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Abstract

This review provides an update of ongoing efforts to expand our understanding of the diversity
inherent within the Schistosomatidae, the parasites responsible for causing schistosomiasis and
cercarial dermatitis. By revealing more of the species present, particularly among under-studied
avian schistosomes, we gain increased understanding of patterns of schistosome diversification,
and their abilities to colonize new hosts and habitats. Schistosomes reveal a surprising ability to
switch into new snail and vertebrate host species, into new intra-host habitats, and may adopt
novel body forms in the process. Often these changes are not associated with deep splits or long
branches in their phylogeny, suggesting they are of relatively recent origin. Several hypotheses
prompted by the new observations are discussed, helping to focus thinking on processes
influencing not only schistosome diversification, but also their pathogenicity and abundance.
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Discovering and understanding schistosome diversity is important

Because of their involvement in causing human and animal schistosomaisis [1, 2] and
cercarial dermatitis [3, 4], there is an inherent impetus to reveal how many species of
schistosomes are in existence, where they occur, and the intermediate and definitive host
species they utilize. The more we know about schistosome diversity, the better we are
positioned to understand their evolutionary history and potential for future change. We are
also better prepared to provide practical means for their identification, and can better gauge
the likelihood that some of these species may emerge in new contexts to cause unexpected
problems. Also, as many potential host species are suffering declines, our opportunities for
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finding rare schistosome species would also seem to be dwindling, giving some imperative
to this endeavor.

Schistosomes lend themselves to studies of diversity because they are a well-circumscribed
monophyletic group (see Glossary) united by some very distinctive features [5, 6, 7]. Like
other blood flukes (including the families Sanguinicolidae and Spirorchiidae), members of
the Schistosomatidae are digenetic trematodes with two-host life cycles (snail intermediate
host and vertebrate definitive host) in which the cercarial stage penetrates an epithelial
surface of the definitive host. They live their adult lives in the vascular systems of their
hosts, and the intra-vertebrate stages possess distinctive multi-layered membrane surfaces

[8].

Schistosomes are distinguished from their blood fluke relatives by an additional distinctive
feature; they are dioecious, an attribute rarely abandoned among members of the group.
Additionally, they are parasites of birds and mammals. Based on what we know at present,
schistosomes represent a distinct lineage, all the members of which live as separate males
and females within the vascular system of their endothermic definitive hosts.

A current view of schistosome taxonomy is summarized in Box 1 [6]. Based on named
species in the literature, there are four described schistosome genera from mammals and 10
from birds, with about 30 described species from mammals and about 67 from birds. The
number of recognized mammalian schistosome genera has decreased by one since
Orientobilharzia was incorporated into Schistosoma [9], and two new genera of avian
schistosomes have been recognized recently, Allobilharzia from swans [10], and
Anserobilharzia from geese [11]. In Box 2, we provide an overview of the new samples of
schistosomes mostly collected over the past 10 years that have prompted this review.

Environments of schistosomes: marine, freshwater, even semi-terrestrial?

Basal schistosome genera, Austrobilharzia and Ornithobilharzia, have life cycles based in
marine environments (Figure 1). Their snail hosts (Batillaridae, Nassariidae, Littoriniidae,
and Potamididae) are marine, and their definitive hosts, mostly charadriiforms (gulls and
terns), typically occupy marine environments. Although marine environments have been
under-surveyed for schistosomes in general, the diversity of species in the literature for
Austrobilharzia and Ornithobilharzia seems to be fairly small, five and three species,
respectively, but evidence for cryptic diversity is beginning to emerge [12]. Where the life
cycles of the marine basal avian schistosomes are known, the snails involved are inhabitants
of mud flats or of rocky intertidal areas and often spend a part of their day out of water,
shedding cercariae only when they are re-immersed in water.

Although we may be missing lineages of marine schistosomes, or they may once have been
more common, the majority of extant schistosomes have freshwater-based life cycles. This
is true of all known mammalian schistosomes and most of the avian schistosomes. The
growing DAS clade (Figures 1 and 2, Box 2) of avian schistosomes is of interest, for
interspersed among the many freshwater lineages is at least one instance in which a marine
snail serves as host, a Pacific coast opisthobranch bubble snail, Haminoea [13]. A related
schistosome occurs in a species of Haminoea indigenous to the Atlantic coast of North
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America [14]. Interestingly, species of Haminoea are not close relatives of the species of
marine snails involved in transmitting the basal Austrobilharzia and Ornithobilharzia, but in
fact are more closely aligned with the pulmonate lineages transmitting the majority of
schistosomes [15]. It might seem that a shift from freshwater back to marine environments
would be a sufficiently rare event to be marked by a deep split or long branch in the tree;
yet, the lineage of schistosome that uses Haminoea snails is no more different from
freshwater lineages than the freshwater lineages are from one another [13].

Although there is no known land-based schistosome life cycle involving a terrestrial snail, at
least some “get their backs dry’. In addition to some of the marine schistosomes occupying
intertidal snails that may be out of water for a period of time, the human-infecting
Schistosoma japonicum uses Oncomelania snails that are *amphibious’, often living on
moist mud surfaces that can either be dry or submersed. Additionally, human-infecting
schistosomes such as S. mansoni and S. haematobium are well known for their ability to
survive within their snail hosts when the snails aestivate during periods of drought [16].

Schistosomes and their use of snails

Schistosomes in aggregate have colonized a remarkably broad spectrum of gastropods as
first intermediate hosts (Figures 1 and 2). Two major gastropod lineages support
schistosomes, the Caenogastropoda and the Heterobranchia [15]. The latter includes two
major lineages, classically recognized as opisthobranchs and pulmonates, both of which
support schistosomes [17]. To our knowledge, none of the most basal groups of gastropods,
including the Patellogastropoda or Vetigastropoda, are hosts for schistosomes.

Mammalian schistosomes use three families of freshwater snails, one caenogastropod
(Pomatiopsidae) and two heterobranch pulmonate families (Lymnaeidae and Planorbidae)
[7,18]. The natural snail hosts for the elephant schistosomes (Bivitellobilharzia) are
unknown but are probably pulmonates [19]. The avian schistosomes have sampled a much
broader palette of snails, with representatives from 15 snail families reported infected. These
include caenogastropods from marine (Potamididae, Batillariidae, Nassariidae, and
Littorinidae) [12, 17, 20-22] and freshwater (Thiaridae, Ampullariidae, Hydrobiidae, and
Semisulcospiridae) habitats [17, 23-26]. Heterobranch families supporting avian
schistosomes include the freshwater Valvatidae [27] and the marine Haminoeidae [13,14],
and pulmonates from freshwater (Physidae, Lymnaeidae, Planorbidae, Chilinidae) [17, 18,
28-30] and marine (Siphonariidae) habitats [31]. Snail hosts for the avian schistosome
genera Jilinobilharzia, Macrobilharzia, and Allobilharzia are unknown [28, 32]

The majority of schistosome species are transmitted by the pulmonate families Physidae,
Lymnaeidae, and Planorbidae [11, 29, 33]. Within particular snail families, some genera
such as Biomphalaria and Indoplanorbis in Planorbidae, and Stagnicola in Lymnaeidae, are
known to host species of both avian and mammalian schistosomes [7, 28] .

Also of interest here are particular cases where we might expect that certain groups of
gastropods would host schistosomes, yet they do not. For example, whereas several species
of avian schistosomes exploit physid snails, no mammalian schistosome has been found to
do so [17]. Whereas some lymnaeid snails are commonly exploited as hosts for avian
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schistosomes (Stagnicola, Lymnaea, and Radix), other lymnaeids, such as the small
amphibious species (Fossaria), are not. Within the otherwise heavily exploited family
Planorbidae, with some genera such as Bulinus, Indoplanorbis, Planorbis, Biomphalaira,
Anisus, and Gyraulus commonly hosting schistosomes [34], other common genera such as
Drepanotrema, Planorbula, Helisoma,or Menetus, do not. It is interesting in the case of the
latter two genera that they are used as hosts by representatives of the sister group to
schistosomes, the turtle blood flukes (Spirorchiidae) [35, 36].

Diversity of cercarial body form and behavior

All schistosome cercariae actively penetrate an epithelial surface of their definitive hosts and
have prominent penetration glands appropriate to this task. They all possess a forked tail,
with the two furcae being of equal length, and each almost always shorter than half the
length of the tail stem (see exception [37]). Other related groups of diplostomoids have
furcae that are proportionately longer relative to the length of the tail stem. The overall size
of schistosome cercariae varies widely among species, with the smallest having an overall
body size (combined body, tail stem, and furcal length) of about 287um, whereas the largest
are up to total length of 1180um [35]. Particularly variable is the length of the tail stem
which varies sixfold among species. Some genera (Austrobilharzia, Schistosoma) are
conspicuous for having a body noticeably wider than the tail stem, but in others, such as
Trichobilharzia, the body is only slightly wider than the tail stem. Some (Bilharziella) have
a tail stem that forms at its base two flanges, which wrap around the posterior margin of the
body. With respect to eye spots (Figure 1), all known avian schistosomes possess them, as
do the North American mammalian schistosomes (Schistosomatium and Heterobilharzia)
[5]. Interestingly, the lack of visible eyespots by no means prevents cercariae of the
remaining mammalian species from being responsive to light.

More variable among schistosome cercariae is their behavior (Figure 1) [38, 39]. Some
smaller cercariae, such as those of Schistosomatium douthitti, Dendritobilharzia
pulverulenta, and the undescribed species from Californian Haminoea are noteworthy for
the tenacity by which they adhere, often motionless, to the surface film of water [13, 34].
They tend to be extremely sticky, to the point that they quickly adhere to glass pipettes and
are hard to manipulate. By contrast, larger cercariae of Trichobilharzia species are vigorous
swimmers and more easily manipulated. They also frequently attach to the surface film
using their prominent, protruded ventral sucker. Cercariae of Trichobilharzia physellae, for
example, are strongly phototropic and accumulate on the sides of dishes receiving the most
direct light (Brant and Loker, unpublished data) [40]. Others repeatedly swim to the surface
and passively sink (Schistosoma and Trichobilharzia stagnicolae), followed by another bout
of swimming to the surface [38, 40]. Schistosomes differ with respect to the time of day they
emerge from their snail hosts, with some species emerging predictably at night
(Schistosomatium douthitti), early morning (Schistosoma rodhaini), midday (S. mansoni),
later in the afternoon (S. japonicum), and some throughout the day (T. physellae). Time of
cercarial release has been well investigated relative to behavioral patterns of known
definitive hosts [42, 43].
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Schistosomes and their use of definitive hosts

Figure 1 highlights the diversity of definitive host groups employed by schistosomes. With
respect to known schistosomes from mammals, all have freshwater-based life cycles. There
are, for example, no reports of mammalian schistosomes from marine snails or mammals.
Although patterns of host use of schistosomes from mammals have been well-documented
[44, 45] and will not be emphasized here, we must also acknowledge that even among well-
studied genera such as Schistosoma, there have been descriptions of new species (S.
ovuncatum and S. kisumuensis) within the past 11 years [46, 47]. Some mammalian
schistosomes such as S. japonicum are extreme generalists with respect to their definitive
hosts, whereas other species such as S. haematobium are more confined in their host range,
the latter being mostly a human-infectious parasite. We also note a few new observations
regarding schistosomes of elephants. Provision of sequence data for the two known species
of Bivitellobilharzia, B. loxodontae and B. nairi, from African and Indian elephants,
respectively, indicates that they are each other's closest relatives, and affirms
Bivitellobilharzia as a well-defined schistosome lineage [48]. The position of
Bivitellobilharzia as the sister group of Schistosoma has important implications for
interpreting the geographic origin of the latter, medically important genus [28, 49]. Further
study of B. nairi has shown for the first time that this schistosome species can also infect the
Asian One-Horned Rhinoceros (Rhinoceros unicornis) [50]. The report of B. nairi from two
unrelated, large, thick-skinned mammals, Asian elephants and Asian rhinoceroses, raises the
possibility that shared ecology or perhaps something associated with large body size per se
that we do not fully appreciate (is it a large-host specialist?) may somehow favor acquisition
of this species. Unfortunately, the snail host and other details of the life cycle of elephant
schistosomes are unknown (Box 3).

Relative to mammalian schistosomes that infect approximately eight orders of mammals,
avian schistosomes are recorded so far from at least 10 orders of birds, with Charadriiformes
and Anseriformes the most commonly exploited orders. This makes sense because both
orders are speciose and prefer aquatic habits. The growing representation of schistosomes
from a greater variety of bird species from more geographic areas is bringing into focus
patterns in avian schistosome definitive host use. The basal marine avian schistosomes are
hosted by charadriiform birds, many of whose members feed in intertidal habitats. The
genus Macrobilharzia, the phylogenetic position for which remains unresolved, is found in
cormorants and anhingas [28]. As we lack information on the snail hosts of Macrobilharzia,
whether the life cycles are based in marine, brackish, or freshwater environments is
unknown; anhingas and cormorants can be found in all of these environments.

Within the DAS clade, patterns of definitive host use are becoming more distinct. Species of
Bilharziella and Dendritobilharzia are emerging as generalists; both have been reported
from at least four orders of aquatic birds (Figure 1). However, it may prove to be the case
that some of these birds are better hosts than others. For example, it has been argued that the
preferred hosts of D. pulverulenta are diving ducks (Aythinae, Merginae) [51, 52].
Gigantobilharzia huronensis, unlike almost all other known members of the DAS clade, is a
parasite of a broad range of passeriform birds [53].
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The most prominent clade within DAS is comprised of three genera that are found almost
exclusively in anseriform birds (swans, geese, and ducks). Allobilharzia is known only from
swans, and Anserobilharzia is known only from geese [11, 29, 32, 54]. The third genus,
Trichobilharzia, the most speciose genus in the family, is found almost exclusively in ducks.
Trichobilharzia corvi from passeriforms is an exception, but descriptions suggest it belongs
in its own genus [29, 55]. There are other cases where named species of Trichobilharzia
belong in other genera [29, 55]. Within Trichobilharzia there are several clades specific to
certain groups of ducks: (i) T. stagnicolae and T. mergi in mergansers (Merginae) [29, 56];
(ii) T. querquedulae in the ‘blue-winged duck’ clade [57] (Anas clypeata, A. discors, and A.
cyanoptera) [29]; (iii) T. physellae in the ecological group of diving ducks that includes
ducks in Aythinae and Merginae; (iv) and a common, yet unnamed species of
Trichobilharzia in American wigeons [29].

Schistosomes in their intra-definitive host habitats

Adult schistosomes occupy an unusual habitat within their definitive hosts relative to other
trematodes. Instead of inhabiting the gut, most schistosomes live in the mesenteric venules.
This habitat is also the likely ancestral habitat of schistosomes because this is where adults
of the most basal genera of schistosomes, Austrobilharzia and Ornithobilharzia, are found.
This habitat offers clear benefits from a nutritional point of view (portal blood is rich in
transported nutrients), yet poses challenges: (i) the worms are in constant, direct contact with
the immune system and (ii) the eggs must exit the body of the host. As frequently noted, the
most striking schistosome feature — dioecy — may be a response to the challenges posed by
reaching the smallest venules in the intestinal wall to maximize chances of egg transport out
of the body [1, 58-61].

Relatively few adult schistosome species have preferred habitats in other locations.
Schistosoma haematobium adults live in the veins of the vesical plexus, which offers an
advantageous way to transport eggs out of the host body via the urine, but may entail a
trade-off with respect to diminished nutrient levels in veins draining the bladder as opposed
to those of the intestine. Adults of a single species of mammalian schistosomes, S. nasale, in
cattle and buffaloes, live in veins among the nasal mucosa, whereas several species (at least
eight) do the same in avian hosts [18]. For Trichobilharzia regenti, for example, use of this
habitat requires a different migration pathway to the egg-laying site, one that involves
extensive migration along peripheral nerves and through part of the central nervous system
and is potentially pathogenic to the host [62-64]. Again, there would seem to be a
considerable advantage to occupying the nasal chamber with respect to egress of eggs, as
infected hosts often dip their heads in water, allowing escape of miracidia. This may be
countered by the location being less nutritionally beneficial or harder to reach.

The switch to occupation of nasal habitats appears to have happened at least twice in avian
schistosomes (S. Brant and E. Loker, unpublished). Note that T. regenti groups with several
species with typical egg-laying sites (Figure 1). Nasal schistosomes are not deeply divergent
nor do they separate by long branches from species that retain ancestral egg laying habitats,
suggesting schistosomes may be relatively adaptable in this regard. Even fewer
schistosomes have colonized the arterial system, with only one mammalian species,

Trends Parasitol. Author manuscript; available in PMC 2015 March 16.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brant and Loker

Page 7

Schistosoma hippopotami, and one avian species, Dendritobilharzia pulverulenta,
implicated. In these cases, the shift to this new habitat type is accompanied by considerable
morphological changes [1].

In each of the cases where schistosomes have left the usual, ancestral egg-laying site, why
might they have done so? Competition for favorable egg-laying sites with other closely-
related species is one possibility [1]. This might tip the balance to favor more distal sites that
are nutritionally less favorable. As infection with multiple schistosome species is relatively
common in birds [65], this may help to explain why the nasal habitat has been adopted more
frequently by avian schistosomes. Another form of competition may occur when males of
one species are superior at pairing with females of a different species. The inferior males
might then carry their females to locations where such competition is avoided. More
wholesale colonization of unusual habitats may be disfavored because their nutritional
properties or egg egress properties pose too great a challenge to overcome. Also, with
respect to colonization of the bladder, this is not an option for avian schistosomes as birds do
not possess one.

Diversity of adult schistosome anatomy

The body forms of male and female schistosome vary considerably, including the extent to
which they are sexually dimorphic [1, 59, 66]. How the loss of sexual dimorphism,
including loss of a filiform female plus the adoption of an arterial habitat have co-occurred
in Dendritobilharzia pulverulenta has been noted previously [1]. Dendritobilharzia is
nestled among groups of schistosomes that are venous inhabitants and is not deeply
demarcated genetically from other lineages. Dendritobilharzia provides a good example of
how adaptable adult schistosome anatomy can be. Anaother kind of conspicuous change in
adult anatomy is represented by Bivitellobilharzia, in which the vitellaria have doubled in
representation. The number and arrangement of the testes also varies dramatically between
genera in both avian and mammalian species (numbers range from 25-785, with the lower
end in both mammalian and avian species, and the higher end exclusively in avian
schistosomes) [66].

Within the growing DAS clade, a thread-like, filiform body predominates [29, 54].
Accompanying the filiform body shape is a general loss of pronounced sexual dimorphism
(both males and females are filiform), a trend towards reduced elaboration of oral and
ventral suckers, a considerable reduction in size of the gynecophoric canal, with some
species lacking this iconic schistosome feature, and an increase in number of testes [1]. This
same filiform anatomy is maintained by species that adopt a nasal egg-laying site, so does
not seem to be driven solely by unique aspects of intestinal egg-laying sites.

Availability of more intact adult avian schistosomes will allow us to address questions such
as (i) what are the circumstances that have favored the acquisition of such a distinctive
filiform in some avian schistosomes but not others; (ii) why has it not evolved in
mammalian species; and (iii) why are there so many species with such a body shape? What
is particularly needed is more life history data concerning filiform species. One hypothesis is
that these species mature rapidly (within 2-3 weeks) and have transient bouts of mating,
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which are followed by relatively short periods of egg-laying and then death [1]. Perhaps this
better matches the conditions experienced in highly migratory avian hosts, where the worms
seek to reproduce quickly, thus depositing their eggs in the same habitats in which their
definitive host became infected [67]. Similarly, adoption of different egg-laying sites,
increased spatial and temporal subdivision of definitive host and aquatic habitat use (e.g.,
along migratory flyways) may be factors contributing to genetic differentiation and
speciation among the DAS clade.

Discovery-based diversity studies are incubators of new hypotheses about

schistosomes

As new parasite lineages or parasite-host associations are uncovered, they provide the raw
material to develop new perspectives regarding process to account for the patterns that are
seen. Below we provide some examples.

The concentrated transmission hypothesis

One of the surprises originating from our work has been the recovery of different
schistosome species (four solely from snails, seven from both snails and birds, and one from
mammals) from the relatively arid state of New Mexico in the United States [33]. Although
this could be a sampling artifact, one alternative to consider is that the limited number and
small size of standing water bodies present in New Mexico have the effect of concentrating
definitive host use. This in turn is hypothesized to lead to more snail infections per unit area
than would be found in wetter areas with many more and larger snail and definitive host
habitats. This is the ‘concentrated transmission’ hypothesis. Another manifestation of the
concentrated transmission hypothesis may be the development of hot spots of transmission
in habitats subjected to pronounced wet and dry seasons, where diminishing water bodies in
the dry season have the effect of greatly focusing definitive host use (including humans),
such that transmission and infection become more probable [68-70].

The facilitated host switch hypothesis

Figures 1 and 2 reveal that host switching among schistosomes with respect to their snail
hosts has been pronounced [27, 29, 33, 34, 71]. Yet this pattern is somewhat paradoxical
because experimental studies with schistosomes show them to be very specific with respect
to the snail species they are able to colonize [38, 71, 72]. How does historical host shifting
in snails make sense in light of their evident host specificity we see today? One hypothesis
to account for this is the “facilitated host switch hypothesis’. The basic premise is that some
snail species have preexisting trematode infections, and this creates a situation of
immunosuppression in the snail, such that the infected snails can later be invaded by
trematodes of other species.

This hypothesis builds on the “interference theory’ [73], which postulates that trematode
infections frequently interfere with snail host defenses, and for which evidence has
accumulated in support (see discussion in [1]). A related question is why some lineages of
snails, such as Helisoma, have not been found infected with schistosomes. This is intriguing
because both avian and mammalian schistosomes colonize the sister group of the helisomes,
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snails of the genus Biomphalaria. Helisomes are routinely found infected with other
trematodes, including the sister group of schistosomes, the spirorchiids. Possibly helisomes
are well-protected by the guild of trematodes they already support?

The ‘integrated life cycle hypothesis’

As we learn about more schistosome life cycles, there is a sense that there is a holistic or
integrated nature to them that is not fully appreciated. The ‘integrated life cycle hypothesis’
is our attempt to articulate this. It postulates that the biology of a schistosome in the
definitive host is not independent of what happens in the intermediate host and vice versa.
As a result, only certain combinations of intermediate and definitive hosts permit sufficient
reproductive success, production of either cercariae or eggs, for the schistosome to persist.
Furthermore, depending on what the respective hosts are, the parasite in one host may
exhibit distinctive characteristics that offset constraints imposed by the other host.

A recent impetus for this idea came from considerations of plague (Yersinia pestis) and its
transmission by fleas. The plague bacillus may have emerged only 20 to 30 thousand years
ago, with flea transmissibility being one of the distinctive features that sets it apart from
other Yersinia species. The ability of Y. pestis to achieve very high population densities in
the blood of its vertebrate hosts may have been a pre-condition for its ability to colonize
fleas, which must acquire a large inoculum to become infected. This in turn has led to its
emergence as a distinct species with its own unique flea-borne mode of transmission [74].
What happens in one host influences what can potentially happen in another.

Thoughts about the integrated nature of schistosome life cycles were originally provoked by
considerations of S. japonicum, which utilizes a very small intermediate host snail
(Oncomelania) that produces relatively few cercariae per day [44]. It is intriguing that the
adult stages of S. japonicum produce eggs at a much higher daily rate (partly by producing
smaller eggs) than in other members of the genus. The idea then is that the life cycle retains
stability by having small rates of cercariae production per infected snail offset by high rates
of production of eggs in several host species over long periods of time. Some avian
schistosomes such as D. pulverulenta perhaps add support because they use small Gyraulus
snails as hosts, in which relatively few cercariae are produced per day. Adults of this species
appear to be prolific egg producers as compared to egg outputs of Trichobilharzia or
Allobilharzia (estimated by comparing numbers of eggs found in the uterus). See Box 3.

The snail-as-isolating-mechanism hypothesis

Finally, consider the ‘snail-as-isolating-mechanism’ hypothesis as one potentially
influencing schistosome diversification. This hypothesis is based on the observation that
known species of schistosomes have limited host ranges with respect to their snail hosts.
Schistosoma mansoni infects several Biomphalaria species but does not infect any species of
Bulinus snails, and vice versa for S. haematobium. Similarly, Trichobilharzia physellae and
T. querquedulae infect physid but not lymnaeid snails, and vice versa for T. regenti or T.
franki. Schistosomes are not generalists with respect to their snail hosts. Here the basic idea
is that once a schistosome has switched into a sufficiently different lineage of snail host, its
progeny are no longer able to genetically intermingle with its parental stock that still infect
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the original snail host. One possibility is that the hybrid progeny, which result, lose their
ability to infect either the parental or newly-acquired snail host. In other words, the snails
somehow impose strong post-reproductive isolating mechanisms. Although Wright's classic
experiments in which hybrid schistosomes had a broader snail host spectrum than either
parental species would seem to argue against the poor infectivity of hybrid miracidia
postulated above [75]; the snails involved in his experiments were all bulinids, so it may be
difficult to apply this result when differences are greater among the snail hosts involved.
Fertile hybrids between the relatively distantly related congeners S. mansoni and S.
japonicum have been reported, with the hybrids having infectivity for both Oncomelania and
Biomphalaria [76]. However, the egg production, hatchability, and infectivity of hybrid
miracidia were all low. In each case the morphology and behavior of hybrid progeny
resembled that of the maternal parent, suggesting maternal effects or parthenogenesis played
a role in the results. Nonetheless, the production of hybrid progeny infective for both snails
speaks against our hypothesis, although the low levels of infection argue for it.

This hypothesis was motivated by the observation among species of Trichobilharzia, some
of which are found in physids and some in lymnaeid snails, that the genetic distances
between these lineages are not great, and the branch lengths in the phylogenetic
reconstructions short [29]. This suggests a switch from lymnaeids to physids may have
occurred recently. We have not seen evidence of hybrid adults, or of progeny able to infect
both physids and lymnaeids, but these may be rare events yet to be revealed.

Future perspectives

One priority for the future is to continue searching for new species and new host
associations. This effort needs to couple inextricably with deposition of specimens in
museum collections, to provide essential reference points for future studies. Future studies
of museum specimens will likely produce spectacular results, including routine provision of
complete genome sequences for specimens housed there. The search for new specimens may
prove to be especially important when the relevant hosts or habitats may soon be extirpated
(Box 3) [77-79].

Another priority for available specimens housed in museum collections is to acquire much
more sequence data. The widespread availability of next-generation sequencing platforms
makes this entirely feasible. More sequence data will hopefully enable us to resolve deeper
branches in the overall schistosome tree, giving improved insight into how schistosomes
colonized freshwater by stabilizing the phylogenetic position of pivotal genera such as
Macrobilharzia and to determine if schistosomes colonized mammals on one or more
occasions by resolving the phylogenetic positions of genera such as Schistosomatium or
Heterobilharzia relative to Schistosoma and Bivitellobilharzia. More sequence data will also
enable us to understand the genetic traits that have enabled colonization of new hosts or
adoption of different body forms.

All that we have discussed above would benefit from a more thorough knowledge of the life
histories and population genetics of a greater variety of schistosome species. This is
especially needed for avian schistosomes. The limited data in hand suggest they are quite
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different from mammalian schistosomes with respect to duration of their pre-patent and
patent periods [1], the extent to which they provoke strong protective immune responses in
their hosts, and the size of their geographic ranges. Host records suggest that a few avian
schistosomes have cosmopolitan ranges, no doubt aided by the mobility of their definitive
hosts and the ubiquity of some groups of snail hosts.

In conclusion, even for schistosomes — a well-studied group of parasites - there is still much
to learn before we fully understand the full spectrum of species and parasite-host
interactions, the processes at play in governing their diversification, and how this group is
likely to fare in the future. As many of the helminths of the world increasingly come to heel
with the implementation of global control programs, it is worth considering that one of the
most likely forms of future contact humans will have with schistosomes will come from
exposure to the cercariae of avian or non-human mammalian schistosomes in natural
habitats (and man-made) used for recreation. Studies of schistosome diversity will help us
better understand the species involved, the circumstances favoring human exposure, and
help us cope with introductions of schistosomes into new settings where they might
suddenly begin causing disease. One species that comes to mind here is Trichobilharzia
regenti. Probably related to where the preferred snail host species (Radix peregra, R. lagotis,
and R. labiata) occurs [80], this schistosome is commonly recovered from Europe but is
unknown in North America. In fact, no nasal schistosome has been recovered from the
Western Hemisphere [29]. Given the ability of schistosomulae of this species to cause
pathology in experimentally infected ducklings and mice [62], if introduced into North
American habitats commonly used for recreation, then an emerging disease problem could
conceivably result. The better we understand the spectrum of schistosome species present
and their host preferences, the better we can identify and respond to such challenges.
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Glossary

28S rDNA (large a region of nuclear DNA commonly used to estimate phylogenetic

ribosomal subunit) relationships and barcoding, especially of invertebrates

Aestivate to remain dormant by inactivity and lowered metabolic rate, as
when habitats dry out for freshwater snails

Anseriform birds an order of birds that contains swans, geese, ducks, and screamers

Arterial system large system of blood vessels that carry oxygenated blood from the
heart to the organs

Barcoding a taxonomic method that uses DNA sequence of a particular gene

to identify an organism to a particular species. The goal is not
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classification but simply to identify an unknown sample in terms of
a known classification

a relative term in phylogenetic analyses referring to the earliest
clade to branch in a larger clade. It appears at the base of a clade

a method of calculating the statistical probability that the
probability of one treatment is superior based on the observed data
and prior beliefs

a monophyletic clade of digenetic trematode flatworms that share a
feature of living in the venous or arterial system of their vertebrate
hosts. There are three families, Sanguinicolidae in fishes,
Spirorchiidae in turtles and crocodiles, and Schistosomatidae in
birds and mammals

a clade of avian schistosomes that was defined by the included
genera, Bilharziella, Trichobilharzia, Gigantobilharzia, and
Dendritobilharzia, since superseded by DAS clade (see Glossary)

a term referring to snails of the genus Bulinus, in the family
Planorbidae

produced by asexual reproduction, the usually free-swimming
larval stage of a digenetic trematode that emerges from the first
intermediate host and can only survive if it can enter either a
second intermediate host or a definitive host

see monophyletic

This expands on the BTGD clade to be more inclusive of current
results to include two additional genera, Allobilharzia in swans,
and Anserobilharzia in geese

a subclass of parasitic flatworms with complex life cycles, with a
sexually reproducing adult in a definitive host, and asexually-
reproducing larvae in a first intermediate host, which is almost
always a mollusk

having male and female reproductive organs in separate individuals
of the same species

see dioecious

referring a superfamily of digenetic trematodes, Diplostomoidea
(includes the families Cyathocotylidae, Diplostomatidae, and
Strideidae), that are commonly found in birds and mammals

an organism that self generates and maintains a constant body
temperature

a concentrated area of light sensitive pigment cells
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resembling a filament or thread

the host in which asexual reproduction occurs in the digenetic
trematode life cycle. It is almost always a mollusk (usually a snail),
and rarely an annelid

refers to one of the two forks in the tail of a schistosome cercaria.
The two furcae are of equal length

a class in the Phylum Mollusca that includes snails and slugs

An on-line database of publicly available DNA sequence data
maintained by the National Center for Biotechnology Information
(NCBI), a part of the National Institutes of Health (NIH)

lineages defined by DNA sequence features, such as a gene or
portion of a gene, rather than phenotypic features

a ventral groove of varying lengths in males, specific to members
of the family Schistosomatidae, where the filiform female resides
for short or long periods

a region of non-coding nuclear ribosomal DNA used commonly to
estimate phylogenetic relationships and for barcoding, especially of
invertebrates. This is in large part due to the high copy number of
this region and high amount of variation among closely related
species

two or more groups that share a common ancestor. See
monophyletic

the connective tissue among the small and large intestines

veins found in the mesentery, which collect to form the hepatic
portal vein

a small blood vessel that receives blood from the capillaries and
transports it to the mesenteric veins

the ciliated, (usually) free-living larval stage of a digenetic
trematode that hatches from the egg. It can only survive by
penetrating the first intermediate host

two or more groups that share a common ancestor, and are also
united by a single node based on shared characters and includes all
its descendants. Another term that can be used is a clade

a specimen and all its associated data that are preserved in a
museum. The voucher is proof of the existence of a species or
object at a particular time and space and ensures a defined
reference point for future research
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the largest order of birds that contains more than half of all bird
species. This order contains, for example, finches, sparrows, wrens,
robins, warblers, and blackbirds

for schistosomes, the interval during which eggs are passed by the
definitive host

a hypothesis about the evolutionary history of a group of organisms

blood coming from the hepatic portal vein that transports blood
from the intestines, spleen, pancreas, and gallbladder to the liver

In Bayesian statistics, the posterior probability of a random event is
the conditional probability that is assigned after the relevant
evidence is taken into account

for schistosomes, the time between first infection of the definitive
host and the time when the eggs of the parasite are first passed

gastropods that belong to the subclass Pulmonata that include
terrestrial snails and slugs as well as some freshwater and marine
snails that breathe air using lung-like sacs

an immature schistosome following penetration of the cercariae
into skin and blood vessels of its bird or mammal host

difference between males and females of the same species, such as
size, ornamentation, and behavior

a group comprised of many species

members of a family (Spirorchiidae) of digenetic trematodes that
live in the venous system of turtles and crocodiles. They are closely
related to Schistosomatidae and Sangunicolidae

a network of veins that are distributed to the bladder and adjacent
reproductive organs

a group of glands the secrete yolk around the fertilized ovum in
some invertebrates. Their arrangement and position is often a
diagnostic feature for digenetic trematodes
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Box 2. New schistosome samples and resultant phylogenetic trees

This review considers the many samples of new schistosomes available in the literature
over the last 10 years. Collections are mostly from North America and Europe, but all
continents except Antarctica have been sampled. Many of the samples are of cercariae
recovered from the screening of approximately 20 000 snails, representing 50 species.
Adult schistosomes have been obtained from necropsied birds (500 birds of about 70
species). A few specimens were also of eggs from feces of mammals or birds [10-13, 23,
27-29, 32-34, 54, 56, 71, 82]. Routinely, for each specimen acquired, in addition to
traditional parasite, host, and locality information, sequence data (28S and ITS, rDNA
and cytochrome oxidase 1) were collected, and in some cases parasites were vouched in
museum collections for both future morphological and genetic work.

A phylogenetic tree including specimens representing all schistosome genera except
Jilinobilharzia [83] is shown in Figure 1 (see legend for details). This tree is based on
28S rDNA, a sequence chosen because it provides good differentiation among the genera
of schistosomes, is widely available across different species in GenBank, and can be used
in barcoding [11, 28, 29, 82, 84]. Marine and freshwater spirorchiids were used as
outgroups [28, 36]. The lineage for which we have the most new information is the
derived avian schistosome (DAS) clade, formerly referred to as the BTGD clade [28].

Shown in Figure 2 is an expanded tree for the DAS clade using ITS sequence data since
many of the avian schistosomes have only ITS sequence data available for comparison
[23, 27, 54, 71, 82, 84, 85]. The only available sequence data for outgroups in GenBank
were species of Schistosoma. This tree underscores the greater breadth of snail orders and
families used within this clade, as compared to clades of mammalian schistosomes,
including Schistosoma (Figure 1). The ITS sequence was chosen because it evolves at a
faster rate and therefore provides better discrimination among more closely related taxa
and is routinely used in barcoding [86]. Also, in addition to containing the six described
genera mentioned above, this tree highlights the presence of unnamed lineages that in our
view are sufficiently distinct to represent about seven provisional new genera, potentially
raising the number of generic level lineages within the family to 21 [11, 28, 29, 86]. The
yardstick used to support these statements is to compare the extent of genetic
differentiation among the new and well-defined genera with differences in sequence
known to exist between genera that are well-established based on morphological and/or
host use differences [11, 13, 28, 29, 32, 33, 82, 86, 87].

Some of these new lineages are based only on DNA sequences recovered from cercariae,
and as formal descriptions of new species and genera require the corresponding adults, it
may be some time before the often minute, thread-like adult worms representing these
lineages can be found and formally named [85] (see Box 3).
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Box 3. Outstanding needs and questions

We need more records of identifiable adult schistosomes from birds, particularly for the
new lineages in the DAS clade now known only from cercariae. Obtaining intact adult
schistosomes suitable for formal descriptions from birds remains a daunting challenge.

There are a number of schistosomes (Bivitellobilharzia, Jilinobilharzia, Allobilharzia,
and Macrobilharzia) for which the molluscan hosts are unknown, even though the adults
have been known for decades and often are common. Perhaps there are surprises in store
for where the larval stages of these species reside. For some species like the elephant
schistosomes, perhaps their snail hosts are rare, or rarely infected. So, even though
cercariae are rarely produced, because elephants live so long, they still acquire significant
numbers of adult worms. Schistosomes from large, long-lived swans (Allobilharzia) may
provide the avian counterpart to this situation. Swans are frequently heavily infected [32],
but thus far infections in snails have not been found.

Ideally, a complete genome sequence can be provided for at least one representative of
each schistosome genus, an endeavor rendered more feasible by availability of
Schistosoma genome sequences [88, 89]. This will help resolve deeper branching patterns
in the schistosome tree, clarify issues such as whether mammalian schistosomes arose
more than once from avian lineages, and identify key genes involved in colonizing new
hosts or habitats.

The hypotheses posed above offer several possibilities for future studies. For example,
with respect to the integrated life cycle hypothesis, perhaps the situation of Schistosoma
japonicum in which low production of cercariae in snails seems to be offset by high egg
production in mammals is too simplistic an interpretation. Factors such as abundance,
species diversity, or geographic range of the intermediate or definitive hosts, and trade-
offs between the rate and duration of egg production, may override any simple
correlation between reproduction in snails and definitive hosts. Other schistosomes are
now known which employ small snail hosts such as Valvata or Gyraulus. Maybe these
cycles too benefit from prolific reproduction by the corresponding adult worms or,
perhaps small snails simply produce more cercariae than we think, or the snails are more
abundant such that numbers of infections offset low productivity per infection.

More laboratory studies of the dynamics of avian schistosomes in their natural definitive
hosts are needed. These will help answer questions like how quickly they achieve
patency, how long they produce eggs, and whether they become permanently immune to
reinfection.

Lastly, non-invasive surveys of some exceedingly rare host species such as the pygmy
hippopotamus, Sumatran or Javan rhinos, Oriental stork, and Shoe-billed stork, may
reveal unique schistosomes that are themselves in danger of extinction. Examination of
fecal samples from such hosts for schistosome eggs, or their aquatic habitats for infected
snails may yield surprises.
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Cercarial D-Host
Habitat Snail Body Rest Definitive Host Habitat
[Trichobilharzia querquedulae FW | Physidae: Physa ES | WC | Anseriformes: Anatinae
ﬁTﬁchobilharzia physellae FW | Physidae: Physa ES | wc | Anseriformes: Aythinae, Merginae, Anatinae
X UTrichobilharzia franki FW | Lymnaeidae: Radix ES | wC | Anseriformes: Aythinae, Anatinae
Trichobilharzia regenti FW | Lymnaeidae: Radix ES | WC | Anseriformes
Trichobilharzia stagnicolae FW | Lymnaeidae: Stagnicola ES | wc | Anseriformes: Merginae
Trichobilharzia szidati FwW | Lymnaeidae: Lymnaea ES | wc | Anseriformes
Anserobilharzia brantae Fw | Planorbidae: Gyraulus ES | WC | Anseriformes: Anserinae
Allobilharzia visceralis ? ? ? ? | Anseriformes: Anserinae
Denditobilharzia pulverulenta FW | Planorbidae: Gyraulus, Anisus| ES | sUR | Anseriformes, Gruiformes, Pelicaniformes, Gaviiformes
W2081 Ceratophallus Kenya FW | Planorbidae: Ceratophallus | ES | wc ?
\W327 Haminoea North America M | Haminoeidae: Haminoea ES | SUR| Charadriformes, Pelicaniformes
Gigantobilharzia huronensis FW | Physidae: Physa ES | SUR| Passeriformes, Columbiformes
W1285 Biomphalaria Kenya FW | Planorbidae: Biomphalaria ES | sUR ?
A Bilharziella pglgm'ca FW | Planorbidae: Planorbis ES | sUR| Anseriformes, Gruiformes, Ciconiformes, Podicipeformes
* Heterobiharzia amercana FW | Lymnaeidae: Stagnicola ES | SUR| Most mammals
| _L Schistosomatium douthitti FW | Lymnaeidae: Stagnicola ES | SUR| Rodentia
Schistosoma bovis FW | Planorbidae: Bulinus NES | we | Artiodactyla: Bovidae
Schistosoma haematobium FW | Planorbidae: Bulinus NES | WC | Primates: Humans
Schistosoma spindale FW | Planorbidae: Indoplanorbis NES | WC | Artiodactyla: Bovidae
Schistosoma indicum FW | Planorbidae: Indoplanorbis NES | wc | Artiodactyla: Bovidae
— Schistosoma nasale FW | Planorbidae: Indoplanorbis NES | wc | Artiodactyla: Bovidae
Schistosoma mansoni FW | Planorbidae: Biomphalaria NES | WC | Primates: Humans; Rodentia
Schistosoma rodhaini FW | Planorbidae: Biomphalaria NES [ wC | Rodentia
Schistosoma turkestanicum|| Fw | Lymnaeidae: Lymnaea NES [ wc | Artiodactyla: Bovidae
Schistosoma inoognilum FW | Lymnaeidae: Radix NES | WC | Most mammals
Schistosoma edwardiense FW | Planorbidae NES | wc | Artiodactyla: Hippopotamus
Schistosoma hippopotami FW | Planorbidae NEs | wc | Artiodactyla: Hippopotamus
Schistosoma/aponicum FW | Pomatiopsidae: Oncomelania | Ngs| WC | Most mammals
U Schistosoma mekongi FW | Pomatiopsidae: Neotricula NES | WC | Primates: Humans
Schistosoma sinensium FW | Pomatiopsidae: Tricula NES | WC | Rodentia
Bivitellobilharzia nairi Fw L ? ? | Proboscidia: Elephantidae, Perissodactyla: Rhinocerotidae
Bivitellobilharzia loxodontae FwW ? ? | 2 | Proboscidia: Elephantidae
—— Weacrobilharzia macrobiharzia ? ? 2 | 2 | sulformes
Austrobilharzia terrigalensis M | Batillariidae: Batillaria ES | SUR | Charadriformes
{[ Austrobilharzia variglandis M | Nassariidae: lllyanassa ES | SUR | Charadriformes
ithobilharzia canaliculat: M | Batillariidae: Batillaria ES | SUR | Charadriformes

Figure 1. Schistosome phylogeny, including some key attributes for each taxon
Phylogenetic tree showing the positions of schistosome genera and species, based on

Bayesian analysis [11, 28, 29, 90] of the nuclear ribosomal DNA 28S region (1200 bp) for
sequences available in GenBank [1, 7, 11, 28, 29]. Mammalian schistosomes are highlighted
in red, and avian schistosomes in blue. The tree confirms the robust-bodied marine avian

schistosome genera, Austrobilharzia + Ornithobilharzia, as constituting the basal
schistosome clade [36]. Two additional well-resolved major branches were retrieved

consistently, one constituted by the robust-bodied mammalian parasites Schistosoma spp. +

Bivitellobilharzia, and the other by the remaining, largely filiform avian schistosomes
(Bilharziella, Dendritobilharzia, Gigantobilharzia, Allobilharzia, Anserobilharzia, +
Trichobilharzia). Two additional robust-bodied lineages have not received consistent

positional support within the tree. One is comprised of the North American mammalian
schistosomes, Heterobilharzia + Schistosomatium. The second is Macrobilharzia, known

only as adult worms from anhingas and cormorants. As a consequence of the unstable

placement of these two lineages, determination as to whether there have been one or two

origins of mammalian schistosomes from avian schistosomes is not yet possible. Also,
deeper branches remain without significant nodal support. The table following the tree
compares some major features defining the above-mentioned clades of schistosomes,

including host use, morphology and behavior in adults and cercariae (see [1] for more
details). Shaded gray boxes are those features that are found in the basal clade

Austrobilharzia + Ornithobilharzia and thus represent the ancestral features of the family.
Asterisks denote significant posterior probabilities (>0.95). Abbreviations: Habitat of the
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snail hosts (FW, freshwater; M, marine); major morphological and behavioral difference
among cercariae, respectively (ES, eye spots present; NES, no eye spots present; WC, swims
in water column; SUR, adheres to surface film); habitat of adult schistosomes in the bird or
mammalian host (MV, mesenteric veins; NC, nasal cavity; AV, arterial system; BL,
bladder).
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Trichobilharzia querquedulae
Trichobilharzia A
Trichobilharzia franki
Trichobilharzia physellae
Trichobilharzia C Physidae: Physa
Trichobilharzia O8 Rp IC

Trichobilharzia regenti

{ Trichobilharzia sp. 3

L Trichobilharzia szidati Lymnaelddes Stagnicaia

[ Trichobilharzia stagnicolae

L Trichobilharzia mergi
Trichobilharzia E
Trichobilharzia D

Trichobilharzia sp. 1

Allobilharzia visceralis

Anserobilharzia brantae

Planorbidae: Gyraulus,

Avian Schistosome sp. I5 Anisus, Planorbis,
Biomphalaria

Avian Schistosome Haminoea US
Dendritobilharzia pulverulenta

Gigantobilharzia huronensis

[Avian Schistosome Melanoides Iran

Avian Schistosome sp. 14

Avian Schistosome Valvata Finland

Thiaridae: Melanoides

Avian Schistosome sp. I3_B

Gigantobilharzia vittensis sp.16_C
Bilharziella polonica

alvatidae: Valvata

Figure 2. DAS clade phylogeny, emphasizing switches in snail hosts
Phylogenetic tree showing the positions of genera and species within the main (DAS) clade

of avian schistosomes, based on Bayesian analysis [11, 28, 29, 90] of nuclear ribosomal
ITS1-5.8S-1TS2 (810 bp) sequences available in GenBank [27, 29, 54, 71, 82]. This tree
represents the genetic lineages of avian schistosomes for which snail hosts are also currently
known. This includes 7 of the 15 snail families known to support avian schistosomes. We
lack sequence data for the avian schistosomes known to use the remaining 8 snail families so
they are not depicted here. Lineages are highlighted by color to indicate the snail family
used, and images of representatives of the relevant snail families are depicted as well. The
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snail family name is followed by the snail genus most commonly exploited by that lineage
of schistosome. Asterisks denote significant posterior probabilities (>0.95).
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