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Abstract

Liver and intestinal flukes of the family Fasciolidae cause zoonotic food–borne infections that impact both agriculture
and human health throughout the world. Their evolutionary history and the genetic basis underlying their phenotypic
and ecological diversity are not well understood. To close that knowledge gap, we compared the whole genomes of
Fasciola hepatica, Fasciola gigantica, and Fasciolopsis buski and determined that the split between Fasciolopsis and
Fasciola took place �90 Ma in the late Cretaceous period, and that between 65 and 50 Ma an intermediate host switch
and a shift from intestinal to hepatic habitats occurred in the Fasciola lineage. The rapid climatic and ecological changes
occurring during this period may have contributed to the adaptive radiation of these flukes. Expansion of cathepsins,
fatty-acid-binding proteins, protein disulfide-isomerases, and molecular chaperones in the genus Fasciola highlights the
significance of excretory–secretory proteins in these liver-dwelling flukes. Fasciola hepatica and Fasciola gigantica di-
verged �5 Ma near the Miocene–Pliocene boundary that coincides with reduced faunal exchange between Africa and
Eurasia. Severe decrease in the effective population size �10 ka in Fasciola is consistent with a founder effect associated
with its recent global spread through ruminant domestication. G-protein-coupled receptors may have key roles in
adaptation of physiology and behavior to new ecological niches. This study has provided novel insights about the genome
evolution of these important pathogens, has generated genomic resources to enable development of improved inter-
ventions and diagnosis, and has laid a solid foundation for genomic epidemiology to trace drug resistance and to aid
surveillance.

Key words: food–borne flukes, Fasciola hepatica, Fasciola gigantica, Fasciolopsis buski, genome evolution, adaptive
radiation.

Introduction
Digenetic trematodes (flukes) are a major group of helminth
parasites of humans and animals. Among them, Fasciolopsis
buski (Fb. buski), Fasciola gigantica (Fa. gigantica), and Fasciola
hepatica (Fa. hepatica), the intestinal and liver flukes of the
family Fasciolidae, cause zoonotic food–borne infections that
have a substantial impact on both agriculture (3 billion USD
per year) and human health (�90,000 disability-adjusted life
years) throughout the world (Torgerson et al. 2015; Cwiklinski
et al. 2016). Fasciolopsis buski (subfamily Fasciolopsinae) is a
large fluke (up to 7.5 cm long, 2.5 cm wide) that infects the
small intestine of humans and pigs in East and Southeast Asia,
causing diarrhea, abdominal pain, fever, ascites, and bowel
obstruction. Fasciola hepatica and Fa. gigantica (subfamily

Fasciolinae) cause liver disease in ruminants and humans in
Europe, the Americas and Australasia (where only Fa. hepat-
ica is transmitted) and in Africa and Asia (where the two
species overlap). When present, clinical symptoms include
fever, malaise, abdominal pain, eosinophilia, and hepatomeg-
aly during the acute phase, whereas biliary tree obstruction
symptoms predominate in chronic disease. Fasciolid flukes
have a heteroxenous life cycle, which involves a definitive
vertebrate host (where the adult worms live, mate, and pro-
duce eggs), an intermediate molluscan host (where the larval
stages develop and multiply), and a carrier (suitable aquatic
plants). A previous phylogenetic study of the family
Fasciolidae (Lotfy et al. 2008) indicates that Fp. buski
(subfamily Fasciolopsinae) is descended from a relatively
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early-diverging lineage, whereas Fa. gigantica and Fa. hepatica
are derived sister species. Somewhere along the line leading to
Fasciola species and other members of the Fasciolinae, two
events of great importance occurred: a host switch from
planorbid snails to lymnaeid snails, and a habitat switch by
adults from intestinal sites to the liver. Here, we present the
genomes of Fp. buski and Fa. gigantica, making the genomes
of all three human-infecting fasciolid flukes available and via
comparisons provide a better understanding of their evolu-
tionary history and diversification, and the genetic bases un-
derlying their phenotypic and ecological divergence and
adaptation to different host species and habitats.

Results and Discussion

Genome Features of the Intestinal and Liver Flukes in
the Family Fasciolidae
The nuclear and mitochondrial genomes of Fb. buski and
Fa. gigantica were sequenced, assembled, and annotated (ta-
ble 1 and supplementary table 1, Supplementary Material
online). To facilitate more robust interspecies comparisons,
our previously published Fa. hepatica genome (GenBank
accession number: GCA_002763495) (McNulty et al. 2017)
was reannotated using an improved methodology and
updated RNA-seq and protein homology databases. The total
assembly lengths of Fp. buski and Fa. gigantica draft genomes
were 748 Mb and 1.13 Gb, respectively. Although the former
is comparable to outgroup species in the family
Opisthorchiidae, the latter with its expanded genome size is
similar to Fa. hepatica (1.14 Gb), suggesting that the increased
genome size is a derived trait that emerged in the lineage
leading to Fasciola. Despite the genome size differences, the
total numbers of protein-coding genes annotated in Fp. buski
and the two Fasciola species were similar, ranging from 11,218
to 12,647 and representing 91.5% to 93.0% BUSCO complete-
ness. These numbers were also comparable to other distantly
related digenean taxa (table 1), suggesting that the relatively
larger Fasciola genomes did not evolve through whole-
genome duplications. Interestingly, the patterns of variation
in transposable element (TE) contents of these and related
genomes indicate that lineage-specific differential accumula-
tion of TE families may have played a central role in genome
size evolution in Fasciolidae (fig. 1A). The nonrepeat genome
sizes are similar in Fp. buski (400 Mb), Fa. hepatica (372 Mb),
Fa. gigantica (409 Mb), and the Opisthorchiidae, while smaller
in the Schistosomatidae (200 Mb). However, the genomic
regions containing interspersed repetitive elements are
more than twice as long in Fasciola spp. (658–707 Mb)
than in Fp. buski (318 Mb), and longer in fasciolids than in
other trematodes. Most of the enrichment in repetitive ele-
ments is due to intergenic elements, although intronic ele-
ments are twice as long in Fasciola spp. than in Fp. buski.
Notably, Fasciola genomes carry about 3–4 times more DNA
transposons (e.g., Tc1/mariner) and about seven times more
long-terminal-repeat retrotransposons (e.g., Gypsy, Pao,
Copia) as compared with the Fp. buski genome (fig. 1B and
supplementary table 2, Supplementary Material online).
These are strongly enriched in intergenic regions, but other T
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abundant long interspersed nuclear elements (LINEs) such as
RTE-BovB are equally distributed between intronic and inter-
genic locations (fig. 1B). Gene length has also increased in
Fasciolinae, due to longer introns, consistent with the in-
creased presence of TEs within them (fig. 1C). As repeat
elements degenerate through time, the sequence similarity
measured as per-copy distances to consensus provides rea-
sonable evidence that TE activity is currently low in the

fasciolid genomes (supplementary fig. 1, Supplementary
Material online).

The influence of TEs on animal genome size variation is
widely accepted, and it is increasingly recognized that changes
in TE activity may have a major effect on adaptation of
populations and species facing novel habitats and large envi-
ronmental perturbations (Chenais et al. 2012). TEs are potent
sources of mutation that can rapidly create genetic variance,

FIG. 1. Trematode genome nonrepetitive and repetitive contents. (A) Relative genome sizes of different trematodes, with nonrepetitive fraction
(blue) represented to the left of the central axis, and repetitive fractions to the right indicating intronic (yellow) and intergenic (orange) repeats,
respectively. (B) Classification of repeated elements present in intronic locations (to the left of the central axis) and intergenic repeats (to the right
of the axis). Repeats classes are color coded. (C) Variation in gene, CDS, and intron lengths for the different trematode species. Statistically
significant differences are indicated.
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especially following genetic bottlenecks and severe environ-
mental changes, providing bursts of allelic and phenotypic
diversity upon which selection can act (Stapley et al. 2015;
Schrader and Schmitz 2018). Thus, our data lead to the hy-
pothesis that TE-mediated genomic changes likely have con-
tributed to the increased adaptive capacity of Fasciola spp. to
new habitats and host species after their divergence from
Fasciolopsis. Because TEs are highly mutagenic, either directly
(e.g., insertions in coding or regulatory regions) or indirectly
(e.g., chromosomal rearrangements), molecular countermeas-
ures such as chromatin modifications suppress their activity
and TE-derived transcripts are targeted for cleavage by npc
silencing and piwi-interacting RNAs (Slotkin and Martienssen
2007). Interestingly the main silencing mechanism, the Piwi
pathway, is incomplete in all parasitic flatworms including the
Fasciolidae here analyzed and alternative silencing mecha-
nisms based on conserved duplicated flatworm-specific
Argonaute proteins (FLAgos) have been suggested (Skinner
et al. 2014; Fontenla et al. 2017) (supplementary fig. 2,
Supplementary Material online). Environmentally induced
physiological or genomic stress can modulate TE activity by
activating transposition or by inhibiting genomic silencing
mechanisms (Rey et al. 2016), thus facilitating adaptive
responses in species experiencing changed or diverse environ-
ments, as faced by invasive, pathogenic or parasitic species
during the developmental cycle (Schrader and Schmitz 2018).

Lineage Diversification, Trait Evolution, and Historical
Demography
Despite their public health and veterinary significance, the
evolutionary history of fasciolid flukes remains understudied.
The Fasciolidae may have originated in African proboscideans
and later radiated in Eurasian herbivores (Lotfy et al. 2008). As
the family diversified, host shifts occurred in both molluscan
and mammalian hosts. There was also a switch in habitat
within the definitive host from the small intestine to the liver
(fig. 2). Morphological, ecological, and molecular phylogenetic
data support relatively basal divergence for the lineage leading
to Fp. buski and a derived position for the species of the genus
Fasciola (Lotfy et al. 2008). Although the former genus has a
planorbid snail as intermediate host, the latter genus exploits
the Lymnaeidae, indicating a host-switch at some point in the
lineage leading to Fasciola. The intestinal fluke Fp. buski has a
large ventral sucker and simple bifurcated digestive ceca,
whereas branched digestive caeca and a reduced ventral
sucker are characteristics of the liver flukes. Accordingly, the
comparative analysis of their genomes offers the opportunity
to gain insights into the evolution of key processes of para-
sitism such as host selection, tissue tropism, and morpholog-
ical adaptations. To investigate prospective correlations
between biogeographical events and lineage diversification
in the Fasciolidae, we constructed a dated phylogeny
using a Bayesian multilocus coalescent method with 30
nuclear protein-coding genes (supplementary table 3,
Supplementary Material online) and a node height prior
taken from the age of Protostomia estimated in a previous
fossil-calibrated eukaryote phylogeny (Parfrey et al. 2011). The
molecular dating revealed that the split between the

genera Fasciolopsis and Fasciola took place around 88.1 Ma
(73.0–102.9, 95% highest posterior density [HPD]) in the late
Cretaceous period, and the divergence between Fa. hepatica
and Fa. gigantica occurred around 5.3 Ma (3.4–7.2, 95% HPD)
near the Miocene–Pliocene boundary (supplementary fig. 3,
Supplementary Material online). The estimated date for the
divergence of Fasciolopsis and Fasciola seems rather ancient,
given what we know about the evolution of mammals.
Monotreme mammals were already established at 112–121
Ma (Rowe et al. 2008). Meredith et al. (Meredith et al. 2011)
have placentals as arising around 100 Ma, mammals as a
group arising much earlier than this, and ungulates a bit later.
It is possible that fasciolids originated early in another group
of mammals and switched into their current host groups
later. Lotfy et al. (2008) suggested that fasciolids emerged in
proboscideans, a hypothesis supported by the fact that the
extant more basal fasciolid (Protofasciola robusta) lives in the
small intestine of African elephants. The proboscideans
evolved in Africa and radiated to Eurasia, and the host tran-
sition to ungulates might have occurred during this disper-
sion. To narrow down the time-window during which the
most distinctive apomorphic traits of the Fasciolinae (genera
Fasciola and Fascioloides) (i.e., lymnaeid snail hosts, hepatic
habitats, branched intestinal caeca, dendritic testes and ova-
ries) originated, the ages of the stem node (the last common
ancestor of Fasciolinae and Fasciolopsinae) and the crown
node (the last common ancestor of all living members of
Fasciolinae) were estimated using a published phylogeny of
Fasciolidae that included Parafasciolopsis fasciolaemorpha
(Fasciolopsinae) (Lotfy et al. 2008) and a whole-genome mi-
tochondrial phylogeny including Fascioloides magna
(Fasciolinae) (fig. 2 and supplementary fig. 4, Supplementary
Material online). The data suggested that the intermediate
host switch and shift from intestinal to hepatic habitats oc-
curred between 65 Ma (stem node; 43.2–85.7, 95% HPD) and
55.9 Ma (crown node; 42.0–70.8, HPD) in the lineage leading
to Fasciolinae. The profound climatic and ecological changes
that occurred during this period (e.g., Cretaceous–Paleogene
mass extinction and Paleocene–Eocene Thermal Maximum)
may have contributed to the adaptive radiation of these
flukes to new niches. The divergence time estimate of 5.3
Ma between Fa. hepatica and Fa. gigantica is substantially
more recent than the previously suggested date of 19 Ma
based on cathepsin L-like cysteine proteases (Irving et al.
2003). Most notably, our speciation time estimate coincides
with the Miocene–Pliocene boundary that was characterized
by a reduced faunal exchange between Africa and Eurasia
(Bibi 2011), which may have contributed to the speciation
process through an increased and sustained disruption of
gene flow, resulting in two locally adapted sister taxa, that
is, Fa. gigantica in Africa and Fa. hepatica in Eurasia. Based on
comparative data on infectivity, life span, egg shedding and
immunity among modern hosts, it was proposed that Fa.
hepatica emerged in Eurasian ovicaprines, whereas Fa. gigan-
tica originated in an African ruminant phylogenetically close
to present-day bovines (Mas-Coma et al. 2009). These sister
taxa still hybridize producing an intermediate form in regions
where they currently occur sympatrically in Africa and Asia
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(Saijuntha et al. 2018). This has important implications for
epidemiology such as the potential for crossover of anthel-
mintic resistance between the two species or emergence of
more pathogenic variants.

Using genome-wide variation data of 13 samples from the
United States, Uruguay, Peru, and the United Kingdom (sup-
plementary table 1, Supplementary Material online), genetic
structuring within Fa. hepatica was assessed. A moderate to
low-level, geographic population structure, reflecting the
country of origin, was observed in the nuclear genome
(fig. 3) (e.g., FST between Uruguay and the United Kingdom:
0.094). Mitochondrial genome variation, however, revealed a
striking pattern of discordance in which two deeply diverged
clades were apparent. These haplogroups correspond to the
two previously reported mitochondrial lineages in Fa. hepat-
ica (defined based on a �1.4-kb region that overlaps with
cytochrome oxidase subunit III gene, tRNA-His gene, and cy-
tochrome b gene) in geographically diverse European and

Australian populations (Teofanova et al. 2011; Walker et al.
2011, 2012) (supplementary fig. 5, Supplementary Material
online). Interestingly, both mitochondrial lineages were ob-
served in Peru, suggesting that both haplogroups have been
introduced to the New World, although their precise fre-
quency and distribution in the Americas will need to be de-
termined. Our molecular dating analysis indicated that these
haplogroups originated around 1.1 Ma (0.07–2.7, 95% HPD)
in the Pleistocene period (supplementary fig. 4,
Supplementary Material online). Domesticated sheep (Ovis
aries) fall into five mitochondrial haplogroups, whose radia-
tion has been dated to be 0.92 6 0.19 Ma, substantially pre-
dating the domestication event (�8–11 ka) (Meadows et al.
2011). It is thus tempting to hypothesize that a process of
host–parasite codiversification has played a central role in the
development of these haplogroups in Fa. hepatica where
haplogroup formation in the host led to genetic structuring
in the parasite. The observed mito-nuclear discordance is
consistent also with high levels of nuclear gene flow and
mixing of alleles within each metapopulation (Beesley et al.
2017) in contrast to the patterns of (nonrecombining) mito-
chondrial allelic diversity where ancestral haplotypes can per-
sist in a population alongside derived forms.

We reconstructed the historical demography of Fasciola
and found evidence of a rapid decline in its effective popula-
tion size (i.e., a signature of founder effect)�10–11 ka, which
is consistent with a recent global spread associated with the
ruminant domestication (fig. 4). An evolutionarily very recent
spread of Fasciola spp. from their origin in the Eurasian Near
East area (Fa. hepatica) and East Africa (Fa. gigantica) has been
proposed based on the ribosomal DNA sequence diversity,
and the spread of both species in postdomestication times
likely has led to their present overlap in Africa and Asia where
lymnaeid snails are suitable for the development of both
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species (Mas-Coma et al. 2009). Abnormal ploidy and asper-
mic parthenogenesis in hybrids between the two species also
suggest their near-complete genetic isolation and separate
evolution in predomestication times (Mas-Coma et al. 2009).

Gene Family Dynamics in Medically Important
Trematodes
To understand the genomic changes underlying phenotypic
variation within fasciolid species and between families

of digenetic trematodes of medical importance
(Schistosomatidae, Opisthorchiidae, and Fasciolidae), we in-
vestigated large-scale differences in gene complements
among lineages. Using orthologous groups (OGs) of genes
identified across eight digenean species with sequenced
genomes (supplementary table 4, Supplementary Material
online), we modeled gene gain and loss while accounting
for the species’ phylogenetic history (Han et al. 2013)
(fig. 5A). Based on the birth–death (k) parameter estimate
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FIG. 5. Gene family dynamics in trematodes of medical importance. (A) Gene family gains/losses were modeled by estimating birth–death (k)
parameters while accounting for the species’ phylogenetic history: when P < 0.01 they were considered rapidly evolving. (B) Gene families of
interest that showed differential expansion/contraction in trematodes of medical importance. Gene family size and count are indicated by scaled
boxes.

Adaptive Radiation of the Flukes of Fasciolidae . doi:10.1093/molbev/msz204 MBE

89

Deleted Text: -
Deleted Text: f
Deleted Text: d
Deleted Text: m
Deleted Text: i
Deleted Text: t
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz204#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz204#supplementary-data
Deleted Text: -


(0.00575), statistical significance of the observed family size
differences among taxa was assessed. Gene families of interest
that displayed most pronounced differential expansions or
contractions included the cathepsin cysteine proteases (L,
F, and B families), fatty-acid-binding proteins, protein
disulfide-isomerases and molecular chaperones, highlighting
the significance of excretory–secretory proteins in lineage-
specific adaptation (fig. 5B). Although several of these protein
families were highlighted as relevant in adaptation by
Fa. hepatica (McNulty et al. 2017), the present study provides
evidence that their amplification occurs at or after the split
between Fasciolinae and Fasciolopsinae.

The cathepsin superfamily encompasses several cysteine
protease genes present in diverse flatworms with differential
expression according to the parasite stage and multiple over-
lapping functions (Caffrey et al. 2018). Cathepsins constitute a
substantial fraction of the excretory–secretory products and
endow Fasciola with the ability to migrate through tissue and
digest matrix, to break down proteins including hemoglobin
for nutrition, and to modulate the immune response through
digestion of immunoglobulins (Cancela et al. 2008;
McGonigle et al. 2008; Robinson et al. 2008). In Fa. hepatica,
a particular cathepsin L (FhCL3) with an unusual collageno-
lytic activity and several cathepsin Bs have been implicated in
the early stages of invasion through the intestinal wall (Corvo
et al. 2009; Cancela et al. 2010; Robinson et al. 2011; Meemon
and Sobhon 2015). Five cathepsin B genes are annotated in
Fp. buski, whereas 16 genes are annotated in Fa. hepatica and
Fa. gigantica. Comparative analysis within cathepsins Bs
(OG0000035) shows four conserved enzymes present in the
three species as well as other trematodes, namely CatB9,
CatB6, and a tandem duplication of CatB8 (fig. 6A and B).
The remaining single gene in Fp. buski is at the base of an
expansion of cathepsin Bs in the Fasciola spp. resulting in
more than ten discrete genes. Given that almost all of these
novel genes are shared between Fa. hepatica and Fa. gigantica,
the genomic event that conferred this gene gain predated the
separation of these species. A subclade of the novel cathepsin
B genes occurring in Fasciola spp. corresponds to those that
are differentially expressed during the intestine invasive stage
in Fa. hepatica (fig. 6A and B). Similarly, within the cathepsin
Ls (OG0000050), although some members are conserved
(particularly CatL0, expressed in eggs in Fa. hepatica), an ex-
pansion and diversification process has taken place in the
Fasciolinae lineage after it diverged from the Fasciolopsinae
(fig. 6C). A tandem array of at least three cathepsin L genes
with repeated exons that might produce diverse transcripts
by alternative splicing is present in the Fp. buski genome
(fig. 6D). Similar complex structures occur repeatedly in di-
verse contigs within the genomes of Fa. gigantica and
Fa. hepatica, giving rise to more than a dozen cathepsin Ls
(fig. 6C). It is noteworthy that the clade including the colla-
genolytic juvenile-specific cathepsin L3 with a suggested role
in early invasion and the clade containing the mature cathep-
sin L1 members involved in immune evasion both seem to be
related to the same Fp. buski cluster (fig. 6C). Although the
still fragmentary status of the three assemblies does not allow
to trace precisely the possible duplication events, it is

plausible to consider that a region similar to the Fp. buski
CatL cluster might have been the origin of the amplifications
in the Fasciolinae lineage. In addition to amplifications of
cathepsins B and L in genomes of the Fasciolinae, other in-
dependent amplifications of these gene families are observed
in the Opisthorchiidae and Schistosomatidae. By contrast,
cathepsin F genes (OG0000076) are amplified only in the
Opisthorchiidae (Kang et al. 2010; Sripa et al. 2010) (fig. 6C).
Notably, the exopeptidase cathepsin C (OG0007199), which is
implicated in terminal processing of peptides in schistosomes
(Hola-Jamriska et al. 1998; Caffrey et al. 2018) and Clonorchis
(Liang et al. 2014), was absent from the three species of the
Fasciolidae studied here. Cathepsin C is conserved in the
Schistosomatidae and Opisthorchiidae (fig. 6A).

Asparaginyl endopeptidases, better known as legumains
have been implicated in the maturation of cathepsin proen-
zymes (Robinson et al. 2009). We observed that Fa. gigantica
shares the amplification of legumains (OG0000019) already
described for Fa. hepatica (McNulty et al. 2017). By contrast, a
restricted set of only three legumain genes is present in
Fp. buski (supplementary fig. 6A, Supplementary Material on-
line). The coincident amplification of cathepsins and legu-
mains in the genus Fasciola might reflect the likely
diversification of regulatory legumains involved in the matu-
ration of the diverse cathepsin proenzymes. Other regulatory
proteins of cysteine protease activity, such as the cystatin
family of cysteine-protease inhibitors occurs broadly and
similarly across the Fasciolidae (supplementary fig. 6B,
Supplementary Material online).

Analysis of gene gain and loss showed that an orthogroup
corresponding to CAP domain-containing proteins
(OG0001149) was extensively amplified in the Fasciolidae
compared with other trematodes. Proteins with this domain,
which also is known as the SCP/TAPS domain, appear to be
involved in helminth parasite–mammalian host interactions.
These proteins are excreted and secreted, and are differen-
tially expressed in the parasitic stages of hookworms (Datu
et al. 2008). In platyhelminths, most studies have been un-
dertaken in Schistosoma mansoni, in which different super-
family members are expressed in different developmental
stages. Some CAP domain-containing proteins are specifically
expressed in the intrasnail stages or in the intramammal
stages (Chalmers et al. 2008; Rofatto et al. 2012). Several
specific duplications have been reported for this superfamily
among diverse helminth taxa (Tang et al. 2014; Hunt et al.
2016; Costabile et al. 2018; International Helminth Genomes
Consortium 2019). In particular, these duplications are lineage
specific, implying that each lineage has duplicated and main-
tained particular superfamily members, influenced by the bi-
ological differences in hosts and/or life cycle stages. To explore
this further, all the orthogroups with genes annotated as CAP
domain-containing proteins from trematodes were retrieved
and analyzed. The phylogenetic analysis (fig. 7) reveals that
although several orthogroups are lineage specific, most of
them are phylogenetically related to other lineage-specific
orthogroups. The Fasciolidae-specific OG0001149 is phyloge-
netically related to five Opisthorchiidae-specific orthogroups
that diverged after the Fasciolidae/Opisthorchiidae split.
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Several of their members are preferentially expressed in the
invasive stage. Four other small OGs occur exclusively in the
Fasciolidae, expressed across diverse life stages such as those
presented in the phylogenetically conserved OG0000070. As
reported for other helminths, different lineages have

duplicated specific groups of genes, and this may be related
to the differences in their life cycles and host immune-evasion
mechanisms.

Other excretory–secretory product components like the
fatty-acid-binding proteins have potent immunomodulatory

FIG. 6. Cathepsins in trematodes of medical importance. (A) Phylogenetic tree of cathepsins B and C from the family Fasciolidae and other
trematodes. (B) Circos representation of the cathepsin B-containing contigs in Fasciolopsis buski (green), Fasciola hepatica (blue), Fasciola gigantica
(light blue). The relative position of the diverse cathepsin B genes is indicated. Conservation between Fp. buski and the Fasciolinae cathepsin Bs is
highlighted in black and those between the Fasciolinae cathepsin Bs in red. (C) Phylogenetic tree of cathepsins L and F from the family Fasciolidae
and other trematodes. (D) Visualization of the gene structure of the cathepsins L cluster present in Fp. buski contig 4155 (top) and Fa. gigantica
contig 4972 (bottom). Conserved regions (as detected by BLAST) are indicated in red, gene CDS are indicated in green (Fp. buski) and sky blue (Fa.
gigantica). Repetitive sequences are indicated in gray. Note the presence of repeated exons that allow alternative transcripts from the same gene.
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effects inhibiting activation of TLR4 and macrophages, allow-
ing the parasite to establish a long-lasting infection
(Figueroa-Santiago and Espino 2014; Martin et al. 2015)
(supplementary fig. 7A, Supplementary Material online).
Lipid transporters, such as the NPC2 protein, were also
amplified in the Fasciolinae, confirming observations on
Fa. hepatica (McNulty et al. 2017). This may represent a
metabolic adaptation to the rich lipid conditions charac-
teristic of the biliary tract, the predilection site for the
adult stage of Fa. gigantica and Fa. hepatica (supplemen-
tary fig. 7B, Supplementary Material online). Heat-shock

proteins expanded in fasciolid flukes (supplementary fig.
8, Supplementary Material online). Flatworm heat-shock
proteins perform crucial roles in protein homeostasis and
protection from stress-induced damage. They also partic-
ipate in development and modulation of immune
responses through their immunogenic and immunomo-
dulative properties (Yang et al. 2012; Chung et al. 2017).
The protein disulfide isomerases described in Fasciola
may contribute to survival of the parasite in an environ-
ment like the bile ducts, with high oxidative stress and
protein damage (Salazar-Calderon et al. 2003).
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Genome-Wide Signatures of Adaptive Evolution in
Fasciola
We examined genome-wide signatures of selection from pat-
terns of genetic polymorphism (within Fa. hepatica) and di-
vergence (between Fa. hepatica and Fa. gigantica) using
SnIPRE, a Bayesian implementation of the McDonald and
Kreitman (MK) test developed for genome-wide analysis
(Eilertson et al. 2012). The Kolmogorov–Smirnov test was
performed to identify enriched gene ontology (GO) terms

among genes with high selection coefficient c (indicating
positive selection) (table 2). A marked enrichment was ob-
served in GO terms related to G-protein-coupled receptors
(GPCRs), indicating that GPCRs are more likely to be under
positive and/or relaxed purifying selection than other genes,
suggesting their involvement in adaptive evolution of these
flukes. Using S. mansoni GPCRs (n¼ 115) as the reference
(Hahnel et al. 2018), putative Fa. hepatica (117), Fa. gigantica
(126), and Fp. buski (142) GPCRs were assigned into classes A,
B, C, and F (fig. 8A and 8B). Class A GPCRs were further
classified into aminergic receptors (including orphan amines,
biogenic amines, and opsins), peptidergic receptors (including
neuropeptide Y, neuropeptide F, and neuropeptide FF, and
FMRFamide-like peptide), and the platyhelminth-specific
rhodopsin-like orphan-family. Phylogenetic analysis indicated
Fasciolidae-specific expansions among biogenic and orphan
amine receptors (fig. 8B). The selection coefficient (c) of
GPCRs, on average, was higher than those of all other genes
(Kruskal–Wallis test, P¼ 1.7� 10�10), and this pattern was
observed across all classes of GPCRs except for opsins (fig. 8C).
GPCRs translate sensory inputs into cellular responses and are
thus crucial for tuning physiology and behavior in response to
the environment. Expansion of GPCR odorant receptors
(ORs), for example, increases the repertoire of odorant signals
that species detect, allowing them to occupy new ecological
niches (e.g., terrestrial vs. aquatic vertebrates) (Kishida 2008).
As a comparison, genomes of great apes contain about 1,000
OR genes, of which one-third appear to be functional, as
acquisition of trichromatic color vision in primates caused
the parallel pseudogenization of OR genes (the “vision-prior-
ity” hypothesis) (Gilad et al. 2004). Hence, it is reasonable to
hypothesize that differential gene family expansion and

Table 2. Enriched GO Terms among Fasciola Genes with Signatures
of Adaptive Evolution (i.e., high gamma values indicating positive
selection).

GO Term Kolmogorov–
Smirnov Test

P-Value

Biological
process

GPCR signaling pathway 9.3E-09

Potassium ion transport 3.0E-04
Transmembrane transport 3.6E-03

Molecular
function

GPCR activity 1.7E-11

Ionotropic glutamate receptor
activity

3.4E-04

Extracellular-glutamate-gated
ion channel activity

3.8E-04

Calcium ion binding 7.3E-04
Potassium channel activity 8.9E-04
G-protein-coupled peptide re-

ceptor activity
9.4E-03

Cellular
component

Integral component of
membrane

2.6E-11

Membrane 4.9E-08
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positive selection of GPCRs, along with parallel pseudogeni-
zation of genes under relaxed purifying selection, represent
one mechanism by which species of Fasciola adapted to a
new ecological niche.

Conclusions
This comparative analysis provides novel insight into the bi-
ology and evolution of Fasciolidae and other fluke families of
medical importance. Rapid climatic and ecological changes
may have contributed to the adaptive radiation of fasciolids,
which were accompanied by lineage-specific gene family
expansions and differential rates of molecular evolution
among different gene families. The genomic resources that
these studies have provided should enhance development of
novel interventions and diagnosis, and underpin genomic
epidemiologic investigation of new disease outbreaks, viru-
lence and drug resistance.

Materials and Methods

Parasite Specimens
Genomes of Fa. gigantica and Fp. buski were assembled de
novo using specimens from Uganda (cattle liver) and
Vietnam (pig intestine), respectively. Adult Fa. gigantica
were isolated from the livers of Ankole cattle at the abattoir
of Fort Portal in the Western Region of Uganda in 1993. The
samples of Fp. buski belong to the HT strain and were col-
lected in Ha Tay town, near Hanoi, Vietnam. Parasites were
stored in 80% ethanol at �20 �C until isolation of nucleic
acids. Whole-genome resequencing data for Fa. hepatica were
generated using specimens collected from Uruguay
(Montevideo) and Peru (Cusco), which were analyzed to-
gether with published samples from the United States
(McNulty et al. 2017) and the United Kingdom (Cwiklinski
et al. 2015).

DNA/RNA Isolation, Genome Sequencing, and
Assembly
Nucleic acids were extracted using QIAGEN DNeasy (DNA)
and RNeasy (RNA) mini kits and cleaned up by ethanol pre-
cipitation for Fa. gigantica. For Fp. buski, ethanol-preserved
adult worms were chopped up using a scalpel blade, and
genomic DNA (gDNA) was extracted and purified using the
kit E.Z.N.A and SQ Tissue DNA Kit (Omega Bio-tek), and the
yield and purity were assessed by Bio-Analyzer as described
(McNulty et al. 2017). DNA small-insert (fragment) and mate-
pair (jump) libraries were constructed using gDNA extracted
from an individual adult worm and sequenced on Illumina
HiSeq platform (2X100bp) as described (McNulty et al. 2017).
Pacific Biosciences sequencing (PacBio RS II P5-C3/P6-C4, 20-
kb library) was performed to complement the Illumina data
and improve scaffolding and gap-filling. ALLPATHS-LG (re-
lease 44837) (Gnerre et al. 2011) was used to assemble the
Illumina reads after adapter sequences were removed with
Trimmomatic v0.36 (Bolger et al. 2014). To scaffold the as-
sembled contigs, SSPACE-standard v3.0 (Boetzer et al. 2011)
and SSPACE-longread v1.1 (Boetzer and Pirovano 2014) were
sequentially run using the Illumina and PacBio reads,

respectively. Gapfiller v1.10 (Boetzer and Pirovano 2012)
and PBJelly v15.8.24 (English et al. 2012) were used to close
gaps, and the resulting assembly was error-corrected using
Pilon v1.20 (Walker et al. 2014) and screened for contami-
nants using blobtools v0.9.19. Mitochondrial genomes
(mtDNA) were assembled with NOVOPlasty v2.6.3 using
the Illumina fragment reads (Dierckxsens et al. 2017).

Genome Annotation
The nuclear genomes of Fa. gigantica and Fp. buski were an-
notated using the MAKER pipeline v2.31.8 (Holt and Yandell
2011). The published Fa. hepatica genome assembly
(GenBank accession number: GCA_002763495.1) was
reannotated using the same pipeline. Repetitive elements
were soft-masked with RepeatMasker v4.0.6 using a species-
specific repeat library created by RepeatModeler v1.0.8,
RepBase repeat libraries (Bao et al. 2015), and a list of known
TEs provided by MAKER (Holt and Yandell 2011). From the
NCBI Sequence Read Archive, Fa. hepatica (SRR2038730,
SRR2038734, SRR2038743, SRR2039050, SRR2039051,
ERS524681-3, ERS524685-91, ERS524693, ERS524696),
Fa. gigantica (SRR094761), and Fp. buski (SRR941773,
SRR5929441) RNA-seq data were obtained. Additional
RNA-seq was performed for Fa. gigantica in biological dupli-
cates (adult stage) on the Illumina HiSeq platform (2X100bp
TruSeq Stranded mRNA library) to support the genome an-
notation. After adapter trimming using Trimmomatic v0.36
(Bolger et al. 2014), RNA-seq reads were aligned to their re-
spective genome assemblies using HISAT2 v2.0.5 (Kim et al.
2015) with the –dta option and subsequently assembled us-
ing StringTie v1.2.4 (Pertea et al. 2015). The resulting align-
ment and transcript assembly were used by BRAKER (Hoff
et al. 2016) and MAKER pipelines, respectively, as extrinsic
evidence data. In addition, mRNA and EST sequences for each
species were retrieved from NCBI and passed to MAKER as
transcript evidence. Protein sequences from UniRef100
(UniProt Consortium 2017) (Trematoda-specific,
n¼ 205,161) and WormBase ParaSite WBPS7 (Howe et al.
2017) (Clonorchis sinensis PRJDA72781, Opisthorchis viverrini
PRJNA222628, S. mansoni PRJEA36577) were provided to
MAKER as protein homology evidence. Ab initio gene pre-
dictions from BRAKER v1.9 (Hoff et al. 2016) and AUGUSTUS
v3.2.2 (trained by BRAKER and run within MAKER) were
refined using the transcript and protein evidence. Previously
unpredicted exons and untranslated regions were added, and
split models were merged. The best-supported gene models
were chosen based on Annotation Edit Distance (Eilbeck et al.
2009). To reduce false positives, gene predictions without
supporting evidence were excluded during building the final
annotation, with the exception of those encoding Pfam
domains, as detected by InterProScan v5.19 (Jones et al.
2014). These Pfam domain sequences were rescued to im-
prove the overall annotation accuracy by balancing sensitivity
and specificity (Holt and Yandell 2011; Campbell et al. 2014).
Unfiltered set of gene models are available upon request.
PANNZER2 (Koskinen et al. 2015) and sma3s v2 (Casimiro-
Soriguer et al. 2017) were employed to name gene products.
The completeness of annotated gene sets was assessed using
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BUSCO v3.0 (Waterhouse et al. 2017). GO and KEGG anno-
tations were performed using InterProScan v5.19 (Jones et al.
2014) and BlastKOALA (Kanehisa et al. 2016), respectively.
rRNA and tRNA were annotated using RNAmmer v1.2.1
(Lagesen et al. 2007) and tRNAscan-SE v1.23 (Lowe and
Eddy 1997), respectively. Mitochondrial genomes were anno-
tated using MITOS2 (Bernt et al. 2013).

Repeat Analysis
RepeatModeler v1.0.8 (with WU-BLAST as its search engine)
was used to build, refine, and classify consensus models of
putative interspersed repeats for each species. With the
resulting repeat libraries, genomic sequences were screened
using RepeatMasker v4.0.6 in “slow search” mode to generate
a detailed annotation of the interspersed and simple repeats.
Per-copy distances to consensus were calculated (Kimura
two-parameter model, excluding CpG sites) and were plotted
as repeat landscapes where divergence distribution
reflected the activity of TEs on a relative time scale
per genome using the calcDivergenceFromAlign.pl
and createRepeatLandscape.pl scripts included in the
RepeatMasker package. Intergenic and intragenic repeats
were identified by comparing the genic and repeat annota-
tion coordinates. The distribution of gene lengths, coding,
and intronic sequences for different species were calculated,
and the statistical significance of the observed size differences
among taxa was assessed.

Molecular Divergence Dating Analysis
Diversification timeframe for Fasciolidae was estimated using
StarBEAST2, a multiindividual, multilocus coalescent method
implemented in *BEAST v2.4.7 (Ogilvie et al. 2017). To infer
times to the most-recent common ancestor for Fasciolopsis–
Fasciola and Fa. hepatica–Fa. gigantica, 30 single-copy pro-
tein-coding nuclear loci were selected randomly from OGs of
genes identified across 11 protostome taxa using OrthoFinder
v1.1.4 (Emms and Kelly 2015). In S. mansoni, which is cur-
rently the only trematode for which a chromosome-level as-
sembly is available, all 30 loci are located on autosomes and at
least 500 kb apart from each other, suggesting that these
genes are unlinked and evolve independently. For each
orthologous gene group, PRANK (Loytynoja and Goldman
2005) was used within the framework of GUIDANCE2 (Sela
et al. 2015) to generate codon-based multiple sequence align-
ments with removal of unreliable columns (below the default
cutoff of 0.93). A relaxed molecular clock analysis was run
with the Calibrated Yule model (Heled and Drummond 2012)
and bModelTest (Bouckaert and Drummond 2017) as the
tree prior and the site model, respectively. A most-recent
common ancestor prior was set on the root height for the
species tree, taken from the age of Protostomia estimated in a
previous fossil-calibrated eukaryote phylogeny (Parfrey et al.
2011)—a normal prior with mean¼ 632 Ma, SD¼ 29.3 Ma.
Twenty independent Markov chain Monte Carlo chains were
run, each for 2� 109 generations, sampling every 105 states.
The topology was held constant when estimating other
parameters, including divergence times. Convergence, mixing,
and ESS values for each parameter were assessed using Tracer

v1.6 (Rambaut et al. 2018). The last 2� 104 trees sampled
from the stationary posterior distribution of each of the 20
Markov chain Monte Carlo runs were combined using
LogCombiner v1.8.4, and a maximum clade credibility tree
was generated using TreeAnnotator v2.4.7. An earlier fasciolid
phylogeny (based on 28S, ITS1, ITS2, NAD1) (Lotfy et al. 2008)
and a whole-genome mitochondrial phylogeny were dated,
using the same methods, but adjusting gene ploidy for mito-
chondrial loci, and using the resulting divergence time esti-
mates (Fasciolopsis–Fasciola: mean ¼ 88.1 Ma, SD ¼ 7.7 Ma;
Fa. hepatica–Fa. gigantica: mean¼ 5.29 Ma, SD¼ 0.9 Ma) as
node age priors.

Gene Family Evolution
OGs of genes were inferred with OrthoFinder v1.1.4 (Emms
and Kelly 2015) using the longest isoform for each gene. The
CAFE method (Han et al. 2013) was employed to model gene
gain and loss while accounting for the species’ phylogenetic
history based on an ultrametric species tree, generated as
described above for molecular dating, and the number of
gene copies found in each species for each gene family.
Birth–death (k) parameters were estimated, and the statisti-
cal significance of the observed family size differences among
taxa was assessed. Gene trees from selected Fasciolidae-
enriched families were generated by aligning with MAFFT
(Katoh and Standley 2014) and PHYML tree building
(Guindon et al. 2010), with models predicted by Model
Generator (Keane et al. 2006). Trees were visualized with
Evolview (He et al. 2016). Cryptic or partial copies of gene
family members were captured by tBLASTn on the genomes
with coding sequence (CDS) of OG members as queries, and
visualized and inspected manually with Artemis (Carver et al.
2012).

Genome Variation Analysis
Individual worm gDNA reads from Illumina small-insert li-
braries were aligned to the corresponding genome assemblies
using BWA-MEM v0.7.15 (Li and Durbin 2009). Polymerase
chain reaction and optical duplicates were removed using
picard tools v2.8.3 (http://broadinstitute.github.io/picard;
last accessed February 9, 2017). Reads that aligned on the
edges of indels were realigned to achieve the most consistent
placement. Single-nucleotide variants were called via local de
novo assembly of haplotypes using GATK v3.7 (McKenna
et al. 2010) and quality-filtered as previously described (Van
der Auwera et al. 2013; McNulty et al. 2017). For mitochon-
drial loci, sample ploidy was set to 1. Full mitochondrial hap-
lotype sequences were reconstructed based on single
nucleotide polymorphisms (SNPs) for individual Fa. hepatica
samples and were used to build maximum-likelihood phylo-
genetic trees with RAxML v8.2.9 under GTRCAT model and
with autoMRE bootstrapping (Stamatakis 2014). The pairwise
genetic distance between samples (1-ibs, identity by state)
was computed using PLINK v1.90 after excluding loci with
missing genotypes in any of the samples for both the nuclear
and mitochondrial genomes. The computed distances were
subsequently used to generate a tanglegram based on
neighbor-joining trees in Dendroscope v3.5.9. To correlate
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our mitochondrial genome sequences with the previously
published �1.4-kb partial mitochondrial sequences overlap-
ping with cytochrome oxidase subunit III (cox3) gene, tRNA-
His gene, and cytochrome b (cytb) gene, the corresponding
regions were extracted from the genomes and subjected to
phylogenetic analysis using MAFFT and RAxML (Katoh and
Standley 2014; Stamatakis 2014). Variants were annotated
according to their genomic locations and predicted coding
effects using SnpEff (Cingolani et al. 2012).

Historical Demography
The Pairwise Sequentially Markovian Coalescent (PSMC)
model (Li and Durbin 2011) was used to characterize histor-
ical demography by examining heterozygosity densities in
100-bp sliding windows across the genome. Consensus geno-
mic sequence data (contig length > 50 kb) were generated
for each diploid individual worm using SAMtools/BCFtools
(mapping quality > 20; base quality > 20; median �
0.33< depth of coverage<median� 2) (Li et al. 2009) based
on the deduplicated and indel-realigned alignments. Because
PSMC is sensitive to variation in coverage depth, it was run
twice for each individual using parameters -N25 -t15 -r5 -p
“4þ25*2þ4þ 6.” First, it was run utilizing all mapped se-
quence data and then utilizing data down-sampled to 10�
coverage using the DownsampleSam tool (picard). Results
were scaled by a mutation rate estimated based on genome
size (1.6� 10�8 per base pair per generation for Fasciola spp.)
(Crellen et al. 2016) and a generation time of 0.25 years
(Phalee et al. 2015), resulting in distributions of Ne through
time. Subsequently, 100 PSMC bootstrap replicates were per-
formed for both full-coverage and down-sampled data to
confirm consistent distributional patterns.

Genome-Wide Analysis of Signatures of Adaptive
Evolution
To identify genome-wide signatures of selection from pat-
terns of genetic polymorphism (within Fa. hepatica) and di-
vergence (between Fa. hepatica and Fa. gigantica), we
performed the MK test within a Bayesian framework using
SnIPRE (Eilertson et al. 2012). The MK table of fixed or poly-
morphic replacement and silent substitutions was prepared
using PopGenome (Pfeifer et al. 2014) based on exonic SNPs
(identified using the GATK pipeline as described above) in
13 Fa. hepatica and 1 Fa. gigantica samples. Gene loci with
>8� sequencing coverage over >70% CDS length in all
samples were included in the analysis (n¼ 9,398). The
Kolmogorov–Smirnov test was performed to identify
enriched GO terms among gene with high gamma (positive
selection).

GPCR Annotation and Analyses
Based on available high-confidence GPCR sequences in S.
mansoni (Hahnel et al. 2018) and Fa. hepatica (McVeigh
et al. 2018), orthologous GPCR sequences were identified in
our fasciolid genomes by Inparanoid v4.1 (Sonnhammer and
Ostlund 2015) and Reciprocal Best Hits methods. These
sequences were supplemented with those annotated with
the GO term GO:0004930 (GPCR activity) by InterProScan

v5.19. False-positive GPCR sequences were removed through
manual curation involving an iterative process of inspecting
multiple sequence alignments, building phylogenetic trees,
and identifying anomalous phylogenetic placements using
the S. mansoni phylogeny (Hahnel et al. 2018) as the refer-
ence. Multiple sequence alignments were generated using
TM-Aligner (Bhat et al. 2017), and phylogenetic trees were
inferred by maximum likelihood using IQ-TREE (Nguyen et al.
2015) with the best-fit model automatically selected
(Kalyaanamoorthy et al. 2017) and the SH-aLRT test
(Guindon et al. 2010) performed with 10,000 replicates.

Command lines used to perform the analyses are made
available in supplementary text 1, Supplementary Material
online.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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