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Abstract

MicroRNAs (miRNAS) are endogenous, single-stranded small RNAs that have important
regulatory functions at the post-transcriptional level. Here, we characterize miRNAs in two
divergent mosquito species, Aedes aegypti and Anopheles stephensi, through deep sequencing of
small RNAs spanning all developmental stages. We discovered eight novel miRNAs in Ae.
aegypti and 20 novel miRNAs in An. stephensi, which enabled the first systematic analysis of
miRNA evolution in mosquitos. We traced the phylogenetic history of all miRNAs in both species
and report a rate of 0.055-0.13 miRNA net gain per million years. Most novel miRNAs originate
de novo. Duplications that produced miRNA clusters and families are more common in Ae.
aegypti than in An. stephensi. We also identified arm-switch as a source of new miRNAs.
Expression profile analysis identified mosquito-specific miRNAs that showed strong stage-
specific expression in one or both lineages. For example, the aae-miR-2941/2946 family
represents the most abundant maternally-deposited and zygotically transcribed miRNAs in Ae.
aegypti. miR-2943 is a highly expressed zygotic miRNA in both Ae. aegypti and An. stephensi.
Such information provides the basis to study the function of these miRNAs in biology common to
all mosquitos or unique to one particular lineage.

Introduction

MicroRNAs (miRNAs) are endogenous, single-stranded small RNAs that are ~21-25
nucleotides in length. They modulate gene expression at the post-transcriptional level and
are widely distributed in eukaryotes and some viruses. In animals, mature miRNAs are
usually processed from primary miRNAs (pri-miRNA). A pri-miRNA contains one or more
hairpins, which are processed by the Drosha/Pasha complex to make precursor miRNA (pre-
miRNA). The pre-miRNA hairpin is exported to the cytoplasm by Exportin-5 and further
cleaved into the imperfect mMiRNA:miRNA* duplex by the RNAase 11l enzyme Dicer. The
miRNA strand of the duplex is then incorporated into the RNA-induced silencing complex
(RISC) and functions by interacting with the target MRNASs. In some cases, pre-miRNAS
known as Mirtrons are spliced directly from introns, thus, bypassing the Drosha/Pasha
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complex. Once bound to a target, miRNA regulates target expression by either decreasing
the MRNA stability or inhibiting its translation (reviewed in Bartel et al., 2004). However,
certain miRNAs have also been shown to induce target gene expression (Place et al., 2008;
Vasudevan et al., 2007). Many miRNAs play important roles in embryonic development,
cell differentiation, neurogenesis, and apoptosis (reviewed in Bushati. et al. 2007). MiRNAs
are also found to be involved in the pathogenesis of multiple cancers, cardiac disease, and
neurological disorders (Greenberg et al., 2014; Harada et al., 2014; Kye and Gongalves,
2014). There is evidence that mosquito miRNAs are important in regulating mosquito
defense against parasite invasion (Winter et al., 2007), female reproduction (Bryant et al.,
2010), and Wolbachia infection (Zhang et al., 2013).

Since the discovery of the first miRNA in Caenorhabditis elegans (Lee et al., 1993), over
twenty thousand miRNAs have been predicted in 206 species and documented in miRBase
(miRBase release20)(Kozomara and Griffiths-Jones, 2013). Several models have been
proposed to explain the origin and expansion of miRNAs. Duplication and random hairpin
formation are two main sources of new miRNAs (Allen et al., 2004; Axtell et al., 2011;
Marco et al., 2013; Yuan et al., 2011), with duplication being further divided into inverted
duplication of target genes, tandem duplication, and segmental duplication (Yuan et al.,
2011). Some mammalian miRNAs were derived from repetitive sequences, mostly
transposable elements, providing another source for new miRNAs (Piriyapongsa et al.,
2007).

Aedes aegypti and Anopheles stephensi are important disease vectors that belong to two
divergent mosquito subfamilies, Culicinae and Anophelinae, respectively. Ae. aegypti is an
important vector for arboviruses such as the yellow fever, dengue fever, and chikungunya
viruses. An. stephensi is the main vector for malaria in urban areas in India and the Middle
East. These two mosquito subfamilies diverged between 145 and 200 million years (myr)
ago (Krzywinski et al., 2006). Efforts have been made to identify both conserved and
mosquito-specific miRNAs in Ae. aegypti (Akbari et al., 2013; Li et al., 2009), Ae.
albopictus (Gu et al., 2013), and Culex quinquefasiatus (Skalsky et al., 2010) by small RNA
sequencing. MiRNA genes were bioinformatically predicted in An. darlingi (Mendes et al.,
2010) and only a small number of mMiRNAs were experimentally verified by a small scale
cloning method in An. gambiae (Winter et al., 2007) and An. stephensi (Mead and Tu,
2008). Two recent studies significantly increased the number of experimentally verified
miRNAs in An. stephensi (Jain et al., 2014) and An. gamibae (Biryukova et al., 2014) by
small RNA sequencing of adult females before and after blood-feeding.

In this study, we performed small RNA sequencing of samples covering all major
developmental stages of Ae. aegypti and An. stephensi using Illumina. We report the
discovery of eight novel miRNAs in Ae. aegypti and the first comprehensive analysis of
miRNAs in An. stephensi in all major developmental stages. Whole-genome analysis of
miRNAs in Ae. aegypti and An. stephensi and comparisons to other insect species provide an
opportunity for novel insights into the evolution of mosquito miRNAs. For example, the
genome of Ae. aegypti (Nene et al., 2007) is approximately five-fold larger than the genome
of An. stephensi (Jiang et al., 2014). Our analysis has enabled the comparison of the number
of lineage-specific miRNAs and the mechanisms to generate novel miRNASs between two
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mosquitos of divergent genomes. The systematic characterization and expression analysis of
mosquito miRNAs facilitates future studies of miRNA functions in mosquitos. Regulation
by lineage-specific miRNA influences phenotypic divergence among animal species (Mor
and Shomron, 2013). We are investigating mosquito-specific miRNAs because they may
underlie mosquito-specific biological adaptations and could provide mosquito-specific
targets for the control of mosquito-borne infectious diseases. We have shown that several
mosquito-specific miRNAs are only expressed either in the embryo, or pupae, or adult male,
indicating involvement in mosquito-specific functions during these developmental stages.
The importance of miRNA in embryogenesis is well documented in model organisms
(Bushati et al., 2008; Giraldez, 2010). There is indication that gene expression during the
maternal-to-zygotic transition may vary significantly between Ae. aegypti and Drosophila
melanogaster (Biedler and Tu, 2010; Biedler et al., 2012). Thus we also performed a
detailed analysis of miRNAs during maternal-to-zygotic transition in Ae. aegypti.

Results

Discovery of conserved and novel miRNAs in Ae. aegypti and An. stephensi by small RNA
sequencing

We performed small RNA sequencing on Ae. aegypti and An. stephensi samples from all life
stages using the Illumina platform (NCBI PRINA232374, PRINA232180 and SRX116547;
see Experimental Procedures). Small RNA reads with adapter removed were used to predict
miRNAs de novo using the miRDeep (Friedl&nder et al., 2008) and miRDeep2 (Friedlander
et al., 2012)(Figure S1) software packages, followed by two rounds of manual inspection to
discard predictions that did not meet the stringent criteria set forth in previous publications
(Axtell et al., 2011; Berezikov, 2011) (See Experimental Procedures). The first round of
inspection removed sequences that did not have sufficient and homogeneous small RNA
alignment to the predicted pre-miRNA stems. Sequences that passed the first round were
regarded as miRNA candidates. Sequences that also passed the second round of inspection,
which further considered other miRNA features (Table S4), were reported as predicted
miRNAs. BLAST searches, using mature and precursor miRNAs in miRBase (v20) as
queries, were also performed against the Ae. aegypti and An. stephensi small RNA databases
and genomes to ensure coverage of conserved miRNAs. The numbers of miRNAs predicted
by the three methods are indicated in Figure 1. The non-redundant miRNAs discovered by
the three methods were taken as input to perform a reciprocal Mapmi search (Guerra-
Assuncgdo and Enright, 2010) in the two species.

In total, we discovered 120 miRNA loci in Ae. aegypti (Table S1) and 117 miRNA loci in
An. stephensi (Table S2). The 117 miRNA loci in An. stephensi correspond to 108 unique
mature miRNAs, 20 of which are novel. The 120 miRNA loci in Ae. aegypti correspond to
102 mature miRNAs, eight of which are novel. Akbari and colleagues (2013) recently
predicted 36 novel miRNAs in Ae. aegypti based on small RNA sequencing results. Only
seven of the 36 miRNAs overlap with our predictions. These seven include two insect-
specific MiRNAs (aae-miR-H-52, aae-miR-H104), two mosquito-specific miRNAs (aae-
miR-H-65, aae-miR-H-73), and three Ae. aegypti specific miRNAs (aae-miR-H-62, aae-
miR-H-115, aae-miR-H-85). Eighteen of the 36 mapped to more than five genomic loci and
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10 did not meet the criteria set for a genuine miRNA upon manual inspection (Table S4).
The only remaining miRNA predicted by Akbari et al. (aae-miR-H-88) had good secondary
structure and unigue genome location and were included in our subsequent analysis (Table
S1). Jain et al. (2014) recently analyzed the change of miRNome before and after blood
feeding and Plasmodium infection in An. stephensi (Jain et al., 2014). Except for two
extremely lowly-expressed miRNAs (as-miR-2779 and as-miR-iab-8), we recovered all
known An. stephensi miRNAs in Jain et al. (2014). We also discovered the mature sequence
of three additional known miRNAs (ast-miR-2943, ast-miR-316, ast-miR-971) and the star
reads of additional 71 miRNAs. Out of the 17 novel An. stephensi miRNA predictions
described by Jain et al. (2014), five were found in the current work, nine did not pass the
first round of inspection, one (as-nv-16) passed the first round and two (as-nv-3, as-nv-4)
passed both rounds (Table S2, S3). As mentioned above, the analysis in the current study
added eight novel miRNAs in Ae. aegypti (Table S1) and 20 novel miRNAs in An. stephensi
(Table S2).

Clustered and intronic miRNAs in Ae. aegypti and An. stephensi

An miRNA cluster is often defined as a group of miRNAs that are within 10kb of each other
on the same genomic strand (Marco et al., 2013). According to this definition, 40 miRNAs
were found in 14 clusters in Ae. aegypti, and 41 miRNAs were grouped in 14 clusters in An.
stephensi (Table 1). The proportion of clustered miRNAs in Ae. aegypti (33%) and An.
stephensi (34.5%) are comparable to the proportions in other species (Olena and Patton,
2010). The majority of mosquito clusters are composed of two miRNAs, which is similar to
the size of the D. melanogaster miRNA clusters (Marco et al., 2013) but smaller than the
size of the Tribolium castaneum clusters (Marco et al., 2010). The largest miRNA cluster is
the miR-2b/2a/13/2¢/71 cluster in both Ae. aegypti and An. stephensi. The miRNA
arrangements within homologous clusters are the same between Ae. aegypti and An.
stephensi. Thirty-one Ae. aegypti miRNAS overlap with annotated protein coding genes,
with 30 in introns and one in exon. The number of intragenic mMiRNAs is 22 in An. stephensi
and all are in introns. The associations between intragenic miRNAs and their host genes are
quite stable between the two divergent mosquitos. This positional conservation of intronic
miRNAs is consistent with what has been observed in vertebrates (Hoeppner et al., 2009).

Gain and loss of miRNAs in Ae. aegypti and An. stephensi

To trace the evolution of miRNASs in Ae. aegypti and An. stephensi, we searched for
homologs by performing BLAST using all Ae. aegypti and An. stephensi mature miRNAs
and pre-miRNAs as queries against the miRBase (v20). The default e-value of 10 was used
for the BLAST to include all possible candidates for further inspection. Because there are
very limited miRNAs documented in miRBase for some species, we also performed Mapmi
(Guerra-Assuncao and Enright, 2010) using all Ae. aegypti and An. stephensi miRNAS as
queries to search for homologous miRNAs in 15 species including 14 arthropods and
humans. We re-constructed the phylogenetic history of Ae. aegypti and An. stephensi
miRNAs following the parsimony principle. For instance, if a miRNA is present in lineage
A and absent in its sister lineage B, it is considered to originate after the divergence of the
two lineages unless there is evidence for the presence of the miRNA in their common
ancestor. This is because such inference requires fewer evolutionary changes (Sperling and
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Peterson, 2009; Tarver et al., 2013). As shown in Figure 2, miRNAs were continually added
through the evolution of mosquitos and occasionally lost in some lineages. A total number
of 78 miRNAs (80 loci) were present before the divergence between Nematocera and
Brachycera. Nine miRNAs were conserved in mosquitos but not present in other species,
indicating their potential functions in mosquito-specific gene regulation. Five miRNA loci
were duplicated or expanded in the mosquito lineage. Within the Nematocera lineage, there
were four Culicinae-specific and two Anophelinae-specific miRNAs. It is noticeable that Ae.
aegypti had more expansions or duplications of existing miRNAs than An. stephensi (13
expansions in Ae. aegypti vs. three expansions in An. stephensi), which may be explained at
least partially by the larger and more repetitive genome of the former species. Assuming that
the Culicinae and Anophelinae subfamilies diverged 145 to 200 myr ago (Krzywinski et al.,
2006), the net gain of mMiIRNA per myr was 0.055 to 0.076 for the Culicinae lineage and
0.095 to 0.13 for the Anophelinae lineage. This rate is slower than that in T. castaneum
(0.18) and Drosophila (0.3 to 1) (Berezikov et al., 2010; Lu et al., 2008; Marco et al., 2010).

Origin of new mosquito miRNA loci

The majority of the mosquito-specific or lineage-specific miRNAs do not have an apparent
homolog in their ancestral species (Figure 2) indicating that they either originated de novo or
have evolved beyond recognition of its ancestral origin. However, a significant number of
the mosquito-specific mMiRNAs and conserved miRNAs produced new miRNA loci by
duplication (Table 2). We differentiated tandem duplication and segmental duplication as
described in the Experimental Procedures and modified after Maher et al. (Maher et al.,
2006). Seven out of 14 clusters in Ae. aegypti and five out of 14 clusters in An. stephensi had
formed by tandem duplication (Tables 1 and 2). An interesting example of this is the An.
stephensi-specific cluster ast-miR-new9/new8/new11/new7/new38 (Figure 3A), in which a
~200bp fragment duplicated at least twice and generated the miRNA family ast-new38/
newll/new8. Ast-miR-new38 was regarded as a miRNA candidate because only mature
reads had been recovered. Although the pre-miRNAs of the two miRNAs and one miRNA
candidate are very similar (over 80% identity), mutations in seed regions have accumulated,
providing the capacity to target different MRNAs. Segmental duplications involving a large
flanking region are also common (Table 2).

Another common scenario in mMiRNA evolution is arm switching. Eight homologous
miRNA pairs between two mosquitos adopted different arms. Within Ae. aegypti, we
detected one case of arm switching between the paralogous miRNAs aae-miR-new17 and
aae-miR-new18, which evolved from a segmental duplication but used different arms as
mature miRNA (Figure 3B).

Overall expression profile of Ae. aegypti and An. stephensi miRNAs

In both Ae. aegypti and An. stephensi, miR-1, miR-184, and miR-263 ranked among the
most highly expressed miRNAs, which took up over half of the total hits in a majority of the
developmental stages (Table S1, and S2). The expression profiles of miRNAs deduced from
our small RNA-seq analysis (Tables S1 and S2) are in general agreement with published
expression profiles of Aedesand Anopheles miRNAs based on northern blots (Mead and Tu,
2008; Li et al., 2009; Gu et al., 2013). Here, we focus our analysis on miRNAs that are
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found only in mosquitos (Figure 4) because they may be involved in mosquito adaptation
and speciation. Except for aae-miR-new15 and its homolog ast-miR-new37, the 9 miRNAs
that are conserved in all mosquitos showed high or moderate levels of expression. With a
few exceptions, the expression patterns are consistent between Ae. aegypti and An.
stephensi. In both species, miR-2943 and miR-2945 are highly expressed in the embryos;
miR-1891 is most abundantly expressed in adult males and miR-1890 has peak expression in
pupae (Figure 4). These mosquito-specific miRNAs are likely involved in important
functions in both Aedes and Anopheles lineages. The most abundant miRNAs in Ae. aegypti
embryos, the intronic aae-miR-2941-1/2941-2/2946 cluster, is specific to Culicinae (Figure
5, Table S1), indicating their important roles in embryogenesis specific to Culicinae. More
than half of the Ae. aegypti-specific mMiRNAs showed embryo-biased expression while most
of the An. stephensi-specific miRNAs showed male-biased expression (Figure 4).

Maternal and zygotic expression of Ae. aegypti and An. stephensi miRNAs

miRNAs found in 0-1h embryos in Ae. aegypti represent maternally deposited miRNAs as
zygotic transcription does not commence until after ~2h post oviposition (Biedler and Tu,
2010; Biedler et al., 2012). We showed that 58 miRNAs have at least 5 raw counts, with 26
having more than 200 raw counts at the 0-1h time window (Table S1). We further
investigated two miRNA families to gain insights into early embryonic development in
mosquitos. As described earlier, the aae-miR-2941-1/2941-2/2946 miRNAs form a cluster
within the intron of a potential transcription factor, AAEL009263. All three miRNAs share
the same seed sequence while aae-miR-2941-1 and aae-miR-2941-2 have the same mature
sequence with slightly different 3p variances (isomiR) (Morin et al., 2008) and miRNA*. At
the four embryonic time points sequenced, the sum of mMiRNA-2941 and miR-2946 reads
represents 38—-93% of all identifiable miRNA reads (Table S1). Thus, this cluster is
responsible for the most abundant miRNAs in a broad range of embryonic stages including
0-1h after egg-laying when only maternally deposited miRNAs are present (Biedler and Tu,
2010; Biedler et al., 2012). Strong expression in subsequent embryonic time points suggests
that this cluster is also zygotically expressed. As shown in Figure S2, maps of the small
RNA sequences demark the predicted miRNA and miRNA* boundaries, and the existence
of unique miRNA* and 3p isomiRs suggests that both miR-2941 hairpins contribute to the
production of miR-2941. Northern blot analysis of aae-miR-2941 and aae-miR-2946 (Figure
5A and 5B) is consistent with both maternal deposit, as indicated by strong signals in the
ovary after blood-feeding and 0-2h embryos, and zygotic expression, as indicated by a
decline in 2—-4h embryos and increase afterwards. We also investigated the embryonic
expression profile of miR-2943, a mosquito-specific miRNA, which has a single locus in
An. stephensi and two loci in Aedes and Culex. Small RNA-seq data suggested that this
miRNA had strong and stage-specific expression in the embryos in both species (Table S1,
and S2). Northern blot analysis (Figure 5C and 5D) confirmed zygotic expression of
miR-2943 in both species, starting at 10h post-oviposition in Ae. aegypti and 6h post-
oviposition in An. stephensi. This time difference is consistent with the slower embryonic
development in Ae. aegypti compared with An. stephensi (Juhn and James, 2006).
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Discussion

In this study, we report sequencing of small RNAs across all developmental stages in two
medically important and evolutionarily divergent mosquito species. We describe the first
comprehensive comparative analysis of miRNAs in An. stephensi and Ae. aegypti spanning
all developmental stages. We combined de novo prediction programs with homology-based
searches to ensure inclusive coverage of miRNAs (Figure 1 and S1). Such comprehensive
miRNA analysis in two divergent mosquitos provided a unique opportunity to glean
genomic and evolutionary insights. MiRNAs tend to be continuously added into the genome
during evolution and rarely lost once integrated into the regulation system (Sperling and
Peterson, 2009; Tarver et al., 2013). We reconstructed the phylogenetic history of Ae.
aegypti and An. stephensi miRNAs following the parsimony principle. As shown in Figure
2, each lineage has their own specific miRNA families, which suggests the involvement of
these miRNAs in biological functions specific to the lineage. This analysis is based on all
miRNAs in Ae. aegypti and An. stephensi and, thus, is only comprehensive for these two
species. For example, we identified 7 and 19 miRNAs that are unique to Ae. aegypti and An.
stephensi, respectively (Figure 2). No comprehensive statement can be made for miRNAs
that are unique to An. gambiae or C. quinquefaciatus. However, our systematic analysis of
miRNAs in Ae. aegypti, a species in the Culicinae subfamily, and An. stephensi, a species of
the Anophelinae subfamily, allowed us to calculate a net gain rate of 0.055 to 0.076 miRNA
per myr for Culicinae and 0.095 to 0.13 miRNA per myr for Anophelinae.

Genome-wide and comparative analysis also enabled insights into the evolutionary origin of
new miRNASs or new miRNA loci in mosquitos. We found cases that support miRNA
origins from de novo formation of hairpins, tandem duplication, segmental duplication, and
arm switching. The majority of the mosquito-specific miRNAs does not have an apparent
homolog indicating that they either originate de novo or have evolved beyond recognition of
its ancestral origin. However, tandem duplications are important for miRNA cluster
formation and expansion. In some cases, the evolution of miRNAs might be very
complicated and involve multiple steps. One example, the evolution of miR309/2944a/
2944b/286 cluster, was illustrated by Ninova et al. (2014).

We found that approximately 33% of the Ae. aegypti and 34.5% of the An. stephensi
miRNAs are clustered within 10 kb intervals. The percentage of intragenic miRNAS, mostly
in introns, is 25.6% in Ae. aegypti and 18.8% in An. stephensi. It is suggested that miRNA
clusters often form by emergence of new miRNAS near an old miRNA and intragenic
miRNAs often form by emergence of new miRNAs within host precursor mRNAs (Axtell et
al., 2011; Marco et al., 2013). Our observation is consistent with the theory that the birth of
miRNA is facilitated by locating near an extant transcript. This is not surprising since the
established miRNA or mRNAs would enhance the chance of accessing transcription
machinery or the Drosha/Parsha processing complex, thus, increase the probability of a
newly formed hairpin to be transcribed and processed to miRNA precursors (Axtell et al.,
2011; Marco et al., 2013).

The small RNA libraries in this study spanned the entire mosquito life cycle from embryo to
adult. Despite lack of replicates, our data showed consistent profiles with northern blots of
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miRNAs in previous studies (Mead and Tu, 2008; Li et al., 2009; Gu et al., 2013). However,
we need to be cautious when interpreting the expression profile analysis, especially of lowly
transcribed miRNAS. There are several mosquito-specific miRNAS that showed highly
embryo-specific, pupae-specific, or male-specific expressions in both species, indicating
involvement in mosquito-specific functions at these stages (Figure 3). We further discuss
three miRNA families to gain insights into early embryonic development in mosquitos. The
mMiRNAs in the miR-2941/2946 cluster are maternally deposited to the embryo and are
highly expressed at the early stage of embryogenesis (Figure 5A and 5B). This cluster is
composed of two miR-2941 and one miR-2946 hairpins in Ae. aegypti and two miR-2941
and one miR-2952 hairpins in C. quinquefasiatus. MiR-2941/2946/2952 share the same seed
sequence and likely have evolved by tandem duplication of the hairpins. The expansion of
miR-2941/2946/2952 cluster in Culicinae and its extremely high expression in Ae. aegypti
indicate that this cluster may have gained important and specific functions in Culicinae
embryonic development. MiR-2943 is another mosquito-specific miRNA that is exclusively
expressed in embryos. Unlike the miR-2941/2946 family, miR-2943 showed strong zygotic
expression with no maternal deposition (Figure 5C and 5D). The expression of this miRNA
starts at the beginning of germ band extension (Monnerat et al., 2002; Vital et al., 2010) and
continues for at least 10 hours in both species. Another miRNA cluster that showed strong
expression enriched in the embryonic stage is the miR-309/2944a/2944b/286 cluster, which
contains miRNASs that are conserved in metazoan or insect species (Table S1 and S2). The
expression patterns we observed in two mosquitos are consistent with those in flies (Leaman
et al., 2005; Ninova et al., 2014), beetles (Marco et al., 2010), and moths (Wu et al., 2013).
The miR-309 cluster has been shown to play roles in the degradation of maternal transcripts
during maternal zygotic transition (MZT) in Drosophila (Bushati et al., 2008). The
conservation of structure and expression of this cluster implies that its functions are
conserved in embryogenesis among different insect species. Thus, it appears that mosquitos
utilize highly conserved miRNAs as well as newly evolved miRNAs to control embryonic
development to achieve common and lineage-specific functions.

The young and lineage specific miRNAs are generally expressed at lower levels compared
with well-conserved miRNAs (Table S1, S2, Figure 4, S3). We noticed that a significant
number of An. stephensi-specific miRNAs have their expression enriched in males (Figure
4A, S3), which is consistent with the observation that fast-evolving genes and miRNAs are
testis biased (Levine et al., 2006; Marco, 2013). On the other hand, the majority of the Ae.
aegypti specific miRNAs are enriched in 0-1h embryos (Figure 4B, S3), suggesting that the
miRNA transcripts are maternally deposited. This observation may imply that novel
miRNAs tend to have expression in the germ cell-enriched tissues (Wu and Sharp, 2013)
and may play roles in mosquito reproduction or embryogenesis.

Within the aae-miR-2941/2946 cluster, there are two miR-2941 hairpins and one miR-2946
hairpin. The ratio of miR-2941 reads to miR-2946 reads varies from the expected ~2:1to a
highly biased ~60:1 in the four embryonic time points (Table S1). Although biased
amplification could alter the miRNA ratio within a given sample, it is unlikely that this is the
explanation here as the observed variation is between different samples. In addition,
previous 454 sequencing of small RNAs of mixed embryos also showed the uneven
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expression among miR-2941 and miR-2946 (Table 1 in Li et al., 2009). Differential
processing of the pre-miRNAs and differential stability of miRNAs are known mechanisms
to control miRNA levels (Obernosterer et al., 2006; Bail et al., 2010), both of which could
result in different levels of mature miRNAs from the same levels of pri-miRNAs. The small
RNA northern blot shown in Figure 5 cannot be used to compare the miRNA-2941 and
miR-2946 levels, as different probes are used and they are from different experiments.
Quantitative measurement of the miRNASs in this cluster is needed to explain the variation in
the miR-2941/miR-2946 ratios observed in the Illumina data. If confirmed, this will be the
first case where differential processing or differential stability of miRNAs regulates miRNA
expression in mosquitos.

We didn’t perform miRNA target prediction because the 3’ UTR annotations were not
sufficiently informative in the two mosquito species. Moreover, in silico target prediction
alone very often gives false positives since the target-miRNA recognition is relatively
tolerant of mismatches in animals. Better annotations based on high throughput sequencing
of full-length mRNAS will facilitate target analysis and shed new light on miRNA functions
in mosquitos.

In conclusion, by performing small RNA sequencing across all developmental stages and by
applying multiple analytical methods, we were able to obtain an inclusive annotation of
miRNAs in two divergent mosquito species. We discovered eight novel miRNAs in Ae.
aegypti and 20 novel miRNAs in An. stephensi. We also report genomic and evolutionary
insights of mosquito miRNAs by performing systematic analysis of miRNA distribution and
phylogeny. We found approximately 30% miRNAs are clustered and 20% miRNAs are in
the introns in both mosquitos. We investigated the origin and evolution of miRNAS in Ae.
aegypti and An. stephensi and showed that most lineage-specific miRNAs evolve de novo.
Duplications that produced miRNA clusters and families are more common in Ae. aegypti
than those in An. stephensi. Our analysis identifies a total number of nine mosquito-specific,
four Culicinae-specific, and two Anopheles-specific mMiRNAs, which may provide the
foundation for future analysis illustrating the biological differences between these different
lineages. MiRNA profiles encompassing the entire mosquito life cycle shows miRNA
enrichment in particular developmental stages. Several miRNAs, such as miR-2941/2946
and miR-2943, are particularly interesting because they are highly expressed in embryos and
specific within mosquitos. Our expression analysis points to a direction for future miRNA
functional studies.

Experimental Procedures

Sample collection and library preparation for small RNA sequencing

Small RNAs from different developmental stages of Ae. aegypti and An. stephensi were
extracted, respectively, and subjected to Illumina sequencing. Ae. aegypti samples included
0-1h embryos, 2-4h embryos, 8-12h embryos, 12-48h embryos, mixed stage larvae, pupae,
and adult males. An. stephensi samples were collected in the same manner except that
embryos were collected at 0—-2h and at 4h intervals from 2h to 42h post oviposition and were
pooled to represent the entire embryonic stage. After removing the adapter sequence,
identical reads within a single sequencing library were collapsed and different sequencing
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libraries were pooled together as the small RNA (SmRNA) sequencing database. The
collapsed Ae. aegypti SMRNA database contained 6,836,662 reads and the collapsed An.
stephensi SMRNA database contained 3,027,738 reads. Those reads were non-redundant
within the sequencing library, but may be the same across different libraries. Each read had
a unique tag indicating its origin (sample name) and hit number (counts in a single library).
All sequencing data can be found in NCBI SRA (PRINA232374 and PRINA232180) except
the Ae. aegypti adult female sample, which was downloaded from SRA SRX116547 and
treated the same way.

miRNA prediction by miRDeep, miRDeep2, BLAST and Mapmi

We followed the steps described in the miRDeep manual (Friedlander et al., 2008) to predict
miRNA. The only exception was that we omitted the “filter by annotation” step because this
step would only slightly increase the prediction accuracy and we performed manual
inspection afterwards to filter false positives. The genome assembly of Ae. aegypti was
downloaded from Vectorbase and the genome of An. stephensi was sequenced and
assembled by our lab, which can be downloaded from NCBI (PRINA168255). Briefly, the
short reads in the SmMRNA database were mapped to their corresponding genome. For the
purpose of this study, reads mapped to over 5 locations in genome were discarded as repeat
sequences. The precursor miRNAs (pre-miRNASs) were retrieved from the genome after
mapping and scored by the prediction programs. The output of miRDeep was manually
inspected by an in-house script matchRNA. MatchRNA took the predicted pre-miRNA
sequence, folded it with the embedded RNAfold program and aligned short sequencing
reads onto the pre-miRNAs by BLAST (-e 0.0001, —b 200000). The output from
matchRNA (Figure S4) allowed us to perform the first round of inspection which looked for
miRNA candidates that have canonical structure and expression. A good miRNA candidate
should satisfy that i. reasonable number of mature or star reads aligning to the pre-miRNA
(we required a minimal of 5 reads that map to either mature or star sequence); ii. the 5" and
3’ ends, especially the 5’ ends, are homogeneous; iii, most reads are mapped to one or two
arms of the pri-miRNA(i.e. mature and star sequences) with few or no reads mapping to
other places of pri-miRNA. The kept miRNA candidates from two species were then used as
input for miRDeep2 prediction, which requires a reference file containing known miRNAs
in the working species and another reference file containing known miRNAs in closely
related species in addition to the genome and SmRNA database. We again performed manual
inspection upon all predicted miRNAs from miRDeep2. We also used BLAST to recover
any conserved miRNAs. We first searched all mature sequences in miRBase (v20) against
our SMRNA database (—e 0.01) and then searched all precursor sequences in miRBase (v20)
against our mosquito genome (—e 0.01). If the mature sequence of a particular miRNA was
present in our SmRNA database, its precursor sequence was then retrieved from the
mosquito genome and inspected using matchRNA. Finally, we ran Mapmi (Guerra-
Assuncgdo and Enright, 2010) to detect whether any predicted novel Ae. aegypti miRNAs and
miRNA candidates had homologs in An. stephensi, and vice versa. To be conservative, we
allowed only one mismatch in mature sequences and verified all predicted miRNAs
manually by matchRNA.
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Newly-predicted miRNA candidates that passed the first round of inspection as described
above were further divided into more confident “novel miRNAs” and less confident “novel
miRNA candidates” after the second round of inspection. The factors we looked for during
the second round of inspection included the presence of bulges or internal loops in the stem
structure, the presence of miRNA star, 3’ 2nt overhang of miRNA/miRNA* duplex,
conservation in other species, and the minimal free energy (MFE) of pre-miRNA structure
(Table S4). All miRNAs that lack bulges or internal loops in their pre-miRNAs were put
into MiRNA candidate category because they might represent other small interfering RNAs.
If one miRNA did not have reads mapping to the star arm, it must have homology support in
other species to remain as a novel miRNA. If one miRNA overlapped with an exon, the 2 nt
3’ overhang was required to differentiate it from mRNA degradation, unless other evidence
such as northern blot was available.

Infer phylogenetic history of mosquito miRNA

To infer the gain and loss of mosquito miRNAs during evolution, we investigated the
distribution of the mosquito miRNA homologs in different species. We first ran Mapmi
(Guerra-Assuncao and Enright, 2010) using all Ae. aegypti and An. stephensi mature
miRNAs as queries on 15 species with a maximum of one or three mismatches and 20 as the
score cutoff. Using either one or three mismatch allowance produced the same final results.
The 15 species were Ae. aegypti (Ensembl Metazoa release 9), C. quinquefasciatus
(Ensembl Metazoa release 10), An. stephensi (NCBI PRINA168255), An. gambiae
(EnsemblMetazoa release 9), D. melanogaster (EnsemblMetazoa release 9), D.
pseudoobscura (EnsemblMetazoa release 10), D. grimshaw (EnsemblMetazoa release 10),
Glossina morsitans (VectorBase), Apis mellifera (Baylor College of Medicine Honey Bee
Genome Project FTP), Bombyx mori (Genebank accession ID AADK00000000),
Acyrthosiphon pisum (Ensembl Metazoa release 10), T. castaneum (Genebank accession ID
AAJJ00000000), Ixodes scapularis (Ensembl Metazoa release 10), Pediculus humanus
(Ensembl Metazoa release 10) and Homo sapiens (Ensembl release 62). We also searched
miRBase (v20) by name as well as by BLAST using all Ae. aegypti and An. stephensi
mature miRNAs and pre-miRNAs as queries (—e 10). Low similarity homologs were
manually inspected for alignment. If a miRNA is absent in one species but present in its
close relative, a further BLAST using the pre-miRNA in the relative species as query was
conducted against the genome of the tested species under the e-value of 0.01. The gain of a
miRNA refers to the first appearance of the miRNA in phylogeny. The loss of a miRNA was
labeled when we failed to uncover the miRNA in one species but were able to infer its
existence in the common ancestor.

Detection of tandem and segmental duplication

We defined and detected tandem and segmental duplication as described in Maher et al.
(2006) with some modifications. Tandem duplicated miRNAs are contiguous miRNAs with
the same or similar precursor sequences while segmental duplicated miRNAS are miRNA
families derived from duplications of large DNA segments (from several hundred bp to
several kb). To detect segmental duplication events, we looked at the similarity of flanking
regions of miRNA pairs. Up to 25 kb flanking both sides of the Ae. aegypti miRNA pairs
and 10 kb flanking each side of the An. stephensi miRNA pairs were retrieved and searched
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for homology by BLAST under the e-value of 0.0001. Sequences shorter than 25kb or 10kb
might be retrieved if the scaffold was short or the gene was close to the end of the scaffold.
If the genomic region where the paralog of this miRNA resides was recovered by BLAST
under the e-value of 0.0001, the overall homologous region was larger than 1kb, and the
same was observed in a reciprocal BLAST, we regarded these two miRNAs as candidates
for segmental duplications. We then aligned the two homologous region by BLAST and the
majority of them had e-value of 0, with the highest being 2E-84. Similarities between
protein-coding genes flanking the miRNA pairs were also used to help infer homology.

Expression profile of mosquito miRNAs

The predicted mature miRNASs were used as queries in the BLAST search against the
smRNA database (—e 0.0001, —b 200000). Total hits were counted based on different
developmental stages and a tabulated table was generated in which each row contained raw
counts of one miRNA. Bowtie (Langmead et al., 2009) mapping with no mismatch and
BLAST search with the e-value of 0.01 were also performed to obtain read counts, which
gave similar results with strong positive correlations (data not shown). To eliminate the
effect of library size, the raw counts were normalized as reads per million (RPM) by
dividing the total hairpin reads in a single library (Ruby et al., 2007). To visualize the
expression pattern of each miRNA, the RPM normalized counts were further normalized by
the total counts of that miRNA across all sequencing samples.

Small RNA northern blot analysis

All equipment was rinsed with DEPC-treated water to remove RNases. Samples were
denatured at 95°C and run on a 15% polyacrylamide gel at 150V in 1x TBE buffer. 19- and
22-nucleotide oligomers were used as size markers. After staining the gel with ethidium
bromide for visualization the RNAs were transferred to a Brightstar Plus membrane
(Ambion, Life Technologies, Grand Island, NY) in 0.5x TBE at 4°C for 1.5 hours at
200mA. The membrane was then crosslinked with a SpectroLinker UV cross-linker at the
optimal setting (120 mJ/cm?2). The membrane was then prehybridized at 45°C while rotating
with the ULTRAhyb -Oligo hybridization buffer (Ambion) for 30 minutes, after which 5’
Digoxigenin-labelled antisense LNA probe (Exigon, Vedbaek, Denmark; miR-2941:5’-
TCCGTGGAGTTCTAGCCGTACTA-3/, miR-2946:5’-
TCCCCATATCTTTTCCGTACTA-3, miR-2943: 5-TTGCCTGCAAGTGCCTACTTAA)
was added to a final concentration of 0.1 nM and left overnight. All subsequent procedures
including washing, blocking, and incubation with the alkaline-phosphotase labelled anti-
Digoxigenin antibody were as described in Mead and Tu (2008). Visualization of the
membrane was achieved by 5 minutes of room temperature incubation with the CDP-star
substrate followed by exposure to X-ray film.

Mature miRNA RT-PCR

Total RNAs were extracted from Ae. aegypti and An. stephensi mixed-age embryos, larvae,
pupae, adult males and adult females. Approximately 500ng RNA was reverse transcribed to
cDNA using Qiagen (Valencia, CA) miScript Il RT kit under Hispec buffer. 1ul cDNA of
each sample was used as template and amplified by rTaq polymerase using one universal
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primer and one miRNA specific primer. The PCR results were inspected using a 4% agarose
gel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Venn Diagrams showing the number of miRNAs predicted by miRDeep, miRDeep2
and BLAST methodsin Aedes aegypti (A) and Anopheles stephensi (B)

The numbers represent miRNAs that passed the two rounds of manual inspection as
described in the Experimental Procedures. Figures were generated by Venny (Oliveros,
2007).
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Figure 2. Gain and loss of miRNA in Aedes aegypti and Anopheles stephensi
The gain and loss of miRNA in Ae. aegypti and An. stephensi were inferred based on the

species distribution of mMiRNAs. Numbers in parentheses are the number of mosquito
miRNAs that were gained (+) or lost (=) from that node; ‘X’ indicates expansion of existing
miRNAs (i.e. miR-a/b and 1/2). The evolutionary time scale is adopted from (Liu et al.,
2010). The names of specific miRNAs gained/lost/expanded are shown in Table S5.
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\

/

A /

(ast-miR-new38)  ast-miR-new7 ast-miR-new11 ast-miR-new8 ast-miR-new9
(ast-miR-new38) =T ACH TAT{Ee TGTCTGA 22 D =D
ast-miR-newll ilele 71 VWA TEC TAT{]e TGTCTGA 23 D D miRNA
ast-miR-new8 BT CleléA TeC TATEVA TGTCTGA 22

B

ast-miR-new17: TACAGAATCGAGGCTTACTATGATTTCCAATCATAGTAAGCATTGA GTAGC *

aae-miR-new17

aae-miR-new18

ast-miR-new18: *TACAGAATCGAGGCTCACGATGATTTCCAATCATAGTAAACCTTGATTTTGTAGC D mature

D ster

Figure 3. Examplesthat illustrate the origin and evolution of mosquito miRNAs
A) The ast-miR-(new38)/new7/nwl1l/new8/new9 cluster expanded by a series of tandem

duplications. ast-miR-new38 is in parenthesis because it is an miRNA candidate B). Arm
switch between aae-miR-new17 and new18. SD denotes segmental duplication. * denotes

star sequence.
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iR-
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8

512 9 6 3 0

Ae. aegypti An. stephensi

Figure 4. Expression profiles of mosquito-specific miRNAsin Aedes aegypti (A) and Anopheles
stephensi (B)

The maroon bars indicate the log2 values of the sum of reads per million (RPM) across all
samples for each miRNA while the heatmap shows the relative expression of each miRNA
throughout development. Green: mosquito-specific miRNAs found in both Ae. aegypti and
An. stephensi; Orange: miRNAs that are restricted in Culicinae or Anophelinae; Yellow:

miRNAs specific to Ae. aegypti; Pink: miRNAs specific to An. stephensi.
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A aae-miR-2941
S
B aae-miR-2946
c aae-miR-2943
D ast-miR-2943

Figure 5. Northern blot of miRNAsthat showed high embryonic expression
Both aae-miR-2941 (A) and aae-miR-2946 (B) are expressed in ovaries, deposited into

embryos and also zygotically expressed in early embryos. Both aae-miR-2943 (C) and ast-
miR-2943 (D) are purely zygotic with expression starting from 10h post-oviposition in Ae.
aegypti and 6h post-oviposition in An. stephensi, respectively.
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Table 1

miRNA clusters in Ae. aegypti and An. stephensi

Ae. aegypti

An. stephensi

aae-miR-1174/1175

ast-miR-1174/1175

aae-miR-286a/2944b/2944a/309b
aae-miR-286b-1/2944c-1/2944d-1/309a-1
aae-miR-286b-2/2944c-2/2944d-2/309a-2
aae-miR-275/305

aae-miR-277/34

aae-miR-2b/2a/13/2¢/71
aae-let-7/miR-125

aae-miR-996/279

aae-miR-12/1889/283

aae-miR-11/998

aae-miR-306/79/9b
aae-miR-2943-1/2943-2
aae-miR-2941-1/2941-2/2946

ast-miR-286a/2944b-1/2944a-1/309-1
ast-miR-286b/2944b-2/2944a-2/309-2

ast-miR-275/305
ast-miR-277/34
ast-miR-2b/2a/13/2¢/71
ast-miR-100/let-7/miR-125
ast-miR-996/279
ast-miR-12/1889/283
ast-miR-11/998
ast-miR-9¢/306/79/9b

ast-miR-9a/new-5
ast-miR-new35/new36

ast-miR-new7/new11/new8/new9
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