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Abstract

In this study, we identified and assembled a strain of American nodavirus (ANV) in the
Phlebotomus papatasi-derived PP9ad cell line. This strain most closely resembles Flock
House virus and ANV identified in the Drosophila melanogaster S2/S2R cell line. Through
small RNA sequencing and analysis, we demonstrate that ANV replication in PP9ad cells
is primarily targeted by the exogenous small interfering RNA (exo-siRNA) pathway, with
minimal engagement from the PIWI-interacting RNA (piRNA) pathway. In mosquitoes
such as Aedes and Culex, the PIWI pathway is expanded and specialised, which actively
limits virus replication. This is unlike in Drosophila spp., where the piRNA pathway does
not restrict viral replication. In Lutzomyia sandflies (family Psychodidae), close relatives of
Phlebotomus species and Drosophila, there appears to be an absence of virus-derived piR-
NAs. To investigate whether this absence is due to a lack of PIWI pathway proteins, we
analysed the piRNA and siRNA diversity and repertoire in PP9ad cells. Previous assem-
blies of P. papatasi genome (Ppap_1.0) have revealed a patchy repertoire of the siRNA
and piRNA pathways. Our analysis of the updated P. papatasi genome (Ppap_2.1) has
shown no PIWI protein expansion in sandflies. We found that both siRNA and piRNA
pathways are transcriptionally active in PP9ad cells, with genomic mapping of small
RNAs generating typical piRNA signatures. Our results suggest that the piRNA pathway
may not respond to virus replication in these cells, but an antiviral response is mounted
via the exo-siRNA pathway.
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INTRODUCTION

Phlebotomine sand flies (Diptera: Psychodidae) are not only vectors of
bunyaviruses of the Phenuiviridae family, such as Toscana virus
(TOSV) and related phleboviruses, but also members of the Peribunya-
viridae, Rhabdoviridae, Flaviviridae and Reoviridae families, which have
been suggested to be transmitted, or potentially being transmitted by
these insects (Jancarova et al., 2023). In Europe, these insects are par-
ticularly relevant to human and animal health in regions around the
Mediterranean Basin. Still, with climate change, they are increasingly
spreading to other regions, thus increasing the geographical risk area
(Maroli et al., 2013; Oerther et al., 2020; Schaffner et al., 2024). More-
over, sand flies can transmit Leishmania parasites and Bartonella bacte-
ria, highlighting their role as vectors requiring urgent research (Alkan
et al., 2013; Ayhan & Charrel, 2020; Charrel et al., 2018; Jancarova
et al., 2023; Moriconi et al., 2017).

Novel control measures that target vectors may be important in
controlling sand fly populations, but this requires a better understand-
ing of their ecology, development, physiology and immunity. Indeed,
host responses to viruses in sand flies and sand fly cells remain poorly
understood, with very few studies investigating this topic (Telleria
et al., 2018). Previous studies in Lutzomyia longipalpis-derived LL5 cells
described that transfected double-stranded RNA (dsRNA) can induce
an antiviral state, and secretion of proteins linked to antiviral immu-
nity in other organisms such as a phospholipid scramblase was
described (Martins-da-Silva et al., 2018; Pitaluga et al., 2008). Better
understood in insects are RNA interference (RNAi)-based antiviral
responses that are generally well conserved, and with many findings
from the model insect Drosophila melanogaster translatable to impor-
tant arbovirus vectors such as mosquitoes. Indeed, the mosquito
exogenous small interfering RNA (exo-siRNA) pathway is particularly
relevant in controlling arbovirus replication across viral families. It is
induced by virus-derived dsRNA, which is cleaved by Dicer-2 (Dcr2)
protein into predominantly 21 nucleotide (nt) in length, virus-derived
small interfering RNAs, vsiRNAs. Importantly, these vsiRNAs are then
used by a further effector protein, Argonaute-2 (Ago2) (as part of the
RNA Induced Silencing Complex [RISC]), to target complementary
viral RNA (Blair, 2023; Blair & Olson, 2015; Olson & Blair, 2015;
Prince et al, 2023; Samuel et al., 2018). The P-element Induced
Wimpy testis (PIWI)-interacting RNA (piRNA) pathway is a second
pathway that responds to viral infection and is poorly understood.
Importantly, piRNAs in insects are longer, around 24-30 nt. The path-
way relies on Argonaute-3 (Ago3) and PIWI proteins, the latter family
being expanded in Aedes aegypti and Aedes albopictus compared with
D. melanogaster for piRNA production via a so-called ping-pong pro-
duction mechanism. This results in a predominant positional nt signa-
ture, U; for primary piRNAs or Ajo for secondary piRNAs, with a
10 nt overlap between secondary and primary piRNAs. Silencing of
piRNA pathway effectors has demonstrated the involvement of this
pathway in antiviral responses in mosquitoes, such as Piwi4. Indeed,
canonical virus-derived piRNAs, vpiRNAs, are frequently observed in
arbovirus-mosquito interactions (Blair, 2023; Santos et al., 2023;

Varjak et al., 2018). There are exceptions—for example, in the case of
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Zika virus infection of Ae. aegypti-derived cells, where no canonical
vpiRNAs were identified (Varjak et al., 2017). Interestingly, although
VpiRNAs have been detected in D. melanogaster ovary somatic sheet
cells, the pathway may not play a role in antiviral defences in that
insect (Petit et al., 2016; Wu et al,, 2010). This asks the question of
how widespread and functionally relevant antiviral piRNA responses
are. Infection of L. longipalpis sandflies or Phlebotomus papatasi cells
with the negative strand RNA viruses (vesicular stomatitis virus, VSV
[Rhabdoviridae], or TOSV [Phenuiviridae), respectively) resulted in the
production of 21 nt vsiRNAs but not vpiRNAs (Alexander et al., 2023;
Ferreira et al., 2018). Indeed, silencing of Ago2 in P. papatasi-derived
PP9ad cells increased TOSV replication (Alexander et al., 2023). Simi-
larly, a mitovirus infecting L. longipalpis induced the production of
21 nt vsiRNAs, and again, no obvious vpiRNAs were described
(Fonseca et al., 2020). An absence of piRNAs was also observed for
various viruses of the Reoviridae and Nodaviridae families infecting
L. longipalpis - which surprisingly do not show a predominance of
21 nt vsiRNAs either (Aguiar et al., 2015; Ferreira et al., 2018). There
are, thus, question marks on whether the induction of canonical exo-
siRNA response is virus dependent and the general absence of canoni-
cal antiviral piRNA responses.

Here, we showed the detection within previously described small
RNA sequencing data from PP9ad cells (Alexander et al., 2023), of a
novel strain of the previously identified D. melanogaster American
nodavirus (ANV) (Nodaviridae, Alphanodavirus, Flock House virus
[FHV]) (Wu et al., 2010), a positive-stranded RNA virus whose
genome consists of two RNA strands, named RNA1 and RNA2, in the
previously described PP9ad cell line (Alexander et al., 2023). Replica-
tion of this nodavirus in P. papatasi cells produces 21 nt vsiRNAs but
not vpiRNAs. However, these vsiRNAs did not show classical Dcr2
production signature patterns, suggesting that the majority of vsiRNA
duplexes were sequestered by the RNAI inhibitory viral B2 protein
(which binds as a dimer to small RNA duplexes between 17 and
25 base pairs, preventing Ago2 loading (Chao et al., 2005; Lingel
et al., 2005), or to longer dsRNA sequences, thus inhibiting Dcr2
cleavage (Lu et al., 2005)) to counteract the exo-siRNA pathway.
Moreover, we re-assessed the P. papatasi siRNA and piRNA pathway
components and demonstrated their presence in PP9ad cells. These
data add to understanding small RNA pathway responses in sand fly
cells, suggesting that antiviral exo-siRNA pathway responses are gen-
erally active. Still, canonical antiviral piRNA responses may not
respond to this viral infection.

RESULTS AND DISCUSSION

Both the siRNA and piRNA pathways are active in
PP9ad cells

The initial genome assembly and annotation of the P. papatasi
genome (Ppap_1.0, RefSeq: GCA_000262795.1) revealed the exis-
tence of most core siRNA and piRNA pathway genes (Labbe
et al., 2023). However, certain genes, such as ago2—which had
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been identified from PP9ad cells (Alexander et al., 2023)—were
either missing or requiring revision as the predicted genes were
shortened or truncated. To address this, we examined the updated
P. papatasi genome (Ppap_2.1; RefSeq: GCF_024763615.1) to iden-
tify the completeness of siRNA and piRNA pathway genes so they
could be used to assess transcriptional activity and function in the
PP9ad cell line.

In Aedes and Culex mosquitoes, there is a notable expansion in
the repertoire of the piRNA pathway, with expression being prevalent
in both somatic and germline tissues and with specialisation of one of
these proteins, Piwi4, as antiviral (Varjak et al., 2018). Employing Ae.
aegypti homologues as references, we identified a single copy homo-
logue of Dcr2 endoribonuclease (LOC129803306, XM_055849757.1)
and Ago2 (LOC129803094, XM_055849433.1). Additionally, for the
piRNA machinery, we identified two Aubergine-like or PIWI-like
genes (LOC129803499, XM_055850102.1 and XM_055850099.1,
LOC129803498), as well as one copy of Ago3 (LOC129806092,
XM_055854434.1), a Zucchini homologue (LOC129807453,
XM_055856739.1) and a Nibbler homologue (LOC129806408,
XM_055854972.1). Upon mapping small RNA reads from the PP9ad
cell line to these genes and quantifying transcript abundance, we con-
firmed the transcriptional presence of all identified siRNA and piRNA
genes (Figure 1a).

Notably, siRNA machinery was highly transcriptionally active
with Dcr2 and Ago2 expression with an average of 143,783 tran-
scripts per million (TPM) and 769,990 TPM, respectively. Compara-
tively the piRNA machinery genes were less abundantly expressed
(between 6082 and 43,282 TPM). Analysis of the small RNA read
length distribution showed that most (53%) of small RNAs in these
cells originated from the siRNA and miRNA pathways with reads
between 21 and 23 nt in length (Figure 1b). Despite this, transcrip-
tional activity of the piRNA pathway was evident, with a significant
peak at 28 nt and a bias towards a U; position, indicating potential
functional activity in these cells (Figure 1b). We investigated the
piRNA pathway activity by looking for a ‘ping-pong’ cycle signature
within small RNA populations. We subsetted the small RNAs into the
si/miRNA population (Figure 1c, reads 21-24 nt in length), which did
not show typical piRNA features, except for a bias towards U at posi-
tion 1. Additionally, the overlapping pairs of small RNAs of 21-24 nt
in length were enriched (z-scores > 1) towards overlap sizes of 17-
21 nt in length, suggesting the si/miRNA machinery predominantly
processes these read sizes (Antoniewski, 2014). This was in contrast
to the piRNA-size populations (Figure 1d, 25-30 nt) containing
strong evidence of piRNA activity with 10 nt bp overlap of sSRNAs (z-
score, 4), a bias for U, in piRNAs while only a weak preference in
position Ao in piRNAs. Given that all reads are analysed as one pool
without considering ‘strandedness’, to manually validate we identi-
fied a 1500 nt genomic region in chromosome 1 between positions
60546551and 60544952 with a significant portion of read lengths
corresponding to piRNAs (23-29 nt) (Figure 1e), validated the ping-
pong overlapping signature of 10 nt (Figure 1f) and demonstrated
that reads 23-29 nt originating from the forward strand had a bias
towards U1 and reverse strand A4q (Figure 1g). This unambigiously

demonstrates that the piRNA pathway is active against genomic loci
in P. papatasi PP9ad cells.

Identification of adventitious nodavirus in P. papatasi
PP9ad cells

Adventitious viral agents of insect cell lines are common and have been
identified by accident or through metagenomics studies (Bishop
et al.,, 2020; Franzke et al., 2018; Parry et al., 2021; Parry & Asgari, 2018;
Weger-Lucarelli et al., 2018). Previously, it has been demonstrated that
as the siRNA and piRNA pathway target viral genomes, viral-derived
small RNA reads are enriched in total small RNA reads, allowing viral con-
tigs to be assembled (Aguiar et al, 2016; Vodovar et al., 2011; Wu
et al., 2010). To identify viral sequences in PP9ad cells, we subjected
small RNA sequencing from three libraries of PP9ad cells to de novo
assembly and analysed through a viral metagenomics pipeline (Parry
et al.,, 2021). In total, 313 contigs were assembled ranging from 151 to
4529 nt and were queried to the NCBI non-redundant viral database
using BLASTn and BLASTx. Three contigs between 1356 and 1763 in
length showed high nt identity (between 93.49% and 96.01%) to RNA
1 and RNA 2 (GenBank ID GQ342965.1, GQ342966.1) from ANV SW-
2009a, sometimes called FHV, a common infectious agent of
D. melanogaster S2 cells (Wu et al., 2010). Manual examination of the
ANV-like contigs revealed the two RNA 1 contigs overlapped perfectly
with 34 nt, creating a 3107 nt coding complete segment for RNA
1, which shared 96.00% identity to RNA 1 of the SW-2009a strain
(GenbankID: GQ342965.1). A complete RNA 2 segment was manually
identified and trimmed to 1372 nt with 96.31% nt identity to the IP-VIA-
022011 strain of FHV (Genbank ID: JF461542.1), which was also
described from a derivative of S2 cells, S2R (Vodovar et al., 2011). Small
RNA reads were then remapped to the ANV-PP%ad strain sequence,
with 213,989/174,238,062 reads mapping to the reference with a map-
ping rate of 0.12% and an average coverage of 786x for RNA 1 and
1516 x for RNA 2 (Figure 2a).

Examination of the RNAI response to alphanodavirus
replication

To further examine if ANV is a bona fide infectious agent of the
PP9%ad cell line, small RNA libraries from these cells were mapped to
the ANV genome (Figure 2b,c).

Examination of the read lengths of small RNAs that mapped to both
segments of the ANV genome indicated an overwhelming bias towards
small RNA reads of 21 nt size to both RNA 1 and RNA 2 (Figure 2b),
69.6% of total reads +4.3% for RNA 1 and 74.9% + 2.1% for RNA 2, with
limited small RNAs that corresponded to potential viral piRNA pathway-
derived reads (24-29 nt), 8.5% + 3.2% for RNA 1 and 5.0% + 1.7% for
RNA 2. The production of antigenome mapping small RNA reads at
almost equal proportion of the genome strand for this ssRNA virus indi-
cates active replication in these cells (RNA 1 1.05 + 0.02 sense: 1 anti-
sense and RNA 2 1.02 + 0.05 sense: 1 antisense).



Insect Molecular

ALEXANDER ET AL.

Biology
(@) () -
Dcr2 2 i % 3000
T Q.
(¥} Y
Ago2 e 3 © 2000
6 2z 27 As 8
Aubergine-like 4 = 17 fj §1ooo
[ | T ER R PP PP PP PP PR c
PIWI-like 5 e 1l <
o [}
A 3 -2 rrrrrrrriu1i E 0 rrrrriuri 1
go
0 NS 5 A ONBOMSN NS DA BRNBGAN
Zucchini y  Overapiny n = 10,063,823

\4
Nibbler gg A%LAU,LA\J
U
(b) A M:ck'b CUCUGQG
25— m A (d)
— C
Fom gl
2
% 15—
Qo (1]
310— _zllllllllllg 0
& NS 0A (OO N DA RO
% 5o y Overlap(ny) n = 27,779,903
n_ 1.0
el ool
SOSPPPRPERBES  © AAD JGECAURUSCAIIGGE
(e) Read length ‘ » 500
g 1000
E
3 500
N l I _zllllllllllé 0
NS 9 A ONIE( N N DDA RO
(9) Overlap (nt) Reverse strand n = 11,849
sl
Y gugguguﬁggue%uuggu
FIGURE 1 Legend on next page.

Further examination of the genomic loci of exclusively 21 nt
reads (Figure 2c) indicated an equal coverage of vsiRNAs, with no
indication of hotspot regions from which vsiRNAs originated and
no bias towards the B1/B2 region of RNA 1 where subgenomic

transcription occurs. This is in stark contrast to the mapping profile
of the 24-29 nt viral small RNA reads, which were five to tenfold
higher in the genome sense (RNA 1, 9.32 + 3.82 sense: 1 antisense
and RNA 2, 5.56 + 3.69 sense: 1 antisense), suggesting that these
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reads are more likely to have derived from the genomic ANV RNA
(Figure 2d).

Next, we examined the features of overlapping pairs of viral small
RNA reads for both the prototypical vsiRNA (21 nt) and vpiRNA (24-
29 nt) read lengths. While both segments produced adequate magni-
tudes of overlapping vsiRNAs (Figure 3a,b), there was no evidence of a
Dcr2-like signature, which is characterised by overlapping read biases of
vsiRNAs by 18-20 nt with a peak at 19 nt (Antoniewski, 2014). Addi-
tionally, there was no evidence that the small 24-29 nt reads derived
from the ANV genome overlapped by 10 nt, which is the prototypical
‘ping-pong’ signature of viral piRNA pathway processing, or demon-
strated the prototypical U; and A;o bias of the PIWI pathway
(Figure 3c,d) (Varjak et al., 2018). As almost all of the reads of this length
came from the genomic sense, there was an 80-fold reduction in over-
lapping pairs of piRNAs compared to the siRNAs.

The B2 protein of Nodaviridae, and by extension that of ANV,
exhibits two distinct mechanisms of RNAi antagonism. First, it has
been shown to bind as a dimer to viral dsRNA duplexes between
17 and 25 base pairs (Chao et al., 2005; Lingel et al., 2005), sequester-
ing away these vsiRNA duplexes before loading them into the holo-
RISC complex. Additionally, B2 protein exhibits an even higher affinity
for longer dsRNA sequences inhibiting Dcr2 cleavage into the vsiRNA
duplexes (Lu et al., 2005). Here, we see no bias in the overlapping pair
absolute abundance or z-score probability for viral 21 nt vsiRNAs that
overlap by 19 nt with two-base 3’ overhangs, a classical feature of
Dcr2 cleavage and seen previously in these cells infected with TOSV
(Alexander et al., 2023). This suggests that most vsiRNA duplexes are
sequestered by the B2 protein and no longer present in these data
sets as a consequence of viral counteraction of the exo-siRNA
response. It cannot be excluded that the binding of longer dsRNA also
comes into play. Indeed, both mechanisms are possible, either sepa-
rately or alongside each other, and it is not possible to discern
between the two. This will require further investigation.

In summary, our bioinformatic evidence suggests that PP9ad cells
harbour transcriptionally active and functional siRNA and piRNA path-
ways, indicating that the absence of virus-derived vpiRNAs in these
cells is not attributable to a lack of the piRNA machinery and further
investigations are required to see whether the absence of canonical
piRNA response as observed here, and previously (Alexander

et al., 2023), are general features in sand flies. The absence of a typical

Dcr2 signature in the vsiRNAs from our data set may be explained by

sequestering of viral dsRNAs or vsiRNAs duplexes by B2. We can only
speculate on this point presently, and for example, mutagenesis of B2
in the PP9ad ANV genome would be required to assess this. Nonethe-
less, the presence of 21 nt vsiRNAs as observed here and in other
viral infections of sand fly cells or sand flies (Alexander et al., 2023;
Ferreira et al., 2018; Fonseca et al., 2020) are hallmarks of exo-siRNA
pathway induction. Analysis of existing data sets for the presence or
absence of Dcr2 cleavage patterns may shed further light on the pro-
cesses involved in infection of such cells with viruses other than the

PP9ad ANV described here. This will require further investigation.

EXPERIMENTAL PROCEDURES
Cell culture

Reads were derived from P. papatasi-derived PP9ad cells, which are
an adherent form of PP9 cells, and previously described (Alexander
et al., 2023) and it is derived from parental PP9 cells obtained from
the World Reference Center for Emerging Viruses and Arboviruses

(University of Texas Medical Branch, Galveston, Texas, USA).

Small RNA sequencing

Small RNA reads were from previously obtained libraries (Alexander
et al., 2023). A summary of the sequencing procedure is described
here for completeness. Triplicate wells containing 5 x 10° PP9ad cells
were incubated for 3 days at 28°C. RNA was then extracted using Tri-
zol following the manufacturer’s protocol, and each triplicate sample
was pooled. This was then repeated two more times to generate three
independent replicates. Small RNA sequencing was carried out by the
Beijing Genomics Institute (BGlI Group, Shenzhen, China). Extracted
RNA was size separated using polyacrylamide gel electrophoresis, and
bands in the region of 18-35 nt were extracted. These had a 3’ and 5’
adaptor added before amplification by reverse transcriptase polymer-
ase chain reaction. After purification of the PCR products, they were
heat denatured and circularised using a splint oligo. The single-

stranded circular DNA became the library. Library QC was carried out

FIGURE 1 Both the siRNA and piRNA pathways are active in P. papatasi PP9ad cells. (a) Transcript abundance of small RNAs deriving from
the mRNA of siRNA and piRNA pathway homologues represented as log;o reads per transcript million (TPM) in the PP9ad cell line (n = 3).

(b) Read profile of small RNAs derived from PP9ad cells mapping to the Ppap_2.1 genome and nucleotide bias of the first position (n = 3).

(c) Probability z-scores (left) and the mean number of overlapping pairs (right) of small RNA length reads (21 nt) mapping to the Ppap_2.1 genome.
The mean of n = 3 independent repeats. Representative sequence logos of 21 nt small RNA length reads mapping to the Ppap_2.1 genome. The
probability of each nucleotide at each position with piRNA pathway bias positions (U, and A1) is indicated with arrowheads and trimmed at

21 nt for clarity. (d) Probability z-scores (left) and the mean number of overlapping pairs (right) of piRNA length reads (24-29 nt) mapping to the
Ppap_2.1 genome. The mean of n = 3 independent repeats. Representative sequence logos of all piRNA length reads mapping to the Ppap_2.1
genome. The probability of each nt at each position with piRNA pathway bias positions (U; and A4o) is indicated with arrowheads, and reads
trimmed at 21 nt for clarity. (e) Mapping coverage of piRNA length reads 23-29 nt of a 1500 nt genomic region of chromosome 1 of the

P. papatasi genome (GenbankID: JANPWV010000001; 60546551-60544952). (f) Probability z-scores (left) and the mean number of overlapping
pairs (right) of piRNA length reads. (g) Sequence logos of all piRNA length reads originating from the forward strand and reverse strand mapping,
trimmed to 21 nt for clarity U4 in forward strands and A, in reverse strands are indicated with arrowheads.
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predominance of the first 20 nt of each 27 nt small RNAs mapping to RNA 1 and RNA 2 genomic or antigenomic segments, as indicated by all
replicates combined. The SD is indicated by error bars on the column plot or lighter colour on the line plot.

using an Agilent Technologies 2100 bioanalyser (Agilent Technologies,
Santa Clara, CA, USA). The circular library was rolling circle amplified
using phi29 polymerase to form DNA nanoballs (DNB). The DNBs
were loaded onto a patterned nanoarray, and single-end 50 base
reads were generated by combinatorial probe anchor synthesis using
a DNBSeq-G400 sequencer (MGI Tech. Co., Shenzhen, China).

Small RNA datasets

Data used in this analysis came from unifected PP9ad cell samples
MOCK_1 to MOCK_3 as described by Alexander et al. (2023). These

are available as accessions SRX17532612: SRX17532614 within Bio-
Project PRINA879406 at the NCBI SRA archive.

Small RNA pre-processing and analysis

High throughput RNA sequencing data was analysed, as reported pre-
viously (Alexander et al., 2023; Gestuveo et al., 2022). Briefly, fastp
was used to remove low-quality (Phred score < 30) and short (<18 nt)
reads from sequencing data. To identify potential viral agents, pro-
cessed sRNA from all samples were assembled using MEGAHIT
(v1.2.9) with the following parameters -k-min 15 and -k-max 51 with


https://www.ncbi.nlm.nih.gov/sra/SRX17532614%5baccn%5d

a -k-step of 2 (Li et al., 2015) with minimum contig length of 150 nt.
Viral contigs were identified using BLASTx against a previously estab-
lished virus database (Parry et al., 2021). To validate the ANV PP9ad
genome, all clean reads were mapped to the RNA 1 and RNA 2 seg-
ments (Genbank ID: PP066887 and PP066888) using Bowtie2
(v2.4.5) (Langmead & Salzberg, 2012) and manually inspected with
Integrated Genomics Viewer (v 2.7.0) (Thorvaldsdottir et al., 2013).

For the siRNA and piRNA analysis, alignments against the ANV
PP9ad genome were carried out using Bowtie2 and unmapped reads
were removed using SAMtools (v 1.16.1) (Danecek et al., 2021) and all
further analyses were carried out using R 4.3 and RStudio 2023.

For calculation of the coverage of each genome segment, the
BAM file was filtered by genome segment, strand and read length. If
the strand was negative, the start position was calculated by start plus
length, as all mappings are given in the 5'-3’ orientation. Each read in
the filtered list was then turned into a matrix of the nts between the
start position and the end, start + length. Then, the total of occur-
rences of each nt from 1 to the length of the genome was counted to
give the read coverage for each genome position. The number was
then normalised to the total number of mapped reads for the sample
to compensate for differences in sample size.

To calculate the number of overlapping pairs, a matrix of all the
reads of a given length(s) starting at each genomic nt position was cre-
ated. As before, if the mapping was on the negative strand, the start
position was adjusted to take this into account. The matrix was then
split according to the strand mapping, and one of the strands was
assigned as the pattern strand and the opposite as the target strand.
For each nt in the length of the genome, the pattern—number of reads
of the given length(s) starting at that nt position was recalled from the
pattern matrix. The opposing target matrix—reads starting at that
position on the opposite strand was called from the target matrix. This
was repeated for each opposing target nt until the specified overlap
length had been recovered; in this case, a 21 nt overlap was
investigated, so a read starting at pattern nt—21 on the target strand
would overlap by 21 nt. As there cannot be more overlapping reads
than reads at a position, if the number of overlapping reads exceeded
the input, the number was set to equal the input. The full analysis
script is available at https://github.com/AK1RAJ/piMaker/blob/main/
piMaker.R.

Reannotation of siRNA and piRNA pathway genes in
P. papatasi

To identify homologues of siRNA and piRNA machinery within the
P. papatasi genome, we queried previously validated homologues from
Ae. aegypti. For the siRNA pathway, Dcr2 (AAELO06794) and Ago2
(AAELO17251) were used, as well as elements of the piRNA machin-
ery such as PIWI proteins (PIWI1-7, AAELO08076 AAELO08098,
AAEL013692, AAEL007698, AAEL013233, AAEL013227 and
AAEL006287), Ago3 (AAEL007823), Zucchini (AAELO11385) and Nib-
bler (AAELO05527) (Campbell, Black, et al., 2008; Campbell, Keene,
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et al, 2008). These homologues were used as query sequences
against Ppap_2.1 using BLASTp and tBLASTn (Camacho et al., 2009).

To analyse the transcriptional activity of identified siRNA and
piRNA genes in PP9ad cells, we employed a dual mapping-based
and estimation of transcript abundance of cleaned fastq sRNA librar-
ies using salmon (v1.9.0), under default conditions with a kmer size of
17 (Patro et al., 2017).

For examination of the piRNA response, clean reads were aligned
to the P. papatasi genome (Ppap_2.1; RefSeq: GCF_024763615.1)
using the sensitive mapping flag (—sensitive) of Bowtie2 (v2.4.5)
(Langmead & Salzberg, 2012). We examined small RNA responses by
creating binary alignment files for each small RNA size class relevant
to the si/miRNA (21-24 nt) and piRNA (25-30 nt) pathways.

To obtain nt position biases in small RNAs, we extracted all
aligned reads irrespective of strand orientation. Reads were then
trimmed to a uniform 21 nt from the 5’ end, converted to fasta format
and visualised using WebLogo3 (Crooks et al., 2004). Finally, to assess
the presence of overlapping si/piRNA molecules, overlapping pairs
and overlap probabilities were calculated from alignment files using
the ‘signature.py’ small RNA Python
(Antoniewski, 2014).

signatures script
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