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ABSTRACT
Piwi-interacting small RNAs (piRNA) play a key role in controlling the activity of transposable elements 
(TEs) in the animal germline. In diverse arthropod species, including the pathogen vectors mosquitoes, 
the piRNA pathway is also active in nongonadal somatic tissues, where its targets and functions are less 
clear. Here, we studied the features of small RNA production in head and thorax tissues of an uninfected 
laboratory strain of Anopheles coluzzii focusing on the 24–32-nt-long RNAs. Small RNAs derived from 
repetitive elements constitute a minor fraction while most small RNAs process from long noncoding 
RNAs (lncRNAs) and protein-coding gene mRNAs. The majority of small RNAs derived from repetitive 
elements and lncRNAs exhibited typical piRNAs features. By contrast, majority of protein-coding gene- 
derived 24–32 nt small RNAs lack the hallmarks of piRNAs and have signatures of nontemplated 3' end 
tailing. Most of the atypical small RNAs exhibit female-biased expression and originate from mitochon
drial and nuclear genes involved in energy metabolism. We also identified atypical genic small RNAs in 
Anopheles gambiae somatic tissues, which further validates the noncanonical mechanism of their 
production. We discuss a novel mechanism of small RNA production in mosquito somatic tissues and 
the possible functional significance of genic small RNAs.
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Introduction

Small RNAs (18–32 nucleotides in length) are the primary 
players in RNA interference (RNAi) processes, which are 
based on the complementary recognition of RNA targets by 
a complex of small RNAs and Argonaute proteins. Small 
RNAs represent the basis of the diverse defence pathways 
directed against viruses and transposable elements (TEs). 
Small interfering RNAs (siRNAs) 21-nt in length are gener
ated from RNA duplexes of exogenous and endogenous ori
gins. Piwi-interacting RNAs (piRNAs), a different class of 
small RNAs that are 24–32 nucleotides long, are primarily 
responsible for repressing TEs, the endogenous counterpart of 
viruses, in the gonads of multicellular animals [1,2]. piRNAs 
in a complex with proteins of the PIWI subfamily of the 
Argonaute family suppress the activity of their targets at 
different levels, which leads to efficient and inherited epige
netic TE silencing. Unlike siRNAs generated from double- 
stranded RNA, piRNAs are processed from single-stranded 
precursors of endogenous origin. Dedicated sites in the gen

ome, called piRNA clusters, specialize in piRNA production 
[3]. Transcripts generated from these regions are recognized 
by the piRNA processing system. piRNA clusters are repre
sented by extended pericentromeric regions enriched in 
degraded TEs [3], full-length copies of active euchromatic 
TEs [4], telomeric regions [5], and unique regions of the 
genome, including both genes and intergenic regions [6,7]. 
Processing of piRNA precursors occurs in the perinuclear 
structure of ‘nuage’ and on the outer mitochondrial mem
brane [8,9]. piRNAs are formed as a result of two nucleolytic 
mechanisms: ping-pong (slicing) and subsequent processing 
of the RNA cleavage products (phasing). The coordinated 
action of two proteins of the Piwi subfamily – Aubergine 
and Ago3 — involving transcripts of piRNA clusters and TE- 
derived mRNA leads to the multiplication of sense and anti
sense piRNAs with 10 nt overlap, in the process called the 
ping-pong cycle [3,10]. Cleavage products are a substrate for 
Zucchini endonuclease, which produces piRNAs during 
sequential cleavages from the 5' to 3' end of RNA (phasing) 
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[11,12]. piRNAs have specific nucleotide bias as 
a consequence of the enzymatic activity and target preference 
of the ribonucleases involved in the piRNA biogenesis in 
Drosophila. The 1U bias (preference for the uridine at the 5' 
end) is related to the activity of endonuclease Zucchini loca
lized on mitochondria, which cleaves long piRNA precursors 
upstream of U [12]. 1U at the 5' end is characteristic of 
antisense piRNAs bound to the Piwi proteins (Piwi and 
Aubergine). 10A, i.e. a preference for the adenine in position 
10 of piRNA, is a signature of the ping-pong processing since 
5' uridine of piRNA determines the position of the tenth 
nucleotide of the complementary piRNA. Exonucleolytic 
trimming of the 3' end of long piRNA intermediates is essen
tial for piRNA maturation; this function is performed by 
exoribonuclease Nibbler [13].

piRNAs are produced not only from TE transcripts, but 
also from a number of protein-coding gene mRNAs, which 
suggests the potential role of the piRNA-mediated pathway in 
the biogenesis of protein-coding mRNAs. Genic piRNAs are 
predominantly generated from the 3' untranslated regions 
(UTRs) of the protein-coding gene mRNAs in different spe
cies [6,14]. Generation of genic piRNAs can be a result of the 
presence of TE fragments in the 3'UTRs which are recognized 
by endogenous TE-derived piRNAs, leading to mRNA clea
vage and processing of genic piRNAs [4,15]. In ovaries of the 
malaria mosquito Anopheles gambiae, endogenous piRNAs 
derived from ancient genomic repeats may target mRNAs 
leading to the production of genic piRNAs that in turn may 
direct piRNA production from other transcripts [16]. The 
functional significance of this cascade of concerted piRNA- 
mediated slicing of RNAs remains unclear. In mice and chick
ens, piRNA processing of mRNA comprising TE-fragments in 
the 3' UTR is coupled with translation and affects protein 
production [17] that highlights the functional significance of 
the piRNA-mediated pathway in the regulation of mRNA 
expression.

The piRNA pathway functions not only in gonads but also 
in somatic tissues of many arthropod species [18]. Of parti
cular interest is the fact that the somatic piRNA pathway is 
active in the species of the mosquito genera Anopheles, Culex 
and Aedes [19–23] . Mosquitoes are one of the most societally 
relevant insects due to their role in disease transmission and 
their large and continually expanding habitats. In the gen
omes of various mosquito species, 3–8 proteins of the PIWI 
subfamily are encoded [24], some of which are expressed in 
somatic tissues [25–27]. piRNAs play a role in both the 
modulation of TE activity and the antiviral response in 
somatic tissues [18,28,29]. The latter is mediated by viral 
genome fragments, endogenous viral elements (EVEs), 
which were discovered in TE-enriched piRNA clusters [22].

A distinct feature of the piRNA composition in mosquitoes 
of the Anopheles genus is the presence of a larger number of 
piRNAs derived from protein-coding genes compared with 
Drosophila [30]. In the ovaries of An. gambiae, 11% of all 
piRNAs correspond to gene regions, mainly to the 3'UTRs. 
One of these genes (AGAP003387) produces 8% of all piRNAs 
[16,30]. Genic piRNAs are also highly represented in the 
piRNA libraries prepared from whole mosquitoes [19] and 
from isolated somatic tissues (abdomen, midgut, carcasses) of 

An. gambiae [20]. Analysis of transposon and viral small 
RNAs in mosquito cell cultures and somatic tissues of four 
mosquito species revealed that most of them showed patterns 
of both ping-pong and phasing piRNA biogenesis mechan
isms [21]. Growing evidence suggests that the somatic piRNA 
pathway in mosquito vectors evolved as a response to 
a persistent viral infection [22,31]. The endogenous targets 
of the piRNA machinery and the functional importance of 
piRNA synthesis from cellular gene transcripts in somatic 
tissues, however, remain largely unknown.

In this study, we analysed small RNAs produced in the 
head and thorax of males and females of uninfected labora
tory strain of the African malaria mosquito An. coluzzii and 
described strong female bias in the production of protein- 
coding gene-derived piRNAs. We discovered that siRNAs 
and piRNAs are derived from a variety of transcripts in 
somatic tissues, including TEs, lncRNAs, and protein-coding 
genes. Despite the diversity of transcripts that generate small 
RNAs, piRNAs account for only a small percentage of all 
small RNAs found in An. coluzzii somatic tissues. We found 
atypical 24–32-nt-long small RNAs processed from protein- 
coding gene transcripts that are lacking signatures of piRNAs. 
Gene ontology (GO) analysis demonstrates that atypical genic 
small RNAs are mostly produced from transcripts of the 
mitochondrial genome and mRNAs of nuclear genes involved 
in energy metabolism. Moreover, these atypical small RNAs 
are subjected to nontemplated nucleotide addition at their 3' 
end. We discuss the possible mechanisms that determine the 
generation of these novel types of small RNAs and their 
potential functional roles in the mosquito somatic tissues.

Results

Characterization of small RNAs from male and female 
head and thorax of An. coluzzii

To characterize the genomic origin of small RNAs in mos
quito somatic tissues, we prepared small RNA libraries, each 
in three biological replicates, from the heads and thoraxes of 
males and females of the MOPTI An. coluzzii strain. The 
performed correlation and principal component analyses 
demonstrate a high degree of similarity between the biological 
replicates of the studied samples (Supplementary Figure S1).

Pre-processed small RNA reads filtered from all ribosomal 
RNAs (rRNAs), small nucleolar RNAs (snoRNAs), small 
nuclear RNAs (snRNAs), transfer RNAs (tRNAs) were 
mapped to the An. coluzzii MOPTI genome (VectorBase rel. 
57) [32]. For the preliminary analysis of small RNAs, we 
counted all reads that mapped on the An. coluzzii genome 
with up to 3 mismatches.

miRNAs were always the major fraction of the small RNA 
libraries, representing ~ 94–97% of somatic small RNAs 
(Figure 1A). Approximately 2.5–4% of somatic small RNAs 
were derived from repeats, exons of protein-coding genes and 
lncRNAs (Figure 1A). The remaining ~ 1–2% of small RNA 
reads mapped to unannotated intergenic regions of the gen
ome and introns of genes (Figure 1A). Except for miRNAs, 
lncRNA-derived small RNAs were most abundant whereas 
repeat-derived small RNAs represented a minor fraction of 
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somatic small RNAs in contrast to ovarian tissues [30] 
(Figure 1A). Thus, small RNA pathways in mosquito somatic 
tissues did not primarily target TEs, which is likely due to the 
low expression levels and repression of TEs in these tissues. 
Analysis of length distribution revealed differences between 
analysed sequences with a more pronounced peak of presum
ably piRNAs, in length between 24–32 nts for lncRNAs 
(Figure 1B). The small RNAs with a length of 21 nt that 
belong to siRNAs were found to dominate among repeat- 
derived and protein-coding gene small RNA populations 
(Figure 1B). Intergenic small RNAs were predominantly 22 
nt in length (Supplementary Figure S2). Despite the predomi
nance of sense mappers in a pool of protein-coding gene- 
derived siRNAs, antisense siRNAs still constituted 19–29% of 
all protein-coding gene mappers (Supplementary Figure S3). 
It remains to be determined whether the dsRNA precursors of 
mosquito siRNAs are produced by antisense transcription or 
by the generation of intramolecular hairpin RNAs, as has been 
discovered in other species [33]. We also mapped the 

obtained libraries to known sequences of mosquito viruses 
but our effort failed to find any virus mappers in the somatic 
small RNA libraries.

Protein-coding gene-derived somatic small RNAs of An. 
coluzzii lack the typical piRNA nucleotide bias

To define the putative somatic piRNA population of An. 
coluzzii, we selected small RNAs with lengths ranging from 
24 to 32 nts. From this step onwards, we considered reads that 
mapped uniquely on the An. coluzzii genome with up to 3 
mismatches for analysis of protein-coding genes and 
lncRNAs. For the analysis of repeat-derived small RNAs, all 
reads that mapped to the consensus sequences of TEs and 
other genomic repeats with 0–3 mismatches were taken into 
account. As observed for total small RNAs, repeat-derived 
piRNAs constituted a minor fraction (2–3% in male and 
female tissues) while most piRNAs were processed from 
lncRNAs (from 50 to 70%) and protein-coding gene mRNAs 

Figure 1. Annotation of small RNAs from somatic tissues of An. coluzzii. (A) Percentage of mapped small RNA reads in heads and thoraxes of female and male 
mosquitos. miRNAs, exons of protein-coding genes, lncRNAs and repeat-derived reads that mapped to the An. coluzzii genome with up to 3 mismatches were 
considered. For lncRNA mapping, we used a combined list of annotated ncRNA sequences of An. coluzzii (excluding rRNA, snoRNA, snRNA, tRNA and miRNA) and 
lncRNAs described for An. gambiae. Only exon mappers were considered for protein-coding genes. Other mappers represent reads that mapped to intergenic 
unannotated regions and introns of genes. (B) Length distribution of small RNAs from mosquito male and female heads and thoraxes mapped to miRNAs, repeats, 
lncRNAs and protein-coding genes (exons). RPM - reads per million mapped genomic reads. The resulting value for sexes and tissues is calculated based on three 
biological replicates.

RNA BIOLOGY 3



(12–23%) (Figure 2A). The remaining 16–24% of 24–32 nt 
small RNAs were produced by intergenic regions (Figure 2A). 
The majority of protein-coding genes and lncRNAs produced 
predominantly sense piRNAs (~98% on average of all somatic 
piRNAs in both sexes) (Figure 2A, Supplementary Table S1). 
In contrast, the majority of repeat-derived piRNAs were pro
duced from the antisense strand (~80% of antisense piRNAs 
on average) (Figure 2A, Supplementary Table S1). The major
ity of piRNAs derived from lncRNAs and repeats exhibited 
a strong preference for uridine at the first position, 1 U bias, 

which is typical for ovarian piRNAs loaded into Piwi proteins 
[3]. However, for 24–32 nt small RNAs that originated from 
protein-coding genes, the number of 1 U-biased reads was 
significantly lower. Only ~ 30% of genic 24–32 nt small 
RNAs were found to have uridine at their 5' ends demonstrat
ing that the most of these molecules have atypical for piRNAs 
nucleotide bias (Figure 2A).

The antisense piRNAs targeting repeats demonstrated 
a pattern typical for ovarian transposon-derived piRNAs 
with length distribution from 24 to 32 nts and a peak at 26 

Figure 2. Analysis of small RNA fraction of 24–32 nt in length from somatic tissues of An. coluzzii. (A) Annotation of 24–32 nt small RNAs. 1U nucleotide bias, sense 
and antisense reads (percentage) for 24–32 nt small RNAs are shown for each gene category. (B) Characterization of small RNAs (24–32 nt) mapping to repeats, 
lncRNAs and protein-coding genes. The left panels are the size distribution of mapped small RNAs. Red and blue bars show small RNAs mapped in sense and 
antisense orientation, respectively. The right panels are the number of partially complementary piRNA pairs showing enrichment for 10 nt overlap between sense 
and antisense sRNAs (i.e. ping-pong signature). Ping-pong Z-scores are shown above the plots. For lncRNAs and transcripts of protein-coding genes only uniquely 
mapped small RNAs with up to 3 mismatches were considered. For repeats, all small RNAs mapped with up to 3 mismatches to known consensus sequences of TEs. 
Other repeats of An. coluzzii were taken into account. RPM - reads per million. Three biological replicates were used to calculate expression values for sexes and 
tissues.
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nt (Figure 2B). The lncRNA sense piRNAs exhibited size 
distribution with peaks at 26 and 28–29 nt in all samples 
(Figure 2B). The length of protein-coding gene-derived 
small RNAs was randomly distributed from 24 to 30 nts 
(without an obvious peak) in mosquito somatic tissues 
(Figure 2B). The observed variations in the length distribution 
across the analysed sequences most likely point to distinct 
processes for the production of TE- and gene-specific 
piRNAs.

piRNAs derived from repeats, protein-coding genes and 
lncRNAs show a ping-pong signature, an enrichment of a 10- 
nt overlap between the 5' ends of complementary piRNA pairs 
(Figure 2B). Notably, the number of complementary pairs for 
repeat-derived piRNAs showed a gradual increase from 1-nt 
overlap to 20-nt overlap with a peak at 10 nt (Figure 2B). This 
pattern suggests that many complementary piRNA pairs are 
generated not only by a ping-pong amplification loop, like in 
the germline, but also by primary piRNA processing of both 
sense and antisense transcripts generated by bidirectional 
transcription of genomic loci occupied by repetitive elements.

Overall, 24–32 nt small RNAs in somatic tissues of An. 
coluzzii demonstrated piRNA-specific features in terms of 
length distribution and 1 U nucleotide bias for repeat and 
lncRNA-derived small RNAs. In Drosophila ovaries, 1 U bias 
is a signature of Zucchini endonuclease which cleaves the 
piRNA precursor upstream of a U residue generating both 3' 
and 5' ends of piRNAs [12]. Protein-coding gene derived 
24–32 nt small RNAs, on the other hand, lack a preference 
for a 5' terminal uridine, implying a different mechanism of 
processing.

Features of the genomic loci that generate the majority 
of somatic piRNAs in An. coluzzii

For further analysis of the somatic piRNA of mosquitoes, we 
combined sequenced libraries from all tissues and both sexes to 
increase the number of reads mapped to the genome. The geno
mic sequences with at least 10 piRNA mapped were considered. 
As was previously described, most of the lncRNAs and repeat- 
derived piRNAs demonstrated pronounced 1 U nucleotide bias 
(Figure 2A). Our findings revealed that 1 U-biased piRNAs (with 
a 1 U percentage of greater than 50%, twice more than a random 
distribution of nucleotides) covered 73 repeats and 37 lncRNAs 
(Figure 3A). These piRNAs constituted 98.4% and 84.6% of all 
piRNAs mapped to lncRNAs and repeats, respectively 
(Figure 3A). In contrast, only 35.2% of all 24–32 nt small RNAs 
derived from protein-coding genes showed 1 U bias, while 64.8% 
of small RNAs derived from 3135 genes do not demonstrate 1 U 
bias (Figure 3A). These findings point to a new class of small 
RNAs, possibly specific to mRNAs, that are 24–32 nt long and 
lack a 1 U signature.

Noteworthy, some genomic loci produced more piRNAs 
than any others, such as lncRNAs (ACMO_005053, 
Merged.4615.3), TEs (Acol_Tc1_Ele1, Acol_gypsy_Ele60) and 
protein-coding genes (ACMO_004083, ACMO_003949) 
(Figure 3A). Next, to characterize top piRNA producers in 
mosquito somatic tissues we calculated the percentage of 1  
U-biased and 10A-biased piRNAs for sense and antisense  

mappers, estimated the overall small RNA expression levels as 
well as the percentage of sequence covered by piRNAs. 
Interestingly, only two lncRNAs (Supplementary Table S1), 
ACMO_005053 and Merged.4615.3, were found to produce 
more than 40% of all somatic piRNAs (Figure 3B). The ortholo
gue sequence of ACMO_005053 in An. gambiae, protein-coding 
gene AGAP003387, has been previously identified as one of the 
most potent piRNA producers in mosquito ovaries [30].

The coverage profiles of 24–32 nt small RNAs demon
strated some distinct patterns. The most notable pattern was 
associated with repetitive sequences (e.g. Acol_Tc1_Ele1, 
Acol_gypsy_Ele36) and is characterized by the production of 
piRNAs with the 1 U signature predominantly from the anti
sense strand (Figure 3C). The second distinct small RNA 
pattern is related to genic piRNAs, which mapped almost 
exclusively to the sense strand and lack the robust piRNA 
nucleotide preference. These small RNAs cover entire tran
script regions (Figure 3D) and are obviously produced by an 
unknown mechanism from genic mRNAs (Figure 3C). The 
distinct feature of lncRNA small RNAs is that they were 
clustered at restricted gene regions (Figure 3C).

The mechanism of processing of ACMO_005053/ 
AGAP003387 small RNAs, which account for more than 23% 
of all somatic piRNAs, was then addressed. It was previously 
reported that the generation of genic piRNAs in An. gambiae 
ovaries is caused by phased piRNA biogenesis started by 
a trigger piRNA [16]. In Drosophila, an initial Ago3-bound 
piRNA, known as a ‘trigger’-piRNA, targets a complementary 
transcript, resulting in the production of ‘responder’-piRNAs, 
which are predominantly Aub-bound and have a 10 nt 5'- 
overlap with the trigger-piRNAs. Following that, piRNA bio
genesis spreads downstream, producing ‘trail’-piRNAs that 
bind to the Piwi protein [12]. To find trigger-responder 
piRNA pairs for An. coluzzii transcripts demonstrating phased 
piRNA biogenesis, we aligned piRNAs to the annotated tran
scripts and repeats allowing up to 6 mismatches. Next, we select 
only trigger piRNAs with a high likelihood of their 5' ends 
aligning precisely 10 nucleotides away from the responder- 
piRNA 5' ends. Using this approach, we could identify 47 and 
118 trigger-responder pairs for protein-coding genes and 
lncRNAs, respectively (Supplementary Figure S4A). Analysis 
of 3' end to 5' end distance for piRNAs derived from these genes 
revealed a signature of phasing pattern (Supplementary Figure 
S4B). Interestingly, we observed plenty of trigger-responder 
pairs for several protein-coding and lncRNA transcripts indi
cating that phased piRNA biogenesis can be initiated at the 
multiple sites of mRNA (Supplementary Figure S4С).

Notably, sequences unrelated to the one where phased piRNA 
production will begin are typically the source of trigger-piRNAs. 
As a result, genic piRNAs are involved in the network of piRNA 
production in An. gambiae ovaries [16]. One of these networks 
involves the production of trigger-piRNA from protein-coding 
gene AGAP011923 that targets AGAP003387 transcripts and 
initiates trail-piRNA production. We observed the same 
piRNA network operates in the somatic tissue of An. coluzzii 
(Supplementary Figure S4D, S4E). Trigger-piRNA derived from 
the ACMO_008460 locus (ortholog of protein-coding gene 
AGAP011923) targets lncRNA ACMO_005053 (ortholog of 
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AGAP003387) at 3 different sites and initiates the production of 
1 U-biased responder-piRNAs (Supplementary Figure S4D, 
S4E). Northern blot analysis of small RNAs from An. coluzzii 
carcasses confirmed the presence of abundant trigger piRNA 
derived from ACMO_008460 and responder piRNA from 
ACMO_005053 (Supplementary Figure S4F). Therefore, 
a network of inter-regulated transcripts involved in concerted 
piRNA slicing is a conserved mechanism with unknown biolo
gical function.

Small RNAs derived from mitochondrial and nuclear 
protein-coding genes have signatures of nontemplated 
3' tailing

We discovered that mRNAs from all protein-coding genes in 
the mitochondrial genome, as well as rRNA and tRNA, pro
duce 24–32 nt small RNAs. It is highly probable that these 
RNAs originate from the mitochondrial genome, as no mito
chondrial sequences were discovered in the current assembly 

Figure 3. Top sequences processed into piRNAs in somatic tissues of An. coluzzii. (A) Ratio of 1U piRNAs to expression levels of all 24–32 nt small RNAs for repeats, 
protein-coding genes and lncRNAs. Analysis was performed using combined libraries of all tissues and sexes sequenced. (B) Top sequences that were processed into 
piRNAs. The numbers show the percentage of piRNAs for each gene or repeat calculated by all genomic piRNA mappers, the heatmaps show the percentage of sense 
and antisense piRNAs, the percentage of 1U and 10A for sense and antisense piRNAs as well as the percentage of sequence covered by piRNAs per specific gene. The 
color key for heatmaps is indicated to the right. An. gambiae orthologs are indicated after the slash. (C) The 24–32 nt small RNA coverage profiles for the indicated 
loci are shown. Small RNA reads with different characteristics are colored differently (the legend is in the upper plot). RPM - reads per million. (D) Percentage of 
uniquely mapped 24–32 nt small RNAs to mRNA regions in heads and thoraxes of female and male mosquitoes (the average of three biological replicates). UTR - 
untranslated region, CDS - coding region.

6 S. FUNIKOV ET AL.



of the A. coluzzii genome. This is consistent with the observa
tion that nuclear mitochondrial DNA segments (NUMTs) are 
small and rare in the genomes of other Anopheles species [34]. 
The majority of mitochondrial small RNAs lack 1U signature, 
except for small RNAs derived from the NADH dehydrogen
ase subunit 1 (ND1) and NADH dehydrogenase subunit 4 
(ND4) genes, which demonstrated 1U bias (Figure 4A). 
Mitochondrial small RNAs were generated from the entire 
mRNAs according to the mapping profile. This is the most 
intriguing point because it immediately raises numerous ques
tions about the mysterious formation of these mitochondrial 
small RNAs, which will be discussed later.

Little is known about 3' end formation of mosquito small 
RNAs. Formation of 3' ends of small RNAs involves such 
processes as methylation, trimming and tailing. Nibbler is 
involved in the 3' trimming of long pre-piRNAs, however 
Anopheles genome lacks the gene encoding Nibbler [13]. 3’ 
tailing is a characteristic of mammalian oocyte-specific 
piRNAs lacking 3' methyl group [35,36]. To test the possible 
3' tailing of mosquito small RNAs we first selected 24–32 nt 

reads which are uniquely mapped to the genome with 0–3 
mismatches and then aligned them to mitochondrial protein- 
coding genes with 0 mismatches. After that, all unaligned 
reads were subjected to the 3' cropping of 1, 2 or 3 nucleotides 
and then aligned again to the mitochondrial genes uniquely 
with 0 mismatches. We noticed that each time we cropped 
a nucleotide from the 3' end, the number of aligned small 
RNA reads increased (Figure 4B). The percentage of single- 
mapped reads prior to 3’ cropping was 86.3%, calculated by 
taking all uniquely mapped 24–32 nt reads with 0–3 mis
matches for 100% (8501 RPM) (Figure 4B). After cropping 
of 1 nt, 2nt and 3nt the percentage of mapped mitochondrial 
reads was increased by 7.2% (705 RPM), 3.6% (357.5 RPM) 
and 2.9% (281.5 RPM) respectively (Figure 4B). Next, we 
tested if the same pattern applies to small RNAs derived 
from nuclear protein-coding genes and again we observed 
better alignment of 3’-trimmed small RNAs (Figure 4C). 
Trimming the 5’ end nucleotides did not result in a similar 
increase in mapped reads (Supplementary Figure S5), demon
strating the specificity of 3’ end tailing. The most frequent 

Figure 4. Small RNAs derived from mitochondrial gene transcripts are produced in somatic tissues of An. coluzzii. (A) Coverage profile of uniquely mapped small 
RNAs 24–32 nt with up to 3 mismatches at the mitochondrial genome of An. coluzzii. Red and blue mappers are shown according to “+” and “-” DNA strands, 
respectively. The direction of gene transcription is shown by arrows. The percentage of 1U, 10A and expression levels of small RNAs are shown for each mitochondrial 
gene. Black color in genome annotation depicts protein-coding genes and grey color depicts tRNAs and rRNAs. Analysis was performed using combined libraries of 
all tissues and sexes sequenced. RPM - reads per million. (B, C) Alignment of 24–32 nt small RNAs to mitochondrial (B) and nuclear protein-coding genes (C), 
respectively, after cropping 1–3 nucleotides from the 3' end of small RNAs. Plots to the left show the number of reads uniquely aligned with 0 mismatches after 
sequential cropping 1, 2 and 3 nucleotides from the 3' end of small RNAs. “Raw” represents mapping before cropping. Plots to the right demonstrate the frequency 
of the nontemplated nucleotides. RPM - reads per million. (D) Examples of 3' tailed small RNAs. Reference mRNA sequences (RefSeq) are shown above the small 
RNAs.
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nontemplated nucleotides at the 3' end of 24–32 nt small 
RNAs were U, C and A (Figure 4B–D). The presence of 3' 
tailing in genic small RNAs suggests that they lack 2'- 
O-methylation, which protects against tailing and trimming 
and stabilizes small RNAs [37].

The majority of An. coluzzii somatic 24–32 nt small RNAs 
are derived from genes involved in energy metabolism

To look into differences in 24–32 nt small RNA expression 
across tissues and sexes, we selected genomic loci that 

produced more than 50 RPM of small RNAs in at least one 
sample. We chose 248 protein-coding genes, 13 lncRNAs, and 
53 repeats with the specified expression levels (Supplementary 
Table S2). Analysis of differential expression using one-way 
ANOVA with the linear model showed large differences in 
protein-coding gene-derived 24–32 nt small RNAs expression 
between females and males (FDR ≤0.05, Figure 5A, 
Supplementary Table S2). In particular, we observed 152 
protein-coding genes (~61% of all protein-coding genes pro
ducing 24–32 nt small RNAs with more than 50 RPM) that 
exhibit female-biased expression (Log2 Fold change > 2 in 

Figure 5. Differences in small RNA expression between male and female somatic tissues of An. coluzzii. (A) The volcano plot shows sex-biased expression of 24–32 nt 
small RNAs mapped to transcripts of protein-coding genes. Horizontal dotted lines show a statistical significance threshold FDR ≤ 0.05 (equal to Log10 transformed 
value 1.3). Only uniquely mapped small RNAs with 0–3 mismatches and expression level ≥ 50 RPM were considered. Three biological replicates were used to 
calculate expression changes. (B) The scatter plot depicts the relationship between the expression of 24–32 nt small RNAs and mRNA levels of protein-coding genes 
with equal small RNA production in males and females (96 genes). Spearman’s rank test was used to calculate the correlation coefficient (R). (C) Heatmaps include 
the female-biased and equally expressed top protein-coding genes producing 24–32 nt small RNAs (Log2 Fold Change < 0.5, FDR > 0.05, n = 3). Expression levels are 
average values for three biological replicates. (D) The gene set enrichment analysis (GSEA) of protein-coding genes with equally expressed and female-biased small 
RNA production was performed using the biological processes terms of Gene Ontology (top) and KEGG pathway database (bottom). Only terms with FDR < 0.05 were 
considered statistically significant.
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females compared to males) (Figure 5A). The expression of 
lncRNA and repeat-derived piRNAs showed only minor sex- 
specific variations (two lncRNA and only one repeat, 
Supplementary Table S2). Unlike sex-biased expression, 
expression analysis between heads and thoraxes revealed no 
differences (Supplementary Table S2). Only 1% of the unique 
24–32 nt reads mapped to Y chromosome contigs in the 
current genome assembly. These reads come from repeats 
and not from annotated genes, implying that the 
Y chromosome does not contribute significantly to the total 
pool of genic piRNAs. Furthermore, no correlation was 
observed between the expression of 24–32 small RNAs and 
the mRNA of protein-coding genes, with equal amounts of 
small RNA produced in males and females (Spearman’s cor
relation coefficient (R) = −0.023, p = 0.83), suggesting that 
non-specific mRNA degradation is unlikely to be the cause 
of the observed small RNA production (Figure 5B). In sum
mary, our findings show that somatic 24–32 nt small RNA 
expression derived from protein-coding genes is higher in 
females than in males, possibly due to the sex-specific expres
sion pattern of specific mRNAs serving as small RNA pre
cursors in mosquito female somatic tissues compared to 
males.Which genes are involved in small RNA production? 
To annotate the genes according to the engagement of their 
products in cellular biological processes we performed gene 
set enrichment analysis for genes with female-biased and 
ubiquitous small RNA expression (log2 fold change < 0.5, 
FDR > 0.05, Figure 5C, Supplementary Table S2).

The performed analysis showed that female-biased small 
RNA-producing genes are involved in a variety of metabolic 
processes including amide and peptide biosynthesis and trans
lation according to Gene Ontology biological processes 
(Figure 5D). Enrichment of female-biased small RNA- 
producing genes using KEGG database demonstrates their 
involvement in ribosome biogenesis, glycolysis, biosynthesis 
of amino acids, purine metabolism and citrate cycle 
(Figure 5D). Female mosquitoes are larger than males and 
require metabolic reserves for reproduction. In female 
somatic tissues, piRNA biogenesis is most likely fuelled by 
abundant transcripts essential for growth and protein bio
synthesis. We then focused on genes that produce similar 
levels of small RNAs in different sexes and tissues to identify 
common targets of the piRNA machinery in somatic tissues. 
Interestingly, these genes demonstrated enrichment in elec
tron transport chain and oxidation phosphorylation according 
to GO and KEGG databases, respectively (Figure 5D). These 
data indicate that somatic small RNAs are generated mostly 
from transcripts of mitochondrial genes and nuclear genome 
genes involved in ATP synthesis, i.e. in energy metabolism. 
Therefore, somatic 24–32 nt small RNAs are produced from 
the mRNAs of genes related to mitochondrial processes.

Next, we examined previously published An. gambiae 
somatic small RNA data to address the existence of atypical 
genic small RNAs in other mosquito species [20]. The map
ping profile and characteristic features of 24–32 nt small 
RNAs from An. gambiae female head/thorax samples are 
largely similar to those observed in An. coluzzii. Repeat- 
derived piRNAs in An. gambiae are predominantly antisense 

and constitute a minor fraction in somatic tissue (~6%) while 
most small RNAs were mapped in sense orientation to 
lncRNAs (49%) and protein-coding gene mRNAs (~18%) 
(Supplementary Figure S6A). Importantly, the majority of 
piRNAs derived from lncRNAs and repeats exhibited 
a pronounced 1U bias (87%). In contrast, 24–32 nt small 
RNAs that are mapped to protein-coding genes demonstrate 
1U preference for only 23% of mappers (Supplementary 
Figure S6A). A strong preference for a 5' terminal uridine 
(>50% of small RNAs) was found only for a subset of genes, 
and such small RNAs constitute 7.6% of the protein-coding 
gene-derived 24–32 nt small RNAs (Supplementary Figure 
S5B). We discovered that the An. gambiae mitochondrial 
genome produces abundant small RNAs of 24–32 nt that 
lack 1U bias (Supplementary Figure S6C). After 3' cropping 
of 1 nt, 2 nt and 3 nt the percentage of mapped mitochondrial 
reads was increased by 1.7%, 1.5% and 11.3%, respectively, 
indicating that these atypical 24–32 nt small RNAs in An. 
gambiae also undergone nontemplated 3' tailing 
(Supplementary Figure S6D). According to GO and KEGG 
databases, atypical somatic small RNAs in An. gambiae were 
generated mostly from transcripts of nuclear genes involved 
in energy production and biosynthesis of major cellular meta
bolites (Supplementary Figure S6E). These findings suggest 
that the mechanism underlying the generation of atypical 
small RNAs from gene transcripts is manifested in the 
somatic tissues of various mosquitos of Anopheles gambiae 
species complex.

Discussion

Accumulating evidence suggests that the piRNA pathway, 
which is involved in anti-transposon defence in animal 
gonads, is also active in nongonadal somatic tissues [18], 
raising the question of the functional significance of the 
somatic branch of this small RNA pathway. In mosquitoes, 
which are carriers of many pathogenic viruses, somatic 
piRNAs are involved in anti-virus activity [38–41]. At the 
same time, endogenous sources and targets of the somatic 
piRNAs have remained largely unexplored. In this study, we 
analysed small RNAs from male and female somatic tissues of 
an uninfected laboratory strain of An. coluzzii.

Here we show that TE-derived piRNAs represent a minor 
fraction (2–3%) of somatic piRNAs (Figure 2A). They are 
generated from all classes of TEs including LINE and LTR 
retrotransposons and DNA transposons. TE-derived piRNAs 
demonstrate typical piRNA signatures and are most likely 
produced by a ping-pong mechanism mediated by Piwi pro
teins. The analysis of TE-specific piRNA expression revealed 
no tissue- or sex-specificity. The majority of somatic 24–32 nt 
small RNAs are produced from lncRNAs (50–70%) and pro
tein-coding gene mRNAs (12–23%). Most of the genic puta
tive piRNAs are generated from the entire mRNA. 
Surprisingly, they lack typical characteristics of piRNAs such 
as a 1U bias. Somatic genic small RNAs have a length that 
ranges randomly from 24 to 32 nt, with no particular 25–27 nt 
peak that is normally characteristic of TE-derived piRNAs 
(Figure 2B). Because of their unique characteristics, genic 
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mosquito somatic 24–32 nt small RNAs identified in both An. 
coluzzii and An. gambiae species can be classified as a distinct 
type of piRNA-like small RNAs.

Since piRNA pathway is highly adaptable to new targets 
[24,42] it is not surprising that various piRNA biogenesis 
mechanisms have been reported in different species. An unu
sual 19–20-nt long piRNA family, whose biogenesis differs 
from that of typical piRNAs, was discovered in mammalian 
oocytes [35,43]. Drosophila eugracilis was shown to be lacking 
Ago 3, which is typically involved in ping-pong piRNA ampli
fication; piRNAs however are efficiently produced by the 
mitochondrial endonuclease Zucchini that performs 5'-3' frag
mentation of piRNA precursors [44]. Anopheles mosquitoes 
lack exonuclease Nibbler, suggesting alternative ways of the 
piRNA 3' end maturation [13]. It is noteworthy that in the 
germ cells of silkworms, flies and mice, numerous protein- 
coding gene mRNAs produce low amounts of small RNAs 
[45]. These small RNAs are processed independently of the 
known small RNA pathways, most likely through random 
fragmentation.

Genic small RNA expression in An. coluzzii exhibits 
a significant bias towards females, which is probably due to 
the specificity of metabolic pathway genes that are expressed 
in response to female mosquito blood feeding. Gene ontology 
analysis identified unique biological activities of genes that 
produce such atypical small RNAs in An. coluzzii and An. 
gambiae, allowing us to speculate about the mechanism of 
their generation. Somatic small RNAs are derived from tran
scripts encoding proteins involved in energy metabolism, 
mitochondrial functions and major biosynthetic processes. 
According to Liu et al., piRNA-generating genes in Aedes 
albopictus are involved in 270 pathways, mainly related to 
protein processing in the endoplasmic reticulum, glycolysis/ 
gluconeogenesis, endocytosis, and fatty acid metabolism [46]. 
This suggests that the genic small RNA repertoires are similar 
in diverse mosquito species. Moreover, we found that tran
scripts of all protein-coding genes in the mitochondrial gen
ome generate 24–32-nt-long small RNAs. Small RNAs derived 
from mitochondrial genome have been found in mouse germ 
cells, zygote, gonads and human cells and tissues [47–52]. 
How did the mitochondrial mRNAs get into the cytoplasm, 
where small RNA processing occurs? According to a recent 
study, mitochondria release RNA, and the accumulation of 
mitochondrial RNAs in the cytoplasm signals the activation of 
innate immunity [53]. In addition, mitochondrial transcripts 
could appear in the cytoplasm during the elimination of 
damaged organelles known as mitophagy [54]. Most likely, 
mitochondrial RNAs are released from mitochondria by an 
unknown mechanism or appear in the cytoplasm as a result of 
mitophagy, and are processed into small RNAs at the outer 
mitochondria membrane. Growing evidence suggests that 
nuclear transcripts encoding mitochondrial proteins are also 
targeted to the outer membrane of the mitochondria, where 
they are translated to perform the locally required functions 
[55–59]. The alternative nuclear export machinery assists in 
the localization of mRNAs to the mitochondria. UAP56, 
a component of the RNA export TREX complex, mediates 
mitochondria-directed export of mRNAs encoding mitochon
drial proteins [60]. This suggests that those mosquito genic 

transcripts that are cleaved into small RNAs are compartmen
talized at mitochondria. Interestingly UAP56 is also required 
for the export of piRNA precursors to a perinuclear piRNA- 
processing compartment in Drosophila [8,61]. In Arthropods, 
piRNA processing factors are located on the outer mitochon
drial membrane [9,62,63].

Piwi proteins are not involved in the generation of mos
quito genic small RNAs, as no nucleotide signature of Piwi- 
mediated processing was observed. Genic small RNAs look 
more like degradation products of mRNAs. However, no 
correlation was found between the expression of 24–32 
small RNAs and the mRNA of protein-coding genes 
(Figure 5B), implying that non-specific mRNA degradation 
is unlikely to be the source of the observed small RNA 
production. The lengths of the reads mapped to protein- 
coding genes showed peaks at 21 and 26 nt (Figure 1), but 
were not randomly distributed as would be expected if degra
dation were occurring. Furthermore, using independently 
obtained small RNA sequencing data [20], we discovered the 
generation of atypical small RNAs from gene transcripts in 
the somatic tissues of the closely related mosquito species 
Anopheles gambiae. Taken together, these findings suggest 
that genic small RNAs are most likely a unique class of 
somatic small RNAs, rather than the result of random degra
dation. Apart from Zucchini, there are no known mitochon
drial endonucleases capable of cleaving single-stranded RNA 
into 20–30 nt fragments. We propose that being localized at 
the mitochondria, protein-encoding transcripts are cleaved by 
endonuclease Zucchini, related to a superfamily of mitochon
drial phospholipase D (PLD) protein, which participates in 
piRNA biogenesis. Zucchini creates phased piRNAs by cleav
ing the RNA upstream of uridine and employing as 
a substrate RNAs bearing 5' phosphate from prior Piwi- 
mediated cleavage events [12]. In flies, the 3' ends of 
Zucchini-generated pre-piRNAs are trimmed by exonuclease 
Nibbler and methylated by the methyl transferase Hen1 [64] 
to produce mature piRNAs. However, Nibbler was not found 
in the Anopheles genome, suggesting an alternative piRNA 
maturation mechanism. Intriguingly, in contrast to the cano
nical export pathway requiring splicing and functional cap, 
the alternative export pathway targeting nuclear mRNAs to 
mitochondria does not require splicing or a 5' cap [56,65]. 
Such mRNAs will probably be recognized as Zucchini sub
strates once localized on the mitochondrial membrane and 
will be processed into piRNAs without the assistance of Piwi 
proteins which generate 5' phosphate. Another characteristic 
of somatic genic small RNAs is that they do not exhibit the 
typical 1 U bias, indicating that the mosquito Zucchini does 
not have a preference for certain sequences. 1 U bias is also 
absent in small RNAs derived from the mitochondrial genome 
of diverse species studied so far [47–52]. In the absence of 
a trimming enzyme, Nibbler, this specificity was likely lost by 
Zucchini in Anopheles species. In flies, mature siRNAs and 
piRNAs have 2’-O-methylation at the 3’ ends that protect 
them from degradation [37]. The process of small RNA tailing 
or nontemplated nucleotide addition is used for 3' end pro
cessing and is thought to be linked to small RNA instability 
[36,66–68]. In Caenorhabditis elegans, a nucleotidyltransferase 
CDE-1 catalyses 3' uridylation of siRNAs [69]. The addition of 
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uridine and adenosine to the 3' ends are typical for the piRNA 
populations during mammalian oogenesis [36]. In human 
oocyte, 20-nt long piRNAs associated with HIWI3 were 
found to be tailed by mono- or oligonucleotides and lack 2'- 
O-methylation at their 3' end [35]. We found that 24–32 nt 
small RNAs derived from mitochondrial and nuclear genes 
have signatures of nontemplated 3' end tailing resulting in the 
lengthening of small RNAs by 1–3 nucleotides. Template- 
independent RNA polymerases that add ribonucleotides to 
the 3' ends of RNA are a diverse family of enzymes involved 
in the mRNA and small RNA quality control and stability 
[70]. Future research is needed to determine the role of 
Zucchini or other yet unknown factors in the novel mechan
ism underlying the generation of small RNAs from mitochon
drial and nuclear transcripts in mosquito somatic tissues 
(Figure 6).

Is small RNA processing from mRNA of genes involved in 
mitochondrial functions a byproduct of their location on the 
outer mitochondrial membrane or does it have functional 
significance? Zucchini, also known as MitoPLD, is a PLD 
superfamily member involved in the control of mitochondria 
biogenesis. The canonical activity of PLD is the hydrolysis of 
the phosphodiester bond in phospholipids but MitoPLD/ 
Zucсhini can also hydrolyse the phosphodiester bond of 
RNA demonstrating nuclease activity essential in the piRNA 
biogenesis [71]. MitoPLD demonstrates phospholipase activ
ity to generate phosphatidic acid, which is involved in the 
dynamics of mitochondrial division and fusion [72]. How 
these functionally distinct activities are balanced remains 
unclear. Regulation of mitochondria number and shape is 

aimed to provide energy and stimulate metabolic processes 
in stress conditions. It was reported that infection induces 
a strong upregulation of metabolic gene expression which 
contributes to organismal response and survival [73]. 
Glycolysis/gluconeogenesis and fatty acid biosynthesis are 
among the pathways that were significantly differentially 
regulated in CHIKV and DENV-infected Aedes aegypti female 
mosquitoes [74]. When MitoPLD/Zuc catalytic activity is 
switched to phospholipid hydrolysis, its ribonuclease activity 
should be reduced, resulting in the accumulation of mito
chondrial transcripts. If this is true, the levels of proteins 
involved in mitochondrial biogenesis will rise, boosting 
energy metabolism. It is tempting to speculate that 
MitoPLD/Zuc proteins play an ancient role in regulating 
mitochondrial transcript levels by cleaving them into small 
RNAs in order to fine-tune the cellular bioenergetic and 
metabolic status.

Mitochondria in mosquito midguts play a crucial role in 
regulating mosquito resistance to infection, metabolism, 
lifespan, and reproduction – the phenotypes that are rele
vant in vector control strategies [75]. It has been shown 
that energy metabolism affects the susceptibility of An. 
gambiae mosquitoes to Plasmodium infection [76]. 
Furthermore, a study has demonstrated that disease- 
refractory An. gambiae females exhibit an impaired mito
chondrial respiratory state and a heightened rate of mito
chondrial electron leak associated with a reduced lifespan 
[77]. The regulation of mitochondrial transcript levels by 
the small RNAs machinery may have implications for trans
mission of malaria and other pathogens. Other research 

Figure 6. A scheme illustrating somatic piRNA processing in An. coluzzii. The production of TE-specific piRNAs via ping-pong processing and Zucchini-mediated 
cleavage is shown on the right. The hypothetical mechanism of genic small RNA processing is shown on the left. The question marks represent an unknown 
mitochondrial RNA export mechanism and the enzymes involved in small RNA processing and tailing.
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should be done to assess the difference in small RNAs 
aligned to mitochondria-related genes using infected and 
non-infected mosquitos.

Methods

Preparation of small RNA libraries

Total RNA was isolated from the heads and thoraxes of 2– 
5-day-old virgin adult males and females of the An. coluzzii 
MOPTI (MRA-763) laboratory colony using TRIzol Reagent 
(Invitrogen) extraction in three biological replicates. Females 
used for RNA isolation were nonblood fed. Thirty individual 
mosquitoes were used per each sample. Small RNA (18–32 nt) 
libraries were generated as previously described [78]. 
Sequencing was performed at the Duke Center for 
Genomics and Computational Biology on the Illumina 
HiSeq4000 to obtain 50-bp single reads. About 18.1 Gb of 
total data or ~ 1.5 Gb of data on average for each replicate 
were obtained. Raw small RNA sequence data were deposited 
in NCBI GEO under the number GSE251974. Small RNAs 
from female somatic tissues of An. gambiae (head/thorax 
samples) were fetched from NCBI BioProject number 
PRJNA630738.

Small RNA-seq data processing and analysis

Pre-processing of sequenced small RNAs was performed by 
Trim_Galore script (https://github.com/FelixKrueger/ 
TrimGalore) and included 3'-adapter trimming, filtration of 
reads by length (>18 nt) and quality (80% of nt have ≥ 20 
Phred score). Pre-processed reads were further subjected to 
subtraction of reads matching to rRNA, snoRNA, snRNA, 
tRNA (combined list of annotated An. coluzzii sequences 
and the SILVA ribosomal RNA gene database) [79] and 
miRNA sequences (An. gambiae and Aedes aegypti 
microRNAs fetched from miRbase) [80]. rRNA and tRNA 
mappers were taken into consideration only for the analysis 
of small RNAs from the mitochondrial genome which 
encodes both of these RNA types.

The filtered and pre-processed small RNA reads were 
mapped to An. coluzzii MOPTI genome (VectorBase rel. 
57), the canonical sequences of An. coluzzii TEs and other 
repeats [81], exons of annotated protein-coding genes or their 
transcripts, lncRNAs (combined list of annotated genomic 
sequences and lncRNAs described for An. gambiae) [82] and 
known Anopheles viral sequences [38,83] by bowtie allowing 
up to 3 mismatches using the following parameters ‘bowtie – 
all – tryhard -v 3 –best – strata – quiet’ including option ‘−m 
1’ for unique mapping [84]. For analysis of small RNAs 
obtained from An. gambiae somatic tissues pre-processed 
reads were aligned to An. gambiae PEST genome 
(VectorBase rel. 54). The obtained SAM files were subse
quently converted to BAM files, sorted by coordinate and 
indexed using SAMtools software [85]. To reduce the redun
dancy of repeats and lncRNA sequences we used the CD-HIT 
program with the following parameters ‘cdhit-est -c 0.8 -n 5 
-d 0’ [86]. Also, to reduce the number of reads mapped to 
multiple locations we selected only the longest transcripts 

(splice variants) for every protein-coding gene annotated for 
the MOPTI genome (VectorBase rel. 57). For analysis of 
lncRNAs and protein-coding genes we counted uniquely 
mapped reads. For repeats multimapped reads were used. 
FeatureCounts utility was used to obtain the number of 
reads for annotated sequences [87]. To identify the genomic 
loci that generate the mosquito somatic small RNAs, we 
combined sequenced libraries from both sexes and all tissues 
to increase the amount of reads mapped to the genome. For 
analysis of combined libraries of all tissues, sequences that 
have at least 10 uniquely mapped reads were considered. We 
considered the fraction of small RNAs with a length of 24–32 
nt as putative piRNAs, 21 nt as putative siRNAs. Mapped 
small RNA reads were normalized to the sequencing depth.

Length distribution, counting of mapped small RNA reads, 
calculation of nucleotide frequencies (bias), and coverage 
profiles were performed using custom scripts written in 
Python and R. Number of overlapping pairs and overlap 
probabilities (ping-pong signature) were calculated from 
alignment files using the ‘signature.py’ Python script [88]. 
All calculations have been carried out in R environment 
(https://www.R-project.org/). Heatmaps were created using 
Plotly (https://plot.ly).

Comparative small RNA expression analysis

To determine differences in small RNA expression between 
somatic tissues and sexes, all sequences with at least 50 RPM 
(reads per million mapped reads on the genome) of mapped 
small RNAs (24–32 nt) per repeats, lncRNA or transcripts of 
protein-coding genes were tested on differential expression, 
using one-way ANOVA with linear model using ‘tissue’ and 
‘sex’ as factorial predictors (formula: RPM ~ sex + tissue). Fifty 
RPM has been proven to be the optimal threshold for redu
cing noise and improving sequencing data reliability. As 
a result, we obtained P-values representing the significance 
of variance in terms of sex- and tissue-biased differences in 
expression values calculated by dividing averaged RPM 
between groups and applying the logarithm function. Gene 
set enrichment analysis was performed using ShinyGO using 
the ‘Biological Process’ set of terms by the Gene Ontology 
consortium and KEGG database [89,90].

Analysis of 3' tailing of small RNAs

To determine the influence of 3' tailing of small RNA 24–32 
nt on their mapping we first selected all 24–32 nt small RNAs 
that mapped uniquely with 0–3 mismatches on the genome of 
An. coluzzii using Bowtie aligner [84]. Next, we consistently 
trimmed 1, 2 or 3 nucleotides from the 3' end of selected small 
RNAs and re-aligned the obtained libraries again to the tran
scripts of protein-coding genes uniquely allowing no mis
matches. The ratio of perfectly mapped reads with and 
without 3' trimming was calculated considering the number 
of uniquely aligned reads after cropping of 3 nucleotides as 
100%. Nucleotide frequency calculation and trimming were 
performed using homerTools trim and freq functions [91].
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Analysis of trigger-responder pairs and phasing signature

To determine the putative trigger piRNAs, libraries filtered 
from all rRNAs and microRNA sequences were re-aligned to 
the MOPTI genome with a BWA aligner allowing up to 6 
mismatches ‘bwa aln -n 6 -k 6 -t 64 -N’ [12,92]. Obtained 
alignment files in SAI format were converted into SAM with 
bwa samse command. After the conversion of aligned files to 
bam format using SAMtools, bam files were concatenated 
with ‘samtools merge’ to form a single bam file for protein- 
coding gene transcripts, lncRNAs and TEs. We applied 
PingPongPro software to detect genomic coordinates of com
plementary pairs of small RNA 24–32 nt with 10-nt nucleo
tide overlap [93]. The fraction of complementary reads 
containing 1 U and 10A were calculated using Rsamtools 
(https://bioconductor.org/packages/release/bioc/html/ 
Rsamtools.html), GenomicRanges [94] and Biostrings 
(https://bioconductor.org/packages/release/bioc/html/ 
Biostrings.html) libraries for the R language. Complementary 
pair-containing regions were taken into account if they met 
two criteria: 1) more than 10 reads mapped into locus, and 2) 
greater than 80% of all reads aligned containing 1U in sense 
reads, and 10A – in antisense. Transcript regions with puta
tive phasing patterns of piRNA processing were manually 
curated in the IGV browser [85,95]. Phasing signature 
(3'end to 5'end distance) was calculated using Phaser script 
(https://www.smallrnagroup.uni-mainz.de/).

RNA-seq analysis

Previously published RNA-seq data for male carcasses of An. 
coluzzii were fetched from the NCBI SRA archive SRP047496 
[96]. Raw reads from four biological replicates were trimmed 
and aligned to An. coluzzii MOPTI genome (VectorBase rel. 
57) using splice-aware aligner HISAT2 [97]. Mapped reads 
were assigned to genomic features using the FeatureCounts 
utility from the Subread package and normalized to the 
sequencing depth [98].

Northern analysis of small RNAs

Northern analysis of small RNAs was performed as previously 
described [99]. The lanes were loaded with 15 μg of total RNA 
extracted from male or female carcasses after gonad dissection. 
Hybridization with P32 5’-end-labelled oligonucleotides comple
mentary to ACMO_005053 responder piRNA (5' 
AGGTTTTATACTAGATGTTACATCCGAAA 3') or 
ACMO_008460 trigger piRNA (5' AAACAACCACTAA 
AATTTCTGATA 3') (Figure S4E) was performed. Hybridization 
with oligonucleotides complementary to miRNA 13b1 (5' 
ACTCGTCAAAATGGCTGTGATA 3') or U4 small nuclear 
RNA (5' CAGGGAGGCTTCATTGGTTACGGTA 3') was used 
as a loading control. The blots were visualized with the phosphor
imager Typhoon FLA 9500 (Amersham).
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