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ABSTRACT ARTICLE HISTORY

We investigated the isomiR profiles of the parasitic worm Fasciola hepatica across three Revised 14 July 2025
developmental stages: newly excysted juveniles (NEJ), juveniles (JUV), and adults. Our Accepted 17 July 2025
analysis revealed a distinct shift in isomiR distribution during maturation, with NEJs KEYWORDS
exhibiting a higher abundance and diversity of isomiRs compared to later stages. Helminth development;
Notably, isomiRs were often the dominant miRNA form in NEJs, whereas a transition to microRNAs; RNA regulation;
canonical miRNAs occurred as the parasite matured. This temporal variation suggests Fasciola hepatica; isomiRs
that isomiR expression may be linked to the parasite’s life cycle. We observed that

truncated isomiRs were more prevalent, with uracil additions at the 3’end and adenosine

at the 5’ end being most common. At least 10% of the miRNA population consisted of 5’

end isomiRs, which have the potential to redirect target interactions towards metabolic

and developmental pathways. Furthermore, we show that the cleavage sites in

F. hepatica primary miRNAs are similar to those found in mammalian cells, and Dicer-

mediated cleavage appears to play a significant role in isomiR generation. We believe

that the diversification of miRNA sequences through isomiR production is an evolution-

ary adaptation that enhances the parasite’s ability to tune gene expression during

infection and development. This regulatory plasticity may facilitate successful infection

and long-term persistence within diverse mammalian hosts. Understanding the roles of

isomiRs in parasitic worms could provide new insights into parasite biology and identify

potential targets for controlling parasitic infections.

Introduction

MicroRNAs (miRNAs) are short non-coding RNAs (ncRNAs) that act post-transcriptionally to regulate
gene expression through binding of partially complementary mRNAs [1]. They were first discovered in
Caenorhabditis elegans [2] where they were shown to be temporally expressed across developmental stages
of the worm. Progression from the first larval stage L1 to L2 was shown to be under the control of the LIN-
14 protein, which in turn was regulated by the lin-4 gene. The unique aspect of this regulation was that Lin-4
gave rise to two small non-coding RNAs with antisense complementarity to the 3'UTR of the LIN-14
transcript. Binding at this region resulted in a decrease in LIN-14 protein expression [2]. These initial
observations supported the current paradigm whereby C. elegans development is controlled by specific
small non-coding RNAs, which are temporally expressed. Since those early studies, it is now understood
that miRNAs are ubiquitous in both the plant and animal phyla [3], regulating the expression of a broad
range of gene targets to mediate both developmental, and normal, physiological processes [4].
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The biogenesis of a typical microRNA occurs over a series of steps, beginning with the initial transcrip-
tion followed by successive enzymatic cleavage events to generate the canonical miRNA. The nascent
transcript is produced in the nucleus by RNA polymerase II. This transcript, known as the primary miRNAs
(pri-miRNAs), can be several hundred to several thousand base pairs in size. In the nucleus, it undergoes
cleavage by Drosha and its cofactors to generate a precursor miRNA (pre-miRNAs) sequence. This RNA
intermediate moves into the cytoplasm via exportin channels for final processing by Dicer to generate the
canonical double-stranded 22nt mature miRNAs. These mature miRNAs bear a 5'phosphate and 3 over-
hang; features that enable the canonical miRNAs to be loaded on Argonaute 2 (Ago2) to become
functionalized. In the final processing step, one strand of the miRNA is incorporated into Ago2. This
strand acts as a guide for hybridization to complementary sequences on target mRNAs. Target guidance is
then determined by the seed region (positions 2 to 8) of the mature miRNA. The outcome of this binding of
a miRNA to its target is gene suppression or gene silencing (In-depth reviews for miRNA biogenesis can be
found [5,6]).

The processing of the mature miRNAs by Dicer cleavage occurs at specific sequence motifs. While this
process is tightly controlled, it is not entirely precise. Through in-depth sequencing, it has become apparent
that canonical miRNAs can exist as different length variants known as isomiRs [7]. These isomiRs are
grouped into four broad categories according to the type of alteration. Changes in length or sequences at the
5'end are 5'isomiR, and changes in sequence or length at the 3'end are 3'isomiR. Also, polymorphic
isomiRs have changes in the internal nucleotide sequence [8,9], and mixed-type isomiRs are a combination
of the above types [8,10]. IsomiRs can be further categorised into templated isomiRs, whereby variations in
length arise from imprecise cleavage [1,5,11] or from specific exonucleases that shorten the miRNA by
removing nucleotides from its ends. In both cases, the resulting isomiRs are classified as templated because
their sequences match the canonical sequence. Length differences can also arise from the post-
transcriptional addition of a few nucleotides to the 5 or 3’ end of the mature sequence by nucleotidyl
transferases [1,10,12]. These variants are considered non-templated because they include nucleotides that
are not present in the corresponding canonical sequence.

The functionality of these isomiRs depends on the modification, albeit most isomiRs are, in fact, loaded
onto AGO2. The 3'isomiR are most common and appear to regulate the same targets as their canonical
miRNAs as the seed region is essentially the same. In contrast, 5'isomiRs, which result in a shift of the seed
region, are potentially redirected to different target genes [13,14]. Although the exact functional role for
these isomiRs is not clear, it is now broadly accepted that isomiRs are abundant and often expressed at
defined developmental stages and/or in diseased states [8,15].

Similar to the free-living worm C. elegans, miRNAs are also temporally expressed by parasitic worms
(helminths) and are predicted to control the timing of the expression of genes specifically required for stage-
specific development [16-20]. However, to our knowledge, there has been no characterisation of the isomiR
profile for any helminth to date. This is important information, as the possession of these miRNA sequence
variants would expand/alter the range and depth of gene targets being regulated across the parasite’s
development.

To address this gap in knowledge, we have analysed the isomiR expression profile for the intra-
mammalian stages of development of the liver fluke, Fasciola hepatica. This flatworm is a zoonotic parasite
with a unique ability to infect a broad range of mammals, leading to a prevalence on every inhabited
continent [21]. Fasciola hepatica is excellent model to elucidate the molecular regulation of parasite growth
and maturation because it undergoes distinct stages of development that are associated with defined host
tissue sites. In addition, the availability of genomes, stage-specific transcriptomics, proteomics and
miRNomes have laid a solid foundation on which to dissect the molecular pathways linked to development
[22].

Infection with F. hepatica occurs following the ingestion of infective metacercaria deposited on
vegetation by the intermediate snail hosts. In the small intestine, in response to changes in pH, the
newly excysted juveniles (NE]Js) emerge and within hours alter their metabolic activities, penetrate the
gut wall tissue and migrate across the peritoneal cavity towards the liver [22]. Within the liver
parenchyma the parasite develops into juvenile worms displaying digestive and reproductive structures,
and undergoes a huge growth phase, doubling in size every few weeks [23]. The parasites finally move
into the bile ducts to complete their maturation to adulthood and commence the production of eggs
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that are carried with the bile juices into the intestine and liberated with the faeces for the life cycle to
continue. Accompanying these strict developmental changes are highly regulated changes in gene
expression with progressively more genes being expressed with higher fold changes as parasite matura-
tion proceeds [24].

Reflecting these changes in gene expression are stage-specific alterations in miRNA expression, with
target prediction suggesting that miRNAs are important in the fine-tuning of metabolism [16,25,26].
Accordingly, it is now important to incorporate a role for isomiRs into these molecular mechanisms of
developmental regulation to gain a deeper and more comprehensive understanding of the parasitic gene
regulation and to potentially uncover new targets for infection control.

Methods
Data set and samples

For this current study we analysed sequencing data sets which we have previously obtained from the NE]J,
Juvenile and adult F. hepatica (GEO accession: GSE186948) [16]. To obtain these parasite life stages,
metacercariae (Italian isolate, Ridgeway Research Ltd, UK) were excysted in vitro and after 24 h culture
collected as NEJs [22]. Oral infections of mice and sheep were used to recover 21-day immature flukes
(JUV) [27] and adult [28] parasites respectively. Total RNA was extracted from each life stage in triplicate
using the miRNeasy mini kit (Qiagen) according to the manufacturers protocol. For each replicate, 1000, 19
and 1 parasites were used for NEJs, JUV and adults respectively. Library preparation of total RNA from
samples was performed by ArrayStar using the Small RNA library Prep Set for Illumina and sequenced
using Illumina NextSeq 500 (Data File 1).

The quality of the raw and processed sequencing reads was assessed using FastQC v0.11.9 (Data File 1).
The Fastq sequencing files were then processed to remove adaptor sequences that were excised and filtered
for low quality ( <20 phred scores) sequences, low length sequences ( <16nt), and high length sequences ( >
28nt) using the CutAdapt (v3.4) tool. Mature miRNA sequences from the miRbase Fasciola repository
(Fheptica_v1, miRbase v21) and other published sources [25,26,29] were aligned to cleared reads using
Bowtie2 (v2.4.5).

IsomiR identification

To identify isomiRs in our RNA sequencing data, we followed the protocol outlined by Panzade
et al. [30]. In summary, identical reads were collapsed for unique tag representation into a FASTA
file and then converted to a tab-delimited file containing the read sequence tags and their
corresponding counts using FASTX-Tool kit (https://github.com/agordon/fastx_toolkit). This tab-
delimited file was used as an input file for isomiR identification using the tool isomiR-SEAv1.6
[31]. We ran isomiR-SEAv1.6 with the species code ‘the’ based on our custom Fasciola hepatica
miRNA reference file. The parameters used included minimum tag length (-1 16), seed size (—ss 6),
and tag selection threshold (~h 11). The resulting output files were used to retrieve the read counts
for the annotated canonical miRNAs and their templated isomiRs across all samples for each life
stage. The raw read counts were normalized to reads per million (RPM) of total miRNA counts in
each library.

miRNA biogenesis cleavage prediction and binding motifs

To broadly categorise the potential contribution of Drosha and Dicer processing of these isomiRs, we
collected all isomers based on their class type (3", 5' or both) and their arm of origin (3p or 5p). We
categorised each isomiR sequence that was on the 3p arm as 3’ DROSHA (if they were 3" altered) or 5 Dicer
(if they were 5 altered). If the isomiRs were on the 5p arm, we then categorised them as 5' Drosha (if altered
at the 5'end) or 3'Dicer (if they at 3" alterations). For each group, we then calculated the unique tag number
and read the abundance across the life stages.


https://github.com/agordon/fastx_toolkit
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Pri-miRNA structure analysis

180 pri-miRNA sequences were extracted from the Fasciola hepatica genome (PREJEB25283) by extending
20 nt on either side from the pre-miRNA sequences [25,26,29]. Structures of pri-miRNAs were predicted
using the RNAfold [32]. The 56 pri-miRNAs with multiple loops were excluded. We estimated the lower
stem length and Microprocessor motif in the remaining 124 pri-miRNAs.

We assigned the basal junctions of pri-miRNAs using ssSRNA region with more than 6 mismatches from
position —3 to —20 on 5p-strands of pri-miRNAs. We identified the lower stem length of a pri-miRNA by
counting the number of base pairs from the 5p-end of its pre-miRNA to its basal junction. The DRES motif
was scanned from positions —10 to + 4 on the 5p-strands of pri-miRNAs. The UG, midBMW and UGU
motifs were searched within positions —14 and —12, +10 and + 12, and + 21 and + 26, on the 5p-strands of
pri-miRNAs, respectively. The CNNC motif was searched from positions —16 to —21 on the 3p-strands of
pri-miRNAs. The mGHG motif was searched for on the 5p- and 3p-strands of pri-miRNAs from positions
-7 to =5 and -5 to -3, respectively. The mGHG scores were collected from the previous report [33].

IsomiR target prediction

Target prediction was performed on those isomiRs with an alteration at the 5'end and with >5000 RPM.
Seed sequences found at the position 2-8 position were extracted for miRNAs and their corresponding 5
isomiRs. Fasciola 3' UTR sequences were downloaded from ENSEMBL Biomart from the Fasciola hepatica
genome (PREJEB25283). We then predicted miRNA:mRNA pairs using TargetScan (http://www.targetscan.
org) and miRander (http://www.microrna.org/). miRNA:mRNA pairs were filtered for target score > 155
and minimum free energy (MFE) < -20 (Energy-Kcal/Mol) in miRanda, and a seed sequence match of
7mer-m83 site in TargetScan. The genes predicted to be targeted by the miRNAs were annotated based on the
functional annotation of the gene models by Cwiklinski et al. [24].

Gene ontology analysis was performed on predicted miRNA targets using G:profiler (https://biit.cs.ut.ee/
gprofiler/gost), and those statistically significant enriched terms were visualized using Revigo (http://revigo.
irb.hr/) r-scripts for the scatterplot.

Results
Fasciola hepatica has a distinct shift in isomiR distribution across the developmental life stages

The three intra-mammalian life stages of F. hepatica development were subjected to miSeq analysis, and
from this, isomiRs were found to be present in the newly excysted juveniles (NEJ 24hrs), immature 21-day
juvenile flukes (JUV), and adult worms. For this study, we focused on isomiRs with end variations rather
than internal polymorphisms such as SNPs. Using Principal Component Analysis (Figure 1A) (all canonical
reads were removed from this analysis), the results showed a distinct separation of the three life stages when
using isomiRs expression, with all biological triplicates for each life stage clustered together. This observa-
tion correlates with our previous findings that the canonical miRNA sequences of Fasciola show a defined
temporal expression paralleling the parasites’ development [16].

Analysing the overall abundance of canonical vs isomiRs across each life stage (Figure 1B,C), revealed the
presence of a greater number of isomiR reads (676,278 RPM) compared to canonical reads (323,379 RPM)
at the NE]J life stage, which accounted for 68% of the total reads. The contribution of isomiRs to total read
abundance decreases as the parasite matures to the adult stage with isomiRs accounting for 54% and 44% of
total sequencing reads in JUV and adults, respectively. This represents a 24% decrease in isomiRs expression
as the worms transition from NEJs to adult.

3 'modified isomiRs are the dominant sequence variants

The distribution of each isomiR type was then mapped across all three life stages, comparing read
abundance and unique isomiR tags (Figure 2 and Supplementary file 1). In NEJs (Figure 2A,B), 3'end
isomiRs are the predominant form in both overall abundance (51.6%) and unique tags (54.5%). Canonical
miRNAs are the next most abundant (32.3%), followed by isomiRs with alterations to both ends (10.2%),
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Figure 1. Fasciola hepatica miRNAs and isomiRs across developmental stages (A) Principal component analysis (PCA) plot of
the isomiR expression across all life stages. Newly excysted juveniles (blue), 21-day juveniles (green), and adult parasites
(red). Stacked area plots representing canonical miRNA and isomiR (B) relative abundance as a percentage of total rpm and
(C) total reads (rpm) across the three life stages. Canonical reads (grey), and IsomiR reads (blue).

and finally, the least abundant variant is the 5'end isomiRs (5.9%). As the NE]J develops to the adult stage,
there is a significant decline in the abundance of 3* end isomiRs, with an opposing increase in the number of
canonical miRNAs. Thus, in the juvenile (Figure 2C,D) and adult worms (Figure 2E,F), canonical miRNAs
represent the most abundant form, accounting for 45.6% and 55.9%, respectively. For the isomiR variants,
there was no change in the levels of either the 5'end and both 3’ and 5 end isomiRs. These versions
represented 7.9% of total miRNA sequences for juvenile worms and 12.7% for adults.

When analysing unique tags or the number of isomiRs, given the single sequence for each canonical
miRNA, these represent a small percentage of all total miRNAs. Of the isomiRs, there was a higher number
of unique isomiR sequences for 3"end isomiRs (~50%) followed by alterations to both ends (~40%) and
5'end isomiRs (~3%) consistently across all life stages (Figures 2B,D,F). Collectively, our findings suggest
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Figure 2. Distribution of templated canonical miRNAs and isomiR types across F. hepatica life stages: pie charts representing
the relative abundance of canonical miRNAs and isomiRs as reads per million (rpm) for (A) NEJ, (C) JUV and (E) adults
parasites and representing number of isomiRs or unique ‘tags’ for (B) NEJ, (D) JUV, and (F) adult flukes. IsomiRs were
categorised based on end variation. Canonical miRNAs (orange), 3* end altered isomiRs (blue), 5™ altered isomiRs (pink) and

alterations to both ends (green).

that isomiR expression is temporal and dependent on the worm life cycle. Importantly, isomiRs with
alterations at the 5'end represented at least 10% of all miRNAs during worm development. This type of
modification to the miRNA sequence can redirect regulation to different gene targets, thus potentially

altering biological pathways.
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Figure 3. Annotation summary of isomiR end variation: characterisation of isomiR variation in terms of abundance (rpm) for
(A) all isomiRs, (C) 3"end isomiRs and (E) 5" isomiRs. Summary of unique tags for (B) all IsomiRs, (D) 3* end isomiRs and (F) 5°
end isomiRs. End nucleotide variation is categorised as 3" for alterations to the 3’end or 5" for alterations to the 5°end from
canonical miRNAs. This is further categorised as elongation (+) or truncation (-); this is followed by a number that represents
the number of nucleotides that are altered compared to the canonical structure.

We then characterised the nature of these modifications, whether they be extended (+) or truncated (-),
and the number of nucleotide (nt) differences relative to the canonical sequence (Figure 3). This revealed
that in the NEJ parasites, the dominant isomiR in terms of abundance (RPM) (Figure 3A) and unique tags
(Figure 3B) was the 3'end truncation by a single nucleotide (~40%), followed by two nucleotides truncation
(~26%). For both the JUV and adult worms, 3 end truncation by 1nt was the most abundant form (47% and
48%, respectively), followed by 5'end truncation by Int (17% and 19%) (Figure 3A). For the 5'end
modifications, only extensions from 1-3 nt and truncations of 1nt were observed, with 5'end 1nt truncation
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isomiRs being the most common modification in terms of abundance (Figure 3E) and unique tags
(Figure 3F) at all stages of development. In contrast, a broader range of 3'end modifications were observed
with extensions/truncations ranging from Int to > 5 nt. While truncation by 1nt accounted for an average of
53% in all the 3’ end isomiRs (Figure 3C), there is a notable increase in the percentage of unique tags as the
parasite develops (Figure 3D) from 45% in NEJ to 60% in JUV/Adult.

Individual miRNA loci can produce isomiR variants across the different life stages

We previously proposed that Fasciola miRNA expression is developmentally dependent and regulates
different biological pathways specific to the requirements of each parasitic stage [16]. Thus, the possibility
that stage-dependent miRNA loci could produce isomiR variants was investigated. To identify these specific
miRNAs, we examined 191 miRNAs across the Fasciola developmental stages [25,26,29]. Of these, 159 were
expressed in our cohort. From this dataset, miRNAs with the highest relative abundance in a single life stage
were selected, resulting in 122 miRNAs showing temporal expression (Figures 4-6). The Fasciola miRNAs
that did not display temporal expression using our cut-offs are depicted in Supplementary Figure S1.

In the NEJs, we identified 33 miRNAs that could be stage-specific (Figure 4). Among these, only three
were predominantly expressed as canonical sequences, the-miR-31-5p, the-miR-281-5p, and fhe-novel
-1-3p. The remaining miRNA sequences were represented by a higher abundance of isomiRs. Specifically,
nine miRNAs showed an increased abundance ( > 50%) of 3’ end isomiRs (fhe-miR-1b-3p, the-miR-7b-5p,
the-miR-71a-5p, the-miR-8457-3p, the-miR-11585-3p, the-novel-10-3p, the-novel-12-5p, the-novel-60-3p,
and the-novel-62-3p), and two miRNAs exhibited a greater abundance of 5’ end isomiRs (the-miR-87-3p,
the-miR-124-3p). Several miRNAs showed little to no expression of canonical sequences, including fhe-miR
-1a-3p, the-miR-2f-3p, fhe-miR-36a-3p, the-miR-36b-3p, fhe-miR-61-3p, the-miR-87-3p, the-miR-124-3p,
the-miR-307-3p, the-miR-11585-5p, and the-novel-11-5p.

The expression of some isomiRs exhibits distinct changes in their sequence preferences as the parasite
matures. For example, for the-miR-133-3p, fthe-miR-190b-5p, and the-novel-101-3p, more isomiRs are
observed in the NEJs, but as development progresses, there is a shift towards their canonical structures.
Equally, the-miR-36a-3p, which shows a decrease in both-end isomiRs in NEJs, shifts to 5’ end isomiRs as
the parasite matures.

For the JUV parasites, a total of 28 miRNAs were predominantly expressed (Figure 5). These miRNAs
displayed high expression in JUVs compared to NEJs and adult worms. Five of these JUV miRNAs were
present as canonical structures: the-miR-96-5p, the-miR-278-3p, the-miR-2335-3p, the-novel-30-3p, and
the-novel-26-5p. In contrast, 19 miRNAs showed a greater expression of isomiR variants at the JUV stage.
These included fhe-let-7a-5p, the-miR-2a-3p, the-miR-2b-2-3p, the-miR-2d-3p, the-miR-745-3p, the-miR
-9-5p, the-miR-71b-5p, the-miR-3479b-5p, the-novel-21-3p, the-novel-17-5p, the-novel-20-5p, the-novel
-48-3p, the-novel-42-5p, the-novel-61-3p, the-novel-29-5p, the-novel-104-5p, fthe-novel-92-5p, the-novel
-85-5p, and the-novel-69-3p.

Of the adult parasite miRNAs (Figure 6), we identified 62 miRNAs that were predominantly expressed with
this developmental stage with low expression in NEJ and JUVs but increased expression in adult worms. Of
these, six were present as their canonical sequence: the-bantam-3p, the-miR-125b-5p, the-miR-9389-5p, the-
novel-71-5p, the-novel-81-3p, and the-novel-97-3p. Whereas 50 miRNAs showed a higher abundance of
isomiRs, and among these, 1 miRNAs exhibited little to no canonical structures. These included the-miR-10-
3p, the-miR-281-3p, the-miR-745a-3p, the-miR-750-3p, fhe-miR-2162-3p, the-miR-11584-3p, the-miR
-11586-3p, the-novel-83-3p, the-novel-65-3p, the-novel-70-5p, the-novel-53-3p, the-novel-51-5p, the-novel
-79-3p, the-novel-85-3p, the-novel-102-3p, the-novel-98-3p, the-novel-14-3p, the-novel-8-3p, and the-novel
-3-5p. The the-bantam-3p and fhe-miR-1989-5p exhibited an increase in the proportion of canonical
structures over the developmental stages of the parasite, peaking in the adult worms.

Worm isomiRs generated from Drosha and Dicer cleavage

The generation of isomiRs can occur by several different processes such as altered cleavage by Drosha or
Dicer, or end alteration by terminal-nucleotide-transferase or 3'exonuclease activities [12,34-37]. To
explore the variations in isomiR generation, we first classified miRNAs according to the site of any end
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Figure 4. NEJ prominent miRNAs and their isomiR distribution and abundance (rpm): selected isomiRs with a greater
relative read abundance (rpm) in the NEJ life stage compared to JUV and adults (right y-axis). Distribution of reads mapping
to miRNA loci (left y-axis), with canonical reads (orange), isomiRs with 3’end alterations (blue), isomiRs with 5 end
alterations (pink) and isomiRs with alterations at both ends (green). The red line represents the total abundance of
miRNA loci mapped reads, including canonical miRNAs and isomiRs (rpm, right y-axis).
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Figure 5. JUV isomiR distribution and abundance (rpm): selected isomiRs with a greater relative read abundance (rpm) in
the JUV stage compared to NEJ and adults (right y-axis). Distribution of reads mapping to miRNA loci (left y-axis), with
canonical reads (orange), isomiRs with 3’end alterations (blue), isomiRs with 5'end alterations (pink) and isomiRs with
alterations at both ends (green). The red line represents the total abundance of miRNA loci mapped reads, including
canonical miRNAs and isomiRs (rpm, right y-axis).

alteration and the location of this change on the 3p or 5p arm (Supplementary Figure S2). To determine
which isomiRs could be subjected to cleavage by either Drosha or Dicer, we categorised each isomiR
sequence based on its location and alterations on the precursor arms (Supplementary Figure S2A).

IsomiRs located on the 3p arm were classified as 3'Drosha if they had alterations at the 3'end, and
as 5'Dicer if they had alterations at the 5'end. Similarly, isomiRs located on the 5p arm were
categorised as 5'Drosha if they had 5'end alterations, and as 3'Dicer if they had 3'end alterations.
Using this filter, we found no difference in the number of alternative cleavage events produced by
Drosha (on average 44.6% across stages) or Dicer (average 55.4% across stages) (Supplementary
Figure S2B). However, examining isomiR abundance (Supplementary Figure S2C), suggests that
Dicer generates more cleavage events (65% on average across life stages) compared to Drosha (35%
on average across life stages).

To further elucidate the cleavage activity of Drosha, we investigated the abundance of Microprocessor
motifs in F. hepatica primary miRNAs. First, 180 pri-miRNA sequences were extracted from the Fasciola
genome PRJEB25283, by extending 20 nt on either side of the reported pre-miRNA sequences [25,26,29].
The structure of each pri-miRNA was predicted using RNAfold tool [32] (Supplementary file 2). We
selected 124 pri-miRNAs without multiple loops for further analysis. Then, for each pri-miRNAs we
examined the lower stem and Microprocessor motifs including UG, UGU, mGHG, CNNC, midBMW,
and DRES (Figure 7).

F. hepatica presents a unique miRNA profile with enrichment in lower stem of 11-13 bp with 11 bp
appearing as the most abundant (Figure 7A). This contrasts with humans (primarily 13-bp lower stems) and
C. elegans (primarily shorter lower stems) [38]. The Drosha dsRNA recognition sites (DRES), typically used
and recognised by Drosha during non-canonical processing of short lower stem pri-miRNAs, were not
enriched within the F. hepatica sequences. Instead, Microprocessor motifs such as CNNC, UG, UGU,
mGHG and midBMW were most abundant in the parasite pri-miRNAs, which parallels to the motif
distribution in humans (Figure 7B,C) [11,33,38-40]. This profile suggests that F. hepatica pri-miRNAs
share a closer resemblance to human miRNAs than those in the free-living parasite C. elegans. This
intriguing observation prompts speculation about the potential mechanisms to enhance the infection
capacity of F. hepatica in mammals, as well as the mechanisms guiding the precise cleavage events that
lead to the generation of isomiRs.
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Figure 6. Adult miRNAs and their isomiR distribution and abundance (rpm) across life stages: selected isomiRs with
a greater relative read abundance (rpm) in the adult life stage compared to NEJ and JUV (right y-axis). Distribution of reads
mapping to miRNA loci (left y-axis), with canonical reads (orange), isomiRs with 3 end alterations (blue), isomiRs with 5’end
alterations (pink) and isomiRs with alterations at both ends (green). The red line represents the total abundance of miRNA
loci mapped reads, including canonical miRNAs and isomiRs (rpm, right y-axis).
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Untemplated isomiRs generated from terminal-nucleotide-transferase

Posttranscriptional processing by terminal nucleotide transferases on isomiRs often results in the addition
of nucleotides at either end. In this study, we have denoted nucleotide additions and truncations with a (+)
and (-) sign, respectively. Our analysis (Figure 8) showed that there were within the F. hepatica isomiR
sequences fewer nucleotide additions to the 5’ end (up to 3 nucleotides) compared to the 3" end (up to 8
nucleotides).

For the 5' end-extended isomiRs, the majority of nucleotides at each position are templated in NEJs
(Figure 8A), JUVs (Figure 8C), and adults (Figure 8E). Specifically, in NEJs, templated nucleotides
accounted for 77%, 77%, and 61% at positions 5'+1, 5'+2, and 5'+3 extensions, respectively; in JUVs,
these were 79%, 92%, and 67%; and in adults, 76%, 89%, and 69%. However, when investigating the 3" end-
extended isomiRs, we consistently observed a majority of untemplated nucleotide additions across all three
life stages. As nucleotides are added, the proportion of templated nucleotides decreases with length. Beyond
the 22nd position, the percentage of templated nucleotides decreases from approximately 46% to 30%. It
should be noted that this data represents F. hepatica miRNAs, which vary in length from 20 to 25
nucleotides.

Our analysis also included end variant isomiRs with internal nucleotide variations (excluding the seed
region). For isomiRs with nucleotide extensions, internal nucleotide variations (from positions 8 to 21) were
minimal in NEJs (Figure 8A) and JUVs (Figure 8C), ranging from 0.2% to 7% untemplated nucleotides. In
adult parasites (Figure 8E), we observed a slight increase, with untemplated nucleotides ranging from 0.6%
to 9%. The isomiRs with truncations at either end showed a greater percentage of untemplated internal
nucleotide changes, ranging from 0.8% to 12% across the three life stages in NEJs (Figure 8B), JUVs
(Figure 8D), and adults (Figure 8F).
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compared to the pri-miRNA for (A, C, E) extended isomiRs and (B, D, F) truncated isomiRs. Represented as a summary of
unique tags for (A, B) NEJs, (C, D), JUVs and (E, F) adult parasites.

We then characterizsd the nucleotide additions for untemplated extended isomiRs at each position,
comparing the 5 and 3’ end extensions across NEJs, JUVs, and adult stages (Figure 9A-F). At the 5’ end
(Figures 9A,C,E), adenosine (A) was predominantly added at the 3nt extension position, accounting for 86%
in NEJs and 100% in both JUVs and adults. This trend was less pronounced at the 2nt extension, where
adenosine represented 47%, 60%, and 55% in NEJs, JUVs, and adults, respectively. For the 1nt extension,
guanine (G) was more frequent, making up 40%, 36%, and 35% of the extended nucleotides in NEJs, JUVs,
and adults.

In contrast, at the 3’ end (Figure 9B,D,F), nucleotide distribution was similar for the Int
extension, with each nucleotide contributing approximately 25% across all stages. However, as
the extension length increased, uracil (U) became the dominant nucleotide. In NEJs, uracil
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parasites.

accounted for 26% at the Int extension and increased to 67% at the 8nt extension. Similar patterns
were observed in JUVs and adults, with uracil’s contribution increasing from 26% at Int to 80% at
8nt in adults. Guanine (G) and cytosine (C) contributed similarly to adenosine across most
extension positions, suggesting that these nucleotides play a significant role in isomiR modifications
across the parasite’s development. In the next analysis, we then investigated changes at the 5'end.

5" end alterations can redirect mRNA targets to alter regulation of biological pathways

At the 5'end, any alterations will change the seed sequence, thereby redirecting these isomiRs to
different gene targets. For the 167 detected miRNAs, 147 had at least one IsomiR with a 5‘end
alterations resulting in seed shifting (123 classified as 5'IsomiR and 141 as both end IsomiR).
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Filtering all F. hepatica isomiRs with 5 end alterations that had expression levels above 5000 RPM,
resulted in the identification of six isomiRs, all with a single nucleotide truncation at the 5’ end. Further
refinement, based on the presence of canonical sequences in the sequencing data across life stages (to
eliminate potential mis-annotations), narrowed this list to three 5’ truncated isomiRs, fhe-miR-2162-3p,
the-miR-1a-3p and the-miR-281-3p. For all three isomiRs, the truncated variants were more abundant
than their corresponding canonical miRNA sequences, suggesting that the isomiR could be the
dominant form.

To evaluate their functionality, we performed target prediction analyses for both the canonical miRNA
sequences and their 5 isomiRs using TargetScan and miRanda (Figure 10, Supplementary File 3). As
expected, the single nucleotide truncation at the 5’ end shifted the seed sequence, resulting in distinct gene
target profiles (Figure 10). the-miR-1a-3p showed the largest difference between its canonical form (517
unique targets) and its isomiR (332 unique targets), with only 77 shared targets. For fhe-miR-2162-3p, 40
genes were predicted to be common between the canonical and isomiR forms, while the canonical sequence
had 277 unique predicted targets and the isomiR had 292. The canonical form of the-miR-281-3p was
detected only in the juvenile stage, with 278 unique targets, while its isomiR could target 228 unique genes.
There were 49 common gene targets predicted for both forms.

We next evaluated whether the 5’ isomiRs differentially regulated biological pathways, as compared to
the canonical sequences, by redirecting gene targets. To do this, all F. hepatica miRNA target genes were
annotated using Gene Ontology (GO) terms derived from corresponding gene sequences in the
PREJEB25283 and PRJEB6687 genomes (Supplementary File 4). We then compared the GO terms between
the canonical miRNAs and their isomiR variants. For fthe-miR-1a-3p (Figure 11A), no differences were
observed in GO pathways between the canonical form and the isomiR, despite it having the highest number
of unique predicted targets. In contrast, the-miR-2162-3p (Figure 11B) showed clear evidence of target
redirection by the isomiR variant, resulting in the loss of 17 pathways, especially within cellular components
and biological processes. Similarly, target redirection was observed for the-miR-281-3p, where the 5’ isomiR
led to a distinct gain of 15 GO pathways, particularly in molecular function (Figure 11C). For this analysis,
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Figure 11. Target prediction of canonical and 5’end altered isomiRs. Predicted targets for the canonical miRNAs and their
5°end isomiRs for A) fhe-miR-1a-3p, B) fhe-miR-2162-3p and C) fhe-miR-281-3p.

we applied a stringent cut-off based on RPM and expression across all stages. Without this cut-off, 123 out
of 159 expressed miRNAs would have shown at least one 5’ isomiR variant.

Discussion

In this study, we categorised the isomiR profile of the parasitic worm Fasciola hepatica using our miRNA
sequencing data sets of three intra-mammalian developmental life stages; newly excysted juveniles (NEJ),
Juveniles (JUV), and adults. We found a distinct shift in isomiR distribution across the maturation of the
parasite, with a greater number and abundance of isomiR in the NEJs. In many cases, for individual miRNA
sequences, the isomiRs were the most dominant form, however as the parasite develops into the adult life
stage, there is a switch to the canonical forms of miRNA sequences. Based on this analysis, we can propose
that isomiR expression is temporal and dependent on the parasitic life cycle.

Characterisation of temporal isomiRs in development

There are very few studies investigating the developmental expression of isomiRs. In Drosophila
melanogaster [41] and zebrafish [42], isomiRs were found to be differentially expressed across devel-
opment. For several Drosophila isomiRs, their expression was tied to a specific life cycle or/and to
a tissue-dependent manner [41]. In these flies, non-templated nucleotide additions of Adenosine to the
3'end were highly abundant in early development and showed enrichment for target sites in develop-
mental genes that are expressed during late embryogenesis. Similarly, in zebrafish, changes in isomiR
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expression were observed throughout gonadal development, with nucleotide additions being the most
frequent [25]. In contrast, for F. hepatica, truncated isomiRs were more abundant. Additionally, Uracil
was the most overrepresented nucleotide addition at the 3'end, and Adenosine was most prevalent at
the 5'end. It is possible that non-templated nucleotide additions may increase miRNA stability or
strengthen miRNA target interactions [41].

Fasciola is one of the few parasitic worms that can infect a wide range of mammalian hosts. The increased
abundance and diversity of isomiRs during the NEJ stage may suggest that Fasciola requires a broad range of
miRNA variants to provide regulatory flexibility [4], allowing it to respond to the specific conditions of its
host. As the parasite matures, we see a return to canonical miRNAs, suggesting that development drives the
production of isomiRs and canonical versions. In contrast for the non-parasitic free-living worm C. elegans,
it was shown that most miRNA loci did not produce a substantial fraction of templated isomiRs, with
canonical miRNA sequences being the dominant form [30]. This expression is in stark difference to the
profile for F. hepatica and further supports the idea that the increase in abundance of isomiRs, during the
early infective stages, supports the parasitic lifestyle and adaptation to life inside a mammalian host.

IsomiRs have been reported to be loaded onto Ago, demonstrating a functional role and ability to bind
targets [43]. Target comparison studies have revealed that isomiRs can work cooperatively with their
canonical counterparts [4], have a cooperative effect through different pathways [44] and have divergent
functions [45]. IsomiRs at the 3‘end are the most abundant form in F. hepatica, consistent with other
studies both animals and plants [10,12,46,47].

The biogenesis of Fasciola IsomiRs

Analysis of F. hepatica genome and proteome sequences has revealed the parasite possesses microRNA
processing enzymes, including Drosha and Dicer, like other parasitic flatworms [48]. We explored the idea
that imprecise cleavage by Drosha and Dicer was producing isomiRs with altered lengths [10]. Drosha and
Dicer have defined cleavage sites; however, the structural characteristics [49] and alterations to pri-miRNA
sequences can compromise the catalysis efficiency and cleavage [50,51]. Although there was no difference
between the number of Drosha and Dicer-predicted cleavage events across the development of F. hepatica,
there was a higher abundance (RPM) of isomiRs with Dicer cleavage events compared to Drosha. This
suggests that Dicer-mediated cleavage may play a more prominent role in generating isomiRs for this parasite.

We also noted that the Drosha dsRNA recognition sites (DRES) found in F. hepatica pri-mRNAs are
more like those seen in mammalian pri-miRNAs, rather than C. elegans. This suggests that F. hepatica has
developed a mammalian-like mode of miRNA processing, which indicates an adaptation for communica-
tion with the host. Indeed, we have previously reported that Fasciola miRNAs are loaded on Ago2 with their
host macrophages to become functionalised miRNAs [52].

Post-transcriptional modifications to the canonical miRNA can also generate isomiR variants [10].
Crystallographic studies of Argonaute proteins showed that 5'ends of miRNAs are buried within the
MID domain, while 3'ends extend from the PAZ domain and are exposed to exonucleolytic attack,
which may cause miRNA shortening [53,54]. For example, 3'-5" exoribonucleases have been shown to
shorten the 3'end of Ago-bound miRNAs in Drosophila [36]. Fasciola hepatica possesses gene sequences
that align with the exonucleases ERI1, ERI2 and ERI3 from the closely related parasitic flatworm
Schistosoma mansoni [48], suggesting that they may be involved in the generation of these isomiRs.

Non-templated isomiRs, where the nucleotide sequences differ from the canonical miRNA [10], may
arise due to posttranscriptional enzymatic modifications, such as the addition of nucleotides by nucleotidyl
transferases, including uridyltransferases and adenyltransferases [12]. Additionally, polymorphic isomiRs,
which contain altered internal nucleotide sequences, could be the result of A-to-I editing by ADAR enzymes
[10]. There are no equivalent genes within the Fasciola hepatica genome, and it remains an unknown as to
how non-templated isomiRs are being generated.

Target redirection by Fasciola 5 end isomiRs

For Fasciola, isomiRs with alterations at the 5'end represented up to 10% of RPM of all miRNAs during
development. Modification at the 5'end can redirect miRNAs to different targets and may lead to the
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regulation of alternative pathways. This was evident for the three highly expressed 5 isomiR variants: fhe-
miR-1a-3p, the-miR-2162-3p, and the-miR-281-3p. Each of these isomiRs has a single nucleotide truncation
at the 5” end and displayed some degree of stage-specific expression.

Many of the predicted targets for these isomiRs are linked to metabolic activity, which is of interest as this
is a critical element of the parasite’s development. During the NE]J phase, the parasite transitions from
glycogen catabolism to glucose synthesis and glycolysis, followed by a switch to anaerobic metabolism in the
JUV and adult stages as oxygen becomes limited [22,24,27]. The regulation of key metabolic pathways such
as glycolysis, gluconeogenesis, the tricarboxylic acid (TCA)/Krebs cycle, and oxidative phosphorylation
appears to be closely linked to the observed isomiR expression.

For example, the-miR-1a-3p isomiR regulates genes involved in aerobic metabolism (e.g. NADH-
ubiquinone oxidoreductase) and the TCA cycle (e.g. isocitrate dehydrogenase), as well as enzymes in
glycolysis and the pentose phosphate pathway, such as 6-phosphogluconate dehydrogenase and glutathione
dehydrogenase. Similarly, fhe-miR-281-3p isomiR targets genes related to anaerobic metabolism, such as
lactate dehydrogenase, while both isomiRs regulate isocitrate dehydrogenase (NAD+), a key player in the
TCA cycle. This ability of isomiRs to regulate genes in both aerobic and anaerobic metabolic pathways
highlights a role in fine-tuning gene expression during worm development.

In addition to their metabolic targets, these three isomiRs are also predicted to regulate developmental
genes. For example, the-miR-1a-3p targets FhLeg4, which is not expressed during the NEJ stage but
becomes active as the parasite matures [24]. This expression pattern may be influenced by the increased
abundance of the-miR-1a-3p isomiRs in NEJs. Although the specific function of FhLeg4 remains elusive, its
family members, FhLegl, FhLeg2, and FhLeg5, are known to be activated during late parasite development
and are associated with mature blood feeding.

Similarly, the the-miR-281-3p isomiR is predicted to target the juvenile-specific gene FhCL2, which is
crucial for tissue degradation, migration, and feeding in mammalian hosts [27]. Furthermore, the Kunitz-
type protease inhibitor targeted by the fhe-miR-2162-3p isomiR is regulated throughout the life stages, with
peak expression in NEJs [55]. This inhibitor family is believed to regulate parasite cathepsin L proteases and
impair host immune cell activation, aiding in parasite survival.

Beyond these developmental genes, several other pathways essential for parasitic survival were predicted
to be regulated. The regulation of eukaryotic initiation factor-4E by the-miR-281-3p suggests an influence
on stress-response mechanisms, potentially enhancing the parasite’s survival during infection [16]. This
protein is known to bolster stress resilience, particularly critical in the NE] stage, where overcoming
environmental stressors is vital for survival and successful progression to later stages.

In addition to altering the gene target specificity, changes to the type of 5* nucleotide have been shown to
direct miRNAs to specific Argonauts [56,57]. In plants, miRNAs with a 5" uracil (5'U) are directed to Agol,
5" adenine (5’A) to Ago2, and 5’ cytosine (5°C) to Ago4 and Ago5 [58,59]. As F. hepatica has been predicted
to possess three Ago proteins [48], it is possible that one purpose of the 5’ isomiRs is also to guide miRNAs
to different Ago proteins for other functional roles.

Conclusion

The diversification of miRNA sequences through the production of isomiRs in parasitic worms is likely an
adaptation for survival and reproduction within their mammalian hosts. Unlike the free-living worm
C. elegans, which predominantly produces canonical miRNAs, the parasitic worm F. hepatica has evolved
a more diverse miRNA regulatory system. This isomiR diversity may enable the parasite to dynamically
regulate gene expression in response to the complex and variable conditions encountered within mamma-
lian hosts. These isomiRs also broaden the target repertoire, enabling the parasite to manipulate a wide array
of host cellular pathways. The production of isomiRs would increase regulatory plasticity, providing the
parasite with the ability to fine-tune its gene expression during different stages of infection or when
infecting various mammalian species. To confirm this possibility, a direct comparison between free-living
and parasitic worms and a comparison between different species of parasitic worms is required. This will
confirm whether the observed shifts in isomiR expression are unique to F. hepatica or part of a common
adaptation by parasitic worms.
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Our data suggests that the generation of isomiRs in Fasciola may represent a key evolutionary advantage
for parasitic worms. These isomiRs may serve as developmental switches that permit the successful
progression of the infection cycle and sustain long-term infection. However, direct evidence through
inhibitory/knockdown or overexpression studies will be required to validate a functional role. In addition,
an exploration into the signals, environmental changes, and host cells that might influence the change in
isomiR expression is required to fully elucidate the intersection between biological and molecular pathways
that underpin parasite growth and maturation. This type of experimental analysis is only possible now with
the recent emergence of organoid and spheroid 3D culture systems [60,61] that support the in vitro growth
of helminths and replace the requirement for mammalian hosts. In light of the expanding body of miRNA
data, this study clearly demonstrates that isomiRs play a significantly more critical role in parasitism than
perhaps previously recognized.
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