Southern blots of
genomic digests using a radiolabelled ITS frag-
ment, van Herwerden et al. (1999) demonstrated
that most variants of ITST in P. westermani
individuals were much longer than the longest
cloned PCR product. Patterns on autoradi-
ographs were very different for each individual
of P. westermani from different localities.
Other species in the genus were relatively
monomorphic. A similar approach applied to
S. japonicum suggested that some copies of the
ITST might contain as many as (a,b).a and that,
at least in Chinese populations of this parasite,
most copies of the ITS1 had (a,b),a or more.
Copies of a at the same position share more
similarity across clones than they do within
a given clone (van Herwerden et al., 1998).
The pattern of repeats in ITS1 found in
members of the S. japonicum group and among
some unrelated trematodes is not, however,
seen in remaining members of the genus
Schistosoma investigated to date. In the phylo-
genetic tree of Morgan et al. (2003a), one
major lineage in Schistosoma includes the
S. japonicum group and Schistosoma sinensium
found only in Asia. The remaining members of
the genus are here referred to as the African
lineage — even though some members occur in
Asia — because the basal species in this lineage
occur in Africa. These basal African species
(Schistosoma hippopotami, a form thought to
represent Schistosoma edwardiense and an

A. (S. mansoni

AF029309 458 bp) U82283 490 bp)

B. (S. malayensis

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

C. (Trichobilharzia szidati
AF263828 745 bp)
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Fig. 4.6. Dotplots (constructed as for Fig. 4.3) to show the presence of a tract near the 3" end of ITS1 in
Schistosoma and Trichobilharzia species that has been repeated near the 5" end of ITS1 in many
members of the African lineage of Schistosoma. In each case the sequence on the y-axis is that of
Schistosoma mansoni (AF029309). Identity of the sequence on the x-axis is indicated on the figure in

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

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

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

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

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

Explanations for the sequence hetero-
geneity observed in E. granulosus fall into sev-
eral non-exclusive categories. It might be that
arrays of rRNA operons occur on more than
one chromosome (a possibility mentioned by
van Herwerden et al., 2000). If so, concerted
evolution may not homogenize sequences
among arrays, or this process may only occur
slowly. A second class of explanation involves
hybridization (e.g. Bowles et al., 1995; van
Herwerden et al., 2000). The presence of
sequences from different phylogenetic clusters
in a single isolate/sample of E. granulosus sug-
gests this. If so, then these events might have
taken place relatively recently, and concerted
evolution has not had time to homogenize the
array(s). Another possibility is suggested by
visual inspection of an alignment of available
sequences (D. Blair, unpublished data). The ITS1
region of Echinococcus species is obviously one
of simple and cryptically simple sequence with
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Fig. 4.7. Phylogenetic tree of most available ITS1 sequences from Echinococcus species. Minimum
evolution tree found in MEGAV3 as described in the text. Identical Greek letters indicate sequences of
cloned PCR products from the same isolate. o and 3 — Lavikainen et al. (2003); Y — Kedra et al. (1999);
& — van Herwerden et al. (2000); e — Bowles et al. (1995).
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trinucleotide motifs being particularly com-
mon. Simplicity is confirmed using the SIMPLE
v 3.0 algorithm (Hancock and Armstrong,
1994) (available at: http://www.biochem.ucl.
ac.uk/bsm/SIMPLE/index.html). Score parame-
ters were set at 1 for dinucleotide repeats, 3 for
tri- and 3 for tetranucleotides. A relative sim-
plicity factor (RSF) score of 1.42 was obtained
for a typical E. granulosus ITS1 sequence
(AF132697) — a significant departure from ran-
dom expectation based on the scores for ten
permuted sequences with the same base com-
position as the test sequence. For comparison,
the nSSU sequence for E. granulosus (U27015)
had an RSF score of 1.18 using the same
parameters. This score was also significant but
implies a lower degree of simplicity. Hancock
and Vogler (2000) investigated sequence evo-
lution within an expansion segment (V4) of
the nSSU rRNA in tiger beetles. Like ITS
sequences, expansion segments often consist
of simple and cryptically simple sequences
(Gerbi, 1996). Hancock and Vogler (2000)
concluded that replication slippage often pro-
duced similar sequence motifs in different lin-
eages — a parallelism rendering questionable
the use of such regions for phylogeny. ITS1
sequences in Echinococcus species could well
be experiencing slippage at a rate that out-
runs concerted evolution. The result is exten-
sive microheterogeneity within individuals
and sequence convergence/parallelism among
copies, limiting the value of ITS for molecular
taxonomy in this genus (Kedra et al., 1999).

Intra- and interspecific variation

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

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

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

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

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

Functional motifs

Putative functional motifs are commonly
reported in ITST sequences of neodermatans.
In processing motifs such as chi-like sites (pos-
sible hot spots for recombination), the
ITS1 resembles the 1GS. Chi-like sites were
first noted by Kane et al. (1996) in ITS1 of

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

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

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

Secondary structure

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

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

Small and Large Subunit Genes

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

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

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

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

Trematoda Cestoda Monogenea
nSSU 402 476 260
nLSU 625 380 176
mtSSU 70 27 0

mtLSU 107 66 11
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V2 (ES3)

V9
(ES11)

Fig. 4.9. Diagrammatic representations of the secondary structures of the nSSU (left) and mtSSU
(right) rRNAs. ‘Universal’ helices are shown in solid black. Helices present in eukaryotic expansion
segments of neodermatans are not shaded. Expansion segments are numbered as V1 to V9, following
De Rijk et al. (1992). The equivalent numbering scheme used by Gerbi (1996) is indicated in
parentheses. Note that the V7 region adjacent to helix 43 might have a different, as yet unknown,
structure in cestodes. The mtSSU rRNA structure is based on that for Fasciola hepatica

(Le et al., 2001). Diagram modified from one supplied by Dr Jan Wuyts.

(Fig. 4.1). Secondary structure models for the
neodermatan nSSU have been published by
Omer Ali et al. (1991) — Schistosoma; Johnston
et al. (1993) — Schistosoma; Picén et al. (1996) —
Echinococcus; Liu et al. (1997) — Spirometra;
and for the nLSU by Matejusova and
Cunningham (2004) — Gyrodactylus. A model
for the nSSU of the trematode Calicophoron
calicophorum is available at http://www.psb.
ugent.be/rRNA/secmodel/Ccal_SSU.html
Intraspecific variation is slight or non-
existent in the nSSU and nLSU genes.
Sequences from the conserved helices can be
aligned among all flatworms and indeed many
portions can be aligned at far greater phyloge-
netic depths than that. Lockyer et al. (2003a)
have explored variation in these genes among
neodermatans and flatworms in general. They
found that, across the Platyhelminthes, the
genes had probably not experienced substitu-
tion saturation and could therefore be used with
confidence for phylogenetic studies. However, a
large proportion of sites in both genes could
not be aligned with confidence across the
Platyhelminthes and were omitted from analyses.

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

Matejusova and Cunningham (2004)
reported primary and secondary structures
of the nLSU rRNA in the monogenean
C. salaris. Like Lockyer et al. (2003a), they
considered that the LSU gene may be useful
in phylogenetic analysis of the Monogenea
or Platyhelminthes and comparisons with
other eukaryotes. They suggested that the
variable domains C and H (terminology of
Wauyts et al., 200Ta) may be the most suit-
able for this purpose.

Variable regions have been termed ‘expan-
sion segments’ (insertions relative to the
sequence in Escherichia coli), ‘variable domains’
and ‘divergent domains’ by different workers
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Fig. 4.10. Diagrammatic representations of the secondary structures of the nLSU and mtLSU rRNAs.
The latter is shown in the centre of the figure. ‘Universal’ helices are shown in solid black. Helices
present in eukaryotic expansion segments of neodermatans are not shaded. The mtLSU rRNA structure
is based on that for Fasciola hepatica in Le et al. (2001). Diagram modified from one supplied by

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

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

for domain C using programs such as MFOLD
(Zuker, 2000) this region is so variable that
comparative methods (Gutell et al., 2002) are
also required before we can be confident as to
which helices occur in neodermatans. Most of
the numerous available partial nLSU sequences
for neodermatans (Table 4.2) span domains
B-D, including the highly variable domain C.
Expansion segments accumulate muta-
tions at 5-20 times the rate for the conserved
core (reviewed in Gerbi, 1996 and see com-
ments in Wuyts et al., 2001b) and have there-
fore been a target for systematic studies on
neodermatans at shallow phylogenetic levels.
For example, Barker and Blair (1996), Kaukas
and Rollinson (1997) and Blair et al. (1998)
have used the nSSU V4 region in such studies
on trematodes. Huyse et al. (2003) used this
region for a species-level phylogeny within
Gyrodactylus. The comments by Hancock and
Vogler (2000), mentioned earlier, cautioning
against unreserved use of such regions for phy-
logenetic work, need to be considered.
However, at shallow taxonomic levels, such as
among members of a family or order, expan-
sion segments can be aligned with relative
ease and will contain most of the variable and
phylogenetically informative sites within the
molecule. Blair and Barker (1993) pointed this

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

Total length Length Length GenBank
of nSSU of V4 of V7 accession
Trematoda: Aspidobothrea
Aspidogaster conchicola 1957 326 122 AJ287478
Lobatostoma manteri 1976 316 122 L16911
Trematoda: Digenea
Opisthorchis viverrini 1992 324 116 X55357
Tetracerasta blepta 1973 316 117 L06670
Monogenea
Gyrodactylus salaries 1965 335 100 726942
Cestoda
Schizochoerus linguloideus? 2382 585 352 AF124454
Gigantolina magna 2873 474 845 AJ243681
Echinococcus granulosus 2394 560 222 u27015
Echinobothrium fautleyi® 1844 372 181 AF124464
Gyrocotyle rugosa? 2209 455 174 AF124455

aData from Olson and Caira (1999).
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Fig. 4.11. Secondary structure model for the 5" half

of the nLSU of Schistosoma mansoni. This is based

on the conservation diagram for yeast, Saccharomyces cerevisiae in Ben Ali et al. (1999) and the helix

numbering of Wuyts et al. (2001a).

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

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

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

One of the expansion segments in the
nLSU of at least some neodermatans is removed
from the transcript before the mature rRNA
molecules have been formed (Mertz et al.,
1991; Korbsrisate et al., 1992). This short ‘gap’
region, located midway along the gene, varies
in length (54-67 bp) among members of the



Ribosomal DNA Variation

in Parasitic Flatworms 115

y—Y~g

uu
G
Uueu \ Yy
U g3 © u £23-14
U (Lo £23 U -13 QGACCGAAGY -
E23 C c GGACCGAAGUAAUGAUCAA—3
l 2 Ve GCUUUAUCUUGGEUUCA
Au o UGGAAUAAUGGAGGA\G G
523\/5;\ cG AACU AUD
5 uuGAcu—c’G E238\ %
A £23-10 UU <y |
AAGanGU I (A ggag-!
GAUUGG ¢ Echinococcus s-3
YeSey, | granulosus e
Cq Cu c Ug.¢
E23-7 Pu, Sy, u-A
6s Cc \ G-U
Cu; GGG A u o
F23-6 . U Cs 6 / 8.4
UGUGGAGE CUGLC CBCUCGUCCACRU  AUGGC U G-&
............................. _— u-G
CACACGUCE GACGS UGGGCBGEUGUG, UACEE A A G-C
W© AZMC E234 ¢:5
A AU
S C.G
C'GU éﬂ
G.'G7 E23-5 .G
Ut U -8
Gpu A&
As
Ve U o
uuy , .
o JURY ST M E3na 3 Guug
/ £23 AhG, 0 E23 7y Il c.ga
2 oo U 13 TAGACCOAAGUAAUGAUAAAAAGA  G-C
| U.C_C;GC -1 ggggggucu@ecuuc;\ g.g
G 8% UGG A AUAADAGARD~A .~ G-Co
AAA CGAA ACU AUV~ B) © &g
E23 UU GAGU—g—C U E23-8 \ ®) A-U
9, B30 . 3 Gyrodactylus W5 ArES
CAAG salaris AUG-G & u.G
alc | ¢"u-G Acy:
Y S c < 28 £:¢
Uy, - -
ulg fug, £237 oC AR fadic.c
Gy Vue A u-C g:
Ay CAg A A G-U “Ua
Gy S : C
UG Ve u G-G o
Cee Y ¢ €-C 39 2:¢
U £236 ¢ G u &' U c-G
[ u_uCYu_ uy acace Y A-U ex S
A LG, ACGGG ACuy cGucua s 2ERTY c© c-G A-U
(e Cuééc j06h GCUJ\GAUA UGUCGA G-C g8
6.0y u E23-4 & U-G
e U C UG-C G-C
Ul G o 0) u \
U uaU G, U U u-G
G Ul AANCT, c-G
G'.G G,UA G UG GA G-U
U ‘AUG UU. u V) G-U
Us-YS oA E235 A G gé
G.G &6 U S luga? G-C
UG_CU G .CG u G U G-C
Seuv c A G-U
6,6 Ve uu UA E232 g:d
Uu(‘fcG &g
cG"cG c £23-2 Ay &8
TTBCGCUCGCUUBCUBEEE Jsol %?QGG?QC‘??E"??WCGCCUGC !
v’ (GCGGUUGGAUGGUCGES GUUGAUGACUGGCEEGGUGEUUGUACGU—C
G u
u

Fig. 4.12. Secondary structures for the nSSU V4 region of a cestode, Echinococcus granulosus (A),
and a monogenean, Gyrodactylus salaris (B), showing the considerable differences in lengths of the

helices in the 5’ half of the region. The figure for G. sa

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

Mitochondrial Ribosomal Genes

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

laris is based partly on Cunningham et al. (2000).

trematodes and cestodes (McManus et al.,
2004). In all of these, the mtSSU and mtLSU
genes are transcribed in the same direction and
are separated only by a single tRNA gene.
Mitochondrial ribosomal genes are much
smaller than even their bacterial homologues.
Expansion segments found in nuclear ortho-
logues are, of course, absent. Gerbi (1996)
referred to ‘contraction segments’ as features
found in the bacterium E. coli that are absent
from other rRNAs, particularly mt rRNAs. The
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SSU rRNA of E. coliis 1522 bp long and the LSU
is 2904 bp. The mitochondrial equivalents in
neodermatans are ~750 bp and ~1000 bp,
respectively (Le et al., 2001). The mt rRNAs of
cestodes are similar in length to those of
trematodes despite the considerable lengths of
cestode nuclear rRNAs. Many of the ‘universal’
helices found in both prokaryotes and eukary-
otes are absent or shorter than in bacteria or
eukaryotes. Particularly in the case of the
mtLSU rRNA, missing helices are among those
identified as the most variable in bacterial LSU
genes (Van de Peer et al., 1996) (Figs 4.9 and
4.10). Despite the absence of the expansion
segments that are so variable in their nuclear
orthologs, the mt rRNAs exhibit plenty of vari-
ability. Inspection of an alignment of available
complete mtSSU genes shows that a variability
map of this gene in neodermatans would
closely resemble that published for bacteria by
Van de Peer et al. (1996) (latest version avail-
able at: http://www.psb.ugent.be/rRNA/varmaps/
index.html). Le et al. (2001) presented a sec-
ondary structure for the mtLSU of F. hepatica.
On this, they highlighted nucleotides also con-
served in at least 90% of available molluscan
mtLSU rRNAs (study by Lydeard et al., 2000).
Nucleotides conserved among 90% or more
of available neodermatan mtLSU rRNAs map
to almost exactly the same positions (D. Blair,
unpublished data): there are only a few
more sites conserved among neodermatans
than are conserved between neodermatans
and molluscs. Neodermatan-wide conserved
nucleotides cluster mostly in helices D11, D19,
E24, E25 and parts of G2 and G16 (Fig. 4.10).
Relatively few phylogenetic studies on
neodermatans have used mt rRNA genes. The
earliest study was by Després et al. (1992) who
determined the sequence from the 3" end of
the mtLSU rRNA (3" side of E22 through to
G18) for several Schistosoma species. They
estimated the rate of divergence of the partial
mtLSU gene to be three times that of the nuclear
ITS2 region. They also noted some intraspecific
variation in S. mansoni and Schistosoma bovis.
Morgan et al. (2003a) sequenced the same
region for a larger number of Schistosoma
species, but did not report results in detail. This
region was also used by Donald et al. (2004)
who noted up to 17.5% sequence difference
between samples of a single cercarial morpho-

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

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

Hybrids

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

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

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

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

Concluding Remarks

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

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

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

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

©CAB International 2006. Parasitic Flatworms: Molecular Biology, Biochemistry,

124

Immunology and Physiology (eds A.G. Maule and N.J. Marks)



Genetic Studies on Monogeneans

125

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

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

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

Difficulties in Molecular Studies
of Monogenea

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

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

Combined molecular and morphological
analysis involves compromise, usually in the
preservative solution used. Molecular analyses
perform best on ethanol-preserved material,
but the alcohol renders the specimens rather
hard and suboptimal for microscopic examina-
tion. The use of solutions that assist subsequent
microscopic examinations, such as formalin,
can result in specimens that are difficult or
impossible to use for molecular work, so the
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Fig. 5.1. Hard parts of the opisthaptor of Gyrodactylus species viewed under phase contrast
microscopy (A) and agarose gel electrophoresis of ribosomal RNA (rRNA) gene internal transcribed
spacer 1 (ITS1) (B) from: 1, Gyrodactylus carassii; 2, G. sp.1; 3, G. elegans; 4, G. gobiensis; 5, G. gobii,
6, G. gracilihamatus; 7, G. gurleyi; 8, G. hronosus; 9, G. katharineri; 10, G. kobayashii; 11, G. laevis; 12,
G. lomi; 13, G. longoacuminatus; 14, G. sp.2; 15, G. macronychus; 16, G. markakulensis; 17, G. rhodei;
18, G. sp.3; 19, G. rutilensis; 20, G. vimbi (M-100 bp DNA ladder), illustrating the diversity in
morphological and genetic features used in species discrimination.

compromise in favour of nucleic acid preser-
vation is necessary.

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

Molecular Markers for
Monogenean Species

The rBRNA genes and spacers

The region of the genome encoding rRNA
genes and spacers has a common arrangement
in eukaryotes (Long and Dawid, 1980) and the
genes and RNA occur at high abundance in
cells (Waters and McCutchan, 1990). Within
the rRNA there are conserved regions that con-
tain very similar nucleotide sequences in all
the eukaryotes studied, interspersed with
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regions that show considerable sequence vari-
ation, even between closely related organisms
(Gerbi et al., 1982; Hillis and Dixon, 1991).
The rRNA genes are suitable for the purposes
of species probe or primer development from
organisms that have not previously been char-
acterized at the molecular level.

The SSU (18S) rRNA gene

As mentioned above, partial 185 rRNA gene
sequences were obtained from some monoge-
neans by Baverstock et al. (1991) in phylogenetic
analysis of platyhelminths. Molecular investiga-
tions of monogeneans specifically began with
the PCR amplification of the SSU, or 18S, rRNA
gene from DNA extracted from a pool of many
G. salaris specimens. At that time, this gene had
been used to develop methods of identifying
other parasite groups (Cameron et al., 1988;
Blair and McManus, 1989; Rollinson et al.,
1990). The 18S gene sequence from G. salaris
was determined and was used to examine the
phylogenetic relationship of this species to other
platyhelminths (Cunningham et al., 1995a). As
this 18S sequence was being completed, work
on the most closely related organism to
Gyrodactylus that had been studied in any detail
using molecular methods (i.e. Schistosoma spp.)
showed that one region of the 18S gene, V4, was
more variable than others (Johnston et al., 1993).
The conservation of sequence in regions of the
18S gene enabled the use of alignments of the
nucleotide sequences to identify the homolo-
gous V4 region of the 18S gene to be identified
in G. salaris. Methods were developed to amplify
and analyse this region from even single speci-
mens of Gyrodactylus and sequences were
obtained from Gyrodactylus truttae and G. der-
javini, two other species commonly recorded on
salmonids in Europe. These sequences did
indeed show species variation and the V4 region
was used in restriction fragment length polymor-
phism (RFLP), oligonucleotide probe and DNA
sequence methods of distinguishing these three
species (Cunningham et al., 1995b,c). Later, the
probes were shown to produce potentially con-
fusing results, with cross reaction of the probe
designed to detect G. salaris V4 DNA with the V4
of Gyrodactylus teuchis (Cunningham et al.,
2001).

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

The rRNA internal transcribed
spacer (ITS)

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

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

Experience in analysis of many specimens
of Cyrodactylus from various host species,
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Fig. 5.2. Phylogeny of monopisthocotylean Monogenea based on SSU rDNA. The tree topology is from
a Bayesian analysis with nodal support indicated, from top to bottom, for maximum likelihood
(bootstrap%, n = 100), maximum parsimony (bootstrap%, n = 1000) and Bayesian inference (posterior

probabilities). Figure from Matéjusova et al. (2003).

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

DNA of C. salaris also binds to the same region
of G. teuchis DNA and this cross reaction could
lead to erroneous identification (Cunningham
et al., 2001). The ITS, with greater length and
variability of sequence than the 18S V4 region,
presents less opportunity for misidentification in
sequence analysis. The inclusion of ITS sequence
along with morphological analysis is a useful
addition to new Gyrodactylus species descrip-
tions (Cunningham et al, 2001; Zietara and
Lumme, 2003; Huyse and Malmberg, 2004).
The ITS region is useful to reveal
species differences (Fig. 5.1B) but in the case
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of sequencing being the diagnostic tool, it
becomes costly as additional sequencing reac-
tions with internal primers are usually neces-
sary to ensure clear overlap between forward
and reverse reactions. Thus, only partial ITS
sequences, the second ITS (ITS2) rDNA, were
used to differentiate species of another group
of monogeneans, members of the Diplozoinae.
Molecular markers based on the ITS2 region
only were developed for eight species of diplo-
zoids from three genera: Diplozoon,
Eudiplozoon and Paradiplozoon (Matéjusova
et al., 2001b, 2004). However in this case,
RFLP with multiple enzymes has to be applied
for species identification, as the ITS2 region is
relatively conserved and it becomes more dif-
ficult to obtain species-specific restriction pat-
terns for closely related species.

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

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

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

The rRNA intergenic spacer (IGS)

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

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

Large subunit (LSU) (28S) rRNA gene

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

Other Regions of the Monogenean
Genome

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

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

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

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

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

Monogenean Species Concept
and Species Complexes

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

The traditional species concept is based
on differences in morphological or life-history
characteristics. However, the existence of so-
called cryptic species is common and can be
resolved by several genetic or molecular biol-
ogy methods. Allozyme electrophoresis has
been used but largely superseded by faster and
more accurate approaches based on differ-
ences in various regions of the ribosomal or
mitochondrial DNA to detect cryptic species in
parasitic groups (Chilton et al., 1995;
Overstreet et al., 2002). The use of nucleic acid
techniques rather than allozymes is an obvious
advantage in analysis of monogeneans, when
their small size often prevents allozyme analy-
sis of individual specimens. The monogenean
parasites are no exception to the occurrence
of cryptic species, as illustrated in the exis-
tence of G. teuchis mentioned above. With
recent extensive sampling and sequencing of
Gyrodactylus parasites from a wide range of



Genetic Studies on Monogeneans 131

fish, this could become a serious problem. Even
species with apparently clear morphological
characteristics have caused difficulties when
sequences have been obtained following mor-
phological identification of species. The discov-
ery of more than one distinctly different
sequence from specimens that are extremely
similar in morphology reveals the existence of
more cryptic species. This has been found in
Gyrodactylus macronychus-like, Gyrodactylus
longoacuminatus-like and Gyrodactylus jiroveci-
like species groups (Zietara and Lumme, 2002,
2003; I. Matéjusova, FRS Marine Laboratory,
Aberdeen, 2004, unpublished data).

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

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

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

Molecular Analysis within
Monogenean Species

Increasing attention is being paid to the analy-
sis of relationships of monogeneans within
a species. These sub-species groups may be
cryptic species, strains or different specimens,
e.g. from different locations. Again, this work
stems from the C. salaris problem. Initially, the
question of separating G. salaris, which is path-
ogenic to Atlantic salmon, from C. thymalli,
which is not pathogenic, arose. The two species
are very similar morphologically and their
validity as separate species has been ques-
tioned. Host preference, pathogenicity and
rRNA intergenic spacer DNA analysis has pro-
vided good evidence that C. salaris and G. thy-
malli are valid species (Sterud et al., 2002).
Within the species, molecular analysis of
G. salaris strains or populations is of interest
in addressing the questions of whether differ-
ent strains have differing pathogenicity and
whether population genetics can provide epi-
demiological information or inform knowledge
of reproductive systems. Lindenstrem et al.
(2003b) described a variant of G. salaris that
exhibited unusual preference for rainbow trout
(Oncorhynchus mykiss) rather than Atlantic
salmon (Salmo salar). This variant was less vir-
ulent to Atlantic salmon than other forms, such
as those that have caused salmon mortality in
Norway. The variant form differs from G. salaris
sensu Malmberg, 1957 at three positions in the
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ITS. As the ITS sequence has been found to be
very stable in specimens from very different
geographical locations or sampling times, the
variation found raises some questions regard-
ing the species status of this form. Both the
morphology and DNA sequence results place
this variant clearly in the same species group
as G. salaris and yet its pathogenicity may be
very different. It will be interesting to see if this
variant is found elsewhere or if its distribution
is very restricted.

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

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

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

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

Other Genetic Studies
in Monogenea

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

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

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

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

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

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

of the free-living stages. The significant differ-
ences in morphology and physiology that are
displayed by the parasite during its life cycle
probably reflect a constant adaptation to the
different environments in which the parasite
resides (Hoffmann and Dunne, 2003).
Different species of Schistosoma such as
S. mansoni, S. japonicum and S. haematobium
infect the human host (Hoffmann and Dunne,
2003). The adult stage of Schistosoma is
adapted to life in human blood vessels, being
capable of surviving for years in the host despite
a significant immune response (Pearce and
MacDonald, 2002). The ability of Schistosoma
to foil host defences depends on a series of
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mechanisms such as modulation of the immune
system of the host by either interference in
cytokine synthesis (Angeli et al., 2001) or by
the induction of defence cell apoptosis
(Carneiro-Santos et al., 2000; Chen et al.,
2002). The intimate interaction between
Schistosoma and the human immune system is
also stressed by modulation of Schistosoma
development and reproduction by signals from
the host immune system (Amiri et al., 1992;
Davies and McKerrow, 2003). Additionally,
endocrine signals from the host have been
shown to influence Schistosoma development
and viability (de Mendonca et al., 2000;
Davies and McKerrow, 2003), suggesting
molecular cross-talk between host and para-
site. These facts demonstrate a highly sophisti-
cated level of interaction and adaptation such
that the schistosome would be expected to
possess a large transcriptome with complex and
intricate protein expression patterns through
the various life stages.

The Transcriptome Projects

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

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

Transcriptome Comparisons

The analysis resulting from both studies indicated
that the sequenced ESTs effectively sampled
the majority of messages from the transcrip-
tome of these organisms. The Brazilian study
estimated a 92% sampling of messages and
obtained 395 novel ortholog genes with their
entire coding region sequenced. A gene com-
plement of 14,000 genes was estimated for the
six stages of the S. mansoni life cycle using two
independent methods (Verjovski-Almeida
et al., 2003). The first was a clustering method
with an additional analysis to eliminate redun-
dancy due to alternate splicing, bad clustering
of sequences due to low sequencing quality
and sequencing of different non-overlapped
portions of the same message; the second
method called for determining the total num-
ber of non-redundant bases acquired in the
project followed by computing the extrapo-
lated maximal number of non-redundant bases
and dividing it by the mean gene size of S.
mansoni, estimated as 2063 bp (Verjovski-
Almeida et al., 2003). The estimated number of
14,000 genes in S. mansoni (Verjovski-
Almeida et al., 2003) is comparable to the
14,000-19,000 predicted genes from other
fully sequenced invertebrates, such as
Caenorhabditis elegans (The C. elegans
Sequencing Consortium, 1998) and Ciona
intestinalis (Dehal et al., 2002). In contrast, the
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S. mansoni

Schistosomulum
27,016

S. japonicum

Cercaria

10,014

Chinese work estimated that approximately
13,000 gene clusters were expressed in adults
and eggs, which would correspond to the
majority of the estimated gene complement and
indicate that most of the transcripts of S. japon-
icum are present in just these two stages (Hu
et al.,, 2003; McManus et al., 2004). We believe
that this is probably an overestimation, as the
analysis consisted of a simple counting of the
total number of gene clusters generated by the
assembly of ESTs and did not account for redun-
dancy that originated from alternate splicing,
bad clustering of sequences due to low
sequencing quality and sequencing of different
non-overlapped portions of the same message.
In fact, an independent experimental determi-
nation of the number of genes expressed in S.
mansoni was obtained (Verjovski-Almeida et al.,
2003), using serial analysis of gene expression
(SAGE) and counting the tags from a SAGE

33,180

19,077

16,715
Fig. 6.1. Summary data for the large-scale expressed sequence tag (EST) sequencing projects for
Schistosoma mansoni and S. japonicum. Numbers refer to ESTs obtained for each of the six stages of
the parasite’s life cycle.

library constructed with S. mansoni adult stage
mRNA. Counting reached a plateau with
approximately 7200 tags, indicating that only
half of the S. mansoni genes are expressed in the
adult stage (Verjovski-Almeida et al., 2003), giv-
ing a very different picture to that proposed for
S. japonicum. Moreover, several of the new
genes identified either in S. japonicum or in
S. mansoni were seen to have a stage or gender-
specific variation in their expression levels,
indicating a possible role of these genes in
adaptation and differentiation of the parasite
(Hu et al., 2003; Verjovski-Almeida et al., 2003).
These facts indicate that several of the schisto-
some genes are transiently expressed during the
parasite life cycle such that it is unlikely
that sequencing of adult and egg messages only
would permit sampling of the entire parasite
transcriptome. It seems unlikely that such
closely related organisms would present such
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an overwhelming difference in the number of
expressed genes in a given stage of their life
cycle — further analysis is warranted to explain
this discrepancy.

Evolutionary Implications

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

Novel Transcripts

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

70% and 55% of the clusters obtained from
S. japonicum and S. mansoni, respectively, did
not display significant similarity and were
unique (using an expected value significance
cut-off of £ <1070 in the Blastx comparisons)
(Hu et al., 2003; Verjovski-Almeida et al.,
2003). This difference between the numbers of
clusters with no similarity to any other data-
base entries in the two organisms probably
reflects the different methodologies used to
sample sequences in the two studies, namely
the use of either poly-dT primed cDNA
libraries or ORESTES libraries. In the former
method, the non-coding 3’-end of messages is
preferentially cloned and sequenced. In the
latter method, two low-stringency, arbitrarily
primed events, namely reverse transcription
and polymerase chain reaction (PCR), are
sequentially combined, resulting in the statisti-
cally determined preferential sampling of the
central, protein-coding portion of genes (Dias-
Neto et al., 2000). Nonetheless, it is possible to
state that a considerable portion of the schisto-
some transcriptome codes for proteins with
primary structures that are unrelated to those
seen in other well-described organisms such as
C. elegans and Drosophila melanogaster. It is a
major challenge to determine the exact func-
tion of these novel proteins and unravelling
their mechanisms of action in schistosomes
will require a tremendous amount of effort,
especially because homology-based screens
provide no clues to their function.

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

Receptors and Host-Parasite
Interaction

The description of schistosome receptors is of
particular interest as they play an essential role
in the process of parasite development and dif-
ferentiation. Additionally, they could partici-
pate in the complex interaction of the parasite
and host (de Mendonca et al., 2000) and in the
molecular cross-talk between adult males and
females (Kunz, 2001) that are known to influ-
ence parasite development; parasites lacking
either of these stimuli remain sexually imma-
ture (Davies et al., 2001; Kunz, 200T1).
Previous studies have detected the presence of
nuclear receptors of the COUP-TF, RXR and
FTZ-F1 families in Schistosoma, with the char-
acterization of cDNA clones for RXR and FTZ-
F1 receptors (Escriva et al., 1997), and a
possible implication of the RXR receptors for
female-specific gene expression in vitelline
cells (Fantappie et al., 2001). Another receptor
that may play a significant role in the host—par-
asite relationship is SMTBR-I, which was
shown to be activated by human TGFB (Beall
and Pearce, 2001) and to be present on the
surface of the parasite (Davies et al., 1998). The
identification of fragments of additional schis-
tosome proteins that have homology to host
endocrine signalling system receptors (e.g.
a progesterone receptor component, thyroid-
associated proteins and insulin receptors)
suggests that the parasite could use these com-
ponents as sensors for host signals that could
ultimately regulate cell proliferation and devel-
opment (Hu et al., 2003; Verjovski-Almeida
et al., 2003). The discovery of components
with homology to host receptors opens up the
field for novel studies to further characterize
the host—parasite interaction, and for possible
treatments to revert the parasite adaptation
capability. Some of these components might

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

Immune Evasion

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

Sex Differences

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

Genome Data

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

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

Novel Drug Targets

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

Vaccines

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



The Schistosome Transcriptome

145

Trans-splicing

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

Retrotransposable Elements

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

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

Functional Genomics

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

of translation among the various schistosome
proteins.

Concluding Remarks

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

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

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

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

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

©CAB International 2006. Parasitic Flatworms: Molecular Biology, Biochemistry,
Immunology and Physiology (eds A.G. Maule and N.J. Marks) 149



150

C.G. Grevelding

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

The Planarian Model

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

1/279th of the intact organism, was capable
of regenerating a complete individual. Such
a striking regenerative capacity has attracted
generations of biologists to investigate this phe-
nomenon (Salo and Baguna, 2002). The most
peculiar cell type in planarians is the totipotent
stem cells, called neoblasts. These cells pos-
sess an extraordinary morphological plasticity
as well as the potential to divide and to differ-
entiate into all cell types, and to regulate body
size in the adult organism (Baguna, 1998).
Despite their attractiveness as a model
system, studies of planarians in the past have
mainly been descriptive or phenomenological.
In the recent decade, examinations were also
performed at the molecular level (Newmark
and Sanchez Alvarado, 2002; Sanchez
Alvarado, 2003). Different efforts have been
made to unravel the genetic programme of
regeneration. However, functional analyses
were hampered by the fact that a transforma-
tion system was not available. Towards this
end, remarkable progress has been made using
planarians. Sanchez Alvarado and Newmark
(1999) reported the successful application of
RNAI, a technique that allows the abrogation
of gene function at the post-transcriptional level.
This method was originally developed for
Caenorhabditis elegans (Fire et al., 1998) and
was subsequently shown to be applicable for a
variety of invertebrates and vertebrates. The
introduction of double-stranded RNA (dsRNA)
specifically inhibits the expression of the gene
that codes for the same sequence, leading to
a loss-of-function phenotype. Patrick Skelly
discusses details of this technique in Chapter
22 of this volume. The approach used for pla-
narians comprised the in vitro synthesis of
dsRNA and its microinjection into planarian
fragments of 1-2 mm. At different time points
after microinjection, gene-silencing effects
were observed, which proved the applicability
of the RNAI principle in this organism.
Injection into either the gut or the parenchyma
produced defects in other parts of the pla-
narian body. This indicated the existence of
dsRNA-transport mechanisms, as had been
reported for C. elegans (Timmons et al., 2003).
Here, the site of dsRNA injection may also dif-
fer from the site of action. Injection into the gut
of this nematode produced germ-line defects,
and injection into the gonads led to somatic
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defects (Fire et al., 1998). In addition to RNAI,
it is also possible to stably transform planarians
with vector—DNA constructs leading to gain-
of-function phenotypes. Gonzalez-Estevez
et al. (2003) recently introduced a method based
on mobile genetic elements to shuttle reporter-
gene constructs into the genome of this organ-
ism. The authors made use of the transposable
elements mariner, Hermes or piggyBac, genome
vagabonds that exhibit distinct insertion speci-
ficities in a variety of organisms. A classical
two-component strategy for insertional muta-
genesis was performed using truncated ver-
sions of these transposons and separate helper
plasmids containing the transposase functions
of the appropriate transposable elements. The
truncated versions, still capable to be mobi-
lized in trans, were combined with green fluo-
rescent protein (GFP) reporter-gene constructs
and cloned into plasmid-DNA backbones.
To transform planarians, both the transposon
reporter-gene constructs and the helper plas-
mids were simultaneously introduced by
microinjection into adults or, alternatively, into
posterior or anterior regenerating individuals.
In both cases, microinjection was followed by
electroporation. Supported by the transposase
function on the helper plasmids, the transpo-
son reporter-gene constructs were mobilized
and integrated into the genome. Subsequent
analyses demonstrated that Hermes and
piggyBac vectors transposed at a high frequency
and integrated stably into chromosomes
(Fig. 7.1), whereas mariner constructs were
less stable. This was explained by the presence
of endogenous mariner-type transposons in the
planarian genome that may interfere with the
exogenously applied copies.

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

Trematodes and Cestodes

The increasing interest in flukes and tape-
worms is based upon their impact on public
health (Graczyk and Fried, 1998; Blair et al.,
1999; Deplazes and Eckert, 2001; Carpio,

Fig. 7.1. A planarian individual of a line
transformed with a Hermes transposon-derived
vector 12 months after microinjection and
subsequent electroporation. Besides the
transposon part, the vector contained the
E(enhanced)GFP reporter gene under the control
of an artificial promoter that responds to the
transcription factor Pax6 (Gonzalez-Estevez

et al., 2003). Binding sites for this transcription
factor are found in rhodopsin and other
photoreceptor-specific genes. Reporter-gene
activity was found in the eyes (arrows) of
transformed individuals or in regenerated heads
as a mosaic of EGFP-positive photoreceptor
cells. Figure courtesy of Dr E. Salo.

2002; Hoberg, 2002; Ross et al., 2002; Craig,
2003; Gonzalez et al., 2003; McManus et al.,
2003; Savioli et al., 2004). Beyond their med-
ical importance for humans, parasitic flat-
worms are also of economical and ecological
significance affecting livestock and wild ani-
mals (DeBont and Vercruysse, 1998; Hurtrez-
Bousses et al., 2001; Horak et al., 2002;
Otranto and Traversa, 2002). Tapeworms are
endoparasitic organisms that successively
infect intermediate and definitive hosts
through oral ingestion of eggs or larvae.
Serious diseases of humans or other mam-
malian hosts are mainly caused by larval
stages. Echinococcosis, for example, is a
zoonosis caused by larval stages of a dog tape-
worm of the genus Echinococcosus. It is a
major public health problem in many parts of
the world (Jenkins and Macpherson, 2003).
Echinococcosus multilocularis is the causative
agent of alveolar echinococcosis, which is one
of the most dangerous helminth infections of
man (Rausch, 1995). The larval stage of the pork
tapeworm (Taenia solium) causes neurocysticer-
cosis in infected human, a widespread disease
affecting the nervous system (Garcia et al.,
2003). Due to their relevance, Echinococcus
spp. and indeed Taenia spp. have been well
investigated. Besides these, Hymenolepis spp.



152

C.G. Grevelding

and Mesocestoides spp. parasites have been
studied, although infections are rare in humans.
But these species can be easily maintained
in the laboratory (Siles-Lucas and Hemphill,
2002).

Although the biology of these parasites
has been well studied, they still keep many
secrets that enable these organisms to thrive in
the face of remarkable efforts to eradicate
them. During evolution, parasites have been
equipped with impressive qualities that allow
these animals to conquer their hosts and to
modify the host’s environment in their interest.
One example of such remarkable features is
the ability of schistosomes to live for decades
in the blood system of their vertebrate defini-
tive host, surviving the attacks of the immune
system. The consequence of this parasitism is
schistosomiasis, one of the most prevalent par-
asitic infections affecting millions of people in
the tropics and subtropics (Rollinson and
Simpson, 1987; Ross et al., 2002; Savioli et al.,
2004). Because of the worldwide significance
of this disease, programmes have been estab-
lished to control the spread of schistosomes.
Based on the classical knowledge of the life
cycle of this digenean trematode, ecological
programmes have been undertaken to eradi-
cate the intermediate snail host with mollusci-
cides (Ohmae et al., 2003; Blas et al., 2004).
These approaches are expensive and question-
able considering geography, climate, hydro-
graphic conditions and ecological and
biological consequences (Sturrock, 2007;
Kiesecker, 2002). The safe and effective drug
praziquantel is commonly used to fight schis-
tosomes pharmacologically, but drug treat-
ment does not prevent reinfection. Beyond
that, the introduction of mass treatment pro-
grammes has provided the first evidence of
drug resistance (Doenhoff et al., 2002; Cioli
and Pica-Mattoccia, 2003), leading to an
acknowledged need for novel drugs or prophy-
lactics. There have been considerable advances
in vaccine discovery, but the current model
vaccines are not perceived to be sufficiently
protective (Bergquist et al.,, 2002; Bergquist,
2004; Lebens et al., 2004), and there is a con-
tinuing search for additional candidate mole-
cules (Fenwick et al., 2003; Pearce, 2003). Up
to now, drug and vaccine discovery have been
dependent on empirical approaches, largely

because of the lack of substantial genomic and
biological information. To identify novel tar-
gets with control implications, sequencing proj-
ects have been initiated, supported by the World
Health Organization, governmental institu-
tions or private companies. Towards this end,
much progress has been made during the last
decade (Foster and Johnson, 2002; Hoffmann
and Dunne, 2003; LoVerde et al., 2004a),
and first data-sets of the transcriptomes of
Schistosoma mansoni and S. japonicum were
recently published (Hu et al., 2003; Verjovski-
Almeida et al., 2003). These transcript data,
which probably represent >90% of the protein-
coding part of the genome, are being supple-
mented by genomic data generated at the
Sanger and TIGR institutes. Details of these
studies are summarized in Chapters 2 and 6 of
this volume. Besides the enormous sequencing
efforts, diverse molecular approaches of the pre-
genomic sequencing era did lead to the identi-
fication of genes that may play important roles
during the development of this parasite or dur-
ing the host—parasite interaction (Ramachandran
et al., 1996; Davies et al., 1998; Mastro-
berardino et al., 1998; Skelly and Shoemaker,
1998; De Mendonca et al., 2000; Inal and Sim,
2000; Rao and Ramaswamy, 2000; Fantappie
et al., 2001; Osman et al., 2001; Caffrey et al.,
2002; Hoffmann et al.,, 2002; Knobloch
etal., 2002; Schramm et al., 2003; Vicogne et al.,
2003; Kapp et al., 2004).

With the increasing amount of sequence
information, there is now a pressing need to
develop methods that enable exploitation of
the genome data, and investigation of the func-
tion of genes of interest. However, schisto-
somes as well as other multicellular parasites
are, for several reasons, not ideal organisms for
laboratory work. Among these are the relatively
low numbers of parasites that can be generated.
Furthermore, life cycles have to be maintained
in intermediate and definitive hosts such that
access to appropriate life stages is limited. /In
vitro cultivation methods that allow maintain-
ing life cycles completely in vitro have not yet
been established. This complicates classical
genetic approaches to identify genes such as
the induction of mutations and the subsequent
screening for interesting phenotypes that could
be characterized by genetic hybridization and
molecular methods. Due to these obstacles, the
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development of reverse genetic approaches
appears to be the only possible way to study
genes in these organisms. However, a prerequi-
site for such approaches is the availability of
transformation systems that allow the introduc-
tion of transgenes into the appropriate parasite.
In this respect, some progress has been made
for trematodes in recent years.

Transformation Techniques
for Schistosomes

For transformation experiments in general, bio-
chemical or physical methods such as microin-
jection, electroporation or lipofection are
available. These methods have been success-
fully applied for a variety of organisms includ-
ing protozoan parasites (Clayton, 1999; De
Koning-Ward et al., 2000) and were conse-
quently tested for their ability to generate tran-
siently transformed schistosomes by different
laboratories.

With GFP reporter-gene constructs, lipo-
fection experiments were performed with
adults or sporocysts cultured in vitro using
different commercially available reagents.
However, reporter-gene activity could be
detected in neither case (Kapp, 2000). This was
not due to the vector construct as it later turned
out to be functional. In a parallel approach flu-
orescently labelled reagents for lipofection
revealed signals at the schistosome surface
after treatment, but there was no indication of
the uptake of these compounds into subtegu-
mental areas (. Kusel, Glasgow, 1999, personal
communication).

Electroporation was tested with miracidia,
the first free-living larval stage. But, depending
on the conditions, miracidia either did not sur-
vive, or they were biologically inactive after
treatment (Kapp, 2000). However, the latest
studies support the use of this technique for the
introduction of RNA into schistosomula
(Correnti and Pearce, 2004). This life stage rep-
resents a pre-adult form that develops from
cercariae shortly after they penetrate the final
host. Schistosomula can be generated from
cercariae in vitro by chemically or physically
induced transformation processes (Salafsky
et al., 1988). Correnti and Pearce (2004) used
schistosomula for electroporation experiments

and luciferase mRNA. Enzyme activity assays
showed that electroporation targeted the major-
ity of the schistosomula. Immunolocalization
studies indicated that the RNA was delivered
to tegumental and subtegumental tissues.
However, the RNA was unstable, and luciferase
activity declined 24 h post-electroporation and
was not detectable at 72 h. Nevertheless, the
results may open the perspective to test electro-
poration for dsRNA delivery to schistosomula
for RNA-silencing experiments. Furthermore,
DNA delivery can be envisaged for gain-of-
function studies. The biological effect of such
approaches could be studied in two ways:
(i) in vitro, because schistosomula can be cul-
tured for several weeks (Basch, 1981a) and
(ii) as schistosomula can be intravenously
injected into a final host to complete the life
cycle (Stirewalt, 1974; James and Taylor,
1976), it is possible to investigate long-term
effects.

Microinjection was found to be difficult
due to the soft structure of the surface tegu-
ment. Tests with adults and sporocysts demon-
strated the potential of microinjection using
selected dyes, which diffused through the body
after treatment (L. Gohr, Dusseldorf, 1995,
PhD thesis at the University of Disseldorf;
Wippersteg, unpublished). However, only a
very low number of individuals could be suc-
cessfully manipulated within 1 day, and most
of these did not survive in culture afterwards.

Finally, we tested the particle bombard-
ment method, a biolistic approach that was
shown before to work when other approaches
have failed. In particular, particle bombardment
has allowed the generation of transgenic plants
such as crop species, which are not susceptible
to Agrobacterium tumefaciens or cannot be
regenerated from protoplasts. Furthermore, par-
ticle bombardment has facilitated organelle
transformation in intact cells and the genetic
modification of cultured cells that were not
accessible to other transfection techniques.

Particle bombardment

The basic principle of this technology is to use
DNA-coated microparticles that are acceler-
ated by gas pressure to velocities that enable
these particles to penetrate cell layers in order
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to introduce the genetic material into cells
(Yang and Christou, 1994). Gold or tungsten
particles are commonly used as carriers for the
DNA. Researches at the Cornell University
were the first to show that accelerated tungsten
particles (1-4 um) are able to penetrate mem-
branes and cell layers (Sanford et al., 1987). It
was recognized that biological substances
such as proteins, synthetic macromolecules,
stains and genetic material could be trans-
ported into cells by particle bombardment.
Work in subsequent years achieved the tran-
sient expression of reporter genes in epidermal
cells of onions and the stable transformation of
maize, soybean and tobacco (Klein et al.,
1990). This opened the door for biolistic
approaches with other plant species.
Motivated by the success for plant systems, the
repertoire of target organisms was enlarged,
and particle bombardment protocols were
developed for algae, animals, bacteria, cells,
fungi, yeast and other organisms (Klein et al.,
1992).

Particle bombardment includes a sequence
of physical, chemical and biolistic interactions
involving accelerated microprojectiles, DNA
and living target tissues. The frequency of cells
transiently expressing reporter genes after
bombardment is influenced by different factors,
the composition and size of the microprojec-
tiles, the DNA-coating of the microprojectiles
before bombardment, the velocity of the
coated particles and the degree of tissue dam-
age following bombardment. Considering the
small diameter of a cell, preferred sizes of
microprojectiles are in the range of 0.6-1.6 um.
The microprojectiles should be chemically
inert to avoid reactivity with DNA or toxic
effects in cells after penetration. Tungsten and
gold particles meet these requirements and
have been widely used. However, there is evi-
dence that tungsten may have toxic effects
reducing the recovery of transformants in some
species (Russel et al., 1992). The optimal size
and velocity of the microprojectiles depend on
the properties of the target cell such as size,
penetrability and resilience. A study investigat-
ing the relationships of particle diameter,
velocity, vacuum, target distances and transfor-
mation frequencies was published by Klein
et al. (1992). It was demonstrated that large
particles, small target distances and high

vacuum conditions generate high particle
velocities. Slightly different DNA-coating pro-
tocols have been developed that are probably
universally applicable to all cell types regard-
less of other bombardment conditions. After
the first attempts to precipitate DNA on to gold
particles have been performed by ethanol,
modified protocols were established that
included polyethylene glycol (PEG) precipita-
tion and CaCl,/spermidine coprecipitation fol-
lowed by an ethanol wash (Yang and Christou,
1994). Tungsten particles, in contrast, are
loaded with DNA by CaCl,/spermidine copre-
cipitation only. Although these protocols are
accepted as standard, the importance of a con-
sistent protocol to precipitate DNA on to the
appropriate microprojectiles, the preparation
of the DNA-coated particles, and the loading
of the acceleration apparatus have consider-
able influence on the efficiency of the gene
transfer. The generation of reproducible data
depends on parameters such as oxidation,
aggregation or settling of particles before DNA
precipitation, purity and concentration of the
DNA, altered precipitation kinetics with vary-
ing tempe