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Small non-coding RNAs have
predicted roles in reproductive
biology and transposable element
regulation in the parasitic worm
Strongyloides venezuelensis

Dominika Lastik', Asuka Kounosu?, Mehmet Dayi3, AkemiYoshida*, Akito Fujihira?,
Kieran Reynolds?, Vicky L. Hunt'*’ & Taisei Kikuchi?**

The gastrointestinal parasitic nematode Strongyloides spp. has a unique life cycle that alternates
between a parasitic generation that reproduces through mitotic parthenogenesis and a dioecious
free-living sexually reproducing generation. Adult females from these two generations are genetically
identical, making them an informative model to identify molecular differences between parasitic

and free-living lifestyles and understand different reproductive strategies. We investigated the
expression of small RNAs (sRNAs) that are either enriched for a 5’ monophosphate modification (5'pN)
or are 5’ modification-independent, across five life cycle stages of the rodent parasite Strongyloides
venezuelensis. We identified miRNAs and small-interfering RNAs expressed by S. venezuelensis that
are predicted to target and regulate the expression of protein-coding genes and transposable elements
(TEs). Three previously unreported classes of SRNA were identified: (1) 25Gs with a putative role in
reproduction in adult females, (2) tRNA-derived 24-28 nt sSRNAs (tsRNAs) which are predicted to
target TEs in free-living females, and (3) 5'pN-enriched 26-29Cs with 5' CGAATCC and 3’ TTT motifs
expressed in parasitic females. We also confirmed that S. venezuelensis expresses the 27G class of
sRNAs involved in TE regulation, which was previously identified in the rodent parasite Strongyloides
ratti. Taken together, these results provide new insights into the role of SRNAs in reproductive biology
and parasitism.
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Soil-transmitted helminth (STH) infections are recognised as one of the 20 Neglected Tropical Diseases and
are among the most common infections worldwide, affecting up to 1.5 billion people!. STH infections are
transmitted by eggs present in human faeces and mainly affect poverty-ridden communities with poor sanitation.
Strongyloidiasis, caused by the parasitic nematode Strongyloides stercoralis, affects more than 600 million people
worldwide. Although often asymptomatic, strongyloidiasis is also associated with gastrointestinal, bronchial
and skin complications?. Strongyloides venezuelensis is a natural parasite of rats and is an established laboratory
analogue of S. stercoralis.

Strongyloides species have a unique life cycle which includes a parasitic generation inside the host and a
free-living generation in the soil* (Fig. 1). The parasitic cycle is initiated by the third stage infective larvae (iL3s),
which penetrate the host’s skin and migrate to the host’s intestine where they inhabit as adult parasitic females.
Parasitic females produce eggs by mitotic parthenogenesis, which then pass through with faeces and develop
into male or female larvae. While male larvae develop into rhabditiform adult males, female larvae can either
develop into rhabditiform adult females which will mate with males, and their offspring develop into iL3, or
they can develop directly into iL3s® (Fig. 1). The alternating parasitic and free-living generations have genetically
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Fig. 1. The Strongyloides life cycle stages used for small RNA analysis. Small RNA was sequenced from

five life cycle stages of S. venezuelensis (yellow star): free-living female adults, free-living infective larvae

(iL3) searching for a host, parasitic ‘activated’ infective larvae (activated iL3) in the host environment, adult
parasitic females from the host’s intestine, and their eggs. Unlike other Strongyloides species, free-living males
were not found in S. venezuelensis.

identical parasitic and free-living adult females, which provides an ideal model to investigate the role of small
RNAs (sRNAs) in parasitism and the different reproductive strategies employed in the Strongyloides life cycle.

sRNAs, typically 18-50 nucleotides in length®’, play an important role in transcriptional and
posttranscriptional gene regulation®®. SRNAs can be divided into three main classes: microRNA (miRNA), short-
interfering RNA (siRNA) and piwi-interacting RNA (piRNA)!®!1. A defining characteristic of nematode sRNAs
is the presence of 2’—O—methy1ation and a 3’ hydroxyl and 5° phosphate group!? with either 5’-monophosphate
or 5- triphosphate modification'®. miRNAs often have conserved sequence identity across distantly related
species'?, whereas siRNAs and leNAs are more diverse, even between closely related species, but may have
conserved functions or pathways!®. sSRNAs can be further classified by their length and first base; for example
e.g., 27G is 27 nucleotides long and starts with guanine'®. Each class of sSRNAs belongs to a specific pathway in
C. elegans'” and can contribute to posttranscriptional silencing of mRNAs and transposable elements (TEs)'®.
In parasitic nematodes, SRNAs have been reported as key mediators of host-parasite interactions, often through
selective association with Argonaute proteins that determine their function and target specificity. Specific
sRNAs are encapsulated within extracellular vesicles, which are then secreted and can be absorbed by host cells,
potentially influencing host gene expression or immune responses. These secreted sSRNAs, often associated with
parasite-specific Argonaute proteins, constitute a sophisticated mechanism for molecular communication and
immunomodulation at the host-parasite interface!>%.

sRNAs expressed in S. venezuelensis have not been previously reported. To understand the role of sSRNA
pathways in parasitism and their roles in gene regulation, we analysed small RNAseq data for five life cycle
stages of S. venezuelensis (Fig. 1). Two library preparation methods were used for all samples, a 5 modification-
independent library (RppH-treated library), which captures sSRNAs with 5" mono- and poly-phosphate groups
including secondary siRNAs with a 5’ triphosphate modification and 5’ capped sRNAs, and a 5> monophosphate-
enriched library (5’pN-enriched library) which is enriched for 5-monophosphate sSRNAs including miRNAs
and primary siRNAs. We investigated sSRNA diversity, predicted the target transcripts, and identified sSRNAs that
were differentially expressed across the life cycle. Our results have identified previously undiscovered classes of
sRNA with putative roles in reproduction and TE regulation.

Results
sRNAs are differentially expressed across five S. venezuelensis life cycle stages
We investigated the expression levels of SRNAs across five S. venezuelensis life cycle stages: (i) parasitic females
from the host small intestine, (ii) free-living females from faecal culture (iii) activated ‘parasitic’ iL3s, representing
iL3s inside a host, (iv) free-living iL3s in the host-seeking stage and (v) eggs collected from parasitic females.
The expression of sSRNAs at these stages was examined using two types of libraries: (i) those enriched for sSRNAs
with a 5> monophosphate (5’pN-enriched libraries), and (ii) those treated with RppH to enhance the cloning
efficiency of 5’ polyphosphorylated and 5 capped sRNAs (RppH-treated libraries), with each type conducted
in triplicate.

The sRNA reads were classified as those originating from either miRNAs or putative siRNAs (p-siRNA).
All five stages of the life cycle expressed miRNAs of 21-23 nt in length with a propensity for 5" uracil. The
sRNA expression profiles for the 5’pN-enriched and RppH-treated libraries for activated iL3s, free-living iL3s,
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and eggs had similar proportions of SRNA classifications (Fig. 2A-C), suggesting that these life cycle stages
predominantly express sSRNAs with a 5> monophosphate moiety. p-siRNAs of varying lengths and first bases
were expressed in activated iL3s and eggs. Of the 345 p-siRNA sequences expressed in activated iL3s and eggs,
44% and 50% originated from genes, and 18% and 26% originated from intergenic regions, respectively (SI Table
X1) (Fig. 2B,C). In contrast, the sSRNAs expression profiles were distinctly different between the two libraries
for the parasitic and free-living females (Fig. 2), where miRNAs dominated the libraries and p-siRNAs were
expressed at higher levels in the RppH-treated library.

We investigated the unique sSRNA sequences expressed in both the 5pN-enriched and RppH-treated libraries.
Activated iL3s, free-living iL3s and eggs had a similar number of unique sSRNA sequences in both libraries
(Table 1), while parasitic and free-living females expressed 3.9 times as many unique sSRNA sequences in the
RppH-treated library, suggesting a greater diversity of sSRNAs with a 5" polyphosphate or capped modification.
Differential expression analysis identified distinct subgroups of sSRNA that were specifically upregulated for each
of the five life cycle stages (SI Table X2, SI Fig. 1 and 2). To investigate sSRNAs associated with adult female
stages, SRNAs that were upregulated in the parasitic and free-living females relative to either activated iL3s, free-
living iL3s, or eggs (SI Fig. 2), were categorised into SRNA families according to their sequence length, first 5’
nucleotide, and sSRNA origin sequence in both the 5’pN-enriched and RppH-treated library (Fig. 3A,B). Based
on these features, distinct families of SRNA were observed in the RppH-treated libraries including: (i) 27Gs
upregulated in both parasitic and free-living females, compared to iL3 stages and eggs; (ii) 25Gs upregulated
in free-living females compared to all four other life cycle stages; (iii) 26-29Cs upregulated in parasitic females
compared to all four other life cycle stages; and in the 5’pN-enriched library: (iv) 22-23U miRNAs upregulated
in free-living females, parasitic females and free-living iL3s compared to activated iL3s and eggs.

Free-living females express 25G sRNAs associated with reproduction

Free-living females express 25 and 26 nucleotide long sequences with a propensity for a 5’ guanine (referred to
as 25G and 26G sRNAs; SI Table X1) which together make up 29-30% of their expressed sRNAs, and 79-86%
originate from intergenic regions of the genome. The 25Gs and 26Gs were specifically expressed in the RppH-
treated, but not the 5’pN-enriched library, indicating that they have a polyphosphate or capped 5" modification
(Fig. 3A,B). No Dicer-processing signature was identified in the 25G or 26G sequences (SI Fig. 3B), indicating
these sSRNAs were likely not generated via the canonical siRNA biogenesis pathway, suggesting an alternative
processing mechanism or independent transcriptional origin. In free-living females, 25G and 26G sRNAs were
significantly upregulated compared to all four other life cycle stages investigated (FDR<0.01, EdgeR Fishers
Exact test). The 25-26Gs were also upregulated in parasitic females compared with free-living iL3s, activated iL3s
and eggs. This suggests that 25-26Gs are particularly associated with the adult female life cycle stages.

A greater number of 25G (n=4,470) and 26G (n=4,236) sequences were significantly upregulated in free-
living females than 25Gs (n=454) and 26Gs (n=935) sequences in parasitic females, when compared to other
life cycle stages (FDR <0.01, EdgeR Fisher’s exact test) (Fig. 3A, SI Table X3). A direct comparison of the 25G and
26Gs between free-living and parasitic females identified 641 25Gs and 329 26Gs significantly upregulated in
free-living females, compared to only six 25Gs and 26 26Gs upregulated in parasitic females (FDR<0.01, EdgeR
Fishers Exact test). Together, these results suggest that a subgroup of 25-26Gs is specific to, and putatively play
important roles in, the free-living female stage of S. venezuelensis (Fig. 3A). The 25G and 26G sRNAs are not
found in S. ratti, and differ from ERGO-1 26Gs in C. elegans which are Dicer cleaved (Supplementary Table 1).

Genes targeted by 25G and 26G sequences were predicted based on their sequence complementarity followed
by GO Enrichment analysis of the predicted target genes. Of the 970 25-26Gs upregulated in free-living females
(cf. parasitic females), 555 25Gs and 251 26Gs were predicted to target 359 and 171 protein-coding genes,
respectively. These genes were enriched for 133 and 42 BP-GO terms, (SI Table X4) including 10 GO terms
related to histone modification and chromosome regulation such as chromosome organisation (GO:0051276)
and histone modification (GO:0016570), and 11 GO terms associated with reproduction or embryo development
such as reproduction (GO:0000003), embryo development (GO:0009790), sexual reproduction (GO:0019953),
gamete generation (GO:0007276) and germ cell development (GO:0007281) (Fig. 4A). A further six enriched
BP-GO terms for genes where the 3’UTR is specifically targeted by 25Gs, include GO terms related to sex
determination (SI Table X4). The 359 genes targeted by 25Gs upregulated in the free-living female (cf. parasitic
female) had a range of predicted functions including 66 genes associated with transcription, translation and
chromosomes, 10 genes associated with embryogenesis-related proteins such as ‘Maternal protein pumilio,
‘Armadillo-like proteins’ and ‘Homeobox proteins’ (Fig. 4B, SI Table X4), and 83 genes with unknown functions.
Of the 25Gs upregulated in free-living (cf. parasitic females), only 10.45% aligned to 26G sequences, indicating
that in most cases, the 25Gs are not short versions of the 26G sequences. However, 93 of the 359 genes targeted
by 25Gs were also targeted by 26Gs, indicating that there is overlap in the genes that they target. The 93 shared
target genes were enriched for 36 diverse GO terms, including DNA integration (GO:0015074) and nucleic
acid metabolic processes (GO:0090304) (SI Table X4). A further 4,236 25G sequences were not differentially
expressed between parasitic and free-living females; 3,783 of which were predicted to target 1,498 genes enriched
for general BP-GO terms such as ‘Cellular Processes’ (GO:0009987) and reproductive-associated GO terms and
proteins (Fig. 4A). Together these results suggest that 25Gs regulate reproduction-associated genes in both
parasitic and free-living female generations but have an additional role in free-living females.

To determine if the genes predicted to be targeted by 25Gs were also differentially expressed between life
cycle stages, we investigated gene expression in parasitic and free-living females using RNA-seq data. Of the
359 predicted genes putatively targeted by 25Gs upregulated in free-living females (cf. parasitic females), 16
genes were significantly upregulated and 53 were downregulated in free-living females compared with parasitic
females (EdgeR, FDR <0.01) (Fig. 4C, SI Table X5). Among the predicted genes targeted by the 1,498 25Gs that
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Fig. 2. Expression profiles of SRNAs from RppH-treated and untreated libraries. SRNA expression based

on RPM (reads per million) in the RppH-untreated (5’pN-enriched) and treated libraries for two to three
replicates of (A) free-living iL3s, (B) activated iL3s, (C) eggs, (D) parasitic females and (E) free-living females,
collected from parasitic females. Classification of the SRNA based on the type of sequence the sSRNA originates
from in the genome (solid bars) and the first 5" base in the sequence (hashed bars) are highlighted by colour.
sRNAs are divided into either miRNA, rRNA-derived sSRNA (rRNA), tRNA-derived sRNA (tRNA) or as
putative siRNA originating from either protein-coding genes (CDS or intronic regions), 5°- and 3’-UTRs,
intergenic regions or transposable elements (TE).
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5’pN-enriched library RppH-treated library
Lifecycle stage | Raw reads | Unique sSRNA sequences | Unique RPM | Raw reads | Unique sSRNA sequences | Unique RPM
Parasitic @ 936,322 23,462 25,058 1,467,016 | 134,366 91,591
Free-living @ 1,899,824 | 57,419 30,223 4,726,900 | 563,189 119,146
Free-living iL3 | 1,018,261 | 15,928 15,642 510,244 13,356 26,176
activated iL3 1,586,323 | 56,594 35,676 1,209,485 58,849 48,656
eggs 1,624,578 | 37,310 22,966 1,219,893 42,851 35,127

Table 1. Number of reads mapped to the S. venezuelensis genome and unique sSRNA sequences expressed at
each lifecycle stage. The values represent the mean number of reads. Unique reads were included only if they
were expressed in at least two replicates.
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Fig. 3. sRNA upregulated in parasitic and free-living adults. SRNAs differentially expressed in free-living and
parasitic females (FDR<0.01, edgeR Fishers Exact test when compared to ‘activated’ iL3s, free-living iL3s and
eggs) in (A) RppH-treated library and (B) 5’pN-enriched library. Starting sequence base shown in key and
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Scientific Reports|  (2025) 15:20608 | https://doi.org/10.1038/s41598-025-01968-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

were not differentially expressed (DE) between parasitic and free-living females, 86 genes were upregulated and
161 genes were downregulated in free-living females.

The mean expression level of the 359 genes putatively targeted by 25Gs upregulated in free-living females 359
free-living 25G gene targets was 540 RPKM, and the expression levels of these same genes in parasitic females
were 12,862 RPKM, suggesting that 25Gs may have a specific role in suppressing the expression of target genes
in free-living females. Interestingly, the predicted genes targets of non-DE 25Gs also had higher expression levels
in parasitic females (7,787 RPKM) compared to the same gene targets expressed in free-living females (1,125
RPKM), suggesting non-DE 25Gs regulate both adult female life cycle stage genes, with more prominent role in
repressing expression of genes in the free-living females (Fig. 4C, SI Table X5).

tRNA-derived 24-28 nt sRNAs upregulated in free-living females target TEs

We categorised small RNAs that mapped precisely to tRNA genes with defined cleavage patterns at anticodon
loops as tRNA-derived sRNAs (tsRNAs). tsRNAs have been associated with regulating gene expression at the
transcriptional and translational levels*!~%%, but little is understood known about their expression or roles in
parasitic nematodes. In S. venezuelensis we identified tsRNAs that were predominantly 24-28 nt long with no
propensity for a particular starting base (Figs. 2 and 5A). tsRNAs were expressed at higher levels in free-living
females than at other life cycle stages (Fig. 5A). Within the 5’pN-enriched library, 14-36% of the sSRNAs that were
upregulated in free-living females (cf. other life cycle stages) originated from tRNAs (SI Table X1, SI Fig. 4A),
compared to 0-5% of sSRNAs upregulated in parasitic females (cf. other life cycle stages). The 5’ tRNA-derived
fragments (5’-tRFs) (based on the prediction of 5’-D-loop?*) were the most abundant tsRNAs, accounting for
78% of all tsRNAs expressed in S. venezuelensis (Fig. 5B). We identified 192 unique tsRNA sequences upregulated
in the free-living females (cf. other life cycle stages) and 36% of these were predicted to target 15 protein coding
genes, 14 of which have no known protein function, and nine tsRNAs target the 3’UTRs of genes enriched
for GO terms associated with nuclease activity and ATP synthesis (SI Table X6). In addition, 131 free-living
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Fig. 5. sRNA expression of free-living and parasitic 18-30 nt long sSRNAs with a 5° monophosphate. (A)
Number of 18-30 nt long sSRNAs upregulated in parasitic females and free-living females compared with
other stages in 5’pN-enriched libraries. Upregulated sSRNAs were classified by the gene locations which those
originated from (intergenic regions, TE, genes, 5’UTR, 3’'UTR, rRNAs or tRNA). (B) Number of tsRNA
upregulated in free-living and parasitic females, classified into types of tRNA they originate from.
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upregulated tsRNAs targeted 58 TEs. These results suggest that these tsRNAs may play a role in DNA replication
and TE activity (SI Table X6).

Parasitic female 5’pN-enriched 26-29Cs have 5' CGAAUCC and 3’ UUUU motifs

sRNAs that were 26-29 nt long with a propensity for a 5’ cytosine (hereafter referred to as 26-29Cs) were highly
expressed in parasitic females compared with other life cycle stages in the 5’pN-enriched libraries (FDR<0.01,
EdgeR Fishers Exact test) (Fig. 3B). 26-29Cs did not show evidence of a Dicer-processing signature (SI Fig. 3C).
Seventy-five and four 26-29C sequences were upregulated and downregulated, respectively, in parasitic females
compared to those in free-living females (SI Table X7). Of the parasitic female upregulated 26-29Cs 60%
originated from TEs. The four free-living-upregulated 26-29Cs originated from tRNAs. The parasitic female
upregulated 26-29Cs had conserved CGAAUCC and UUU motifs at the 5" and 3’ ends, respectively (Fig. 6, SI
Fig. 4B), which are not present in the free-living upregulated 26-29Cs. Fifty-five percent of the 26-29Cs were
antisense to TE sequences, and 27% targeted five protein-coding genes and 10% targeted 3°UTRs of four genes.
All predicted target genes had unknown protein functions.

Parasitic and free-living expressed 27Gs target TEs and genes associated with TE activity

We identified 27G (27 nucleotides long, with a 5° guanine) sSRNAs expressed by both parasitic and free-living
females, and 73% and 71% of the 27Gs originate from intergenic regions in parasitic and free-living females,
respectively. Additionally, 16% of 27Gs originated from genes in both life cycle stages, 7% and 8% from TEs, and
3% from 3’UTR regions.

The 27Gs were either not expressed or expressed at low levels in the eggs and larval stages (Fig. 2). In the
RppH-treated library, 27G sRNAs were significantly upregulated in parasitic females and free-living females
compared to all other life cycle stages (Fig. 3, FDR<0.01, EdgeR Fishers Exact test). No evidence of a Dicer-
processing signature was identified for 27Gs (SI Fig. 3A). Of the 10,400 unique sRNA sequences upregulated
in parasitic females compared to activated iL3s, 5,212 were 27 nt long, of which, 84% had a 5 guanine. This
was similar in parasitic females compared to free-living iL3s, and parasitic females compared to eggs, where
differentially expressed 27Gs account for 31% and 43% of the total SRNAs expressed in these life cycle stages,
respectively. Similarly, in free-living females, 33-35% of the upregulated sRNAs in comparison to free-living
iL3s, activated iL3s and eggs were 27Gs. The 27G expression profiles in the adult female stages were similar to
each other and only 5% (81 sRNAs) and 7% (105 sRNAs) of parasitic female- and free-living female-upregulated
sRNAs were 27Gs when these two life cycle stages were compared (Fig. 7). Together, these results indicate that
27Gs play an important role in both adult female stages of S. venezuelensis.

The 27G sRNAs are also expressed in other Strongyloides spp. and Parastrongyloides parasites (SI Table 1). A
similar number of 27G sequences were differentially expressed between S. venezuelensis adult female life cycle
stages (83 upregulated in parasitic females compared to 106 27Gs upregulated in free-living females) and S. ratti
(40 upregulated in parasitic females compared to 150 upregulated in free-living females). However, a greater
number of 27Gs were non-DE in S. venezuelensis (14,771) compared to S. ratti (8,693) and only 14 27Gs share
a common sequence between the two species indicating that although the families of p-siRNAs are conserved
between these closely related species, the sequences themselves are not.

In S. ratti, 27Gs are predicted to have a role in regulating TE activity?>?°. To assess if this is also the case
for S. venezuelensis, we re-annotated the TE sequences present in the S. venezuelensis genome (SI Fig. 5) and
predicted the target TE sequences of 27G sRNAs expressed in parasitic and free-living females based on sequence
complementarity. Out of the total 15,008 27Gs expressed in S. venezuelensis, 12.49% mapped antisense to i.e.
are predicted to target, at least onee TE sequence (SI Table X8). More specifically, the parasitic and free-living
expressed 27Gs target 85 retrotransposons, 50 DNA transposons and 474 TE sequences with an undefined TE
family, ranging from 43 to 13,293 nt in length.

A further 15.67% of S. venezuelensis 27Gs target the 3° UTR region and 52.12% of the 27Gs target S.
venezuelensis protein-coding genes (SI Table X3). These 27Gs were predicted to target 1,310 genes. GO enrichment
analysis revealed that these genes were enriched for 46 BP-GO terms, 38 MF-GO terms and 10 CC-GO terms
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Fig. 6. Nucleotide composition of parasitic and free-living 26-29Cs. The parasitic female upregulated 26-29Cs
exhibited conserved CGAAUCC and UUU motifs at their 5> and 3’ ends, respectively, which are absent in the
free-living upregulated 26-29Cs. Visualised in WebLogo. A complete figure illustrating 26-29Cs can be found
in SI Fig. 4.N = number of unique sequences.
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A. 27Gs upregulated in parasitic females B. 27Gs upregulated in free-living females
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Fig. 7. 27Gs upregulated in parasitic and free-living adults. (A) Number of unique 27Gs upregulated in
parasitic female against the four other life cycle stages. n=number of unique sequences upregulated in parasitic
female against each life cycle stage. (B) Number of unique 27Gs upregulated in free-living female against the 4
other life cycle stages. n=number of unique sequences upregulated against each life cycle stage.

including DNA metabolic process (GO:0006259), DNA integration (GO:0015074), DNA biosynthesis process
(G0:0071897) and DNA repair (GO:0006281) (Fisher’s test, FDR <0.01) (SI Table X8). Of all the genes predicted
to be targeted by 27Gs, 48% code for hypothetical proteins with an undescribed protein function (SI Table X8).
Based on the genes that have a predicted protein function, 25% of 27Gs target transcription-associated proteins
including ‘reverse transcriptase, ‘integrase’ and ‘DNA/RNA helicase’; and 5% directly targeted transposable
elements associated proteins such as ‘transposase, ‘retrotransposable element, ‘retrotransposon-like protein,
‘putative LTR retrotransposon’ and Rretrotransposon-related protein from transposon. Together, these results
suggest that 27Gs target TEs and genes associated with TE activity, and likely play a role in TE regulation in S.
venezuelensis (SI Table X8).

Putative siRNAs of varying lengths with a 5 monophosphate are expressed in the activated
iL3 and egg stages

In contrast to the SRNA expression profile for the free-living iL3s, which is dominated by miRNAs, in the
activated iL3s and eggs, the most highly expressed sRNAs originated from intergenic regions and genes (Fig. 2, SI
Table X9 and X10). Parasitic female and free-living female samples also contained eggs. To identify egg-specific
sRNAs, the SRNAs expressed in eggs (from the parasitic female stage) were compared to the sSRNAs expressed
by free-living females and parasitic females, in both RppH-treated and 5’pN-enriched libraries (Fig. 8A,B). This
identified 1,831 and 352 sRNAs with a 5> monophosphate upregulated in the eggs, compared to free-living and
parasitic females, respectively. The sSRNAs upregulated in eggs are predominantly derived from genes (eggs vs
parasitic females, 59.75%; eggs vs free-living females 51.6%). No dominant starting base was observed for the
sRNAs upregulated in eggs compared with the adult female stages (Fig. 8B). We predicted the targets of the
differentially expressed sRNAs based on sequence complementarity. In eggs cf. parasitic females, 5.97% of the
352 egg-upregulated sSRNAs are predicted to target five genes, none of which have a predicted protein function,
36.4% target 3’UTRs from four genes and 16.8% target TEs. Of the 1,831 sRNAs upregulated in eggs cf. free-
living females, 4.1% were predicted to target 13 genes including one gene with a predicted function in nematode
cuticle collagen and 12 genes with no predicted function, 37.4% target 3’'UTRs of seven genes and 19.3% target
TEs (SI Table X10).

miRNAs with UUGCGAC seed sequence are expressed across the life cycle and are unique to
Strongyloides
We predicted 109 miRNA sequences in S. venezuelensis. The miRNAs are predominantly 22-23 nt with a
propensity for a 5" uracil and are expressed across all life cycle stages (Fig. 2). Of these miRNAs 81, 64 and 75
miRNAs were significantly upregulated compared to at least one other life cycle stage in parasitic females, free-
living females and free-living iL3s, respectively (SI Fig. 6A and B, SI Table X11a). The majority of miRNAs were
not differentially expressed between the adult and free-living iL3s comparisons, (FDR<0.01, EdgeR Fishers
Exact test; SI Fig. 6A and B) suggesting that these miRNAs have similar roles across these three life cycle stages.
The most common seed sequence among S. venezuelensis miRNAs is UUGCGAC which are differentially
expressed 36 times across the free-living female, parasitic female, and free-living iL3 lifecycle stages (SI Table
X11b, SI Fig. 6C). miRNAs with the UUGCGAC seed sequence are also expressed at high levels in S. ra#ti*® and
can be found in Panagrellus redivivus (Table 2), but have not been reported in other nematode species, suggesting
this miRNA family is important in the genus Strongyloides. GAGAUCA and CACCGGG are the second and
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Fig. 8. sRNA upregulated in eggs, activated iL3s and free-living iL3s. sSRNAs differentially expressed in
activated iL3s, iL3s and eggs (FDR<0.01, edgeR Fishers Exact test when compared to other life cycle stages) in
(A) RppH-treated library and (B) monophosphate library. Starting sequence base shown in key and proportion
of origin (derived from tRNA, miRNA, rRNA, 500ds (3’'UTR), 200us (5'UTR), TEs, intergenic regions or
genes) of the expressed sSRNAs shown below graphs.
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UUGCGAC | GAGAUCA | CACCGGG | Total miRNAs
A. suum 0 3 7 189
B. malayi 0 1 2 166
C. brenneri 0 4 17 152
C. briggsae 0 4 13 163
C. elegans 0 6 7 437
C. remanei 0 5 15 182
H. contortus 0 3 4 194
H. polygyrus 0 5 10 486
P, redivivus 7 2 7 394
P. pacificus 0 1 17 551
S. ratti 10 5 4 208
S. venezuelensis | 18 5 3 128

Table 2. Abundance of S. venezuelensis miRNAs seed families in other nematodes.

third most common seed sequences in S. venezuelensis miRNAs and are found across diverse nematode species,
suggesting these seed sequences are important in nematode biology more generally (Table 2). All three of the
most common seed sequences are not found in activated iL3s and they either do not play a role in this life cycle
stage or were downregulated to regulate expression of their target transcripts.

Discussion

S. venezuelensis express miRNAs and other classes of SRNAs that putatively target protein coding genes and
TEs. We have identified three sSRNA families that have not previously been reported, including (i) 25Gs with a
putative role in reproduction in adult females, (ii) tRNA-derived 24-28 nt sSRNAs which putatively regulate TEs
in free-living females, (iii) 5pN-enriched 26-29Cs with 5> CGAAUCC and 3’ UUU motifs expressed in parasitic
females. We also confirmed that S. venezuelensis expresses the 27G class of sSRNAs involved in TE regulation as
previously identified in S. ratti*>%.

5’ modifications in small RNAs play a crucial role in determining their stability, Argonaute protein association,
and regulatory function. In this study, we used two libraries; (i) SRNAs enriched for a 5> monophosphate and
(ii) sSRNAs enriched for a 5" modification-independent library and observed distinct 5 nucleotide preferences
among different SRNA classes, suggesting stage-specific regulatory mechanisms. The stage-dependent
differences in 5” modifications suggest that small RNA pathways may be differentially regulated in response to
environmental cues, host interactions, or developmental transitions. Further experimental validation, such as
Argonaute co-immunoprecipitation assays, would help clarify how these modifications influence RNA-protein
interactions. Free-living females express 25G sRNAs associated with reproduction. The 25Gs can be divided into
two groups: 25Gs that are not differentially expressed between adult free-living females and parasitic females,
and 25Gs that are specifically upregulated in the free-living female stage. We predict that both groups have roles
in reproduction, developmental processes and embryogenesis. Genes putatively targeted by 25Gs upregulated
in free-living females code for proteins such as embryonic leucine zipper, maternal protein pumilio, armadillo-
like domains and homeobox proteins, which are associated with embryogenesis and germline development in
Drosophila and C. elegans®’. The importance of sSRNAs has also been shown in embryogenesis of Arabidopsis
before and after fertilization?®*, in meiosis I in mice® and in DNA elimination, chromosome fragmentation
and DNA amplification in the protist ciliates®?. In Strongyloides spp. the free-living adult stage reproduces by
sexual reproduction, unlike the parasitic adult stage which reproduces by mitotic parthenogenesis. The subset of
25Gs identified in the free-living female may therefore play a distinct role in the process of sexual reproduction.
However, a similar subset of 25Gs have not been associated with free-living females in S. ratti?, which have
a comparable life cycle to S. venezuelensis. The free-living female associated 25Gs could, therefore, represent
differences in fertilization status. The SRNA data for the free-living female and parasitic female includes sSRNAs
expressed in eggs, in addition to the adult expressed sRNAs. Due to the absence of free-living males in S.
venezuelensis laboratory populations?®, the eggs in the free-living females were unfertilized, in comparison to
the S. ratti laboratory life cycle which does produce free-living males. Free-living upregulated 25Gs could be
associated with unfertilised eggs, for example to repress expression of reproductive genes associated with the
pre-fertilisation stage. In honey bees and fruit flies sSRNAs are differential expressed in pre- and post- mated
eggs, indicating a role for sSRNAs as regulators of post-mating gene expression changes®4. sSRNAs regulate
embryogenesis and fertilisation in C. elegans®® and further investigation is required to determine how sRNAs are
associated with fertilisation status in nematodes.

In S. venezuelensis, the targets genes of 25Gs upregulated in free-living females (cf. compared to parasitic
females) were enriched for GO terms involved in chromatin, chromosome, or mitotic assembly. S. venezuelensis
and S. ratti differ at a chromosome level. S. ratti, similar to the human parasite S. stercoralis, has two autosomes
and a sex chromosome. S. venezuelensis is more closely related to the parasite of livestock, S. papillosus®, which
has a sex chromosome fused onto one of their two autosomes. This chromosome structure has been proposed
for S. venezuelensis which also presents with two chromosomes®~*. S. papillosus undergoes sex-specific
chromatin diminution to generate males®®, but this was not observed for S. venezuelensis®. It is unclear how S.
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venezuelensis generate free-living males in the wild (attempts to raise free-living males in lab cultures have been
unsuccessful)®. We hypothesise that 25Gs in S. venezuelensis could be involved in chromatin modulation and
possibly sex determination at a chromatin level. Previous work on S. papillosus sSRNAs found that some 25Gs
were expressed in mixed sex free-living adult samples?. The Strongyloides genus provides an interesting system
to study reproductive strategies because of its alternative generations of genetically identical adult females
undergoing either sexual reproduction or parthenogenesis. More research is needed to further elucidate the
roles of sSRNAs associated with reproduction and development?°.

We found the parasitic female stage of S. venezuelensis expressed 26-29Cs characterised by distinctive 3’
and 5’ motifs. The 3> UUUU residue, indicative of RNA polymerase III processing in eukaryotic sSRNAs, has
been identified in some human sRNAs*!. Notably, the 5> CGAAUCC motif found in these sRNAs appears to be
unique to Strongyloides, as it has not been documented in other organisms. While the function of these motifs
in 26-29Cs remains unclear, they might be involved in protein-RNA interactions*2. Considering that numerous
26-29Cs target transposable elements, they might contribute to TE regulation during the parasitic stage of S.
venezuelensis.

In line with previous findings in S. ratti and S. papillosus, we observed abundant expression of 27G sRNAs
with a 5" modification in S. venezuelensis which putatively target TE and TE-associated genes?>%6. Our results
further support that 27Gs are a common sRNA expressed by Strongyloides species for regulating TE activity.
This sRNA class is not observed in C. elegans®® and other nematodes including those belonging to Clade 1V,
but similar classes of SRNA have been reported in other parasitic species with highly populated TE genomes,
including the protist Entamoeba'>**. The 22Gs, secondary sRNAs reported in C. elegans and other nematodes
belonging to clades I-III*, are not a major class of sSRNAs in S. venezuelensis and S. ratti*®, and 27G may have an
analogous function in Strongyloides.

The 27G sRNAs identified in S. venezuelensis and S. ratti exhibit a distinct 5” guanine bias, which differs from
canonical piRNAs in most model organisms. Typically, piRNAs are 26-31 nucleotides long and exhibit a strong
5’ uracil (U) bias, particularly in primary piRNAs. In C. elegans, primary piRNAs are 21 nt long and strictly start
with 5°-U (21U)*®. In contrast, secondary piRNAs, produced via the ping-pong amplification cycle, often show
an enrichment of adenine (A) at position 10%, a feature absent in the 27G sRNAs observed here. The absence
of a Dicer processing signature in these sSRNAs suggests that, like piRNAs, they may arise through a Dicer-
independent pathway. However, their distinct 5-G bias raises the possibility that they represent a unique class
of regulatory sRNAs in S. venezuelensis and S. ratti, potentially linked to chromatin regulation, transposable
element suppression, or stage-specific gene regulation. Further experimental characterization, such as PIWI
protein association assays, would be required to confirm whether 27G sRNAs are functionally analogous to
piRNAs or if they represent a nematode-specific SRNA class with novel regulatory roles.

The most common seed sequences in S. venezuelensis miRNA were GAGAUCA, CACCGGG and UUGCGA
C. However, none of these three miRNA families were expressed in activated iL3s. GAGAUCA seeds belong to
the Bantam family in Caenorhabditis and other organisms*”*%. Bantam is involved in regulating cell proliferation
and apoptosis in Drosophila?® and have been associated with a role in locomotion, body size, egg laying and
dauer entry in C. elegans™. The seed sequence CACCGGG belongs to the mir-36 family which is essential in
embryogenesis and early larval development in other organisms including C. elegans**. We found this sequence
primarily expressed in eggs, parasitic and free-living adult females, supporting that a similar role is possible in S.
venezuelensis. miRNAs with the seed region UUGCGAC are likely to be conserved in Strongyloides, based on the
presence of these miRNAs in S. venezuelensis and S. ratti?®, one other nematode species have only been reported
in nematode species. Given that UUGCGAC miRNAs are both abundant and expressed at relatively high levels
suggest that they have an important role in Strongyloides biology.

While this study provided a comprehensive analysis of SRNAs across multiple life stages of S. venezuelensis,
several limitations should be acknowledged. Our findings are based on whole-organism RNA sequencing,
which, while informative, does not allow for precise localisation of SRNA expression within specific tissues.
Tissue-specific SRNA profiling, obtained through laser capture microdissection or single-cell RNA sequencing,
could provide deeper insights into the roles of these sSRNAs in distinct developmental and physiological contexts.
Furthermore, our study relies on bioinformatics-based gene target prediction, which, while valuable, does not
confirm direct regulatory interactions. Functional validation using RNA interference (RNAi), CRISPR-based
knockouts, or transgenic reporter assays would strengthen our conclusions on the biological roles of novel
SRNA classes, such as 27G and 25G RNAs. Additionally, biochemical characterisation, including PIWI and other
Argonaute protein association assays, could clarify whether these SRNAs are mechanistically similar to known
pathways in C. elegans. Future studies integrating environmental perturbation experiments, such as nutrient
deprivation or host immune interactions, may also shed light on how small RNA expression is modulated in
response to external stimuli. By combining these approaches, future work can further elucidate the functional
significance of sSRNAs in helminth development, reproduction, and host adaptation.

Conclusions

This is the first identification of small RNAs expressed in S. venezuelensis and the first report of small RNA
expression of eggs and activated iL3s in any Strongyloides species. Three previously unreported classes of SRNA
were identified: (i) 25Gs with a putative role in reproduction in adult females, (ii) tRNA-derived 24-28 nt sSRNAs
(tsRNAs) which are predicted to target TEs in free-living females, and (iii) 5’pN-enriched 26-29Cs with 5> CGAA
TCCand 3’ TTT motifs expressed in parasitic females. We also confirmed that S. venezuelensis expresses the 27G
class of sRNAs involved in TE regulation, previously identified in the other rodent parasite S. ratti.
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Methods

Sample collection

S. venezuelensis HH1 strain was maintained at the University of Miyazaki, Japan, using male Wistar rats obtained
from Japan SLC Inc, by subcutaneous injection of ~ 10,000 third stage infective larvae (iL3) obtained by faecal
culture using filter paper as described previously’'. Isolated iL3 were washed three times with phosphate-
buffered saline (PBS) prior to infection. Parasitic females were isolated from the small intestine of rats 7 days
post-infection. Free-living females were isolated from faecal cultures. Eggs were collected from parasitic females
using cell strainer (mesh size 30 um and 1 pm). Free-living iL3s were isolated using the filter paper method.
These free-living iL3s were activated by incubation at 37°C with 5% CO2 in DMEM (high glucose, Gibco) to
mimic the conditions within the host.

Ethics statement

All experiments were conducted in strict accordance with procedures that had been approved by the Animal
Experiment Committee of the University of Miyazaki (Miyazaki, Japan) under approval no. 2009-506-6, as
specified in the Fundamental Guidelines for Proper Conduct of Animal Experiments and Related Activities
in Academic Research Institutions under the jurisdiction of the Ministry of Education Culture Sports Science
and Technology, Japan, 2006. The study also adhered to the ARRIVE guidelines for reporting in vivo animal
experiments.

RNA extraction and small-RNAseq

Nematode samples were snap-frozen using liquid nitrogen and homogenized using Biomasher II (Nippi-inc).
RNA was extracted using TRI reagent (Life Technology) according to the standard protocol. Following RNA
extraction, each sample replicate was divided. One part was treated with RNA 5’ Pyrophosphohydrolase (RppH)
(NEB) at 37 °C for 30 min followed by heat inactivation at 65 °C for 20 min to remove 5 modifications in SRNA
for phosphate-independent libraries as described in Suleiman et al.?%, and one part was left untreated. Libraries
were prepared using the Qiaseq miRNA Library Kit (Qiagen) and sequenced on Illumina MiSeq sequencer using
the standard protocol (Illumina). Two-three biological replicates were used for each life cycle stage. Adaptor
sequences were trimmed using UMI_tools (github.com/CGATOxford/UMI-tools).

miRNA identification and analysis

S. venezuelensis miRNAs were predicted using miRDeep2°? using all nematode hairpin and mature miRNAs
downloaded from miRBase version 22.1 as a reference. Seed sequences were identified as the 2-8th nucleotides
in the mature miRNA sequence. For comparison with other nematode species, mature miRNA sequences were
downloaded from miRBase v 22.1%.

TE annotation

TEs sequences and families in the S. venezuelensis genome were identified by RepeatModeler™, LTR harvest™,
LTR digest®®, TransposonPSI (transposonpsi.sourceforge.net) and MITE-hunter”” using default settings.
Usearch® was then used to cluster repeats using an 80% identity threshold to produce a consensus non-redundant
repeat library. RepeatMasker (repeatmasker.org) was then used with the library to mask repeat regions in the S.
venezuelensis genome.

sRNA classification

Small-RNAseq reads were classified using a custom pipeline (https://github.com/Vicky-Hunt-Lab/HuntLab-s
mallRNA) and Unitas v1.6.12* with the parameter “-species x” and using a custom reference list of sequences
including miRNA, rRNA, tRNA, mRNA and TE sequences using “-refseq” parameters. The S. venezuelensis
rRNAs were predicted using rnammer v1.2 with default parameters® and tRNAs were predicted with tRNAscan-
SE v2.0.6, using default parameters®. Full length transcripts for mRNA and the S. venezuelensis genome
(PRJEB530.WBPS18.genomic.fa) were downloaded from WormBase ParaSite (version 18).

Length-base distribution

Reads were mapped to the S. venezuelensis genome (PRJEB530) using Bowtie2°! and separated by nucleotide
length—min 18 -max 30 using the TBr2_length-filter.pl script from NGS toolbox®% first nucleotide base
information was obtained from Unitas v1.6.12%. Reads were normalised to reads per million (RPM) and bar
charts were created in GraphPad Prism, version 7.04.

Differential expression

Mapped reads were collapsed and counted using the TBr2_collapse.pl NGS toolbox script®®. Differentially
expressed sRNAs were identified using EdgeR®® implemented in R (version 4.0.2) between the five life cycle
stages with a minimum count per million of 2 in at least two samples. SRNAs were considered differentially
expressed if the FDR adjusted p-value was<0.01. Reads were separated into predicted putative siRNA and
miRNA, using Unitas*!. Unique sequences represent collapsed single sequences from expression data, present
in at least two replicates.

t62

Target prediction for SRNAs

The reverse complement of sSRNAs was mapped using Bowtie2®! (bowtie2 -x index -f -U input.fasta -S output.
sam -N 0 -norc)?? to either (i) 5’"UTR (estimated as the 200 nt upstream the mRNA coding sequence), (ii) 3’UTR
(estimated as the 500 nt downstream of the mRNA coding sequence), (iii) gene regions which include exons and
introns (excluding UTRs), (iv) tRNAs, (v) rRNA and (vi) predicted TE sequences.
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Gene ontology (GO) analysis and protein description

GO terms were predicted using the TopGO (v2.40.0) package®* implemented in R (version 4.0.2). Gene function
was predicted using BLAST and InterProScan on OmicsBox with default parameters. GO terms in Biological
Processes (BP), Cellular Components (CC) and Molecular Functions (MF) were visualised using a custom
REVIGO® script where log10 p-value was plotted against number of significant genes in R (version 4.0.0).

Alignment of shorter sequences into matching longer sequences

A custom script was used (available at https://github.com/Vicky-Hunt-Lab) to collapse overlapping sequences
into the longest similar sequence. Sequences were collapsed and inserted into a suffix tree and all of the leaf
nodes were located. From each leaf node the tree was traversed back towards the root, recording the number
of endpoints which only subtracted one character from another endpoint. The longest sequences with at least
one other that subtracted one character were extracted with a record of the number of shorter sequences with
one character different were collapsed into them. These were then analysed for origins and targets as described
above.

Dicer-signature analysis
To search for a Dicer-processing signature, stepRNA (version 1.0.6)°® was used on the identified sSRNA families
using default settings on unique sequences.

Motif identification
WebLogo: a sequence logo generator®” was used to identify conserved motifs and nucleotide richness.

KEGG pathway analysis
For KEGG Pathway analysis, target genes were extracted using Biomart on WormBase ParaSite (version 18) and
input into BlastKOALA® for functional characterisation.

RNAseq analysis

Transcriptome expression data from parasitic and free-living stages of S. venezuelensis were obtained from Hunt
etal,, 2018 (RNAseq data obtained from DNA Data Bank of Japan (DDBJ) under BioSample accession number
SAMDO00096905%). Putative target sequences were converted to RPKM and expression difference calculated by
FLF-PF and plotted using GraphPad Prism, version 7.04. Genes considered significantly expressed if FDR<0.01.

Data availability
All sequence data from the genome projects have been deposited at INSDC under the BioProject accession
PRJDB13089.
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