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Abstract

The nematode family Strongyloididae is of particular interest because it contains important parasites of medical and veterinary
relevance. In addition, species of this family can form parasitic and free-living generations and it also occupies an interesting
phylogenetic position within the nematodes. Nematodes differ in several ways from other taxa with respect to their small noncoding
RNAs. Recent comparative studies revealed that there is also considerable variability within the nematodes. However, no
Strongyloididae species or close relative was included in these studies. We characterized the small RNAs of two developmental
stages of three different Strongyloididae species and compared them with the well-studied free-living nematodes Caenorhabditis
elegans and Pristionchus pacificus. Strongyloididae have conserved and taxon-specific microRNAs, many of which are differentially
regulated between the two developmental stages. We identified a novel class of around 27-nucleotide-long RNAs starting with 5'G
or A, of which a large fraction have the potential to target transposable elements. These RNAs most likely have triphosphates
at their 5 ends and are therefore presumably synthesized by RNA-dependent RNA polymerases. In contrast to C. elegans but
similarly to some other nematode taxa, Strongyloididae have no Piwi-interacting RNAs, nor do their genomes encode Argonaute

proteins of the Piwi family. Finally, we attempted but failed to detect circulating parasite small RNAs in the blood of hosts.
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Introduction

Nematodes exhibit a wide variety of lifestyles ranging from
soil-dwelling or marine free-living species feeding on bacteria,
fungi, and/or other nematodes, to parasitic species infecting
all kinds of animals and plants through different mechanisms
(Lee 2002; Perry and Wharton 2011). Reproductive modes
vary across the nematode clades, with gonochoristic, her-
maphroditic, and parthenogenetically reproducing species
found amongst the more than 23,000 nematode species
that have been described so far. Phylogenetic analysis of
free-living and parasitic nematodes (Blaxter et al. 1998;
Holterman et al. 2006) led to the conclusion that parasitism
must have evolved independently several times within this
phylum (Blaxter et al. 1998; Dorris et al. 1999; Blaxter
2011). This diversity of lifestyles must have arisen from evolu-
tionary adaptations in conserved and novel molecular, devel-
opmental and physiological processes, all of which are
associated with changes in the genome organization and in
gene expression. Small noncoding RNAs (sRNAs), produced

through multiple regulatory pathways, play important roles in
the regulation of these processes, in particular the fine-tuning
of the expression of a wide variety of genes (Ghildiyal and
Zamore 2009). They are therefore likely targets for evolution
to act on during the adaptation to the different lifestyles.
Indeed, some interesting differences in the sRNA comple-
ments between nematodes and other phyla, and between
different nematode taxa have been described (Czech and
Hannon 2011; Wang et al. 2011; Sarkies and Miska 2014;
Sarkies et al. 2015). Within the animal kingdom, three major
conserved classes of sRNAs (18-35 nucleotides [nt]) have
been described: microRNAs (miRNAs), Piwi-interacting RNAs
(PiIRNAs), and small-interfering RNAs (siRNAs) (Czech and
Hannon 2011). These different sRNA classes are defined by
their biogenesis and their interaction with different proteins of
the Argonaute family. They play important roles in transcrip-
tional and posttranscriptional gene regulation and genome
maintenance (Carthew and Sontheimer 2009; Ghildiyal and
Zamore 2009; Moazed 2009; Sabin et al. 2013). The
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nematode Caenorhabditis elegans is one of the best-studied
organisms with respect to SRNA families and their Argonaute
partners (Buck and Blaxter 2013; Billi et al. 2014; Sarkies and
Miska 2014). Known classes of small RNAs in C. elegans in-
clude the conserved miRNAs (20-23 nt), which are transcribed
as single-stranded precursor RNAs with a secondary hairpin
structure. This precursor is then processed by Drosha and
Dicer resulting in the mature miRNA, which binds to the
Ago subfamily of Argonautes (Sarkies and Miska 2014).
Many miRNAs from C. elegans are conserved even in humans.
They repress translation or promote degradation of mMRNAs,
with many of them involved in controlling important devel-
opmental transitions (Kaufman and Miska 2010). Another
conserved sRNA class in C. elegans is the piRNAs, also called
21U RNAs because they are 21 nt long and start with a 5'U.
They target and silence transposable elements in the germline
(Siomi et al. 2011; Ku and Lin 2014). 21U RNAs are tran-
scribed as short (26-30nt) precursors, which are processed
to give rise to mature 21U RNAs (Ruby et al. 2006; de Wit
etal. 2009; Gu et al. 2012; Weick et al. 2014). Each 21 U RNA
is transcribed from its own transcription unit and many of
them contain a conserved ~8 nt upstream motif (Ruby motif).
Most 21 U RNA coding units are located in one of two large
clusters on chromosome IV.

A third class of SRNAs in C. elegans is the primary siRNAs.
Endogenous primary siRNAs are around 26 nt in length and
have a strong bias toward a 5" G (hence 26 G RNAs) and their
biogenesis is dependent on an RNA-dependent RNA polymer-
ase (RdRP) and Dicer (Han et al. 2009; Thivierge et al. 2011;
Billi et al. 2014). 26 G RNAs are enriched in the gonad (Han
et al. 2009; Thivierge et al. 2011; Billi et al. 2014). Exogenous
primary siRNAs of 21-22 nt in length are formed upon chal-
lenge with exogenous double-stranded RNA through the ac-
tion of Dicer (Sarkies and Miska 2014).

Both the primary siRNAs (exogenous and endogenous) and
the piRNAs (21 U RNAs) can trigger the production of second-
ary siRNAs, thereby amplifying and enhancing their action.
Secondary siRNAs in C. elegans are around 22 nt long and
have a 5" G (22 G RNAs) (Pak and Fire 2007; Sijen et al. 2007,
Gu et al. 2009; Vasale et al. 2010; Ashe et al. 2012; Lee et al.
2012; Shirayama et al. 2012; ). According to their differing
biogenesis, the different sSRNA classes vary in their lengths,
their 5'-nucleotide biases toward certain nucleotides and in
their 5’- and 3’-end modifications. miRNAs, 21U and 26 G
RNAs have 5-monophosphates, due to the fact that their
mature 5" ends are generated through endonucleolytic cleav-
age. In contrast, the secondary siRNAs (22 G RNAs) are pro-
duced by nematode-specific  RdRPs  without 5
endonucleolytic processing, resulting in 5'-triphosphates
(Pak and Fire 2007; Sijen et al. 2007; Billi et al. 2014).

Although no other nematode has been studied as well as
C. elegans, it has recently emerged that both nematodes small
RNAs and their resulting biological functions are surprisingly
diverse. For example, PIWI proteins and piRNAs have

apparently been lost independently in multiple branches of
the nematode phylogenetic tree, and 5'-triphosphorylated
small RNAs were found in nematodes of clades IlI-V but not
clade I (Wang et al. 2011; Sarkies et al. 2015).

The phylogenetic clade IV of nematodes (according to
Blaxter et al. 1998) is of particular interest because it contains
free-living, entomopathogenic, plant parasitic, and animal par-
asitic species. The animal parasitic clade IV family
Strongyloididae consists of the two fairly closely related gen-
era: Strongyloides and Parastrongyloides. Strongyloides spp.
are obligate small intestinal parasites of vertebrates which
can undergo facultative single nonparasitic generations with
males and females between parthenogenetic parasitic gener-
ations (Viney and Lok 2015). Parastrongyloides spp. are facul-
tative parasites of various marsupials with their best-studied
representative,  Parastrongyloides  trichosuri, parasitizing
Australian Brush-tailed Possums (Grant et al. 2006). The
Strongyloididae have enjoyed a dramatic increase in scientific
attention over the last few years, mainly because of two rea-
sons. Firstly, this family contains Strongyloides stercoralis, one
of the most prevalent nematode parasites of humans.
Although its medical relevance had been underestimated for
along time, it is now increasingly appreciated as an important
pathogen in poor communities with unsatisfactory sanitary
conditions, and as an important complication in the context
of immunosuppressive treatments for cancer and organ trans-
plantation patients (Bisoffi et al. 2013; Nutman 2017).
Secondly, with its interesting life cycle (supplementary fig.
1A-C, Supplementary Material online) at the interface of
free-living and parasitic lifestyles, this family represents a highly
interesting set of model species for basic biological and trans-
lational research (Lok 2007; Viney 2017; Baskaran et al. 2017).
Recently, high-quality draft genomes of Strongyloides ratti,
Strongyloides venezuelensis (which are both parasites of
rats), S. stercoralis, Strongyloides papillosus (parasite of sheep),
and P. trichosuri have been published (Hunt et al. 2016). The
authors of this article also analyzed and compared the gene
expression between different developmental stages and dif-
ferent species. However, this analysis is limited to mMRNAs and
protein coding genes and does not include data for SRNAs. To
our knowledge, only a single analysis of the small RNAs of S.
ratti has been published (Ahmed et al. 2013). However, this
study focused on miRNAs and used methodology that in-
cluded only small RNAs with 5" monophosphates and there-
fore would have missed 5’ triphosphorylated sRNAs, which in
other nematodes form a large portion of the sSRNAs. In a recent
extensive analysis of all known classes of small RNAs of numer-
ous nematodes neither representatives of the family
Strongyloididae nor of any other animal parasitic species of
clade IV were included (Sarkies et al. 2015).

In order to compare the sRNA complement of the
Strongyloididae, which are not only important parasites but
also occupy an interesting phylogenetic position, with the
sRNAs of other nematodes, we characterized the small RNA
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contents of two developmental stages (free-living adults and
infective larvae) of three different species of Strongyloididae
(S. ratti, S. papillosus, and P. trichosuri). For comparison, we
also reanalyzed the sRNAs of adult hermaphrodites and dauer
larvae of the two well-studied free-living nematodes C. ele-
gans and Pristionchus pacificus. Dauer larvae in C. elegans and
P. pacificus and infective larvae in Strongyloididae are believed
to be evolutionary equivalents (Ogawa et al. 2009; Wang
et al. 2009; Crook 2014). Like C elegans and P. pacificus,
Strongyloididae have a prominent class of small RNAs with
5’ triphosphates. However, different from C. elegans, P. pacif-
icus, and any other nematode analyzed so far, these RNAs are
longer and do not show the strong bias toward a G nucleotide
at their 5’-end. Further, Strongyloididae possess no class of
small RNAs that show the typical features of piRNAs and,
consistently, there are no recognizable orthologs of PIWI pro-
tein genes present in their genomes.

Materials and Methods

Nematode Strains, Culture Conditions, and Sample
Collection

Wild-type strains of five different nematode species were
used for this study: C. elegans N2 (received from the C. ele-
gans Genetics Center at the University of Minnesota), P. pacif-
jcus RS2333 (received from Ralf J. Sommer), S. ratti ED321
(Viney 1996), S. papillosus LIN (Eberhardt et al. 2007), P. tri-
chosuri (received from Warwick N. Grant, for description of
isolate, see Kulkarni et al. (2013)).

Caenorhabditis elegans and P. pacificus were maintained
on 6 cm plates with Nematode Growth Medium (NGM) agar
on a lawn of Escherichia coli OP50 at 20 °C as previously
described (Brenner 1974; Stiernagle 2006). For mixed-stage
P. pacificus cultures, three adults per plate were picked onto
6 cm NGM plates and grown at 20 °C for 7 days. For mixed-
stage C. elegans cultures, ~50 L1/L2 larvae were picked onto
6 cm NGM plates and grown at 20 °C for 3 days. To obtain
adult hermaphrodites, mixed-stage worms from twenty 6 cm
plates were washed off with 0.1 M NaCl into a 50 ml Falcon
tube, and gravid adult worms were allowed to sink to the
bottom of the tube for 3-5 min. The supernatant (with young
larvae) was removed and the remaining worm pellet was
resuspended in 50 ml 0.1 M NaCl. The washing and settling
was repeated three times. After the washing, the supernatant
was removed and the pellet of worms transferred into a
1.5 ml Eppendorf tube and filled with 0.1 M NaCl. The adult
worms were finally pelleted by centrifuging for 30s and as
much supernatant removed as possible. Caenorhabditis ele-
gans and P. pacificus dauer larvae were obtained from liquid
culture (Lewis and Fleming 1995): Mixed-stage worms from
thirty 6cm NGM plates were inoculated into 150 ml S-me-
dium without Cholesterol containing 1% (w/v) OP50, 50 ug/
ml Streptomycin and 50 pg/ml Nystatin and grown at 22 °C
and 180rpm for 8 days. For the first replicate of dauer

cultures, clean dauer larvae were obtained by washing
with 0.1 M NaCl as mentioned before. For the second
and third replicate of dauer cultures, dauer larvae were
purified by sucrose flotation and Ficoll precipitation
(http://diamond.tuebingen.mpg.de/wiki/index.php/Dauer_
purification_by_Sucrose_Floatation_and_Ficoll_precipitation
(last accessed October 2, 2017)).

Strongyloides ratti and S. papillosus were maintained
under laboratory conditions in female Wistar rats or female
New Zealand White rabbits, respectively, as previously de-
scribed (Viney et al. 1992; Eberhardt et al. 2007). All relevant
national and international animal welfare regulations and
guidelines were followed. The experiments were approved
by the Regierungsprasidium Tubingen (AZ: 35/9185.82-5/
15.07.2015). Strongyloides ratti and S. papillosus adults
(males and females) were obtained from 48 h fecal cultures
at 19 °C for S. ratti and 25 °C for S. papillosus. Adult free-
living worms were isolated from fecal cultures using the
Baermann technique (2-3h) (Lok 2007) and washed with
tap water. Young larvae were removed by letting worms
sink down for 3-5min in 50 ml Falcon tubes filled with tap
water. The supernatant (with young larvae) was removed and
the remaining worm pellet was resuspended in 50 ml of tap
water. The washing and settling was repeated three times.
After the washing the supernatant was removed and the pel-
let of worms transferred into a 1.5ml Eppendorf tube and
filled with water. The adult worms were finally pelleted by
centrifuging for 30s and as much supernatant removed as
possible. Strongyloides ratti infective larvae were obtained
from 7-day fecal cultures using the Baermann technique
(overnight) and washed three times with tap water.
Strongyloides papillosus infective larvae were obtained from
7-day cultures as described (Eberhardt et al. 2008). In brief,
48 h fecal culture petri dishes were placed in a larger petri
dishes with tap water. The infective larvae that accumulated
in the water were collected using the Baermann technique
(overnight) and washed three times with tap water.
Parastrongyloides trichosuri was maintained in continuous
free-living cycles on 6cm NGM plates with a piece of auto-
claved rabbit feces on a lawn of E. coli OP50 at 20 °C (Grant
et al. 2006; Kulkarni et al. 2013). For mixed-stage P. trichosuri
cultures, ~100-200 adults were picked onto NGM plates and
grown at 20 °C for 8 days. As the worms tend to burrow into
the agar, the agar of 5-10 plates was chopped into smaller
pieces and the worms isolated using the Baermann technique
(2 h) with M9 buffer. The worms were transferred to 50 ml
Falcon tubes and adult worms were allowed to sink to the
bottom of the tube for 3-5 min. The supernatant (with young
larvae) was removed and the remaining worm pellet was
resuspended in 50 ml M9 buffer. The washing and settling
was repeated three times and the final worm pellets obtained
as in C. elegans. Parastrongyloides trichosuri infective larvae
were obtained by picking ~100-200 adults onto NGM plates
and grown at 20 °C for 15 days. For each replicate, 10-20
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plates were used and infective larvae isolated and washed like
the adults.

Collection of Whole Blood from Rats Infected and
Uninfected with S. ratti

Three 4-week-old female Wistar rats (Charles River) were
infected with ~500 infective larvae from the S. ratti strain
ED231 in 200ul PBS as previously described (Viney et al.
1992). At the same time, two 4-week-old rats were mock-
infected with 200 ul PBS. On the 8th day postinfection, the
rats were first sedated with CO, for ~3 min and then killed by
cervical dislocation. The thoracic cavity of the rats was
opened, the heart was cut with a clean scalpel blade and
whole blood obtained from the blood puddles forming in
the cavity. The blood was collected in RNAprotect Animal
Blood Tubes (500 ul Qiagen) and incubated for 5h at room
temperature. All relevant national and international animal
welfare regulations and guidelines were followed. The experi-
ments were approved by the Regierungsprasidium Tibingen
(AZ: 35/9185.82-5/15.07.2015, Anzeige vom 13.10.2016).

RNA Extraction

For the nematodes, 1 ml TRIzol (Thermo Fisher Scientific) was
added to each worm pellet and briefly grinded with a pestle.
The mixture was then frozen in liquid nitrogen and thawed at
room temperature three times. RNA of adult worms was
extracted with the standard TRIzol protocol followed by a
separation of large and small RNAs with the PureLink
miRNA Isolation Kit (Thermo Fisher Scientific). RNA of
dauer/infective larvae was extracted the same as adult RNA
but the small RNA fraction contained a lot of large RNAs and
was reseparated into large and small RNA fractions using the
RNA Clean & Concentrator kit (Zymo Research). For the
mouse blood, the total RNA (including short RNAs) from
whole blood of infected and uninfected rats was extracted
with the RNeasy Protect Animal Blood kit (Qiagen) according
to the manufacturer’s protocol. Subsequently, the large RNA
and small RNA fractions were obtained with the RNA Clean &
Concentrator kit (Zymo Research). The quality and quantity of
the extracted RNA fractions was assessed using 1% Agarose
gels, 2100 Bioanalyzer RNA 6000 Nano chips (Agilent
Technologies), and Qubit RNA BR Assays (ThermoFisher
Scientific) according to the manufacturer's protocol. The
RNA was stored at —80 °C until library preparation.

Library Preparation

Following RNA isolation, each small RNA replicate was di-
vided, and one part was treated with 25 U tobacco acid pyro-
phosphatase (Epicenter) or Cap-Clip acid pyrophosphatase
(Biozym) in 50pl volume for 2h at 37 °C to remove
5'-triphosphates and allow 5'-independent library prepara-
tion. The other part was mock treated under the same

conditions (5'-dependent library preparation). From those
treated or untreated small RNA fractions, libraries were pre-
pared with the TruSeq Small RNA Library Preparation Kit
(llumina) according to the manufacturer’'s protocol. cDNA
constructs containing both adapters were cut from a gel by
hand in the range of ~140-160 base pairs (bp) corresponding
to sSRNAs with lengths in the range of ~17-37 nt. Every library
was validated with 2100 Bioanalyzer DNA 1000 chips.

Small RNA Sequencing and Read Preprocessing

Forty-eight samples were sequenced on the same flowcell on
a HiSeq 3000 (lllumina; 150 bp single-end). Eighteen samples
were sequenced in four batches on a MiSeq (lllumina; 50 bp
single-end). See supplementary table 1, Supplementary
Material online for more detailed information on the nema-
tode data set and supplementary table 2, Supplementary
Material online for information on the whole blood samples
from infected and uninfected rats. Samples were demulti-
plexed, adapter sequences were removed with flexbar
(v2.5; parameters ‘-u 100 -m 14 -at 1 -n 8 -ag -7 -ao 3’)
(Dodt et al. 2012) and only reads with 14nt or longer
retained. Fastq files were converted to fasta files using
FASTX Toolkit (v0.0.14). All read data will be made publically
available through appropriate databases upon acceptance of
the manuscript.

mMiRNA Prediction and Quantification

miRDeep2 (v0.0.7) (Friedlander et al. 2012) was used for novel
miRNA prediction and quantification of known miRNAs. The
full initial list of predicted novel miRNAs was filtered against a
custom database containing tRNAs, rRNAs, snoRNAs,
SNRNAs, 21U RNAs, and repeats. All sequences with a
miRDeep2 score <2 and/or matching the database and/or
showing a ratio of 5-all-phosphate to 5-monophosphate
read counts >1 were excluded. miRBase release 21 was
used for reference precursors and mature miRNAs. A 10nt
genomic sequence on the 5" and 3’ end of all precursors was
added to ensure complete capture of miRNA-related reads.
Mature miRNAs arms were defined by calculating the ratio of
read counts matching to the 5p- or 3p-arm (all sample counts
combined, 1 pseudocount was added to avoid division by
zero). For ratios >1, the 5p-arm was considered to be the
mature miRNA; for ratios <1, the 3p-arm (supplementary
table 3, Supplementary Material online).

miRNA Classification into Seed-Families and Inference of
Phylogenetic Trees

The known and novel miRNAs of all species were grouped
into families based on the identity of their seed sequences
(positions 2—-8 of the mature miRNA; see supplementary table
4, Supplementary Material online). For the conserved miRNA
seed families, seed-constrained multiple sequence alignments
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were constructed using LocARNA (Will et al. 2007, 2012),
which takes the predicted secondary structure of the miRNAs
into account. For each miRNA group, the similarity matrix
(LocARNA scores) was transformed into a distance matrix as
described in Will et al. (2007), and used to infer phylogenetic
trees with the Unweighted Pair Group Method with Arithmetic
Mean hierachical clustering method (upgma, R package phan-
gorn v1.99-7 (Schliep 2011)). The resulting phylogenetic trees
were combined with our miRNA expression fold changes be-
tween dauers/infectives and adults, and the 5p/3p ratio infor-
mation of miRNA arm usage, into plots with R.

SRNA Classification

All sSRNA reads were classified into four classes: tRNA-, rRNA-,
miRNA-derived, or other. For this classification, all reads were
aligned to defined tRNA, rRNA, miRNA precursors, and finally
to the respective genome assemblies (see supplementary table
5, Supplementary Material online). tRNAs were predicted for
all species genomes using tRNAscan-SE (v1.3.1; default
parameters) (Lowe and Eddy 1997). For the alignments, bowtie
was used with no allowance for mismatches (v1.0.0; parame-
ters -v 0 —k 1 -a —best —strata’) (Langmead et al. 2009).

Length Distribution and 5" Nucleotides

Custom Shell and Perl scripts were used to get the length and
first nucleotide of all reads. The output was read into R to
calculate means and generate barplots.

Differential Expression Analysis
MicroRNAs

The miRDeep2 quantifier module was used to quantify reads
from untreated (5'-monophosphate) libraries representing ei-
ther dauers/infectives or free-living stages in triplicates for
each of the five species. The sum of read-counts on the 3p-
arm and 5p-arm of each miRNA was calculated for each sam-
ple. For the differential expression analysis of miRNAs, the R
package edgeR (v 3.14.0) was used (Robinson et al. 2010). For
this analysis, only miRNAs that have at least 1 read per million
(mIRNA mapping reads) in at least three samples were kept.
The data were TMM (trimmed mean of M values) normalized
(Robinson and Oshlack 2010), and differential expression de-
termined using the generalized linear model (GLM) quasi-
likelihood (QL) F-test (Lund et al. 2012). Up- and downregu-
lated mIiRNAs are defined as significantly differentially
expressed if they have a log2 fold change of >1 and <-1,
respectively and a false discovery rate (FDR) <5% (supplemen
tary table 3, Supplementary Material online).

Other-Mapped Reads

All other-mapped reads from all samples were filtered, and
only reads with a single unambiguous match in the respective

genomes were kept. Other-mapped reads falling on anno-
tated mRNAs were then counted with htseg-count from the
HTSeq framework (v0.6.0; parameters ‘-s no -m union’)
(Anders et al. 2015). For the differential expression analysis
of the other-mapped reads, R package edgeR (v 3.14.0)
(Robinson et al. 2010) was used. For the analysis, only those
genes that have at least 1 read per million in at least three
samples were kept and 5'-all-phosphate and 5’-monophos-
phate samples were compared. The data were TMM normal-
ized (Robinson and Oshlack 2010), and differential expression
determined using the GLM QL F-test (Lund et al. 2012).
Up- and downregulated target genes are defined as sig-
nificantly differentially expressed if they have a log2 fold
change of > 1 and <-1, respectively and an FDR <5%. In
order to investigate if tobacco acid pyrophosphatase
(TAP)-treatment enriches sRNAs specifically matching to
certain protein families containing specific protein
domains (PFAM v.29), an hmmsearch of annotated pro-
teins (supplementary table 5, Supplementary Material on-
line) against the PFAM v.29 HMM library was performed.
Gene set enrichment analysis was done in R with camera
(Competitive Gene Set Test Accounting for Intergene
Correlation (Wu and Smyth 2012)) from the package
limma (v. 3.28.14). Significantly (FDR <5%), enriched
protein families that are up- or downregulated between
5’-all-phosphate and 5-monophosphate samples were
compared bewteen all five nematode species.

Investigation of Other-Mapped Reads and Their
Abundance on Annotated Genes

All other-mapped reads from all samples were filtered, and
only reads with a single unambiguous match in the respective
genomes were kept. Other-mapped reads mapping sense or
antisense on annotated mRNAs (in case of C. elegans also
transposons) were counted using htseg-count from the
HTSeq framework (v0.6.0; parameters '-s yes/reverse -m
union’) (Anders et al. 2015). The percentage of alignments
being sense, antisense, or not aligned to an annotated gene
was then calculated.

Comparison of Our miRNA Expression Changes to
Published Data from Illumina and SOLID Sequencing

miRNA expression changes was compared with published
data obtained by Illumina and SOLID sequencing of dauers/
infectives and mixed-stages of C. elegans, P. pacificus, and S.
ratti (Ahmed et al. 2013). For all miRNA genes that were
shared and highly enough expressed in both data sets (at least
three reads per million in three samples), the expression
changes were calculated into up-, downregulated, and unaf-
fected. The miRNA genes were then grouped into a 3 x 3
contigency table. A y? test was then performed in R to assess
statistical independence of the two data sets.
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Calculation of Genome Coverage of Potential piRNAs

All other-mapped reads from all samples were filtered and
only reads with a single unambiguous match in the respective
genomes, a 5’U and 21 (C. elegans) or 20-24nt (S. rattiand S.
papillosus) length were considered. samtools (v. 0.1.19 (Li
et al. 2009)) and bedtools (v. 2.17.0 (Quinlan and Hall
2010)) were used to calculate the number of reads matching
100 kb bins of the genomes (considering only scaffolds with
>100kb length). The number of reads was normalized to
reads per million in relation to all mapped reads (tRNA-,
rRNA-, miRNA-, and other-mapped). The coverage was plot-
ted with R.

piRNA Motif Detection

All other-mapped reads from all samples were filtered and
only unique sequences with a single unambiguous match in
the respective genomes, a 5'U and 21 (C. elegans and P.
pacificus) or 20-24nt (Strongyloididae) length were kept.
The filtered sequences from adults were merged, and the
60 nt upstream and the first 2 nt of each location of these
sequences were taken. meme (v. 4.11.1 (Bailey and Elkan
1994; Bailey et al. 2015), -dna -oc -maxsize 3000000 -mod
zoops -nmotifs 1 -minw 4 -maxw 62 -p 64) was run on a
random subset of 5,000 upstream sequences for each species
to discover a common motif. fimo (v. 4.11.1 (Bailey et al.
2015; Grant et al. 2011), —oc —verbosity 1 —thresh 1.0E-4 —
norc) was used to detect the predicted motifs in the entire sets
of upstream sequences, and those which have at least one hit
with a P-value of <1 x 10~* were counted.

Phylogenetic Analysis of Argonautes and RdRPs

To obtain a list of RdRPs and Argonaute proteins in C. elegans,
P. pacificus, S. ratti, S. papillosus, and P. trichosuri, a
jackhmmer (HMMER 3.1b1 (Eddy 2011)) search with five iter-
ations (default options) against the accessions in supplemen
tary table 5, Supplementary Material online using the protein
sequences of C. elegans rrf-1 (Wormbase ID CE27141) and
alg-1 (Wormbase ID CE31525) was performed. For
Argonautes, the same search was also performed in Homo
sapiens, Mus musculus, and Drosophila melanogaster. This
resulted in RDRP orthologs with E-values <2 x 1074, and
Argonaute orthologs with <2 x 1072, Multiple sequence
alignments were then performed using MUSCLE with default
settings (Edgar 2004). As outgroups for RdRPs, Arabidopsis
thaliana (RDR1-6; GenBank accessions OAP18817.1,
AEE82976.1, 082190.2, 082189.2, 082188.2,
AEE78550.1) and Saccharomyces pombe (RDP1, GenBank
accession CAB11093.1) RdRPs were used. As outgroups for
the PIWI Argonautes, H. sapiens (PIWILT and PIWIL4;
GenBank accessions Q96J94.1 and AAH31060.1), M. muscu-
lus  (PIWIL1-2; GenBank accessions AAI29859.1 and
AAK31965.1), and D. melanogaster (PIWI and AUBERGINE;

GenBank accessions AGL81535.1 and CAA64320.1) PIWIs
and the Argonaute protein from the Archaea Pyrococcus fur-
josus (PDB: 1Z25) were used. Unrooted trees were con-
structed with the outputs of MUSCLE, using the R package
phangorn (v1.99-7 neighbour joining, maximum likelihood
optim.pml, LG model, 100 bootstraps (Schliep 2011)).

Results

We isolated and sequenced sRNAs from three biological rep-
licates for two developmental stages (free-living males and
females/hermaphrodites, and infective/dauer larvae) of three
species of Strongyloididae (S. ratt], S. papillosus, and P. tricho-
suri), and for comparison, of the two well-characterized clade
V free-living nematodes C. efegans and P. pacificus. In order to
obtain additional information about the chemical nature of
the 5’ ends of the different sSRNAs, from each RNA prepara-
tion, we prepared sequencing libraries with (5'-all-phosphate)
and without (5’-monophosphate) prior treatment with TAP.
5'-Monophosphate libraries only include sRNAs with a
5'-monophosphate, whereas 5'-all-phosphate libraries also
represent sSRNAs that have 5'-di-, -triphosphates or cap-
structures in vivo. After preprocessing and filtering (see
Materials and Methods), the SRNA reads were classified into
four groups: miRNAs (aligning to identified miRNA precur-
sors), tRNA-derived (aligning to tRNA genes), rRNA-derived
(aligning to ribosomal RNA genes), or “other” (aligning to
any other part of the respective genome). See supplementary
figure 1, Supplementary Material online for a graphical over-
view over the samples, treatments, and the analysis pipeline,
and supplementary table 1, Supplementary Material online
for detailed information on all samples and treatments.

Improvement of the miRNA Annotations

In our attempt to classify the SRNA reads, we had to consider
the fact that the quality and the quantity of the miRNA pre-
cursor annotations varied dramatically between the five spe-
cies under consideration. While C. elegans has been analyzed
extensively and miRBase (release 21) contains a close to com-
plete list of MIRNA precursors for this species; for S. papillosus
and P. trichosuri, no miRNAs have been annotated yet.
Therefore, we used miRDeep2 (Friedlander et al. 2012) to
predict novel miRNAs based on our 5-monophosphate se-
guencing reads and the available genome information (for
details see Material and Methods). We then compared our
predictions with the entries in miRBase release 21 (table 1).
We found evidence for expression of the vast majority of
the listed miRNAs in all three species where annotations were
available. We identified only seven novel miRNAs in C. ele-
gans, the species where the most extensive prior analysis has
been conducted. Furthermore, 37 novel miRNA predictions
for P. pacificus, 33 for S. ratti, 140 for S. papillosus, and 163
for P. trichosuri fulfilled our criteria for inclusion in the analysis
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Table 1
Number of Expressed miRNA Precursors

C. elegans P. pacificus S. ratti S. papillosus P. trichosuri
miRBase listed miRNA precursors® 250 354 106 — —
expressed miRBase listed miRNAs® 218 344 106 — —
newly predicted miRNA precursors® 7 37 33 140 163
Total expressed miRNAs 225 381 139 140 163

®miRNA precursors listed in miRBase (http://www.mirbase.org; last accessed October, 2 2017) release 21 for this particular species.
PNumber of miRBase listed miRNA precursors for which we found mature miRNAs in any of our samples from the particular species.
“miRNA precursors not previously described for this particular species (new predictions were only made if the corresponding miRNA was detected in our samples).

(see Materials and Methods and supplementary table 6,
Supplementary Material online). In total, we found 225
(C elegans), 381 (P. pacificus), 139 (S. ratti), 140 (S. papillous),
and 163 (P. trichosuri) expressed miRNA precursors and used
those as basis for further analysis. The differences in the num-
bers of miRNA precursors may reflect the differences in the
genome sizes as was proposed by Ahmed et al. (2013). For
each known or novel miRNA precursor, the mature miRNA
arm was predicted by calculating the ratio of read counts
matching to the 5p- or 3p-arm. For ratios >1, the 5p-arm
was considered to be the mature miRNA, and for ratios <1,
the 3p-arm (see supplementary table 3, Supplementary
Material online). Although there were cases with ratios rela-
tively close to 1, in particular for weakly expressed miRNAs, in
the vast majority of the cases the preference for one arm was
strong. Next, all miRNAs were grouped into families based on
their seed sequences (perfect match at positions 2-8 of the
mature miRNA, see supplementary table 4, Supplementary
Material online). This procedure is common (Wheeler et al.
2009) because the seed sequence is the main determinant of
the target specificity of miRNAs. In total, we found 541 differ-
ent seeds of which only 26 are shared among all five species
(fig. 1A). However, members of these 26 seed families amount
to a considerable fraction of the total miRNAs, namely 62/224
(28%) in C. elegans, 86/381 (23%) in P. pacificus, 48/139
(35%) in S. ratti, 44/140 (31%) in S. papillosus, and 42/163
(26%) in P. trichosuri. Further we identified 20 seed families
that are shared only between Strongyloididae and 12 seeds
that are shared only between the two clade V nematodes.

Results in C. elegans and P. pacificus and Comparison with
Previously Published Literature

In C. elegans and P. pacificus adult hermaphrodites, miRNAs
were the most abundant class in 5’-monophosphate samples,
representing on average 64% and 58% of all mapped reads
with a size distribution around 22 nt length and either a 5'U or
5'A start (fig. 2A and B and supplementary fig. 2,
Supplementary Material online). The second most abundant
class of SRNAs in the 5’-monophosphate libraries were other-
mapped reads, representing on average 21% and 29% of all
mapped reads in C. elegans and P. pacificus adults. Most of

these other-mapped reads included in the 5’-monophosphate
libraries have a distinct length of 21 nt and a 5'U representing
21 URNAs (fig. 2A-C). These 21 U RNAs are known to be the
PiRNAs (Ruby et al. 2006; de Wit et al. 2009; Gu et al. 2012;
Weick et al. 2014). Additionally there is a small other-mapped
peak in both species at 26 nt with 5'Gs representing the pri-
mary (endo-)siRNA class of 26 G RNAs (fig. 2B and C) (Han
et al. 2009; Thivierge et al. 2011; Billi et al. 2014). In the 5'-all-
phosphate adult samples, miRNA reads amounted to only
15% and 23% of all mapped reads in C. elegans and P.
pacificus, respectively, whereas other-mapped reads
accounted for the majority of all mapped reads (62% and
67%, respectively). The TAP-enriched other-mapped reads
have a size distribution around 22 nt of length and a very
strong 5'G bias (22 G RNAs) (fig. 2A-C). In the dauer samples,
the same trend as in adults can be observed, but a larger
proportion (25-60%) of the reads are rRNA derived.
Because most of them are in sense orientation, they probably
represent degradation products (fig. 24). The 22 G RNAs have
been described to be secondary siRNAs, which are produced
by the RdRPs RRF-1 and EGO-1 (Gu et al. 2009) without 5’
processing and therefore have 5'-triphosphates (Pak and Fire
2007; Sijen et al. 2007; Gu et al. 2009; Vasale et al. 2010;
Ashe et al. 2012; Lee et al. 2012; Shirayama et al. 2012; ). For
the length distribution and 5" nucleotides of dauer samples
and other sRNA classes, see supplementary figure 2,
Supplementary Material online. In order to also have a quan-
titative comparison with published data, we reclassified the
SRNA reads from the previously published C. elegans and P.
pacificus data sets from Weick et al. (2014) in the same way as
our own data set and compared them with our data (supple
mentary table 7, Supplementary Material online). We found
that in the published data roughly the same percentage of
reads from 5’-monophosphate samples were miRNAs (69%
and 54% in C. elegans and P. pacificus, respectively, com-
pared with 64% and 58% in our sample) or other-mapped
(12% and 33% compared with 21% and 29% in our sam-
ple). Also in the published data set, the proportion of miRNA
reads was lower after TAP-treatment (21% and 19% com-
pared with 15% and 23% in our sample) and the majority of
reads fell in the class of other-mapped reads (72% and 75%
compared with 62% and 67% in our sample). Overall, our
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Fic. 1.—Comparative analysis of miRNA seed-families. (A) Venn diagram showing the number of miRNA seed families and their overlaps between the
five nematodes species under study. (B-D) Phylogenetic trees based on multiple sequence alignments of all members of three miRNA seed-families (left) and
arm preference (right) represented as ratio of reads derived from the 5p arm and the 3p arm of the mIRNA precursor. The species are color coded, filled circles
represent reads from libraries derived from adults, filled arrow heads represent reads from dauer/infective larvae derived libraries. The seed sequence is given
in parentheses. (B) One example of a conserved seed family (present in all five species) that is consistently downregulated in dauer/infective larvae compared
with adults (red squares). (C) One example for a conserved seed family that is consistently upregulated in dauer/infective larvae compared with adults (green
squares). For the other conserved differentially expressed miRNAs see supplementary figure 7, Supplementary Material online. (D) The mir-34 seed family.
Notice that P. pacificus mir-34 is differentially expressed in the opposite direction than the rest and its gene phylogeny is not in agreement with the species

phylogeny, suggesting that it has acquired the seed by convergence.

results in C. elegans and P. pacificus are in excellent agree-
ment with previously published data (Ahmed et al. 2013; Shi
et al. 2013; Sarkies et al. 2015). From this we conclude that
our experimental design was suitable to reproduce earlier
findings, and therefore our new data on the
Strongyloididae species are comparable with the existing lit-
erature on other systems.

Classes of Small RNAs Identified in Strongyloididae

In free-living adults of all three Strongyloididae species, most
of the reads from 5'-monophosphate samples are derived
from miRNAs (on average 79%, 55%, and 80% of all
mapped reads for S. ratti, S. papillosus, and P. trichosuri, re-
spectively; fig. 24), which is comparable with C. elegans and
P. pacificus. As in C. elegans and P. pacificus, the length of

miRNAs peaks at 22-23nt in all three species (fig. 2B) and
they have a very strong 5'U bias (supplementary fig. 2,
Supplementary Material online). The proportion of reads map-
ping to rRNA or tRNA sequences was comparable in all five
species tested. However, unlike in C. elegans and P. pacificus,
we found no peaks corresponding to the 21U and the 26 G
RNAs among the reads mapping to “other” parts of the ge-
nome in Strongyloididae (fig. 2A-C). These peaks were, how-
ever, clearly present in our C. elegans and P. pacificus data
sets.

In adults of all five species tested, reads mapping to
“other” parts of the genome make up a much greater
proportion in the 5'-all-phosphate samples than in the 5’-mo-
nophosphate data sets. In C. elegans and in P. pacificus, the
TAP-enriched fraction consists predominantly of the 22 G
RNAs. In contrast, the TAP-enriched sRNAs of all three
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Fic. 2.—sRNA profiles. (A) Piecharts representing the percentage of all mapped reads classified as miRNAs (black), rRNA-derived (green), tRNA-derived
(yellow), or other (blue). (B) Barplots showing the length distribution of small RNA classes. The color code is the same as in (4). (C) Barplots of the length
distribution and 5" nucleotide of SRNAs classified as other. Reads starting with A, G, U, or C are represented in black, green, blue, and yellow, respectively. In
all cases, the average of the three biological replicates is given. In B and C only the results for adults and in C only the results for the class “other” are given.
For the corresponding plots for dauers/infectives and for the other sSRNA classes see supplementary figure 2, Supplementary Material online. 5'-
Monophosphate RNA not treated with TAP before library construction; 5'-all-phosphate RNA treated with TAP before library construction; RPM: reads
per million; length[nt]: read length in nucleotides.
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Fic. 3.—TAP-treatment enriches for reads that align antisense to annotated genes in all five species studied. Barplots showing the percentage of other
mapped reads that map to annotated features (genes) in either sense (dark gray) or antisense (light gray) orientation or reads that map ambiguously or to
regions of the genome without annotated features (white). Notice that the proportion of reads that does not map to annotated parts of the genome is highly
dependent on the quality of the genome annotations, which varies strongly between the five species under study. Therefore only the ratio of sense mapped
reads to antisense mapped reads is relevant. Given are the means of the three biological replicates. The errorbars indicate the standard deviations.

Strongyloididae species form a novel class of sRNAs, with a
length peak at 27 nt (fig. 2B) and 5'G and 5'A being similarly
abundant (27GA RNAs) (fig. 2C). Qualitatively, all findings in
the adults described above also hold true for dauer/infective
larvae (fig. 2A and supplementary fig. 2, Supplementary
Material online). However, the enrichment of other-mapped
reads in the 5'-all-phosphate samples is less pronounced in
this developmental stage. The biological replicates of all spe-
cies and developmental stages are consistent. The SRNA pro-
files are presented separately and with full size range (up to
50 nt) for each biological replicate in supplementary figure 3,
Supplementary Material online.

Putative Targets of the TAP-Enriched 27GA RNAs

In C. elegans, the 22 G RNAs have been shown to be second-
ary siRNAs mapping mainly antisense to transposons and
other genes. We speculated that the TAP-enriched 27GA
RNAs are the Strongyloididae equivalent of the 22 G RNAs
of C elegans. In that case, one would predict that these
RNAs correspond to the noncoding strand of genes, such
that they could target the corresponding mRNAs by base
pairing. To test this, we counted reads mapping sense or an-
tisense or not mapping to annotated genes with htseq
(Anders et al. 2015). We then compared the differences be-
tween 5'-all-phosphate and 5’-monophosphate libraries

(fig. 3). In all five species analyzed, TAP-treatment led to a
strong increase in the proportion of “antisense to gene” reads
in adults. In fact, the majority of other-mapped reads (51—
77% of unambiguously other-mapped reads) in 5'-all-phos-
phate adult samples map antisense to annotated genes. The
same trend was observed in dauer/infective samples except
for P. trichosuri (fig. 3). Next we asked what kind of genes are
targeted by the TAP-enriched RNAs and performed a differ-
ential expression analysis, comparing other-mapped reads
from 5’-all-phosphate libraries versus 5’-monophosphate li-
braries. We then identified the gene predictions targeted by
the TAP-enriched RNAs and performed a gene set enrichment
analysis. We found that a good portion of the TAP-enriched
RNAs target gene predictions containing transposable ele-
ment-related protein domains in all five nematode species,
but also other protein coding genes are putative targets (table
2 and supplementary table 8, Supplementary Material online).
Given the limited quality of the annotations of the
Strongyloididae genomes, it is difficult to make a more quan-
titative statement. However, estimates based on two different
methods of predicting transposons are provided in supplemen
tary figure 4, Supplementary Material online.

Based on these findings, we hypothesize that these
TAP-enriched sRNAs in Strongyloididae represent a class of
secondary siRNAs which are produced by RdRPs without 5’
processing, comparable with the 22 G RNAs in C. elegans.
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Table 2

TAP-Enriched Other-Mapped sRNAs Target Genes with Protein Domains Related to Transposable Elements in all Five Nematode Species

PFAM Domain Function C. elegans P. pacificus S. ratti S. papillosus  P. trichosuri
Adults 5'-all-  Adults 5'- Adults 5'- Adults 5'- Adults 5'-
phosphate all-phosphate all-phosphate all-phosphate all-phosphate
transposable_element up not annotated not annotated not annotated not annotated
Rve Retroviral integrase — up up up up
gag-asp_protease gag-polyprotein putative aspartyl protease — up up up up
rve_3 Integrase core domain — — up up up
zf-H2C2 binds to histone upstream activating sequence — up up up up
elements that are found in histone
gene promoters

zf-CCHC Zinc finger up up up up —
RVT_1 Reverse transcriptase — — up up up
DDE_Tnp_IS1595 ISXO2-like transposase domain — — up up up
Asp_protease_2 Aspartyl protease — up up —

RVP Retroviral aspartyl protease — — up up —
RVP_2 Retroviral aspartyl protease — — up up —
DDE_3 DDE superfamily endonuclease — — up up up
Asp_protease Aspartyl protease — — up up —
AT_hook DNA-binding motif present in many proteins up — up up —
gag_preintegrs associated with retroviral insertion elements, — — up up —

lies just upstream of the integrase region

Indeed, multiple putative RARP genes are present in the
genomes of all three Strongyloididae species (fig. 4A).

piRNAs Are Lost in Strongyloididae Nematodes

In C. elegans and P. pacificus, piRNAs are also known as 21U
RNAs. As described above, we failed to detect a prominent
group of “other” mapped TAP insensitive (5 monophos-
phorylated) RNAs of 21 or a similar defined number of nucleo-
tides in length with a 5'U in any of the Strongyloididae,
although this class of RNAs was clearly present in our C
elegans and P. pacificus samples (fig. 2C). This indicated
that these worms either do not possess piRNAs, or that the
piRNAs vary in length. In order to investigate this, we asked if
we could identify a class of RNAs that showed any of the
general properties of piRNAs.

The 21U RNA genes in C. elegans are located in two big
clusters on chromosome IV (Ruby et al. 2006), whereas in P.
pacificus, the 21U RNA genes are organized in multiple
smaller clusters, which are disseminated throughout the ge-
nome (de Wit et al. 2009). The tendency to start with a 5'U
and to be clustered in the genome is a widespread feature of
piRNAs far beyond nematodes (Grimson et al. 2008; Malone
et al. 2009; Juliano et al. 2014). Therefore, we analyzed the
genomic distribution of all uniguely mapped “other” 20-24 U
RNAs in S. ratti and in S. papillosus. We found no indication
for clustering of the genomic regions from which the 20-24 U
RNAs originate (fig. 5FH).

In C. elegans, each 21U RNA is transcribed from its own
gene and many of these 21 U RNA genes contain a conserved

motif (Ruby motif), about 40 nt upstream of the position cor-
responding to the 5'U of the mature 21 U RNA (Ruby et al.
2006; de Wit et al. 2009; Gu et al. 2012; Weick et al. 2014). A
similar conserved motif is also found in P. pacificus and the
clade V parasitic nematodes Haemonchus contortus and
Nippostrongylus brasiliensis (de Wit et al. 2009; Sarkies
et al. 2015). In order to find evidence for a Ruby-like motif
in Strongyloididae, we randomly selected 5,000 genomic
positions from where “other” mapped 20-24 U RNAs 21U
RNAs for C. elegans and P. pacificus) originated. We then
used the MEME Suite (Bailey et al. 2015) to search for the
presence of a conserved motif in the upstream regions. We
determined in what proportion of all “other” mapped
20-24 U RNAs the identified motif occurred within 60 bp up-
stream of the position corresponding to the 5'U. Although we
were able to rederive the published Ruby motif from the
C. elegans and the P. pacificus data, we did not find a com-
parable motif in any of the three Strongyloididae species. Even
if we accepted the best identified consensus sequence as a
motif, it was present in the upstream region of only a small
fraction of all 20-24U RNA coding regions (fig. 5A-£ and
supplementary table 9, Supplementary Material online).

In other systems, piRNAs specifically interact with PIWI
proteins, which are a class of Argonaute proteins that are
highly conserved within the animal kingdom (Czech and
Hannon 2011). Therefore as a final line of evidence, we asked
if genes encoding PIWI proteins are present in the
Strongyloididae genomes. To obtain a list of Argonaute pro-
teins in the five species analyzed, we performed a jackhmmer
search (HMMER 3.1b1 (Eddy 2011)) on the (predicted)
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Fic. 4—Phylogenetic gene trees for RdRPs and Argonautes. (A) Unrooted neighbour joining tree of the RARP genes from the five different nematodes.
As outgroups we added RdRPs from Arabidopsis thaliana and Saccharomyces pombe. The different species are color-coded, and the two previously
described subfamilies (RRF-1 and RRF-3) are indicated by colored branches. Only branch support values > 70 from 100 bootstraps are shown. Notice
that the RRF-3 group is not supported by a high bootstrap value. (B) Neighbour joining tree of the Argonaute genes from the five nematodes under study and
Drosophila melanogaster, Homo sapiens, Mus musculus and one argonaute gene from the archean species Pyrococcus furiosus. For graphical representation
we used FigTree to reroot the tree to the outgroup Argonaute from P. furiosus. The different species are color-coded. The conserved subfamilies that contain
nematode, mammalian and Drosophila members are indicated by colored solid branches (ALG-1/2, ALG3/4, PIWI). The previously described group of
nematode (worm) specific Argonautes (WAGOs) are indicated by dashed lines. Notice that monophyly of WAGOs is not supported by high bootstrap values
in our analysis. For a high resolution graph of the complete tree see supplementary figure 5, Supplementary Material online. (C) Zoom in of the Piwi branch of

Argonautes, which is lacking Strongyloididae representatives. Only branch support values >70 from 100 bootstraps are shown.

proteins using the protein sequence of C. elegans ALG-1 as
bait. We accepted Argonaute homologs with an e-value
<2x107® and aligned the protein sequences using
MUSCLE with default settings (Edgar 2004). As outgroups
for the PIWI Argonautes, we used PIWI proteins from H. sa-
piens (PIWIL1 and PIWIL4), M. musculus (PIWIL1-2), and D.
melanogaster (PIWI and AUBERGINE). We then reconstructed
unrooted trees with the R package phangorn (Schliep 2011)
(fig. 4B and C and supplementary fig. 5, Supplementary
Material online). We identified 25 different Argonaute genes
in S. ratti. It should be noted that the somewhat higher num-
ber in S. papillosus is likely an overestimate due to assembly
problems in the S. papillosus draft genome, which was de-
rived from an outbred population with rather high genetic
variability. The number of Argonaute genes in S. ratti is very
comparable with the number in C. elegans (both 25) and P.
pacificus (23). Several of the major groups contain genes from
the two clade V nematodes (C. elegans and P. pacificus) and
the Strongyloididae but cases of clear one to one orthology
are rare. This indicates that the Argonaute gene families have
independently expanded in the two clades. There are also

phylogenetic groups of argonaute genes that appear entirely
absent from either of the two clade V species or from the
Strongyloididae. Interestingly, one of the two groups not pre-
sent in Strongyloididae are the PIWI coding genes. Overall,
from these results we conclude that “standard” piRNAs are
absent from Strongyloididae as is the case for a number of
other nematode species (Sarkies et al. 2015).

A Conserved Set of mIRNA Families Is Differentially
Expressed in Dauers/Infectives versus Adults

In order to identify developmentally regulated miRNAs, we
guantified the miRNA expression (as described in Materials
and Methods) and compared the miRNA expression levels in
dauer/infective larvae and in free-living adults. Only those
miRNAs that had at least 1 read per million (miRNA mapping
reads) in at least three samples were included in the analysis.
Up- and downregulated miRNAs were considered significantly
differentially expressed if they showed at least a 2-fold change
in expression (log2 fold change (log,FC) of >1 or <-1) and an
FDR <5%. Of all expressed miRNAs, we found 49% (109/224)
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Fic. 5.—Absence of a Ruby-type motif and no genomic clustering of 20-24 U RNAs in Strongyloididae. (A-E) Sequence logos of de novo predicted
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in C. elegans, 44% (167/381) in P. pacificus, 47% (65/139) in
S. ratti, 52% (73/140) in S. papillosus, and 61% (99/163) in
P. trichosuri to be significantly differentially expressed (supple
mentary table 3, Supplementary Material online). Roughly
equal numbers of miRNAs were up- and downregulated in
dauers/infectives compared with adults across all species,
with 54 up and 55 down in C. elegans, 75 up and 92 down
in P. pacificus, 37 up and 28 down in S. ratti, 41 up and 32
down in S. papillosus, and 43 up and 56 down in P. trichosuri.

For some of the species, we investigated (C. elegans,
P. pacificus, and S. ratti), Ahmed et al. (2013) had already
compared the expression of miRNAs in dauers/infectives and
in mixed stages. In total, these authors had looked at 177
miRNAs (of which 152 were also present at high enough
levels to be included in our analysis) in C. elegans, 331 (of
which 291 are also included in our data set) in P. pacificus,
and 106 (of which 100 are also included in our data set) in
S. ratti (supplementary fig. 6 and table 10, Supplementary
Material online). In order to compare our data with Ahmed
et al. (2013), we categorized the miRNA expression changes

into upregulated, downregulated, and unaffected, made a
contingency table and performed a »? test. The two data
sets show a highly significant correlation of the categorized
expression changes in dauers versus mixed/adult stages for all
three species (P=1.29x 107", P< 2.2 x 107", and
P=2.72 x 1078 for C. elegans, P. pacificus, and S. ratti, re-
spectively, supplementary fig. 6A, C and E, Supplementary
Material online). We plotted the log,FC values of dauers/
infectives versus mixed stage/adults of the two studies against
each other and performed a linear regression (supplementary
fig. 6B, D and F, Supplementary Material online). In general,
the expression changes of miRNAs detected in both data sets
are comparable and only very few miRNAs defined as up- or
downregulated in one of the data sets show the opposite
trend in the other data set. This again demonstrates that
our findings are consistent with previously published data as
far as such data exists, adding credibility to our data about not
previously analyzed species.

Among the 26 miRNA seed families that are shared be-
tween all five nematode species, we found ten that showed
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consistent differential expression in all five nematode species.
We considered differential expression to be consistent if at
least one seed family member from each species is differen-
tially expressed in the same direction (up- or downregulated in
dauers/infectives), as the majority of the miRNAs that are
members of the same seed family. Eight seed families were
upregulated (lin-4, mir-124, mir-231, mir-232, mir-251, mir-
50, mir-51, and mir-86) and two families were downregu-
lated (let-7 and mir-35) in dauers/infectives versus adults in
all five nematode species (fig. 18 and C and supplementary
fig. 7, Supplementary Material online). For each of the con-
served miRNA seed families, we constructed seed-constrained
multiple sequence alignments with LocARNA (Will et al. 2007,
2012), which takes the predicted secondary structure of the
miRNAs into account. These alignments were then used to
infer gene trees shown in figure 1. Furthermore we analyzed
the conservation of the preference for the 5p- or 3p-arm
giving rise to the mature miRNA for each seed family, and
found that most of the miRNAs members of the different seed
families share the origin (5p- or 3p-arm) of their mature
miRNA (fig. 1B-D and supplementary fig. 7, Supplementary
Material online). Almost all exceptions were found for
miRNAs that were phylogenetically more distant from the
rest of the members in a seed family and had possibly ac-
quired the same seed by convergence. These findings indicate
that certain miRNA seed families perform stage specific func-
tions that are conserved over large evolutionary distance. An
interesting case among the 26 seed families is the mir-34
family (fig. 1D). Against the general trend that
Strongyloididae have fewer miRNAs, we found three paralogs
in the Strongyloididae, two in C. elegans and only one in P.
pacificus. Further, the C. elegans and the Strongyloididae mir-
34 family genes are more closely related to each other than to
the single P. pacificus gene, and in P. pacificus the mature
mMIiRNA is on the 5p-arm, whereas in the others the mature
mMIiRNA is on the 3p-arm. All of this indicates that the P. pacif-
icus mir-34 is of different phylogenetic origin (convergent ac-
quisition of the seed). Fittingly, the P. pacificus mir-34 is
differentially expressed in the other direction suggesting a
different function.

No Signs of Circulating Parasite-Derived sSRNAs in the Host
Blood

There are more and more reports of parasite-derived sSRNAs
circulating in the blood or other tissues of animal hosts.
Circulating miRNAs were found in the blood of hosts infected
with the filarial nematodes Dirofilaria immitis and Onchocerca
volvulus (Tritten et al. 2014) and in hosts infected with trem-
atodes of the genus Schistosoma (Cai et al. 2015). For the
intestinal parasitic nematode Heligmosomoides polygyrus, it
has been shown that it secretes vesicles containing miRNAs as
well as a nematode Argonaute protein (Buck et al. 2014). We
sequenced sRNAs from whole blood of three rats that were

infected with S. ratti, and compared their SRNA expression to
two sRNA data sets from uninfected rats, to see if any sSRNAs
from S. ratti are circulating in the blood of their host animal
(supplementary table 2, Supplementary Material online). We
could not find any S. ratti-specific miRNAs (or any other
SRNAs) that were present in the infected rats but not the
uninfected ones. Either there are no circulating sRNAs that
are secreted from S. ratti, they are identical in sequence to
host sSRNAs, or they are present in such low amounts that our
method was not sensitive enough to detect them. As
expected, TAP-treatment made no difference for rat-derived
SRNAs except for a strong TAP-dependent peak of 39nt en-
tirely derived from 5S rRNA and a slight enrichment of tRNA
fragments (supplementary fig. 8, Supplementary Material
online).

Discussion

The nematodes are probably the most species rich animal
phylum and differ in many ways not only from other phyla
but also from each other (Lee 2002). One example are various
aspects about their noncoding small RNAs. Here, we present
the first global characterization of the SRNA profiles of three
members of the parasitic nematode family Strongyloididae. In
a previous study that compared sRNAs in various nematodes
(Sarkies et al. 2015), the closest relative of the Strongyloididae
that had been included was Globodera pallida, a plant para-
site that although part of the same major clade (clade IV) of
nematodes (Blaxter et al. 1998), is as phylogenetically distant
as is possible within a clade. This is the first global character-
ization of sRNAs in any animal parasite of clade V. Therefore,
the Strongyloididae represent almost certainly an indepen-
dent transition to parasitic life style from the few other para-
sitic nematodes for which such an analysis had been done.

Like in other nematodes, the Strongyloididae sSRNA libraries
that were limited to RNAs with 5 monophosphates were
dominated by miRNA-derived sequences. Comparable with
other systems, Strongyloididae have conserved and taxon-
specific miRNAs. Among the 157 different miRNA seeds iden-
tified in Strongyloididae, only 48 were shared amongst all
three species tested. Interestingly, more than half of them
(26) were also found in C elegans and P. pacificus. Also for
these two clade V species, the number of seeds shared be-
tween them but not with the Strongyloididae was smaller
than the number of seeds shared among all five species of
the two clades. A substantial fraction (10/26) of the miRNAs
with conserved seeds, showed conserved differential expres-
sion between free-living adults and infective/dauer larvae, in-
dicating that in spite of the large phylogenetic distance, these
miRNAs might still fulfill similar functions. Consistent with a
largely conserved miRNA system, we identified Argonaute
proteins in all three species which clearly belong to the fam-
ilies of Argonautes involved in miRNA function in other
systems.
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Similarly to other nematodes of clades Ill-V (Wang et al.
2011; Sarkies et al. 2015), we identified a population of RNAs
in Strongyloididae only detectable upon TAP treatment.
However, differently from all other previously characterized
nematodes where these RNAs are around 22 nt long (24 nt in
the clade IV representative G. pallida) and in their overwhelm-
ing majority start with 5 G (hence called 22 G RNAs), in
Strongyloididae the TAP-enriched RNAs are longer, around
27 nt, and are about as likely to have 5’ As as 5 Gs (27GA
RNAs). This difference suggests that Strongyloididae also have
different RdRPs for their biosynthesis and different
Argonautes capable of binding these longer RNAs.
Consistently, we identified four putative RdRP genes in each
of the three species of Strongyloididae. For two of them, clear
one to one orthologs were present in all three species ana-
lyzed. For the other two, there are one to one orthologs in the
two Strongyloides species, whereas both genes in P. trichosuri
are more closely related to one of the Strongyloides paralogs.
For none of the Strongyloididae RdRPs, a clear orthology re-
lationship to any of the four C. elegans RdRPs was detectable
(fig. 4A). We found about the same number of Argonaute
genes in Strongyloididae as in C. elegans. However, cases of
clear orthology are rare and largely limited to the two con-
served families (ALG-1/2 and ALG-3/4, involved in miRNA and
primary endogenous SiRNA function, respectively) (fig. 4B)
(Conine et al. 2010; Buck and Blaxter 2013). This indicates
that most of the expansion of the Argonaute family occurred
after the phylogenetic separation of C elegans and
Strongyloididae. We showed that a large portion of the
27GA RNAs has the potential to target transposable elements
(supplementary fig. 4, Supplementary Material online), like
22 G RNAs do in C. elegans (Gu et al. 2009). The fact that
they appear to be made by RdRPs, comparable with 22 G
RNAs, leads us to hypothesize that the 27GA RNAs corre-
spond to the 22 G secondary siRNAs in C. elegans. The 22 G
RNAs in C. elegans are secondary siRNAs triggered by the
primary endogenous siRNAs (26 G RNAs) and 21U RNAs
(Pak and Fire 2007; Sijen et al. 2007; Gu et al. 2009; Vasale
etal. 2010; Ashe et al. 2012; Lee et al. 2012; Shirayama et al.
2012; ). Although in our data 26G RNAs are visible as small
peaks in the C. elegans and P. pacificus samples (fig. 2C), no
such peaks are visible in the samples derived from
Strongyloididae. Also in Sarkies et al. (2015) no 26 G peaks
are visible in the samples from Brugia malayi (clade Ill) and G.
pallida (clade IV). However, 26 G RNAs have been found in the
clade Il parasitic nematode Ascaris suum, where they are
strongly enriched in the male gonad (Wang et al. 2011).
We speculate that primary endogenous siRNAs, which trigger
the production of the 27GA RNAs do exist in Strongyloididae
but they might be more heterogeneous in length compared
with clade V nematodes and A. suum. We cannot exclude the
presence of an unknown chemical modification that prevents
certain sSRNAs from being included in the sequencing libraries.
In C. elegans portions of the 26 G and the 21 U RNAs have

been shown to be 3’-end methylated (Kamminga et al. 2012).
We do not think that this particular modification is present in
the Strongyloididae because in none of the genomes we
found a homolog of HENN-1, the methyltransferase respon-
sible for this modification. This is consistent with earlier studies
in which neither the gene nor 3’-end methylation have been
found in nematodes outside the clade V (Wang et al. 2011;
Sarkies et al. 2015).

We found no indication of the presence of piRNAs or Piwi
proteins in Strongyloididae. This suggests that this taxon lacks
this widely conserved class of small RNAs normally involved in
silencing transposable elements in the germline. The absence
of piRNAs had already been postulated for various other nem-
atodes of multiple clades based on the absence of recogniz-
able Piwi genes in the genomes (Wang et al. 2011; Sarkies
et al. 2015). Among them is Panagrellus redivivus, a relatively
closely related free-living nematode (Srinivasan et al. 2013). In
fact, although piRNAs are widely conserved, within nemato-
des they have so far only been found in one of the major
clades (clade V), which contains C. elegans. Although the ex-
act phylogeny of nematodes is under debate, all phylogenetic
studies we are aware of Blaxter (2011, 2007), Holterman et al.
(2006), and Meldal et al. (2007) agree that Strongyloididae
are more closely related to C. elegans than to some of the
nematode species shown to lack piRNAs. Given the wide con-
servation of piRNAs among animals, the assumption that the
last common ancestor of all nematodes had piRNAs appears
reasonable. If we accept that the last common ancestor of all
nematodes had piRNAs, the absence of piRNAs in all nemat-
odes outside of clade V studied so far can only by explained by
independent losses during evolution in multiple branches of
nematodes, as proposed by Sarkies et al. (2015). However,
maybe one should not prematurely exclude an early loss fol-
lowed by a regain of piRNAs in clade V, possibly through
horizontal gene transfer.

For some parasitic nematodes, it has been recently de-
scribed that they secrete small RNAs and in a few cases,
parasite-derived sRNAs were found circulating in the host
blood (Cai et al. 2015; Tritten et al. 2014). Therefore, we
sequenced 5'-all-phosphate and 5-monophosphate sRNAs
isolated from blood of rats which were infected or mock
infected with S. ratti. We failed to detect S. ratti-derived
SRNAs, indicating, that if such RNAs are present in the blood,
they are either extremely low abundant or they are identical
with host sRNAs. This finding does not exclude that parasite-
derived sRNAs are present locally in the small intestine of the
host and might play a role in the host—parasite interaction.

Taken together, we identified a novel class of small RNAs
termed 27GA RNAs in the Strongyloididae, a family of para-
sitic nematodes, which includes the human pathogen S. ster-
coralis. This class of RNAs is only detectable in RNA seq
experiments if the RNA is treated with tobacco acid pyrophos-
phatase, indicating that these RNAs carry triphosphates at
their 5 ends and are made by RdRPs. Correspondingly,
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Strongyloididae possess different subfamilies of RdRPs and
Argonaute proteins. A large fraction of the 27GA RNAs
have the potential to target transposable elements. We hy-
pothesize that 27GA RNAs correspond to the 22 G secondary
SiRNAs in C. elegans. Further, Strongyloididae lack piRNAs and
Piwi-type Argonaute proteins.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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