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Introduction
The differentiation of populations can be seen as incipient speciation

events, giving us insight into the origin of species. Parasites are ideal models
for evolutionary processes, especially selection, due to their interaction with
the host and their modes of transmission having high potential for
diversification and specialization (Huyse et al., 2005). Parasites of the
trematode genus Schistosoma cause the Neglected Tropical Disease
schistosomiasis. Schistosoma species require a mammalian/avian definitive
host wherein the adults reside and sexually reproduce, and a snail
intermediate host where larval stages asexually reproduce. In 2021, an
estimated 251.4 million people worldwide were infected with schistosomiasis,
inducing anemia, stunted growth, hypertension, impaired cognition,
inflammation, and organ scarring (Colley et al., 2014; WHO, 2023). This paper
is a compilation of research data on the emergence of distinct Schistosoma
populations through the evolution of a unique adaptative phenotype, focusing
on the selection of advantageous traits or genes on the three main species
that infect humans: Schistosoma japonicum, S. mansoni, and S. haematobium.
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1. Schistosoma japonicum
Schistosoma japonicum causes hepatic and intestinal schistosomiasis

(Yang et al., 2023). There are 5 extant populations located in different regions:
the Chinese lake/marshland region, the Chinese mountainous region, Taiwan,
the Philippines, and the Indonesian island of Sulawesi (Luo et al., 2022). There
was also a population from Japan that was declared extirpated in 1996 (Minai
et al., 2003). The Chinese lake/marshland population was most likely the
original population from which the other populations dispersed (Luo et al.,
2022).

1.1 Adaptations by the Taiwan population

The Taiwan population was the first to diverge from the rest. It was
estimated by Luo et al. (2022) that this population diverged ~45,000 years
ago, coinciding with the divergence of the Taiwanese snail host Oncomelania
hupensis formosana from the southeastern Chinese snail host O. h. tangi. The
Taiwan schistosome is the only S. japonicum population that can infect the
Taiwan snail. The divergence of the Taiwanese S. japonicum occurred prior to
the arrival of humans in Taiwan. Consequently, the Taiwan lineage of S.
japonicum is adapted to being zoophilic, and is unable to successfully develop
in humans. It is also the only population that is hypothesized to have dispersed
together with its snail intermediate host rather than being dispersed by
humans during the spread of rice agriculture (Yin et al., 2015; Luo et al.,
2022).

The Taiwan population’s distinct intermediate and definitive host
preferences are a likely cause for differential selection of genes involved in
invasion, development, and colonization in the definitive host. Luo et al.
(2022)’s cross-population analyses between the genomes of the Taiwan and
the Chinese Lake populations revealed 499 selected coding genes in the
Taiwan lineage. The study’s within-population analysis for Taiwan detected
311 selected coding genes. Most of the selected genes were involved in DNA
damage response, N-glycan processing, histone H2A acetylation, zinc ion
transport, and embryonic development. This suggests that these gene
categories play key roles in schistosome development, reproduction, or
survival in different environments and hosts. A gene with a strong selection
signal in Taiwan is the transcription repressor GATA Zinc Finger Domain
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Containing 2A (GATAD2A), a gene required for stem cell pluripotency which
promotes schistosome growth, survival, and reproductive organ development.
The Taiwan GATAD2A is highly differentiated from the rest of S. japonicum,
with four completely differentiated nucleotide sites. One fixed C>A Single
Nucleotide Polymorphism (SNP) in the 5’ untranslated region possibly affects
translation of the protein product. Another selected gene is Taiwan is the
CD63 gene, which was found to have a strong selection signal in within-
population analyses. This gene is most highly expressed in the cercaria and
encodes a tetraspanin CD63 receptor associated with development,
maturation, and immune evasion in the definitive host. FST analysis identified
p40 as another selected gene in Taiwan. It encodes a major egg antigen that
induces a strong Th1-polarized immune response in definitive hosts. A less
antigenic variant would help in immune system evasion and reduce fibrosis
in the host’s liver (Luo et al., 2022).

In the Taiwan Z chromosome, the DYS, LCAT, and Hmcn1 showed
positive selection. DYS codes for dystrophin, a gene expressed in the muscles
and nerves, and is associated with motor system homeostasis and
regeneration. LCAT codes for lecithin-cholesterol acyltransferase, which
converts cholesterol from the host bloodstream to the cholesteryl ester needed
by the parasite for female reproductive organ development and egg
embryonation. Hmcn1 encodes HEMICENTIN 1, a gene associated with gonad
development. It is highly expressed in sporocysts and adult males, suggesting
function in both intermediate and definitive hosts (Zhou et al., 2024). These
selected genes in the Taiwan population may manifest phenotypically as the
Taiwan strain’s weaker pathology with smaller hepatic granuloma, longer
incubation period, longer time until host death, smaller eggs, different
embryonated egg shape, variable number of testes, irregular testes
arrangement, multiple cecal loops, smaller cercaria, smaller hepatic
granuloma, and inability to successfully colonize humans (He et al., 1996;
Fan, 2006; Luo et al., 2022). Overall, the Taiwan population seems to have
traded resource exploitation and development rate for a weaker pathology,
possibly adapting to a “slow and steady” strategy to prolong the life of the
Taiwan fluke’s animal definitive hosts.
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1.2. Adaptation to the Chinese Mountain region
The two Chinese populations are geographically divided, with the

Mountain population in the southwestern provinces of Sichuan and Yunnan,
and the Lake/Marshland population in the eastern provinces. These two S.
japonicum populations differ in their compatibility with the snail subspecies.
The Chinese Mountain parasites can infect both the mountain and lowland
variants of Chinese O. hupensis snail. The Chinese Lake parasites, however,
can infect only the lowland snail variant but not the mountain variant (He et
al., 1991). Given that the mountain snail subspecies is an outgroup of the
lowland snails that diverged 2-6 million years ago, while the Mountain fluke
diverged from the Lake population only ~5,400 years ago (Zhao et al., 2010;
Luo et al., 2022), this suggests that instead of mountain co-evolution, the
Mountain fluke only relatively recently adapted to also infect the mountain
snail. Indeed, it is believed that the Mountain population descends from
schistosomes carried by rice-planting humans expanding from the middle or
lower reaches of the Yangtze River upstream to the Mountain region during
the Neolithic agriculture era (Yin et al., 2015). Yin et al. (2016) found unique
genetic markers in the Mountain population by comparing homozygous SNPs
between pooled worms from 1 site from the Mountain and 3 sites from the
Lake population. In the study, the Mountain population and a Lake site
subpopulation from Guichi, Anhui formed phylogenetic sister branches,
indicating that the ancestors of the Mountain population likely dispersed
from Guichi or a nearby location. The Mountain lineage was found to have
accumulated more mutations than its sister branch. There are 66 genes,
involved mainly in nitrogen metabolism, with unique genetic changes in the
Mountain site compared to the other sites. These genes may affect the
efficiency of energy uptake and assimilation systems. Most of the enriched
metabolic processes generate energy for the regulation of Rab/Ras GTPase
activities, which are responsible for the regulation of signaling, especially in
rapid response to environmental stimuli (Yin et al., 2016).

Selection signals from the Mountain fluke’s adaptation to the
Mountain snail host or environment were also investigated by Luo et al. (2022)
using cross-population analysis between the Mountain and Lake populations.
A total of 543 candidate genes were detected, mostly associated with neuronal
stem cell population maintenance, protein-coupled receptor activity, and
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metallopeptidase activity. The membrane-bound metallopeptidase
Leishmanolysin (Lmln) gene showed significant positive selection in the
Mountain population (Luo et al., 2022). The Lmln protein of schistosome
sporocysts interferes with the immune cells of the snail intermediate host
(Hambrook et al., 2018). Four non-synonymous mutations near the active
pocket of Lmln are almost fixed in the mountain population but are rare in
the lake/marshland (Luo et al., 2022). These mutations possibly make the
Mountain lineage more adapted to evading O. h. robertsoni immune cells,
which the Lake flukes likely cannot do.

In the Z chromosome, 266 candidate genes were identified, which
were predominantly associated with protein serine/threonine kinase activity,
metallo-endopeptidase activity, and dynein light chain binding (Zhou et al.,
2024). The Rab6 gene was noted as likely to be related to the unique
compatibility of the Mountain parasite with the Mountain snail. This gene
codes for a Ras-related protein that is an evolutionarily conserved small
GTPase. Rab6 is involved in regulation of retrograde transport in the Golgi
body, cell mitosis, innate immunity, and epidermal integrity (Zhou et al., 2024).
This gene’s activity is likely one of the Ras/Rab GTPase activities that are
being maintained by the metabolic processes found to be naturally selected
by Yin et al. (2016). In S. japonicum, Rab6 was more highly expressed in the
miracidia. Its natural selection in the Mountain fluke might be adaptations
for locating the Mountain snail host, stress responses to the Mountain climate,
and protection against hyperparasites in the Mountain region that may infect
the fluke. Another selected gene that may be involved in locating the preferred
snail host is VCP, a gene that encodes Valosin-containing protein, which is an
AAA+ ATPase. It also has function in germ cell development and immune
evasion in the mammal host. It is highly expressed in the sporocyst stage,
suggesting an important unknown function in the snail host. Another selected
Z chromosome gene, Nep4, encodes the metallopeptidase Neprilysin4 (Zhou
et al., 2024). Similar to the autosomal metallopeptidase Lmln, it protects the
parasite from the snail immune system. In schistosomes, neprilysin, also called
neural endopeptidase, is involved in the production of immunoactive
peptides, which could inactivate the immunocytes from the snail host
(Duvaux-Miret et al., 1992).
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Positive selection in the Mountain region has also been found in the
tegument-associated antigenic gene SjT22.6, detected from the high ratio of
nonsynonymous/synonymous mutations. The positively selected allele,
referred to as MHap is found only in the Mountain region, and is the most
common haplotype (12 out of 14) in the mountainous Sichuan province. It is
very differentiated from the other SjT22.6 haplotypes, being 15 nucleotides
separated from the closest other haplotype. As an antigenic gene, it is an
immune response target, which has likely driven the rapid mutation of this
haplotype (Li et al., 2017). Like the other selected genes in the Mountain region,
the positive selection of this gene is likely caused by adaptation to the
Mountain snail or environment.

1.3. Adaptations within the Chinese Lake/Marshland population
Within the S. japonicum Lake/Marshland population, there is a

subpopulation in the Anhui province with distinct adaptive characteristics.
The Anhui province is in eastern China, far away from the mountainous region
of the southwest, but there is a hilly region in the southern part of the province
where a subpopulation has been found with a late afternoon/evening (5:00-
7:00 PM) cercaria shedding time (Lu et al., 2009; Su et al., 2013). This is in
contrast with the Anhui marshland subpopulation, which like the rest of the
Lake population, has a morning (7:00-11:00 AM) cercaria shedding time ((Lu
et al., 2009; Su et al., 2013). It has been suggested that these shedding patterns
are adaptations to increase chances of infection of their respective definitive
hosts, as diurnal bovines are the main reservoir in the Anhui marshland,
while nocturnal rodents are the reservoir in the Anhui hilly area (Lu et al.,
2009; Lu et al., 2010). Nocturnal shedding times have also been observed in
the Philippine population and the now extirpated Japanese population of S.
japonicum (Kawashima et al., 1985). However, it is not known whether these
are schistosome adaptations or a consequence of having O. h. quadrasi and O.
h. nosophora, respectively as intermediate hosts. The Anhui subpopulations,
however, have the same snail host O. h. hupensis. Additionally, the Anhui hill
fluke has a night/late afternoon shedding time in both marshland and hill
snails, suggesting that cercarial emergence time depends on the schistosome
genetics, not the snail (Su et al., 2013).

Sun et al. (2023) sequenced the whole genomes of 4 Anhui hill flukes
and 2 Anhui marshland flukes to search for selection signals. There was high
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number of nonsynonymous SNPs. The marshland flukes had 276 selected
genes, but none were significantly enriched. The hill flukes only had 78
selected genes, but 12 were significantly enriched. The paper concluded that
the marshland subpopulation had more selected genes because they are
subjected to higher priority control interventions due to bovines and humans
being key hosts. None were enriched, however, because the control efforts
are relatively recent. The hill subpopulation had fewer selection pressures
because the rodents are not able to be targeted by control efforts due to logistic
difficulties. However, they had many enriched genes because they have been
adapting to a rodent host for a long time. The 12 enriched genes are mainly
related to transcription and intercellular signal transduction such as zinc
finger protein and members of the Mothers Against Decapentaplegic (SMAD)
protein family. It has been implied that expression of SMAD is involved in
the parasite’s exploitation of the mammalian host’s own key signaling
pathways and growth factors as development signals for the schistosome.
Other enriched genes are the epigenetic modifier histone-lysine N-
methyltransferase and a transcription factor partner of Notch receptor. Notch
signaling in sensory structures may play a role in the hill fluke’s nocturnal
cercarial emergence (Sun et al., 2023).

Within the Anhui marshland subpopulation, Wang et al. (2006) found
host-dependent genetic differentiation between flukes from water buffalo,
cattle and humans, and those from goats, pigs, dogs and cats. However, there
is not enough evidence to conclude whether this is due to sympatric strain
divergence or differential transmission between host species.

1.4. Possible adaptations in the Philippines
Though evidence is insufficient, a possible selection signal has been

identified in the Philippine province of Leyte. In Moendeg et al.’s 2017 study
of the differentiation of S. japonicum between Philippine provinces, they noted
a possible adaptative differentiation in the Leyte subpopulation. In their study,
allelic richness is usually positively associated with human prevalence. An
exception is the S. japonicum from Leyte province, which had the lowest allelic
richness despite having a relatively high human infection prevalence. The
authors suggested that this could be due to the prolonged mass
administrations of the antihelminthic drug Praziquantel (PZQ) in the province
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(Moendeg et al., 2017). Leyte is one of the oldest endemic foci in the
Philippines, as well as the site of the first clinical trial for PZQ in the late
1970s and the first province-wide PZQ chemotherapy program in 1982
(Inobaya et al., 2015; Leonardo et al., 2016). Though low allelic richness by
itself may just be a consequence of a bottleneck caused by elimination efforts,
the relatively high human prevalence possibly suggests a fitness advantage
in the Leyte subpopulation, which may be caused by PZQ resistance. Low
allelic diversity has previously been associated with drug resistance in
schistosomes and other parasites (Coeli et al., 2013; Vianney et al., 2022; Early
et al., 2025).

It speculated by authors that the Philippine strain of S. japonicum is
more adapted to dogs and rats than the Chinese marshland strain (Carabin
et al., 2015; Rudge et al., 2008). In Samar, S. japonicum from humans shared
many genotypes with conspecifics from dogs, suggesting high dog-human
transmission (Rudge et al., 2008), while in the Chinese marshland, S. japonicum
genotypes from humans clearly clustered only with those from water buffalos
and cattle and away from dogs (Wang et al., 2006). Additionally, a late
afternoon/evening cercarial emergence has been found in Leyte S. japonicum
(Kawashima et al., 1985), which is similar to the emergence time of the Anhui
hilly subpopulation with dog and rodent reservoir hosts (Lu, Rudge, et al.,
2010; Su et al., 2013). Nevertheless, water buffalos still remain significant
reservoirs due to their large volume of fecal output and high infection
prevalence (Jiz et al., 2021).

1.5. Diversification in antigenic genes
Parasite antigenic genes diversify as a response to selection pressures

imposed by the host immune system (Weedall & Conway, 2010). Tegument-
associated surface proteins such as tetraspanins are especially prone. The
tetraspanins CD63, Sm29-like, SjTSP2, SjTSP8, and SjTSP25 were found to
have high interprovince variation in China, especially in their surface-exposed
extracellular loop regions (Luo et al., 2022; Parsons et al., 2023; Young et al.,
2015). Parsons et al. (2025) investigated the diversity among 3 S. japonicum
antigen coding genes: tetraspanin 23 (TSP23), venom allergen-like protein 7
(VAL-7), and tegument allergen-like protein 1 (TAL-1). Despite extensive
haplotype sharing, the study found host-specific antigen variations between
S. japonicum from humans, dogs, cats, and pigs, suggesting adaptation to
certain host species (Parsons et al., 2025).



9

DILIMAN REVIEW
Volume 68 Number 2, 2024

2. Schistosoma mansoni
This species is endemic in 54 countries across Africa, the Middle

East, South America and the Caribbean (Chitsulo et al., 2000). It causes
intestinal and hepatic schistosomiasis (Elbaz & Esmat, 2013).

2.1. Adaptation to human hosts
It is hypothesized that the split between the sibing species S. mansoni

and S. rodhani occurred as S. mansoni adapted to infecting humans during the
rise of fishing communities ~126,500 years ago in East Africa. Comparison of
nonsynonymous mutations between the whole genomes of the sibling species
revealed 767 positively selected coding sequences in S. mansoni, with
enrichment of genes for extracellular matrix structure proteins expressed
during the schistosomula stage. A cercarial elastase and a cercarial allergenic
protein were also significantly positively selected. All of these point to positive
selection in genes involved in human infection or immune evasion.
Additionally, 273 genes were under balancing selection, with enrichment of
genes associated with cell junction proteins, cell adhesion molecules, and G-
protein modulators. Other genes under balancing selection include
immunoglobulin I-set domains, four dynein domains, and hsp40 (Crellen et
al., 2016a). Balancing selection in parasites usually occur in antigenic genes
to avoid recognition by the host immune system.

2.2. Dispersal to West Africa and the Americas
S. mansoni was dispersed from East Africa to West Africa 6-7

thousand years ago, and then to the Americas through the Trans-Atlantic
Slave trade (Crellen et al., 2016a). The West African population also gave rise
to the Egyptian and Middle-eastern populations (Webster et al., 2013). It is
expected that these migrations would cause selection on the dispersed
populations as they adapted to the new environments and new Biomphalaria
snail host populations. Adaptations by the dispersed populations may include
their shorter prepatent period and higher virulence compared to the East
African population (Panitz, 1966). Platt II et al. (2022)’s study examined
selection in these genomes and found 4 uniquely selected genomic regions in
Brazil, encompassing 80 candidate genes. Among them, 9 had very strong
selection signals. Several of these genes are associated with housekeeping
functions, including transcription and protein degradation. These selected
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genes may have been involved in adaptation to the new environment or the
new intermediate snail host species in Brazil. This adaptation is apparent, as
African S. mansoni strains cannot infect the Brazilian Biomphalaria snail hosts
(Panitz, 1966). There were 3 selected genomic regions each from Niger and
Senegal with one shared region, making a total of 5 regions from West Africa.
The selected regions had 112 and 157 genes, respectively. The role of the
uniquely selected genes in West Africa are currently unclear, though they
may be adaptations to the environment or local snail hosts. There were no
selected genomic regions found from Tanzania in East Africa.

2.3. Cercarial emergence of S. mansoni
Cercarial emergence in S. mansoni is usually at mid-day, likely to

exploit the times at which humans bathe or drink water. The mid-day
emergence has been found in Puerto Rico, South Africa, Sudan, and Saudi
Arabia (Pitchford et al., 1969; Tameim et al., 1985; Zahed, 1992). However,
various interactions with hosts have resulted in the evolution of a diversity
of emergence rhythms. In Oman, S. mansoni collected from humans have a
diurnal cercarial emergence (~11:00 AM), while those from rats have a
nocturnal emergence (~8:00 PM) (Mouahid et al., 2012). In Benin, there is a
primary peak at noon, and secondary peaks at dawn and dusk when the
fishermen would be in contact with the water (Ibikounle et al., 2012). In the
Guadeloupe archipelago in the Caribbean, there are three emergence rhythms
for S. mansoni attributed to alternative alleles at a single locus. The early peak
(11:00 AM) is most common at urbanized foci where humans are the definitive
host. The late peak (4:00 PM) is common at the forest, hosted by the crepuscular
rats (Théron, 1984). An intermediate peak (1:00 PM) representing the
heterozygote was most common in the mangrove swamp where both humans
and rats are hosts (Théron & Combes, 1988). The Brazilian fluke strain also
had an afternoon peak (2:00-5:00 PM), but was controlled by a different locus
from the Guadeloupe strain. Knowledge of S. mansoni cercarial emergence
time has been used to guide schistosomiasis control efforts. A significant
reduction in schistosomiasis prevalence was observed in canal cleaners for
the Gezira irrigation project in Sudan after their working hours were changed
so that they left the water before 10:00 AM, avoiding the peak emergence
time at noon (Tameim et al., 1985).
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An S. mansoni strain from Belo Horizonte, Southeast Brazil shed 8
times more cercaria and was more fatal to the snail than a strain from East
Brazil (Le Clec¼h et al., 2019). It was concluded that these are “boom and
bust” strategy adaptations by the Southeast Brazil strain to a high transmission
site with intense intraspecific competition between S. mansoni individuals
and interspecific competition between S. mansoni and other Biomphalaria-
infecting trematodes in Belo Horizonte such as Cyclocoelum mutabile,
echinostomatids, strigeids, derogenids, and clinostomatids (Assis & Pinto,
2024; De Souza et al., 1998). Nematodes may have also contributed to
competition in Biomphalaria glabrata (Mougeot et al., 1977), however, no data
was found on the nematodes infecting snails in Belo Horizonte. In contrast to
the Southeast Brazil strain, the East Brazil strain is in a low transmission site
with less competition and thus adapted the “slow and steady” strategy (Le
Clec¼h et al., 2019). Linkage disequilibrium analysis by Le Clec’h et al. (2020)
identified 3 major and 2 minor quantitative trait loci (QTLs) for the cercarial
production trait. The major QTL on chr. 1 includes peptidylprolyl isomerase
(PPIase) which regulates intracellular signaling, transcription, inflammation,
immunomodulation, and apoptosis. On the other major QTL on chr. 3, there
is G-protein coupled receptor kinase 2, involved in cell migration. On another
major QTL on chr. 5, there is the Calmodulin IQ domain protein, a calcium
sensor that can stimulate changes in the actin cytoskeleton. In the two minor
QTLs, the top candidate genes encode a nucleoporin and a Ly-1 antibody
reactive (LYAR) gene encoding a cell growth regulating nucleolar protein.
Potential mechanisms for the QTLs were discussed by the authors. The
nucleoporin, G-protein, and LYAR genes are likely involved in the clonal
reproduction of the sporocysts. The Calmodulin and LYAR genes are likely
candidates for control of the differentiation of sporocyst cells into cercaria.
PPIase and G-protein are speculated to be involved in immunomodulation
of snail immune cells (Le Clec’h et al., 2021a).

2.4. Compatibility of S. mansoni with snail hosts
Similar to S. japonicum, populations of S. mansoni are known to adapt

to infect certain snail populations, such that only the Egyptian S. mansoni
strain can infect Egyptian Biomphalaria boissyi snails, and American S. mansoni
strains are much more successful than African strains in infecting American
snails (Panitz, 1966). Ibikounlé et al. (2012) showed that S. mansoni has a shorter
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prepatent period and is less likely to kill its intermediate host when the snail
is from a sympatric population. In the Americas, S. mansoni strains are more
compatible (higher infectivity rate) to the sympatric population of Biomphalaria
glabrata than to an allopatric population (Galinier et al., 2017). This specific
compatibility polymorphism has been attributed to the subset of S. mansoni
Polymorphic Mucins (SmPoMucs) that the fluke strain expresses, as well as
its expression levels. Perrin et al. (2013) discovered that the expressed subset
of SmPoMucs isn’t dependent on genotype, but on the DNA methylation status
of the promoter regions. The study also discovered ancestral SmPoMucs gene
duplications from the common ancestor of the American strains, increasing
diversity of these mucins compared to the African strains. Infection of Brazilian
S. mansoni strains on sympatric and allopatric (Guadeloupean) B. glabrata by
Roquis et al. (2016) revealed five different histone methylation states, with
the majority of epimutations occurring on transcribed regions in cercaria.
Spontaneous epimutations regardless of host occurred at 64 schistosome
genomic sites, with 45% of the epimutations being mitotically inherited. This
has significant implications on schistosome adaptation. The differentiation
of adaptive phenotypes may not only be due to selection, but also epigenetic
modifications that can be acquired, reversed, or maintained through
generations.

2.5. Drug resistance in S. mansoni
In the 90s, resistance to PZQ was found in S. mansoni isolates from

villagers in Egypt, where the drug has been used aggressively for more than
10 years (Magdi et al., 1999). Reduced susceptibility to PZQ has also been
found in Senegal and Kenya (Fallon et al., 1995; Melman et al., 2009). In
Uganda, a study by Crellen et al. (2016b) discovered that S. mansoni from the
Mayuge district in the northern shore of Lake Victoria, which had undergone
5-9 rounds of mass drug administration (MDA), were more resistant to PZQ
than schistosomes from the Tororo district, which only had one round of
MDA. Berger et al. (2021) found 25 regions with extreme integrated haplotype
scores in the Mayuge district encompassing 183 genes. A locus in chromosome
2 with high selection signals and reduced nucleotide diversity contained 4
sodium/potassium/calcium exchanger proteins. Missense, nonsense or
splicing variants were found in 3 of the 4 genes. These channels could
potentially counter the TRPM-mediated Ca2+ influx induced by PZQ. The
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TRPMPZQ channel is the target of the drug praziquantel, but no selection signals
were found in the gene for the TRPMPZQ channel itself. In chromosome 4, a
selected region encompassing 11 genes included a gene predicted to encode
an ATP-binding cassette (ABC) transporter smdr1, which could be a means of
PZQ efflux (Berger et al., 2021).

In an island group at the north of Lake Victoria, Vianney et al. (2022)
found that a region in chromosome 5 was highly differentiated between
villages with standard and intensive MDA. This region had 25 protein coding
genes including a gene associated with an ABC transporter and a gene with
calcium-dependent functions. In cross-population selection analyses, the Z
sex chromosome was enriched. Between pre- and post-treatment samples,
the post-treatment had 107 selected genes, enriched with genes with roles in
transferase activity, metabolic processes, and nucleotide salvage pathway.
Between standard and intensive, the worms from villages with intensive MDA
had 132 selected genes, enriched with toxin response genes (Vianney et al.,
2022).

3. Schistosoma haematobium
Schistosoma haematobium is endemic in 53 countries across Africa and

the Middle East (Chitsulo et al., 2000). This species causes urogenital
schistosomiasis.

3.1. Local adaptation in Ghana
Local adaptation to the corresponding snail host has been found in

this species in Ghana, where the S. haematobium “Ke strain” can infect Bulinus
truncatus rohlfsi, but not Bulinus globosus, while the “Pokoasi strain” can infect
the latter snail, but not the former (McCullough, 1959).

3.2. Cercarial emergence of S. haematobium
It is more light-sensitive than S. mansoni. In West Africa, there is a

gradient of light sensitivity from the well-shaded forest in the south to the
brightly-lit savannah in the north, manifesting as earlier to later (11:00 AM to
1:00 PM) cercarial emergence in the laboratory (N’Goran et al., 1997). The
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midday emergence is an adaptation to humans bathing during the hottest
part of the day (Mintsa-Nguéma et al., 2014). It has also been suggested that
there is a “shadow response” in this species; sudden covering with shadows
stimulate cercarial emergence as an adaptation to exploiting human activity
making shadows in the water (N’Goran et al., 1997).

3.3. Adaptive introgression in S. haematobium
Genomic surveillance for selection in S. haematobium has mainly been

focused on adaptive introgression. Adaptive introgression can occur after
hybridization if certain introgressed genes increase in frequency via natural
selection. The S. haematobium clade contains 8 other species, and their close
phylogenetic relationship makes hybridization not uncommon (Landeryou
et al., 2022).

Comparison of the genomes of S. haematobium populations from River
Niger and the Zanzibar Archipelago by Platt II et al. (2019) revealed that 65%
of the Nigerian population had mitochondria derived from S. bovis. All the
Nigerian samples had 3-8% of their autosomal genome derived from S. bovis
due to an introgression event ~240 years ago, while the Zanzibari samples
had no S. bovis introgression. Cross-population analysis revealed 17 regions
under directional selection between the two populations, with the strongest
selection signals located in chromosome 5, overlapping with the greatest
introgression frequency. Within this region is a leishmanolysin homolog called
invadolysin, which is involved in mammalian host immune evasion (Platt II
et al. 2019). Introgression in this locus was similarly found in Egypt, Mali,
and Corsica (Rey et al., 2021a). It is hypothesized that the common ancestor
of these populations of S. haematobium received S. bovis genes through
hybridization, and selection favored the fixation of this gene in the population
(Platt II et al., 2019). Hybridization/introgression between these two species
has also been found in Cameroon, Senegal, Benin, Ivory Coast, Malawi,
Gambia, Guinea-Bissau, Sudan, Ethiopia, Uganda, Kenya, and the French
island of Corsica, though the introgression is always unidirectional from S.
bovis to S. haematobium (Kincaid-Smith et al., 2021; Platt II et al., 2019; Rey et
al., 2021a). The 2013 outbreak of urogenital schistosomiasis in Corsica has
been discovered to be caused by a population with its mitochondrial genome
and 23% of its nuclear genome derived from S. bovis and 77% of its nuclear
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genome derived from S. haematobium (Kincaid-Smith et al., 2021). Hybrid vigor
may have given this population the capacity for permanent endemicity in
Corsica.

Deforestation in Cameroon has allowed the establishment of the snail
Bulinus trunculatus and the subsequent hybridization of the invasive S.
haematobium with the native S. guineensis, leading to outbreaks of urogenital
schistosomiasis. Selection in the hybrids has been inferred by Landeryou et
al. (2022) using outlier loci; those with over- or under-representation of alleles
from one of the parental species. This has revealed 37 overrepresented loci
from S. guineensis and 129 from S. haematobium, as well as 13 underrepresented
loci from S. guineensis and 49 from S. haematobium. The largest proportion of
the outlier loci encoded for proteins that localize in the cell membrane. There
was excess introgression of tegument and antigenic genes such as Tegument-
Allergen-Like (TAL) and Venom Allergen-Like (VAL proteins) from S.
haematobium, suggesting that these genes improve the hybrids’ infective
success through evasion or combat of the host immune system. There was a
consistent presence among the outlier loci of genes associated with Ca2+-gated
channels or voltage-gated Ca2+ channels, which could possibly suggest
adaptation to praziquantel (Landeryou et al., 2022). Praziquantel resistance
has never been officially observed in either wild or laboratory populations of
S. haematobium (Summers et al., 2022).

4. Laboratory populations
The occurrence of selection on laboratory populations of parasites

can give insights on natural selection that may be occurring on wild parasite
populations.

4.1. Adaptation to laboratory hosts
Adaptation to a specific type of mammalian host has been observed

in laboratory populations of schistosomes, which has implications on the effect
of reservoir host identity on parasite infectivity in the wild. A Kenyan
population of S. mansoni, which has humans as its natural definitive host,
was isolated in 1968 and subsequently passaged through two mammalian
hosts: baboons and mice (Fletcher et al., 1981). These hosts represent
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nonhuman primates and rodents, the two significant types of reservoir host
for S. mansoni (Catalano et al., 2018; Richards et al., 2019). It was later
discovered that the baboon fluke population showed greater molecular
polymorphism (6 polymorphic loci) than the mice fluke population (1
polymorphic locus) (Fletcher et al., 1981). LoVerde et al. (1985)’s experiments
later confirmed that the decrease in allelic diversity was caused by host-
induced selection, not genetic drift. Passaging the baboon fluke population
through mice caused independent selection of the same alleles and allelic
frequency trends as the population that had been passaged through mice for
12 years. The adaptation of a schistosome population to a mammalian host
might also influences its infectivity to another mammalian host, as shown by
the experiment by Taylor et al. (1977), wherein a laboratory population of the
sheep-infecting fluke Schistosoma mattheei showed decreased infectivity to
sheep after passaging through hamsters. These findings in the laboratory
populations have implications on the zoonotic potential of field populations,
as they suggest that the identity of reservoir hosts have consequences on the
infectivity of the schistosomes to humans. Theoretically, maintenance in
primate reservoir hosts maintains the allelic diversity, and therefore the
zoonotic potential of the schistosomes, while maintenance in rodent reservoirs
would lead to adaptation to rodents, decreased allelic diversity, and decreased
zoonotic potential.

4.2. Experimentally-induced praziquantel resistance
Artificial selection for praziquantel resistance in the laboratory has

been independently replicated multiple times using different parental
populations of S. mansoni, producing PZQ-resistance lines in as little as 2
generations (Couto et al., 2011; Fallon & Doenhoff, 1994; Lotfy et al., 2015;
Pinto-Almeida et al., 2015; Sanchez et al., 2019). Praziquantel resistance has
also been induced in the laboratory for S. japonicum using a population from
a marshland region in Hunan province (Liang et al., 2011). Selection via PZQ
treatment of an S. mansoni laboratory population has revealed a genetic basis
for resistance. The PZQ dose-response curves showed a 14-fold difference in
PZQ response between the parental population and the PZQ-selected
population. Marker-assisted selection of a SNP in TRPMPZQ associated with
resistance further increased the difference in PZQ response to 377-fold (Le
Clec’h et al., 2021b). Reanalysis of the genomes of the resistant population
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using the improved S. mansoni v10 reference genome revealed that a single
QTL in chromosome 3 is responsible for PZQ resistance (Chevalier et al.,
2024). This single resistance QTL spans ~5.7 Mb containing 137 genes,
including several candidate resistance genes such as three partial ABC
transporters, a voltage-gated calcium channel subunit, the transcription factor
SOX13, and the praziquantel target itself, TRPMPZQ (Le Clec’h et al., 2021b).

Future directions
Though it seems like the targeted surveillance of specific loci or genes

seems to be the logical next step after identification of “selectable” trait loci
in genomic studies, there is a dearth in research using these previously
identified loci to detect selection on schistosomes. In my literature review, I
found only Li et al. (2017), which found selection on an S. japonicum antigenic
gene. There is a need for the development of primers for molecular markers
in these selectable trait loci so that they may be used for surveillance of
selection for drug resistance, host-switching, or other adaptive mechanisms
in schistosome populations by researchers who cannot afford whole-genome
sequencing. A possible source of polymorphic markers are introns, regions
spliced out of mRNA, and are therefore mostly not subjected to positive or
negative selective pressures on proteins. Introns are relatively freer to undergo
neutral molecular evolution compared to translated regions (Loewenthal et
al., 2022; Resch et al., 2007). Introns of taurocyamine kinase has been used in
several other trematode species and may be used as a polymorphic marker
in schistosomes (Saijuntha et al., 2018, 2020; Tantrawatpan et al., 2021, 2023).
The practice of using introns as markers with the flanking exon regions as
the primers, called EPIC (exon-primed intron-crossing), becomes increasingly
easy as more reference genomes become available online (Blasco-Costa et al.,
2016).

A better quality S. mansoni reference genome was recently assembled,
wherein there was correction of certain sites in chromosome 3 that were
previously incorrectly included in chromosome 2 (Chevalier et al., 2024). The
2 QTLs for PZQ resistance have now been discovered to be a single QTL
located in chromosome 3. It is expected that rearrangements of the reference
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genomes for S. japonicum and S. haematobium will follow to restore collinearity
between homologous chromosomes.

Summary and Conclusion
Schistosoma populations can differentiate from each other in response

to selective pressures from snail intermediate hosts, definitive hosts, and
human control efforts. Dispersal of a population to a new location can be
accompanied by adaptations to the new local hosts, which leaves signs of
selection in their genomes. Signals of selection can be detected with genomic
surveillance, including within-population and cross-population analyses. A
common trend in population differentiation is the diversification of cercarial
emergence times, which are usually adaptations to the time that the definitive
host is in contact with water. Antigenic proteins are also commonly selected,
particularly when the schistosome population is adapting to a different host.
Host-induced epigenetic modifications possibly facilitate adaptation to hosts
much faster than selection of genes. Selection has been observed in several
genes related to praziquantel activity or efflux in villages subjected to several
rounds of mass drug administration. Among closely related species,
hybridization can increase fitness through selective introgression of specific
advantageous genes which allows hybrids to exploit new conditions that the
parental species could not. This phenomenon is common in S. haematobium.
The reservoir host of a schistosome population matters not only in their
proximity and transmission risk to humans, but also because specific host-
induced adaptations can alter the population’s zoonotic potential. As genomic
studies discover loci that experience selection in response to pressures, we
are given candidate loci for specific targeted surveillance in populations of
interest. With the growing concerns about parasites’ adaptations to the
selective pressures exerted by human interventions (Moendeg et al., 2017;
Nikolakis et al., 2022; Rey, et al., 2021b), particularly mass drug
administrations, genomic surveillance of parasite genomes and targeted
surveillance of identified loci to detect natural selection become increasingly
important.
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