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Abstract
Background  While mammalian host invasion by the liver fluke Fasciola hepatica has been extensively studied, 
reports on the interaction with its intermediate host at the molecular level remain scarce. These developmental stages 
are particularly interesting since at least two cycles of asexual amplification occur within lymnaeid snails, leading to 
the production of hundreds of infective metacercariae. We analyzed transcriptomic data from miracidia and intra-
molluscan stages seeking clues of these interaction and developmental processes.

Results  We identified 1744 novel transcripts and several isoforms of already annotated genes. Analysis of 
expression across the whole life cycle resulted in five distinct gene expression clusters (egg, miracidia, intra-snail 
stages, invading stages and juvenile-adults). Few genes showed strict stage-specific expression, but notably most 
of those corresponding to miracidial and intra-snail stages were novel unannotated genes. Genes upregulated in 
the miracidium include enzymes involved in neurotransmitter synthesis, energy metabolism and calcium mediated 
signaling, consistent with the physiology of a short-lived free-living stage. Several genes associated with development 
and morphogenesis were characterized in early (15 days post-infection) intra-snail stages. Purine salvage pathway 
genes were upregulated in this time-point, consistent with a high biosynthetic demand and the absence of a 
complete purine synthesis pathway in F. hepatica. Mucins, glycan biosynthesis genes and aquaporins upregulated 
within late (30 dpi) intra-snail stages are interesting, considering their putative role in the next host transition.

Conclusions  Different members of well-known protein families involved in host-parasite interaction such as 
cathepsin proteases, legumains, protease inhibitors and lipid transporters were detected with stage specific 
expression in early and late intra-snail stages. These findings suggest duplication and tunning during evolution of the 
same set of molecular mediators for the interactions with the intermediate and definitive hosts.
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Background
Fasciolosis is the zoonotic disease with the widest distri-
bution worldwide, affecting all continents with the only 
exception of Antarctica. This foodborne trematodiasis 
(FBT) is caused by two species of liver flukes, Fasciola 
hepatica in temperate areas and F. gigantica in tropical 
regions of Africa and Asia [1]. Fasciolosis is responsible 
for massive economic losses to the livestock industry, 
estimated globally to be US$3.2 billion annually due to 
reduced production yields and associated treatment costs 
[2]. It is also recognized as a Neglected Tropical Disease 
(NTD) by the World Health Organization (WHO) (​h​t​t​
p​​s​:​/​​/​w​w​w​​.​w​​h​o​.​​i​n​t​​/​n​e​w​​s​-​​r​o​o​​m​/​q​​u​e​s​t​​i​o​​n​s​-​​a​n​d​​-​a​n​s​​w​e​​r​s​
/​​i​t​e​​m​/​q​-​​a​-​​o​n​-​f​a​s​c​i​o​l​i​a​s​i​s), with at least 2.4 million ​p​e​o​
p​l​e infected in more than 75 countries worldwide, with 
several million more at risk [3, 4]. However, the actual 
numbers of infections in humans and animals are likely 
underestimated due to the lack of comprehensive or 
coordinated studies, and limited availability of diagnostic 
tools in some developing countries [5].

The infection is acquired by ingesting plants contami-
nated with the parasite metacercariae, an encysted larval 
form that is activated by gastric and duodenal contents 
promoting excystation. The newly excysted juvenile 
(NEJ) actively migrates through the intestinal wall, break-
ing epithelial cells, connective tissue and muscular fibers, 
to the peritoneal cavity. Here the parasites penetrate 
the liver, feeding extensively on blood and liver paren-
chyma to facilitate their growth and development. This 
initial acute phase of the disease spontaneously resolves 
5 to 6 weeks after the infection when the worms estab-
lished within the biliary ducts, develop into adults. In 
the immunologically protected niche of the bile duct, the 
adults can live for years laying thousands of eggs daily, 
which are passed to the environment with host feces [6]. 
When the eggs reach a water source and find appropriate 
conditions of light and temperature, embryonic devel-
opment is induced, leading to the hatching of the mira-
cidium. This free-living larval stage is characterized by 
quick and coordinated movements facilitated by the cili-
ated plates in which it is coated. The miracidium actively 
swims in search for its intermediate host, a snail of the 
genus Lymnaea. Through coordinated mechanic action 
and enzymatic secretions the miracidium penetrates the 
snail, losing its ciliary plates and transforming into spo-
rocyst [7, 8].

Within the intermediate snail host extensive asexual 
amplification occurs. A population of undifferentiated 
stem cells (denominated neoblasts) is thought to under-
lie this intra-molluscan amplification, through multiple 
rounds of proliferation and de novo embryogenesis in the 
absence of fertilization [9]. Five to eight germinal cells 
within the miracidium start proliferating when trans-
formed into a sporocyst, each leading to the formation 

of a rediae, a larval form displaying a digestive system. 
These larvae migrate within the host feeding from snail 
tissues. Within the rediae, the asexual amplification 
cycles triggered by undifferentiated germinal cells con-
tinue, producing secondary rediae (that can perpetuate 
the asexual reproduction) and/or cercariae that are shed 
from the snail after 4 to 7 weeks post-infection. Emerging 
cercariae swim freely seeking vegetation (e.g., watercress) 
on top of which they encyst [10]. Remarkably, the asexual 
amplification cycles within the snail are vital for parasite 
propagation, since a single miracidium can produce hun-
dreds of metacercariae [11].

The diverse developmental transitions across the liver 
fluke life cycle are accompanied by changes at the gene 
expression level. Several efforts to analyze these changes 
at transcriptomic and proteomic level have largely been 
centered in the intra-mammalian developmental stages, 
including NEJs, juveniles, adult worms and eggs [12–15]. 
More recently, spatial transcriptomic studies on adult 
worms have added detailed insights about this develop-
mental stage [16]. However, large-scale changes to gene 
expression within the intermediate host remain poorly 
characterized.

In the present study, we analyzed gene expression pat-
terns of the F. hepatica miracidium and three intra-snail 
stages collected from experimentally infected Lymnaea 
viatrix snails. We also used publicly available RNA-seq 
data from other stages to reveal differentially expressed 
genes in each case, analyzing in detail the expression pro-
file of genes involved in development and host-parasite 
interaction. Additionally, we compared our findings with 
those from a previous study in F. gigantica intra-snail 
stages [17]. Our analyses revealed that gene expression 
across the life cycle can be subdivided into 5 or 6 dis-
crete clusters of coordinated expression, mirroring the 
major transitions between hosts. Furthermore, diverse 
gene families show paralogous expansions associated 
with expression at different stages of the life cycle. These 
results suggest that the parasite employs different vari-
ants of a restricted toolkit for the invasion of both inter-
mediate and definitive hosts.

Results and discussion
Intra-snail stage transcriptomics data assembly reveals 
novel genes
While there is reasonable information on transcriptomic 
changes associated with intra-mammalian developmen-
tal stages of Fasciola hepatica [12–15], there are no tran-
scriptomics studies of intra-snail stages for this species, 
and only a single report in the sister species F. gigantica 
[17]. To fill this knowledge gap, here we analyzed the 
transcriptomic profiles of miracidia, and parasites col-
lected from infected snails at 15-, 21- and 30-days post-
infection (IS15, IS21 and IS30, respectively). Consistent 
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with the rather asynchronous pattern of development of 
liver fluke within snails [10], samples obtained at differ-
ent time points were diverse, comprising late sporocysts 
and/or different sized rediae (primary and secondary) at 
the early time point (Fig. 1A-B), while at the later time 
point samples consisted mainly of late rediae containing 
developing cercariae and fully developed cercariae (Fig. 
1C-D). The asynchronic development and the resulting 
heterogeneity of forms at intra-snail stages is an intrin-
sic characteristic of the parasite life cycle, and time 
points are traditionally considered as good proxies of the 
advancement of the development within the intermediate 
host [18].

Samples from different time points were used to pre-
pare Illumina RNAseq libraries, barcoded, equimolarly 
pooled, and sequenced. We obtained more than 340 mil-
lion good quality paired reads from all the libraries with 
mapping rates to the reference genome (PRJEB25283) 
ranging from 72% to 88% (Suppl. Table 1). Only 4% of the 
unmapped reads could be mapped to snail host genomes, 
suggesting low levels of contamination with host tissues. 
In any case, all unmapped reads where not considered in 
downstream analyses. Transcript assembly after mapping 
to the reference genome resulted in more than 10 thou-
sand confident transcripts (over 10x coverage) in each 
sample (Suppl. Table 1). This count is consistent with the 
initial 9,732 genes described in the reference genome, and 
lower but in the same order of magnitude than the 58,422 
assembled transcripts reported for all the life stages 
transcriptomics of F. gigantica [17]. About 50% of the 
“novel transcripts” reported by StringTie corresponded 

to “splicing variants” of already annotated genes (Suppl. 
Figure_2A). Novel isoforms account for an additional ~ 
20%, with intergenic annotations being the greater frac-
tion within this category. These novel genes were particu-
larly interesting, given that they could be stage-specific. 
We detected 1744 novel putative protein coding genes 
expressed in at least one of the analyzed time-points. 
These were added to the already annotated genes in the 
reference, resulting in 11,452 total protein coding genes 
that we used as our curated dataset from here on. Almost 
70% of them have some type of functional annotation, 
while the rest remain as unknown genes.

Multidimensional analysis of gene expression mirrors the 
major life cycle transitions in F. hepatica
Variations in gene expression were analyzed across the 
life cycle of F. hepatica, by integrating our intra-snail 
stages transcriptomics with previously published data 
from other stages (namely eggs, metacercariae, NEJs, 
juveniles and adults) [12–15]. In order to get compa-
rable results, we reanalyzed both publicly available and 
novel transcriptomic data using the same framework. 
After quantification and quality-control, the consistency 
of samples was analyzed by multidimensional scaling 
(MDS). The first two dimensions explained ~ 50% of 
the variance (dimension 1, ~ 30%; dimension 2, ~ 20%) 
(Fig. 2A, C), with samples from the same developmental 
stages grouping together across five clusters: (i) egg and 
adult stages (EGG, AD), (ii) miracidium (MIR), (iii) intra-
snail stages (IS15, IS21, IS30), (iv) metacercariae (MET) 
and different time points of newly excysted juveniles 
(NEJ1, NEJ2, NEJ24), and (v) juvenile (JUV). The cluster-
ing of adult and egg samples may reflect the presence of 
eggs within the adult reproductive organs, as expected 
considering the high egg production by hermaphroditic 
adult worms.

Consistent with this hypothesis, adding the third 
dimension (which explains ~ 20% of the variance) of the 
MDS clearly discriminates these two stages (Fig.  2B). 
Similarly, miracidium samples were close to the intra-
snail samples, NEJ samples proximate to juvenile sam-
ples, which in turn appeared closer to the adult stage, 
thus recapitulating the life cycle stage progression of F. 
hepatica.

Contiguous life stages show similar profiles of highly 
expressed genes
More than 50% of the annotated genes showed expres-
sion across all life cycle stages, while the remaining 
expressed genes were generally shared by more than one 
stage. Stage-specific expression was detected only for a 
reduced set of genes in miracidium and intra-snail stages 
(Suppl Fig. 2B). Most of these genes corresponded to 
novel protein coding transcripts identified with StringTie 

Fig. 1  Dissected snails and specimens recovered, including those se-
quenced in the study. A IS15 snail with parasites emerging (indicated 
with arrows). B Parasites representative of early stages infection. Arrows 
indicate proliferative cells masses within one rediae, C Rediae containing 
cercariae (arrows), representative of late (IS30) stages of infection. D Free 
cercaria observed in late stages of infection
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in previously unannotated inter-genic regions of the ref-
erence genome, highlighting the relevance of integrating 
transcriptomic data from as many life cycle stages as pos-
sible [19].

To further characterize gene expression across the life 
cycle of the parasite, we restricted the analysis to the top 
10% of expressed genes in each stage. While the larger set 
(~ 30%) still corresponds to several genes expressed in 
all stages that might represent housekeeping functions, 
other patterns could be detected (Fig. 3A).

Notably, contiguous life stages show similar profiles of 
highly expressed genes (HEG), particularly a set of genes 
highly expressed in the intra-snail stages and a group of 
genes highly expressed in the early invasive stages of the 
mammalian host. A few stage-specific HEG were also 
detected. In general, the sets of HEG associated with the 
intra-snail stages showed lower percentage of functional 
annotation, consistent with the limited molecular knowl-
edge of the parasite stages associated with the intermedi-
ate host (Fig. 3B).

Fig. 3  Upset plot showing the intersection of the top 10% expressed genes between stages. The number of genes per stage and the size of each inter-
section group are indicated by left and top black bars respectively. Contiguous life stages with similar HEG patterns are indicated by different shades of 
color (i.e. yellow for eggs, greens for snail-related stages, blues for invasion of the mammalian host, reds for intra-liver stages). The percentage of genes 
with any kind of functional annotation (GO, KEGG or PFAM) within each group is shown as grey bars below the plot

 

Fig. 2  Multidimensional analysis of the samples used in the study. A Shows the two main dimensions. B Adding the third-dimension splits adult and 
egg samples. An interactive version of this plot could be found as IP1 in the supplementary Zenodo repository (C) Proportion of the variance that can be 
explained by each dimension of the first ten dimensions
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Relevant changes in gene expression might not be lim-
ited only to highly expressed genes; subtle changes in key 
regulatory genes might underly relevant developmen-
tal stage transitions. For this reason, we used Clust [20] 
to cluster genes with similar patterns of co-expression 
across the cycle (Fig. 4). Seven patterns of gene expres-
sion transitions were identified corresponding to genes 
preferentially upregulated in intra-snail stages (Fig. 4A-
B), intra-mammalian stages (Fig. 4F-G), or having pro-
files with no clear association with specific biological 
conditions (Fig. 4C-E). These results may reflect the exis-
tence of differential regulatory programs being expressed, 

allowing the adaptation to the specific environments in 
each host. Our results are similar to those reported for F. 
gigantica where, rather than stage-specific, clusters of co-
expression are associated with the major developmental 
transitions of the life cycle [17].

To further analyze gene expression across the life 
cycle, we classified all expressed genes based on their 
differential expression following a similar approach pre-
viously applied for F. gigantica  [17]. We identified a set 
of 1784 Highly Variable Genes (HVGs), defined as those 
that differ 16 times in their expression value over the 
mean (|log2FC| ≥ 4 and FDR < 0.01) between any pair of 

Fig. 4  Co-expression gene clusters along the life cycle of F. hepatica. Clusters of co-expressed genes based on the normalized expression (z-score) across 
all the developmental stages were generated with Clust. Genes with stable gene expression along the entire life cycle were filtered out. For each cluster 
the total number of genes and those that are novel are indicated over each graph
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conditions. In contrast, we identified a set of 2431 genes 
with low variability coefficient of expression across stages 
(VC < 0.5). These Stable Expressed Genes (SEGs) were 
used as controls for further analyses (Fig. 5A).

By definition HVGs are over-expressed in certain 
stages, and consequently they could be classified by a 
simple k-means algorithm into groups that follow the dif-
ferent stage transitions (Fig. 5B). Sets of highly expressed 
genes in egg and miracidia are evident. Although intra-
snail stages showed a similar pattern, early and late 
expressed genes could also be differentiated. Metacer-
cariae and NEJ collected at different times showed a 
restricted and shared set of genes, while immature and 
adult intra-liver stages showed an overlapping set of 
HVGs. HVGs fell into very diverse functional annota-
tion categories, but there was no evident enrichment of 
any category across the diverse clusters. A comparison 
of HVGs from F. hepatica and those detected in F. gigan-
tica showed a reasonable overlap suggesting that similar 
mechanisms and genes are upregulated at different stages 
of the cycle (Suppl. Figure 3).

Differential gene expression analysis reveals motility 
related genes in miracidia
To analyze gene expression associated with host inva-
sion and infection establishment in the snail we focused 
on the comparison of miracidia with early (15  day) 
intra-snail larval stages, and between early and late (15 
and 30  day) intra-snail stages. Samples from 21-day 

intra-snail stages were excluded from the comparison 
since we want to focused on the time point samples that 
show more morphological observed differences in their 
contents. Furthermore, the IS21 samples were obtained 
and sequenced separately, so batch effects could mask 
differences observed.

Differential gene expression between miracidia and 
15-day intra-snail stages (IS15) revealed 330 genes upreg-
ulated in miracidia, and 1215 genes in the IS15. Although 
no GO terms or KEGG pathways were functionally 
enriched in miracidia, several genes related to the infec-
tive processes, signal transduction, and movement in 
response to external stimuli, as well as carbohydrate 
metabolism, were upregulated in miracidia.

Various genes associated with motility and ciliary pro-
teins were upregulated in miracidia (Fig. 6A, cyan and 
green), consistent with the active role of the miracid-
ium ciliary plates during snail-host seeking [21]. These 
include structural proteins like alpha tubulin (TUBA), 
the ciliary rootlet coiled coil protein (rootletlin, CROCC) 
[22], as well as other genes associated to the ciliary func-
tion like the radial spike protein RPS4, Gas8 involved 
in the nexin-dynein regulatory complex (NDRC), or 
CDCC39 involved in regulating ciliogenesis [23]. Genes 
associated with ciliary function were also upregulated 
in S. japonicum miracidia [24], consistent with common 
mechanisms across trematodes.

Some genes involved in calcium mediated transduc-
tion like calmodulin (CaM), calcium/calmodulin kinase 

Fig. 5  Expression variance across the F. hepatica life cycle. A Ratio of average expression of a gene and its variance across the life cycle. Genes with a 
Highly Variable Expression (HVG, |log2FC| ≥ 4 & FDR < 0.01) are represented in blue, Stable Expression Genes (SEG) are indicated in green. B Expression pat-
terns of GDAV cluster genes along the life cycle of F. hepatica. The clusters of HVG (log2FC > = 2 and FDR < 0.01) were generated by a k-means algorithm 
(k = 6). The six different clusters detected are indicated by color bars (left)
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Fig. 6 (See legend on next page.)
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II (CaMKII) and the kinase regulatory unit PKA-R were 
also upregulated in this stage. Ciliary movement is asso-
ciated with calcium signaling in schistosomes mediated 
by cAMP [25, 26], and consistently F. hepatica miracidia 
can be immobilized by exposure to chelating agents like 
EDTA. Furthermore, egg hatching in schistosomes is 
dependent on calcium and inhibited by CaM antagonists, 
stressing their relevance at this stage [27, 28].

Genes involved in the biosynthesis of serotonin and 
dopamine neurotransmitters like tryptophan hydroxy-
lase (TPH1) or tyrosine hydroxylase (TH) were also 
upregulated in miracidia. These neurotransmitters may 
be critical during the muscle contraction that propels this 
invasive larva [29]. Additionally, genes involved in energy 
metabolism (i.e. GPDH, highlighted in red), and the reg-
ulation of redox homeostasis (grey in Fig. 6A) including 
thioredoxin (TXN), peroxiredoxin (TrPx), or the oxidore-
ductase DHRS1 were upregulated, emphasizing the high 
energetic requirements of the stage, and the consequent 
increase in the reactive products of oxygen.

Gene expression enriched in early intra-snail stages 
highlights development, morphogenesis and associated 
resources demands
Functional enrichment of 1235 genes upregulated in 
IS15 stages highlighted biological processes occurring 
within the intermediate host (Fig. 6B). The presence of 
terms such as “Protein digestion and absorption”, “lyso-
some” and “antigen processing and presentation” were 
associated with the overexpression of genes encoding 
proteases (highlighted in blue in Fig. 6A) mainly cathep-
sin and legumain families. The role of these proteins in 
host invasion, migration and infection establishment in 
intra-mammalian stages has been well characterized [30, 
31]. In addition, their involvement in protein digestion, 
for both facilitating migration and obtaining nutrients 
for anabolic processes during intra-snail developmental 
stages, has been described for S. mansoni [32].

Pathways such as “ECM-receptor interaction”, “Neuro-
active ligand-receptor interaction” or “Cell adhesion mol-
ecules” could also be related to the migratory process in 
intra-snail stages, as interaction with the host’s extracel-
lular matrix and neuromotor control are necessary for 
locomotor function (Fig. 6B).

The observed enrichment of the “signaling pathways 
regulating pluripotency of stem cells” term, is consis-
tent with the differential expression of several genes 

(highlighted in purple in Fig. 6A), belonging to the Wnt/
beta catenin and BMP signaling pathways, known players 
in determining axis patterning [33–35].

Intra-snail stages are characterized by asexual prolifera-
tion and morphogenesis [9], supported by the presence of 
germinal cells — neoblast-like cells —described in other 
trematodes [36, 37]. The developmental processes of the 
rediae and cercariae imply the establishment of polarity 
along body axes. Consequently, it is not surprising to find 
genes associated with these developmental processes, 
including Wnt, Hox and Fox genes upregulated in IS15 
relative to miracidia. The Wnt pathway is also relevant 
in development and growth of stages associated with the 
definitive host in F. hepatica (Fig. 6A).

Since proliferative cells are essential for these devel-
opmental processes, we scrutinized the expression of 
several genes described as neoblasts markers in other 
flatworms [37–40]. In general, most of the germ cell 
markers studied show an expected peak expression in 
miracidia or early intra-snail stages, due to the prolif-
eration and differentiation of these cells in these stages 
of F. hepatica (Suppl. Figure 4). As was also expected, 
the observed trends were generally concordant between 
homologous stages of F. hepatica and F. gigantica, sug-
gesting conserved regulatory mechanisms. This result 
suggests that the germ cells in these stages of F. hepatica 
may be regulated by conserved germline multipotency 
program (GMP) genes, similar to those of model trema-
todes [40, 41].

A unique aspect of trematode metabolism is their 
inability to perform de novo purine synthesis [42]. The 
clonal expansion of sporocysts and rediae entails a great 
investment in nucleic acid synthesis. Notably, several 
genes involved in purine salvage pathway (i.e. HPRT1, 
ADK, ADSS, ADA) were found between those highly 
expressed in intra-snail stages (Fig. 6A). Furthermore, 
genes encoding purine transporters like SLC43A4 were 
also among those with the highest expression in these 
stages (Fig. 7A). Interestingly, some genes involved in the 
purine salvage pathway (i.e., genes encoding the enzymes 
PNP, ADK, and ADSL), showed paralogs differentially 
expressed between intra-snail and intra-mammalian 
stages. This may suggest differences in purine metabo-
lism between mollusk and mammalian hosts (Suppl Fig. 
5).

The detection of differentially expressed genes encod-
ing lipid transporters (FABP, LDLR, and NPC2), as well 

(See figure on previous page.)
Fig. 6  Differential expressed genes (DEGs) between miracidia and IS15 stages. A Volcano plot of DEGs, defined by a |log2FC|>2 and FDR < 0.01 after 
applying the Benjamini-Hochberg correction to control false positives. DEGs with annotation are indicated by red dots, whereas those devoid of an-
notation are indicated by blue dots. Genes mentioned in the text with a documented role in miracidia and IS15 are colored (red, metabolic genes; blue, 
proteinases; green, calcium signaling; purple, development genes; grey, host-parasite interface; yellow, lipid metabolism genes). B Bubble plot showing 
the KEGG pathways enriched in genes upregulated in IS15. Bubble size depicts the gene count in each term. An interactive version of this plot could be 
found as IP2 in the supplementary Zenodo repository
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as lipases and phospholipases, in the miracidia-IS15 
transition (Fig. 6A), suggests a critical demand for these 
nutrients. Recent genomic studies have confirmed the 
presence of genes belonging to the anabolic and cata-
bolic lipid pathways in F. hepatica [43]. In this regard, it 
is noteworthy that all genes encoding proteins involved 
in the beta-oxidation of fatty acids were expressed in the 
larval stages of the parasite (Suppl Fig. 6). These findings 
are consistent with the hypothesis that intra-snail stages 
of F. hepatica are capable of obtaining lipids from the 
host for both biosynthetic purposes and energy acqui-
sition. This feature might differentiate digestive-borne 
trematodes to the more restricted metabolic capacities of 
Schistosomatidae species [43].

Since endogenous glycogen reserves could be rapidly 
depleted, it has been proposed that trematode sporocysts 
could parasitize host glycogen stores in vivo. Differential 
expression of genes coding for glycogen phosphorylase 
(PYG) and glycogenin (GYG) in the miracidium transi-
tion and IS15 is consistent with this notion. Also, genes 
associated with carbohydrate fermentation pathways 
and Krebs cycle show elevated expression in intra-snail 
stages. Differential expression of a LDH gene enables 
the parasite to obtain energy under hypoxic conditions 
through homolactic fermentation [44]. Furthermore, 
genes associated with malate dismutation and catabolism 
of protein precursors are expressed in intra-snail stages, 
suggesting alternative pathways of obtaining energy 
[30, 45]. It has been shown that S. mansoni sporocysts 
use the amino acid glutamine to provide intermediates 
to the Krebs cycle via the PEPCK enzyme [46], and the 
synthesis of this amino acid is stimulated in Bge cells of 
Biomphalaria glabrata in co-culture with S. mansoni 
sporocysts [47]. Interestingly, PEPCK is also upregulated 
in IS15 of F. hepatica, suggesting that a similar mecha-
nism might be taking place.

Proteases and glycoproteins relevant for encystment are 
highly expressed in late intra-snail stages
While the transition between miracidia and IS15 high-
lights several changing aspects, the transition between 
intra-snail stages (i.e. IS15 and IS30) is less dramatic, 
highlighting only 44 genes upregulated in the earlier and 
412 in the latter stages (Fig. 7A). This is expected, since 
intra-snail developmental stages show high transcrip-
tional similarity to each other (see above). Although no 
functional enrichment was found within the few IS15 
upregulated genes, many of them are linked to develop-
mental pathways.

An inspection of the genes upregulated in IS30 stage 
showed the ubiquitous presence of proteases from the 
cathepsin B and L families to legumains Their presence 
is reflected in the enrichment of terms such as “Antigen 
processing and presentation”, “Lysosome”, “Apoptosis”, 

“Autophagy - animal”, and “Protein digestion and absorp-
tion” (Fig. 7A highlighted in blue. Figure 7B). Interest-
ingly, members of these families were also upregulated in 
IS15 compared to miracidia. and during the sporocyst-
to-cercariae transition in trematodes such as F. gigantica 
and S. japonicum [17, 24]. This is expected, as prote-
ases constitute the main component of trematode cer-
carial secretions [30]. Their overexpression in cercariae 
suggests a role in the final stages of intra-snail migra-
tion host egress. The observation of co-expression with 
members of the legumain family is consistent with the 
postulated regulatory role for members of this family in 
cathepsin function [48]. Furthermore, differential expres-
sion of members of protease inhibitor families such as 
serpins and Kunitz-type inhibitors was also observed in 
intra-snail stages.

An enrichment in biosynthetic pathways of carbo-
hydrate compounds like “Mucin type O-glycan bio-
synthesis” or “Glycosphingolipid biosynthesis - lacto 
and neolacto series”, was detected consistent with the 
expression of genes linked to mucin biosynthesis in late 
cercarial stages (Fig. 7A, highlighted in red and Fig. 7B). 
Products of mucin biosynthesis constitute the inner layer 
of the metacercarial cyst. In Plagiorchiidae, the glands 
secreting mucopolysaccharides to the cercarial tegument 
(future outer layer of the metacercarial cyst) and the cys-
togenic gland that produces the material for the inner 
layer of the cyst are synthesized during cercarial morpho-
genesis [49]. Previous genomic and transcriptomic stud-
ies indeed described a complete set of genes involved in 
biosynthetic pathways for these polysaccharides in the F. 
hepatica genome [50], and the presence of mucins in the 
liver fluke NEJs [51]. Larval stages also expressed genes 
required for N-glycan synthesis, although they were not 
differentially expressed. N-glycosylated proteins, both 
secreted and present in suckers and spines, and on the 
surface of the tegument of F. hepatica, has been reported, 
thus constituting a first line of interaction in the com-
plex host-parasite interface [52]. The detection of differ-
ential expression of genes encoding enzymes involved 
in the synthesis of N- and O-glycans pathways (such as 
C1GALT1, CGNT1, GALNT, and B4GALT2), may be 
associated with parasite requirements of a rich glycopro-
tein covering of the tegument, which could be critical for 
the mammalian host invasion.

Several genes encoding structural proteins such as 
β- and β-actin (ACTB, ACTB/G), dynein light chains 
(DYNL), myophilin, actin-binding proteins (gelsolin), 
or microtubule dynamics regulators (RMDN1) are also 
highly expressed in the later intra-snail stages. These 
genes could be linked to the regulation of movement, 
necessary for cercarial emission and also for the regula-
tion of vesicle movement. Consistent with this view is 
the differential expression of structural components of 
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Fig. 7 (See legend on next page.)
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extracellular vesicles (EXOC3/Sect. 6, SEC22B), which 
may be associated with the accumulation in vesicles of 
elements necessary either for cyst formation or, subse-
quently, for the initial interactions with the mamma-
lian host once the parasite emerges from the cyst. Also 
structurally related to the tegument formation are two of 
the top DEGs, encoding collagen isoforms (COL2A and 
COL5AS), components of cercarial glycocalyx fibrils [53].

In addition, amongst genes differentially expressed we 
identified members of the aquaporin gene family (e.g., 
AQP4), key players in osmotic regulation during environ-
mental changes associated with the life cycle [14]. Other 
solute transporters (SLC3A2, SLC22A8) could facilitate 
the exchange of small molecules such as glycerol, rele-
vant at these transitions.

Recurrent gene families expressed across the life cycle
The terms “Protein digestion and absorption” are recur-
rently enriched in intra-snail stages (Figs. 6 and 7), 
consistent with the increased expression of numer-
ous secreted proteases, mainly from the legumain and 
cathepsins B and L families. While the involvement of 
these gene families in definitive host infection is well 
known, their roles in the context of the snail infection 
and interaction remains poorly explored. For example, 
cathepsins L constitute the predominant secretion prod-
ucts of the intra-mammalian stages of F. hepatica, with 
proteolytic activities towards different substrates includ-
ing hemoglobin, fibrinogen, and collagen in these hosts 
[54–57]. Several studies show a temporal progression 
in the expression of cathepsins L and B family members 
during invasion and infection establishment [14, 31, 58].

The differential expression of the cathepsin gene fami-
lies during miracidium-sporocyst transition, strongly 
suggests that they may play a similar role in the snail. 
Members of these protease families during the sporocyst-
to-cercaria transition have also been reported in other 
trematodes such as F. gigantica and S. japonicum [17, 
24]. However, it was not known if the same genes were 
expressed in both intermediate and definitive host inva-
sion, or if different members of the gene family were 
involved in similar functions. To unravel this, we gener-
ated phylogenetic trees with all the identified members of 
the families and analyzed their expression profile (Fig. 8). 
The data generated in this study showed that some fam-
ily members, particularly subgroups CL8/9 and CL10, for 
which no transcriptomic or proteomic information was 

previously available, exhibited differential expression in 
intra-snail larval developmental stages. Interestingly, dif-
ferent paralogs within the same families are upregulated 
in early and late intra-snail stages both in F. hepatica and 
F. gigantica.

An adaptive role has been attributed to the lineage 
specific expansions of cathepsins observed in Schistoso-
matidae, Opisthorchiidae, and Fasciolidae (Fig. 8) [43, 
57, 60]. The integration of transcriptomic and proteomic 
data into phylogenetic analysis supports the idea of ​​func-
tional divergence, with differential expression at different 
developmental stages in both F. hepatica and F. gigantica. 
The grouping of different family members according to 
their expression pattern in both Fasciola species sug-
gests, following the parsimony criterion, the existence 
of at least four different genes in the common ancestor 
of the species of the suborder Echinostomata (F. hepat-
ica, F. gigantica, F. buski, and E. caproni), with different 
expression patterns (egg, intra-snail stages, and invasive 
and adult stages in the mammalian host). The expansion 
of these ancestral genes and the conservation of their 
expression pattern could broadly explain the observed 
pattern in our dataset. Functional duplication and diver-
gence is an established evolutionary mechanism and has 
been studied in multiple families of secreted proteins 
[61–64]. Some authors propose the evolutionary process 
of these families in two phases: a first stage, the reten-
tion of gene copies that provides some type of selective 
advantage (e.g., increased dosage of the encoded product 
[62]), and a second stage where functional redundancy 
between copies allows functional divergence over time 
without influencing the fitness of the carrier organisms 
[65, 66]. Studies of the active sites of genes expressed in 
mammalian stages show functional differences associated 
with changes at a few positions that result in different 
substrate preferences [55, 56, 67, 68]. Preliminary obser-
vations showed changes at conserved sites in the genes 
expressed in intra-snail stages, suggesting that different 
specificities may also exist here.

Cathepsins are synthesized as inactive proenzymes, 
and may be activated by aspartyl-endopeptidases, known 
as legumains, that also constitute a multigene family 
[48]. Interestingly, the integration of transcriptomic data 
from larval stages with the phylogenetic pattern inferred 
for legumains also showed diverse clades with differen-
tial expression across stages, similar to that observed for 
cathepsins. Likewise, the phylogenetic analysis suggests 

(See figure on previous page.)
Fig. 7  Differential expressed genes (DEG) between IS15 and IS30 stages. A Volcano plot of DEGs, defined by |log2FC|>2 and FDR < 0.01 after applying 
the Benjamini-Hochberg correction to control false positives. DEGs with annotation are indicated by red dots, whereas those devoid of annotation are 
indicated by blue dots. Genes mentioned in the text with a documented role are highlighted with a color code (red, metabolic genes; blue, proteinases; 
green, calcium signaling; purple, development genes; grey, host-parasite interface; yellow, lipid metabolism genes). B Bubble plot showing the KEGG 
pathways enriched in genes upregulated in IS30. Bubble size depicts the gene count in each term. An interactive version of this plot could be found as 
IP3 in the supplementary Zenodo repository
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Fig. 8  Phylogeny of the cathepsin L multigene family. Inferred phylogenetic tree of diverse members of the cathepsin L multigene family within selected 
trematodes. Diamonds represent lineage specific collapsed branches (number of genes indicated). The tree was midpoint-rooted using the ape library 
(R; [59]). Expression trends throughout the life cycle for genes encoded in the genomes of F. hepatica (blue dots) and F. gigantica (sky blue) are indicated
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that two legumain copies were present in the common 
ancestor of the Echinostomata suborder (Fig. 9).

The divergence observed in both multigene fami-
lies at the level of gene expression, with some members 

expressed in intra-snail developmental stages and others 
in intra-mammalian developmental stages, is compat-
ible with a scenario of coevolution between both fami-
lies. The intra-snail specific proteases might be playing 

Fig. 9  Phylogeny of the legumain multigene family. Inferred phylogenetic tree of legumain multigene family members across selected trematode spe-
cies. Diamonds represent lineage specific collapsed branches (number of genes indicated). The tree was midpoint-rooted using the ape library (R; [59]). 
The expression trends throughout the life cycle for genes encoded in the genomes of F. hepatica (blue dots) and F. gigantica (sky blue) are represented
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similar roles in parasite host invasion as those described 
for intra-mammalian stages, that is, establishment and 
nutrient uptake. F. hepatica infected snails tend to be 
larger and have a reduced capacity to produce eggs than 
uninfected counterparts. This has been associated with 
the migration of redia and castration of the snail by direct 
ingestion of the ovotestis [69], a phenomenon where 
these proteases might play a leading role.

Hemoglobin constitutes the main protein compo-
nent of the hemolymph of trematode snail hosts (i.e., ~ 
70–80% in B. glabrata) [70], and consequently would 
be one of the main substrates for intra-snail proteases, 
facilitating the amino acids necessary for the biosynthetic 
processes of larval development, in a scenario similar to 
that proposed for S. mansoni [71]. Host protein digestion 
is mainly extracellular, although it has been suggested a 
final phase of endo-lysosomal digestion is facilitated by 
leucine aminopeptidases (LAPs) [30]. In addition, we 
have previously revealed a tentative role for LAPs dur-
ing the process of schistosome egg hatching [72]. Several 
of these proteases were differentially expressed in the 
later intra-snail stages, consistent with proteases being 
the main component of trematode cercarial secretions 
[30]. Their overexpression in cercariae suggests a role for 
members of these families in the final stages of intra-snail 
migration and host egression.

In the later stages differential expression of mem-
bers of protease inhibitor families such as serpins and 
Kunitz-type inhibitors was also observed (Fig.  10). Dif-
ferent clades within this inhibitory families showed dif-
ferential expression profiles among developmental stages. 
Two independent clades showed preferential expression 
in intra-snail stages, significantly higher in later stages 
(IS30) of F. hepatica or in cercariae and metacercariae 
of F. gigantica. Further experimental studies, including 
RNAi-based experiments are needed to dissect in more 
detail the role of the diverse proteases and inhibitors in 
the intermediate host.

Within the upregulated genes in miracidia, several 
members of the SCP/TAPS (also known as CAP) pro-
tein superfamily were found. These proteins have been 
described across all classes of flatworms and other hel-
minths, particularly in parasitic species [73], where the 
VAL (“Venom Allergen Like”) family from Schistosoma 
mansoni has been extensively studied [74]. Proteins of 
these family have been previously detected in the mam-
malian invading stages of F. hepatica [13]. Our inferred 
phylogenetic tree of the VAL family suggested indepen-
dent gene amplifications in trematodes (e.g., in the fami-
lies Schistosomatidae and Fasciolidae) (Fig. 11), which 
may suggest adaptive value for host-parasite survival.

Expansions/duplications before and after specia-
tion could indicate long term and ongoing diversifying 
selection [75]. Notably, similar SCP/TAPS gene family 

expansions have been observed in the cestode M. corti 
[76]. Furthermore, the phylogenetic tree suggested that 
at least four paralogous sequences were present in the 
common ancestor of the Echinostomata suborder (E. 
caproni, F. hepatica, F. gigantica, and F. buski). Three of 
the clades were represented by single or low copy fam-
ily members from both F. hepatica and F. gigantica with 
concordant expression patterns in miracidia, the cercarial 
to metacerarial transition or adults. The remaining clade 
represents a large gene expansion with predominant 
expression in miracidia, and minor isoforms expressed 
in other developmental stages. The increased copy num-
ber driven by gene duplication may have led to functional 
redundancy, easing selective constraints and enabling 
functional divergence [62, 65].

Consistently, it has been shown in the family Schistoso-
matidae both temporal and spatial regulation of SmVAL 
gene expression, with specific members expressed in the 
tegument, esophagus, oral and ventral suckers, and ace-
tabular glands of cercariae [77–81]. Particularly, SmVAL9 
has being detected by proteomic analyses as secreted 
during the miracidia-to-sporocyst transition, as well as 
being characterized as expressed in the parenchymal, 
tegumental and germinal masses of miracidia [82]. More 
recently, single cell atlas approaches of S. mansoni mira-
cidia [83] and sporocysts [84] consistently revealed the 
expression of several VAL genes in more than 60% of lar-
val gland cells. Unfortunately, there is scarce information 
of this gene family within Fasciolidae, with the detec-
tion of VAL-encoding genes in the mammalian infec-
tive juveniles (NEJ) [13] and the detection of tegumental 
localization of FhVAL11 by lectin array analysis [52]. The 
differential expression of SCP/TAPS family members in 
miracidia and intra-snail stages of F. hepatica here war-
rants more detailed studies of their roles at the host–
parasite interface or in intra-snail stages developmental 
regulation.

Conclusions
Digenetic trematodes complete their life cycles within an 
obligatory molluscan intermediate host and a vertebrate 
definitive host. Despite their biological singularities and 
relevance, the intra-molluscan stages have historically 
received less research attention [49]. Elucidating mecha-
nisms of asexual proliferation within the snail is critical, 
as this process directly amplifies the number of infective 
larvae. Likewise, studies of the molecular basis underpin-
ning the maintenance and development of pluripotent 
stem cells—present throughout the life cycle—may point 
to an attractive Achilles heel of this pathogen. Recent 
studies have started to disentangle molecular aspects 
underlying the biology of the intra-snail stages, mainly in 
the model species S. mansoni [37, 83–87].
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Here we present transcriptomic data from the inva-
sive and intra-snail developmental stages of F. hepatica, 
compared these data to those publicly available from 
the sister species F.gigantica [17], and performed several 

comparative transcriptomic analyses. The integration of 
data from all available developmental stages of F. hepat-
ica led to a complete transcriptomic view of the life cycle, 
with multivariate analyses showing differences between 

Fig. 10  Inferred phylogenetic tree for members of serine-protease inhibitors of the Kunitz type. The tree was midpoint-rooted using the ape library in R 
[59]. The expression trends throughout the life cycle for genes encoded in the genomes of F. hepatica and F. gigantica are represented
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Fig. 11  Inferred phylogenetic tree for members of the SCA/TAPS (VAL) proteins across different platyhelminths. The tree was midpoint-rooted using the 
ape library R; [59]. Expression trends throughout the life cycle for genes encoded in the genomes of F. hepatica, F. gigantica and S. mansoni are indicated
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free living and parasitic stages. The clustering of biologi-
cally similar developmental stages in five distinct groups 
is repeatedly observed either when analyzing the most 
highly expressed genes in each stage, when inferring gene 
clusters with similar expression patterns, or when group-
ing differentially expressed genes with the highest pro-
portion of change between stages.

The study of differentially expressed genes among 
intra-snail stages highlighted several functional groups 
already reported as relevant in trematode biology, as pro-
teins involved in the execution and coordination of the 
miracidium motor complex developmental genes, pro-
teases with tentative roles in snail infection, migration, 
and protein digestion within the snail, or proteins with 
antioxidant roles that may interact with the host immune 
system. Interestingly, in intra-snail developmental stages 
we also identified the overexpression of group of genes 
linked to metabolism, morphological development, and 
the multipotency regulatory program and the purine sal-
vage pathways highlighting key processes for survival and 
asexual proliferation.

Combining expression data with phylogenetic analy-
sis we observed that within expanded multigene fami-
lies such as cathepsins L, legumains or VAL proteins, 
different clades were expressed in intra-snail and intra-
mammalian stages, presumably conferring selective 
advantages within each environment. Similar patterns 
were observed in multigene families for which little 
functional characterization is available. Further charac-
terization of these families will shine light into parasite’s 
adaptation to its intermediate host.

Our findings provided an initial transcriptomic pic-
ture of intra-snail stages, offering a framework to com-
pare these processes across different trematodes. A more 
detailed picture of these processes is being obtained in 
Schistosomes with transcriptomic studies at cellular 
resolution [41, 83, 88, 89]. Applying these approaches to 
liver fluke will inform on the similarities and differences 
in the early development across trematode lineages. 
These single cells approaches can be combined with spa-
tial transcriptomics, recently made available for the adult 
stage of F.hepatica [16] to offer a fine grained picture of 
parasite development and adaptation. The application 
of functional approaches such as RNA interference and 
genome editing [90] will provide valuable information 
for some of these genes in F. hepatica, revealing tentative 
novel targets for control strategies.

Methods
Parasite collection, RNA isolation and sequencing
Fasciola hepatica eggs obtained from gallbladders of 
naturally infected cattle collected at a local abattoir 
were embryonated in the dark in fresh sterile water for 2 
weeks at 20 °C and activated with light. Freshly emerged 

miracidia were collected and frozen for RNA extraction, 
or used for in vitro infection of Lymnaea viatrix snails 
from a snail colony maintained at the lab. Eighty indi-
vidual snails (3–4 mm length) were exposed to 5 mira-
cidia, and maintained at 25 °C [91]. Infected snails were 
dissected at 15-, 21- and 30-days post-infection (named 
IS15, IS21 and IS30) and all the available parasite mate-
rial were recovered and stored in Trizol until extraction. 
It worths mentioning that redial and cercarial develop-
ment within snails is asynchronic, with primary mother 
rediae and daughter rediae coexisting early in infection, 
and cercariae being produced later in infection [10]. 
Consistent with this, we observed under the stereoscope 
that the early samples (IS15) contained rediae (either pri-
mary or secondary), with no cercariae detected, while the 
late sample (IS30) were enriched in cercarial containing 
rediae, and cercariae (Fig. 1). Consequently, the samples 
here analyzed does not represent strictly pure stages but 
biological proxies of the main representative forms found 
at different time points of infection.

Samples from the same time point were pooled to 
generate triplicates and total RNA was extracted using 
the DirectZol RNA kit. Replicates from each condition 
were sent for sequencing. A total of 11 samples were 
sequenced, either with standard Illumina PE75 kits at the 
Welcome Sanger Institute, or using the TruSeq Stranded 
mRNA LT Sample Prep Kit (PE100) at Macrogen accord-
ing to the scheme indicated in Suppl. Table 1. Sequencing 
reads were deposited at SRA, accession PRJNA1039822.

Transcriptome assembly
Reads were processed with Trimmomatic v0.38 [92] 
removing adapters, sequences shorter than 75 bp and 
those with PHRED score < 30 at the beginning and end 
of sequences. Quality control was performed on raw and 
trimmed reads with FastQC v0.11.8 [93]. A single report 
compiling quality controls was obtained with MultiQC 
v1.9 [94], available in Zenodo.

Guided transcriptome assemblies were inferred for 
each condition, which were integrated to obtain a com-
prehensive genome annotation for subsequent analyses 
(see Suppl. Figure 1 for a pipeline graphical depiction). 
Briefly, trimmed reads were mapped against the reference 
genome assembly (PRJEB25283 at WormBase ParaSite 15 
[95] with HiSat2 v2.0.5 [96], specifying read orientation 
(`--rna-strandness RF` option, all other parameters run-
ning by default), SAM alignments were sorted and con-
verted to BAM files with samtools v1.9 [97].

Transcriptomic assemblies were obtained with String-
Tie v1.3.6 [98] specifying read orientation (`--rf` option, 
all other parameters running by default). An integrated 
annotation was obtained with gffcompare v0.11.2 [99], 
running under default parameters. Transcripts encoded 
in intergenic regions (i.e., reported under category “u” by 
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gffcompare) include potential genes not previously pre-
dicted and/or identified with prior transcriptomic infor-
mation. Coding DNA sequences (CDSs) were annotated 
for these transcripts using TransDecoder v5.5.0 (github.
com/TransDecoder/TransDecoder), running under 
default parameters. The protein sequences encoded in 
these transcripts were included in subsequent protein 
sequence analyses, using the longest ORF in all cases. 
The resulting genome annotation was employed for sub-
sequent analyses. Nevertheless, an alternative genome 
assembly (PRJNA179522; [43] was also employed for the 
study of specific multigene families.

Gene expression analyses
Transcriptomic data for all currently available life cycle 
stages of F. hepatica were mapped against the inte-
grated transcript annotation described above using 
kallisto v0.46.2 [100]. All raw reads were processed as 
described for miracidia and intra-snail stages samples. 
The employed transcriptomic set comprises miracidial 
and intra-snail stages (IS15, IS21 and IS30) generated in 
this study, and published data from eggs, metacercariae, 
newly excysted juveniles (1, 3 and 24 h post-excystment), 
juveniles and adults [14, 15, 43, 101] ( Suppl. Table 1).

Gene expression levels were obtained from estimated 
counts with the tximport v4.0.3 R library [102], and 
normalized into transcripts per million (TPM). For dif-
ferential expression analysis, expression levels were nor-
malized into counts per million (CPM) and corrected 
by the TMM method [103] with edgeR v3.24.3 library 
[104, 105]. In order to take into account the heterogene-
ity between life cycle stages, genes with at least 1 CPM 
in all replicates of at least one life cycle stage were con-
sidered for further analyses following [106]. We checked 
if different normalization criteria affect expression trends 
and compared estimated values in CPM or TPM adjusted 
by trimmed mean values. We found that there is a strong 
correlation, with minor discrepancies in genes with few 
counts, suggesting that expression values do not change 
significantly with normalization criteria. This does not 
affect significantly the expression patterns seen within 
the diverse gene families analyzed or clustering patterns 
observed by Clust analysis (Supplementary Data 1).

In order to assess intra- and inter-sample dispersion, 
multidimensional scaling (MDS) analyses were car-
ried out on the TMM-normalized, log-normalized CPM 
expression matrix, as implemented in scikit-learn v1.4.2 
[107]. The first three dimensions were considered for 
visualization. Two-dimensional scatterplots (MDS1 vs. 
MDS2) were generated with seaborn v0.13.2 and mat-
plotlib v3.8.4, while interactive three-dimensional plots 
(MDS1–MDS3) were produced using plotly v5.24.1.

Co-expression clusters were inferred with clust v1.12.0 
[20], using normalized expression values ​​(TPM) and 

specifying a tightness parameter of t = 4; all other param-
eters were run by default. Finally, comparisons regard-
ing sets of genes expressed between different stages 
of F. hepatica were made by means of Jaccard index 
calculation,

	
Jaccard index = A ∩ B

A ∪ B

where A and B were two sets to be compared [108], each 
one being the genes expressed at life cycle stages A and B, 
respectively.

Functional annotation and enrichment analysis
Functional annotation was performed using the e-map-
per tool v2.1.5 [109] against the eggNOG v5.0 database 
[110], and transferring results for Gene Ontology [111], 
KEGG [112], PFAM v34.0 [113], COG (Bacteria), KOG 
(Eukarya), and arKOG (Archaea) [114]. To avoid trans-
ference of functional information from distant homo-
logs, annotation transfer was restricted to one-to-one 
homolog relationships (--target_orthologs one2one 
mode). Domain annotation was performed with the 
InterProScan v5 tool [115]. The resulting complete func-
tional annotation is provided in Suppl. Table 2. Func-
tional enrichment of Gene Ontology (GO) terms was 
performed with the GOATOOLS Python library [116], 
tested using a Fisher’s exact test and false positives con-
trolled through the Benjamini-Hochberg FDR adjust-
ment, reporting only cases with a significance level of 
FDR < 0.05.

Enriched terms were grouped using hierarchical clus-
tering based on their pairwise semantic similarity, cal-
culated as their Wang semantic similarity score [117]. 
Only terms of moderate specificity (ontology levels 4 to 
9) were analyzed. For visualization, a heatmap was gen-
erated using the clustermap function of seaborn [118], 
plotting the calculated enrichment values (-log10(p-
value)) across all Fasciola hepatica stages to compare the 
conservation of observed patterns. Functional classifica-
tion of enriched terms was manually added to enhance 
result visualization.

Functional enrichment analyses for KEGG pathways 
and modules were conducted using the gprofiler2 v0.2.0 
library [119] in R, with the gost() function and an FDR < 
0.05 as the significance threshold.

In all cases, functional enrichment was conducted 
using the expressed gene set in the respective stage (i.e., 
genes with expression values > 1 CPM in all samples of 
the stage) as the reference, thus correcting for stage-spe-
cific expression biases.
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Differential expression analysis
Differential expression analyses were conducted using 
the Degust server, which implements tools from the 
edgeR library [120]. A gene was defined as differentially 
expressed (DEG) between two stages if |log2FC| ≥ 2 and 
FDR < 0.01. In all cases, the analysis was performed on 
the gene set expressed in at least one of the conditions 
being compared (i.e., TPM > 1 in all samples of the stage).

Two differential expression analyses were conducted. 
First, pairwise analysis of DEGs amongst miracidia and 
intra-snail developmental stages (IS15 and IS30) was per-
formed. The IS21 samples were excluded to these analy-
sis due to their origin from a different sequencing batch. 
This prevents us from determining whether expression 
changes between these samples and their closest tempo-
ral counterparts (IS15 and IS30) have a biological basis or 
respond to changes in experimental conditions. Although 
batch correction methods do exist, we opted for a more 
conservative approach (excluding IS21), as we consider 
that the performed analyses capture major variability 
trends during intra-snail transitions without the need of 
adjusting counts (which can result in observing artefac-
tual results). Volcano plots were generated to visualize 
results employing the EnhancedVolcano v1.4.0 library 
[121], highlighting genes relevant to F. hepatica develop-
mental stages or other parasites. KEGG pathway enrich-
ment analysis was also performed for the detected DEG 
sets.

Second, global differential expression analysis was per-
formed to identify highly variable DEGs (HVGs), which 
present stage-specific expression profiles associated with 
potential functional roles in each developmental stage. 
Expression levels across all developmental stages were 
considered, but given the heterogeneity of the dataset, a 
restrictive criterion was applied to minimize false posi-
tives when defining HVGs: a DEG was defined as an HVG 
if its expression level was at least 16 times higher in one 
stage compared to the average of the others, as described 
for F. gigantica [17] and Schistosoma japonicum [24]. In 
this sense, we included the IS21 samples on the assump-
tion that the radical expression threshold used in HVG 
definition reflects primarily to biological factors rather 
than to batch effects.

HVGs were grouped using a k-means algorithm with 
the hclust function in the stats v3.6.1 library in R. The 
number of clusters (k = 6) was chosen based on group-
ings observed in multidimensional scaling analysis. For 
comparison, the same procedure was applied to detect 
HVG groups in F. gigantica using data published by [17].

Comparative genomic analyses
Predicted proteomes of trematodes available in Worm-
Base ParaSite v15 [95] and the GCA_008360955.1 
assembly of Fasciolopsis buski [60] available from NCBI 

were downloaded. Homolog groups were inferred using 
OrthoFinder v2 [122] running under default parameters. 
Multiple sequence alignments were performed with 
MAFFT v7.429 [123] running under the L-INS-I mode 
for greater accuracy. Given the large number of groups 
analyzed, phylogenetic inference was performed with 
FastTree v2.1.10 [124] running under default parameters.

Based on the literature, in some selected gene families a 
more detailed analysis was performed including homolo-
gous sequences from cestodes and free-living flatworms. 
The corresponding proteomes were downloaded from 
WormBase Parasite database (Echinococcus granulosus, 
PRJEB121; E. multilocularis, PRJEB122; Taenia solium, 
PRJNA170813; Mesocestoides corti, PRJEB510; Hymenol-
epis. microstoma, PRJEB124, Schmidtea. mediterranea, 
PRJNA379262; Macrostomum lignano, PRJNA371498). 
Homology inference was conducted through pairwise 
alignments using BLASTP v2.11.0+, defined as bidirec-
tional hits with an e-value ≤ 1e-30. To reduce false posi-
tives, only alignments with an amino acid identity ≥ 35% 
and sequence coverage ≥ 70% were considered [125]. 
Multiple alignments were performed with MAFFT, eval-
uated using T-COFFEE v12.00 [126], running under the 
-score option, and visually inspected. Sequences with a 
conservation score < 50 were removed, and alignments 
were recalculated. Phylogenetic tree inference was per-
formed using the maximum likelihood method with 
IQ-Tree v2.1.2 [127]. Evolutionary model selection was 
performed using ModelFinder [128] with the -m TEST 
option, 1000 SH-aLRT branch length evaluations, and 
1000 ultrafast bootstrap replicates [129].

To compare groups with different expression trends, a 
set of genes with relatively stable expression throughout 
the life cycle was defined. A gene’s variation was quan-
tified using the coefficient of variation (CV = standard 
deviation/mean) of its expression values. A gene was 
defined as having stable expression (“SEG”) if it presented 
a CV < 0.5.

Two types of comparative analyses were conducted 
between HVGs and SEGs. First, conservation (pres-
ence/absence) of each group of genes in both F. hepatica 
and F. gigantica was assessed. Homologous groups con-
served in Metazoa (i.e., presence in ≥ 90% of clade spe-
cies) were downloaded from the OrthoDB v10 database 
[130]. Homologous sequences were searched using the 
orthologr library in R [131], specifying the method of 
best reciprocal hit in DIAMOND alignments, with a 
minimum identity of 40% and sequence coverage ≥ 70% 
[132]. Second, sequence divergence patterns were ana-
lyzed for each category of genes by computing cophe-
netic distances between homologous genes, comparing 
trends observed in F. hepatica and F. gigantica. Distances 
obtained for different pairs of sequences were classified 
according to whether they involved HVGs or SEGs from 
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the two species. Cophenetic distance estimation was per-
formed using the previously described gene trees and the 
get_distance method in the ete3 v3.1.2 library [133] in 
Python.

The concordance of homologous genes between the 
HVGs of F. hepatica and F. gigantica was analyzed using 
the Jaccard index. The Jaccard index measures the pro-
portion of homolog groups with a detected member in 
both HVGs sets (numerator) relative to the total number 
of homolog groups detected in the pair (denominator). 
A similar approach was used to estimate the similarity 
between trematode stages based on orthologous gene 
expression [106].
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