Accepted Manuscript

A comparative analysis of corpora allata-corpora cardiaca microRNA repertories
revealed significant changes during mosquito metamorphosis

Marcela Nouzova, Kayvan Etebari, Fernando G. Noriega, Sassan Asgari

PII: S0965-1748(18)30088-2
DOI: 10.1016/j.ibmb.2018.03.007
Reference: IB 3044

To appear in:  Insect Biochemistry and Molecular Biology

Received Date: 24 February 2018
Revised Date: 21 March 2018
Accepted Date: 22 March 2018

Please cite this article as: Nouzova, M., Etebari, K., Noriega, F.G., Asgari, S., A comparative analysis
of corpora allata-corpora cardiaca microRNA repertories revealed significant changes during mosquito
metamorphosis, Insect Biochemistry and Molecular Biology (2018), doi: 10.1016/j.ibmb.2018.03.007.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.ibmb.2018.03.007

>

-log1o (p-values)

N
(3]

- N
(3] o

-
o

(3}

o

- PO =

-24h 24h Sugar-fed 24h Blood-fed
Pupa Adult Adult
No JH High JH Low JH

| | }

Dissection of corpora allata (CA)

Small RNA sequencing

|

Differentially abundant microRNAs analysed

{@e 2 g | D1 g @) g
= ., P o /I 3 25—: o /I : ﬁ
5 . 3
H4 o 38 20 3
1 ® o e
= 2 15 ®
. o o A s
= ° * . 2 10 - o®
3 °® LIPS - 3 o ¢
= ® ° ® E e®
» ® he o S g ... e %
1e ® s ® &
o_
-5 0 5 -5 0 5

log2 fold change (weighted proportions) log2 fold change (weighted proportions)



O 00 N O

10
11
12
13
14
15
16
17
18

A compar ative analysis of corpora allata-corpora cardiaca microRNA

repertoriesrevealed significant changes during mosguito metamor phosis

M ar cela Nouzova', K ayvan Etebari®, Fernando G. Noriega™® and Sassan Asgari®

!Department of Biological Sciences, Florida Inteimaal University, Miami, FL, 33199, USA.
Australian Infectious Disease Centre, School ofl®jizal Sciences, The University of Queensland,
Brisbane, Australia

®Biomolecular Science Institute, Florida Internagibbniversity, Miami, FL, 33199, USA.

Running title: microRNA changes in mosquito corpora allata

*These two authors contributed equally to the work

*Corresponding author: s.asgari@ug.edu.au

*Corresponding author: noriegaf@fiu.edu




19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Abstract

The corpora allata(CA) are a pair of endocrine glands with neuraireections to the brain and close
association with another neuroendocrine organctipora cardiaca(CC). The CA from adult female
Aedes aegyptmosquitoes synthesizes fluctuating levels of jueehormone (JH), which have been
linked to the ovarian development and are infludntgy nutritional signals. In this study, we
investigated the potential involvement of microRNAERNAS), a type of small non-coding RNAs, in
the regulation of gene expression in CA-CC comeckaring mosquito reproductive development, at
stages with distinct JH biosynthesis patterns. Wadyaed the miRNA repertoires expressed in the CA-
CC of pupae, sugar-fed and blood-fed fenfsde aegyptiln total, 156 mature miRNAs were detected
in the CA-CC, with 84 displaying significant difesices in expression among the three CA-CC
developmental stages. There were more miRNAs tleat wxpressed in pupae, and decreased or were
absent after adult emergence, when compared wiahgds between CA-CC of sugar and blood-fed
females. Analysis of the genes identified as paérargets for the CA-CC miRNA repertoires
classified them into the broad categories of médising information storage and processing, and
cellular processes and signaling; with genes irealin cellular processes and signaling representing
the largest portion. Among them, the signal-tragidn mechanisms and intracellular trafficking,
secretion and vesicular transport contained alfib%b of the genes’ targets. A substantial number of
miRNAs were differentially abundant in the threardiries, and those changes were much more notable
when pupae and adult libraries were compared. Waetiel putative binding sites for some of the most
abundant miRNAs on genes encoding JH biosynthezgraes and CC neuropeptides. These studies
should help us to gain a better understandingefelgulation of CA-CC activity mediated by miRNAs
during major developmental stages in mosquitoes.

Keywords: Aedes aegyptcopora allata; microRNA; metamorphosis; juvehidemone
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Introduction

Juvenile hormone (JH) is a key regulator of develept and reproduction in insects (Goodman and
Cusson, 2012). JH delays metamorphosis uhéitles aegyptmosquito larvae have attained an
appropriate stage and size. At that point, a dropH titer permits a metamorphic molt. As the anti-
metamorphic role of JH comes to an end, the lapapgaecomes again “competent” to synthesize JH,
which plays an essential role orchestrating reprodel maturation (Zhu and Noriega, 2016). JH is
biosynthesizedle novoby thecorpora allata(CA), a pair of endocrine glands connected tolitzen,

and in close association with another neuroendeacniryan, thecorpora cardiaca (CC) (Tobe and
Stay, 1985). In mosquito larvae, the CA and CCnglwith a third endocrine gland, the prothoracic
gland (PG), are fused into the “gland complex” (GBlirgess and Rempel, 1966), analogous to the
ring gland ofDrosophila The size, shape, and composition of the GC chaagélse pupa transforms
into an adult (Burgess and Rempel, 1966). Adultdiemmosquitoes show dynamic changes in JH
synthesis, which have been related to their remibeki physiology; the CA is very active in sugad-fe
females, however JH synthesis dramatically decseater blood-feeding (Noriega, 2004; Rivera-
Perez et al., 2014). The CC of adult mosquitoes meurohemal storage area fused around the aorta
where peptide hormones produced in brain neurasegreells are released into the hemolymph
(Clements et al., 1985; Meola and Lea, 1972). biitah, a posterior glandular part of the CC comai

a group of neurosecretory cells (X cells), and axtsom these cells extend to the CA. A critical CC
product is adipokinetic hormone (AKH), a polypeptithat mobilizes stored macromolecular energy
reserves to sustain energy-consuming activitied) as flight (van der Horst and Rodenburg, 2010).
MicroRNAs (miRNAs) are small non-coding RNAs tha¢ @enerated in almost all eukaryotes and by
viruses. The main function of miRNAs is regulatmigene expression at the post-transcriptionallJeve
adding a new layer of control to the complex patysMhat exists in cells. In many instances, miRNAs

are essential for target tuning and optimal expoesevels of genes (Bartel, 2004), having pleipico
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roles by regulating transcripts of target genesliierent times and locations during development
(Chawla and Sokol, 2011). In insects, miRNAs amoived in the regulation of humerous biological
processes, including development, reproductionametphosis and responses to immune challenges
(reviewed in Asgari, 2013; Belles, 2017; Lucaslet2013).In Ae. aegyptistudies of transcriptome-
wide miRNA and target dynamics in the fat body dgrithe gonadotrophic cycle suggested that
MiRNAs broadly regulate metabolic processes, ini@aar lipid transport and metabolism (Zhang et
al., 2017).Specific miRNAs have been associated with the edgun of particular physiological
processes ie aegypti Loss of miR-275 resulted in severe defects linkeehability to digest blood,
excrete excessive fluids, and properly develop éBggnt et al., 2010). In addition, miR-1174 tasge
serine hydroxymethyltransferase (SHMT) in the guid depletion of this miRNA resulted in severe
defects in sugar absorption and blood intake (LLial.e 2014). miR-1890 targets the juvenile hormone
regulated serine protease JHA15 in the female utas et al., 2015b), while miR-8 targets the
Wingless signaling pathway in the female fat baztjtical for the proper secretion of lipophorin and
vitellogenin, and subsequent accumulation of thgsd& protein precursors by developing oocytes
(Lucas et al., 2015a).

In this study, weanalyzed the miRNA repertoires expressed in the @d(upae, and CA-CC
complexes of sugar-fed and blood-fed fenmde aegyptiln total, 156 mature miRNAs were detected
in the GC, with 84 displaying significant differeescin abundance among the three developmental
stages. Notably, the changes in the miRNA repertoirthe GC in the pupa-adult transition have
completely different characteristics compared witie changes from sugar-fed to blood-fed

mosquitoes.

Materials and M ethods

I nsects, tissue dissection and RNA extraction
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Ae. aegyptof the Rockefeller strain were reared at 28 °C 8&d% humidity as previously described
(Rivera-Perez et al., 2014). Adult mosquitoes weffered a cotton pad soaked in a 3% sucrose
solution. Four-day-old female mosquitoes were fegl lgood equilibrated to 37 °C, and ATP was
added to the blood meal to a final concentrationlahM immediately before use as previously
described (Rivera-Perez et al., 2014).

Corpora allata-corpora cardiacacomplexes (CA-CC) were dissected from three dbffier
developmental stages éfe. aegyptifemales; pupae 24h before adult emergence (-2phg)uadult
24h after emergence fed 3% sugar (24h sugar-fedi}aday-old adults, blood-fed and collected 24h
after blood feeding (24h blood-fed). Total RNA weadracted from 50 CAs from each developmental
stage in triplicate using Norgen Biotek’s total RIgArification kit. Total RNA was treated with DNase

| according to Norgen Biotek’s instructions.

Small RNA libraries preparation and sequencing

The small RNA libraries were generated using themina Truseq™ Small RNA Preparation kit
according to lllumina’s TruSeq™ Small RNA Sampleeparation Guide and sequenced at LC
Sciences facility (Texas, USA).

Revision of Aedes aegypti miRNA repertoire

The quality of raw data from each library was cold using CLC Genomic Workbench version
7.5.1. Raw data were stripped of adapters andsreétth quality score above 0.05 and less than 2
ambiguous nucleotides were retained. Reads witBoatapters and reads with less than 16 nt were
discarded from the libraries. Clean data were dmmed as “mappable reads” for further analysis. Tab
separated files with the read sequences and tloeints were used as input files for novel and
homologous miRNA analysis using sRNAtoolbox (Ruedlal., 2015). Although sRNAtoolbox is a
powerful tool for novel miRNA identification, allrpdicted miRNAs were individually inspected for

their pre-miRNA secondary structure, mature miRNoA&ipon on the stem loop, and their abundance in
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our libraries. We also double-checked their possgimilarity with other RNA sequences (such as
tRNA and rRNA) in Rfam. In addition, we examinedl @tential novelAe. aegyptmiRNAs, reported

in previous publications (Akbari et al., 2013; Huat, 2015; Kozomara and Griffiths-Jones, 2014;
Miesen et al., 2016; Zhang et al., 2017), and metapnly highly confident miRNAs.

Ae. aegyptmiRNAs were reannotated because several new RNAdS®, including this study, have
become available since the initial depositioef aegyptmiRNAs in miRBase. For this reannotation,
stem loop secondary structures were predicted mynanum free energy (MFE) approach using CLC
Genomic Workbench (Zhuker, 1989). We used our atisenall RNA libraries, as well as previously
produced libraries (SRP111336) (Lee et al., 201d)reconsider the curremie. aegyptimiRNA
annotation. The small RNA reads were mapped ag&imsin pre-miRNAs, and mapped reads with
maximum counts in each arm were considered ass&dvbp or 3p miRNAs”. To identify the most
abundant isomiRs for each miRNA, we allowed matcteesextend to maximum five additional
nucleotides in both 5" and 3’ ends of canonicauseges. We also removed thédse aegyptmiRNAs
whose majority of reads mapped to other parts effPiRNA sequences (including terminal loop),
instead of 5p or 3p mature MiRNAs. In addition, discarded aae-miRNAs with less than 10
supportive reads (in at least 50% of the examinibdaries) or unsuitable secondary structure
(asymmetrical stem loop, and MFE above -19 Kcaljmol

Small RNA data analysisand miRNA profiling

We used the small RNA tools available in CLC Gerowiorkbench to extract and count unique small
RNA reads with a minimum of five sampling count! fie revised 205 mature miRNAs were used as
reference for miRNA profiling in this project. Wdaved isomiRs with 5 nt variants to be detected in
up and downstream of annotated mature miRNAs widximum two mismatches in the aligned

region.
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We produced the miRNA profile for each library, ateen all three biological replicates for each
sample were used to set up a multi-group comparesgeriment to measure miRNAs differential
expression among pupa, sugar-fed and blood-fedt admhples. The expression values or mature
mMiRNA copy numbers were normalized by their totshd counts per million. This normalization
method was applied to all data sets to calculdex®fe sizes of the libraries, which are then uaed
part of the per-sample normalization (Robinson @stlack, 2010).

Target identification

The latest assembly of th&e. aegyptigenome (GCF_000004015.4) was used as a referénce.
contained 17,350 annotated genes in 4,757 scaffols used three different algorithms including
RNA22 (Miranda et al., 2006), miRanda (Enright ét 2003) and RNAhybrid (Krueger and
Rehmsmeier, 2006) to predict potential mMiIRNA bigdaites in allAe. aegyptgenes using their default
parameters unless indicated. If partial mMRNAs dad have a complete annotation, such as clear
5'UTR, ORF and 3'UTR, the region before the ORFtstadon (300 bp) and after the stop codon (500
bp) for each mMRNA were considered as 5’UTR and BRUrespectively.

RNAhybrid is a tool for finding the normalized mimum free energy of hybridization for miRNAs and
their mMRNA target genes. The small RNA sequendw/lisidized to the best fitting part of the mRNA.
We did not allow G:U pairing in the seed regiondleotide 2-8), and forced miRNA-target duplexes
to have a helix in this region. Maximum 5 nt weppm@ved as unpaired nucleotides in either sidenof a
internal loop. miRanda also considers matching @lthe entire miRNA sequence, but we ran the
program in the strict mode, which demands a shtiseed pairing. It takes the seed region into anto
by adding more value to matches in the seed rediba.RNA22 version 2 is a pattern based target
prediction program, which first searches for regezemplement sites of patterns within given mRNA
sequence, and identifies the hot spots. In the s, the algorithm searches for miRNAs that are

likely to bind to these sites. We allowed a maximaomone mismatch in the seed region, and a
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minimum of 12 nt matches in the entire binding.Sit& set the sensitivity and specificity threshalds
63% and 61%, respectively. To increase the leveloofidence, we preferred those binding sites that
were predicted by all the three algorithms forHertanalysis.

Annotation of KOG forAe. aegyptgenes was done as described in Ribeiro et ale{iRilet al., 2007).
miRNA-specific reverse transcription quantitative PCR (RT-gPCR)

To validate the RNA-Seq data, we selected nine mAiRNat were abundant and differentially
expressed in the three libraries, and assessecctiaiges using RT-gPCR. The CA-CC were dissected
from female mosquitoes at pupal and adult stagega(sfed or blood-fed) as described above. For each
developmental stage, three biological replicategevpeepared, each containing pools of CA-CC from
30 mosquitoes. RNA was extracted from the samplegyudorgen Biotek’s total RNA purification kit
and treated with DNase | as described in the matwi’s instructions. First strand cDNA was
synthesized with a miScript 1l RT kit following themanufacturer’s instructions (Qiagen). The
abundances of miRNAs were measured in a 7500 irealfPCR system (Applied Biosystems), using
QuantiTech SYBR green mix and a Qiagen universatrse primer, together with custom forward
primers, which were the mature miRNA sequencest Melve analysis was performed after each run
to ensure the specificity of amplification. All itgns were performed in three biological replisate
each with three technical replicates, and a teragtate control was included in all batches. A U6
primer was used as a reference for normalizatiodatd. Sequences of all primers are listed in Table

S4.
Availability of data

All sequence data were deposited in the GenBankeruiigene Expression Omnibus accession

GSE99498.

Results and Discussion

Aedes aegypti corpora allata-corpora cardiaca miRNA repertoire
8
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mMiRNAs can regulate developmental transitions apfaductive maturation processes through cell-
type-specific, as well as stage-specific expresgatterns. Comparing miRNA profiles between
different stages of development has facilitated ittification of miRNAs involved in controlling
these types of progressions. Previous studies dacte suggested the relevance of making organ-
specific libraries when the aim is to obtain robashclusions on miRNA roles in particular tissues
(Cristino et al., 2010). We studied the dynamic€AfCC miRNAs in femaléde. aegyptduring pupa-
adult transition, as well as during reproductiveturation before and after blood feeding. Gland
complexes were carefully dissected from three déiferent stages that have distinct JH biosynthesis
rates; namely, the early pupa (non-detectable Jithegis), the sugar-fed female (high JH synthesis),
and the blood-fed female (very low JH synthesifhuZAand Noriega, 2016) (Fig. 1). Small RNA
libraries were constructed with three biologicailieates at each time point, and sequenced to gener
10-28 million clean reads, with over 95% of thempmed to the mosquito genome (Table 1). Small
RNA libraries were sequenced and data were analfjadbxiving the procedures described as a flow
chart in Fig. 1. Briefly, data analysis and intetption included data processing, data quality
assessment, data normalization and determinatidiffefential abundances of miRNAs.

Although 101 precursors and 124 matde aegyptmiRNAs were annotated in miRBase (aae-miR)
(Li et al., 2009), there was a need to extend amcect the current miRNA repertoire of this species
according to its latest genome assembly, as wedlddgional available small RNA sequence data for
high confidence miRNAs, with the correct 5p anda8m features. Therefore, the latest list of aaeamiR
reported in miRBase was downloaded, and their pRNA secondary structures were assessed to
confirm the location of mature miRNA position onckaarm. In addition, novel miRNAs were
identified using the approach described in the odlsection. In total, we annotated 121 pre-miRNAs,
with 101 of them already present in miRBase and@el or already reported as novel in previous

studies (Akbari et al., 2013; Bartel, 2009; Hu let2015; Kozomara and Griffiths-Jones, 2014; Zhang
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et al., 2017) (Table S1). These pre-miRNAs prodi&&timature miRNAs, with 196 already described
in miRBase and 38 novel (Table S1). After excludiluglicated mature miRNAs, 205 were unique.

A generally accepted hypothesis suggests that md2NAs only ‘fine tune’ the expression of the
majority of their targets, with just a small humbmr target genes experiencing a large change in
MRNA or protein abundance (Bartel, 2009). The efship between the abundance of specific
mMiRNAs and the importance of their potential reguia roles is intricate. Although miRNA levels
eventually define the extent of gene repressiaretis a complex stoichiometric relationship betwee
factors such as miRNAs and target abundance, taigetspacing, and affinity requirements of
different endogenous competitive targets (Denzleale 2016). In other words, in a particular tissu
and developmental stage, not always the most abtnid&NAs are those playing critical roles in gene
regulation.

mMiRNA studies in different species of insects heaxealed differences, as well as similarities among
the most abundant miRNAs expressed. Frequentlyyitbst abundant miRNAs changed with each
analyzed tissue, and often also changed with tiveldemental stage (Cristino et al., 2010). In the
locustLocusta migratoria miR-1, miR-275, miR-276 and miR-8 predominatede{\&t al., 2009). In
the silkworm Bombyx moti miR-1, miR-8, miR-276 and miR-263 were the mo$uralant
(Jagadeeswaran et al., 2010); with miRNAs showingrde and dynamic expression patterns in
multiple silkworm tissues (Liu et al., 2010). Thesteong varying spatiotemporal patterns of miRNA
expression in the silkworm from the larval to pugtages included changes in expression from the two
arms of a particular precursor miRNA (3’ or 5" admes well as sense and antisense transcriptsefLiu
al., 2010); suggesting a diverse miRNA repertoiayipg roles in tissue-specific remodeling during
metamorphosis.

Previous studies have identified miR-184 as thetrabandant miRNA irAe. aegyptiLi et al., 2009;

Mayoral et al., 2014), as well as in other Culienasuch asAedes albopictusand Culex

10
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quinquefasciatugSkalsky et al., 2010). Studies Amopheles gambiamosquitoes identified miR-10,
miR-184, miR-281 and bantam as the most abundaxibyessed miRNAs in adult females (Lampe
and Levashina, 2018). in. gambiagthe group of most abundant miRNAs changed bedackafter
blood-feeding, and some of them dominated the teperonly in specific tissues; for instance miR-
281 in the midgut, miR-10 and miR-306 in the ovangl miR-8 and miR-276 in the head and fat body
(Lampe and Levashina, 2018).

We evaluated the most abundant miRNAs in eachefilinaries. In total, 156 mature miRNAs were
detected in the CA-CC, with 84 displaying significalifferences in abundance among the three CA-
CC developmental stages. Fig. S1 shows the clogtedf the nine libraries based on the normalized
abundance of all miRNAs detected in the CA-CC, wiith specific replicates clustering together. The
most abundant 20 miRNAs expressed in each of #éngestare presented in Fig. 2A. As previously
described forAe. aegyptiwhole body (Mayoral et al., 2014), the most abumdaiRNA in all the
libraries was miR-184-3p, representing 48% of thads from CA-CC of sugar-fed and 40% of the
reads from CA-CC of blood-fed females, but only 16fthe reads from pupae CA-CC. The functional
role of miR-184 has mainly been establishedDirosophila in which it has been implicated in
peripheral nervous system development (Peng e2Gl5), female gremlin development (lovino et al.,
2009), ovary morphogenesis (Yang et al., 2016), raotllity (Peng et al., 2015). 1Ae. aegyptithe
abundance of miR-184-3p declines in the fat bodylaod-fed mosquitoes as compared to non-blood
fed mosquitoes (Zhang et al., 2017). We also oleskeregductions in miR-184-3p when comparing CA-
CC from blood-fed and sugar-fed mosquitoes (Fig). 2Aith FOXL, a transcription factor that is
involved in egg development, determined as a patietairget of miR-184-3p. It has been proposed that
the interaction of the miRNA and its target may todmite to homeostasis of FOXL, and sustain egg

development (Zhang et al., 2017).

11
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A Venn diagram shows the number of those 20 mooa@dnt miRNAs that are shared or are unique
for each library (Fig. 2B). A number of miRNAs wedifferentially expressed among the three
developmental stages, and those changes were nmuehnotable when pupae and adult libraries were
compared. In our studies, the miRNA repertoire gbge CA-CC was more diverse and heterogeneous
than those of the adult female CA-CC (Fig. 3), vitiree additional miRNAs, miR-8-3p, miR-100-5p
and miR-276-1-3p, representing each 11-12% of ¢laelg. The volcano plots also revealed that there
were more miRNAs that were expressed in pupaedaorkased or were absent after adult emergence,
when compared with changes between CA-CC of sughab#od-fed females (Fig. 4 and Tables S2a
and S2b).

Hierarchical clustering analysis of the miRNAs eegsed in the three different developmental stages
revealed five major groups representing distingregsion patterns (Fig. 5). Some miRNAs were pupa
specific (group II) and some were adult specifico(gp IV and V); with miRNAs that were either
expressed only in libraries from blood-fed femdlg®up 1V) or were absent only after a blood-meal
(group ). Finally, there were some miRNAs presamy in the CA-CC that show diminished JH group
synthesis, such as those from pupae and blooddethlés (group Ill). We speculate that some
miRNAs from group Ill could be involved in the rdgtion of JH synthesis, since their expression
pattern negatively correlates with changes in Jhtr®sis levels, which are low in pupae, high in
sugar-fed and low in blood-fed mosquitoes. On ttieerohand, miRNAs from group 1l and V might
play roles in the developmental changes that oectire gland during metamorphosis.

To validate the RNA-Seq data, the CA-CC from thee¢hdevelopmental stages (pupa, sugar-fed and
blood-fed female mosquitoes) were independentlgetited and subjected to RNA extraction and
mature miRNA quantification using miRNA-specific RPCR. For this validation, nine miRNAs
were selected. Comparison of the results betweeA-Réf and RT-qPCR revealed consistency

between the two methods, with all the nine miRNAalgzed showing similar trends (Fig. 6).

12
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It has been described that miRNAs can provide getiéfe means by which to set thresholds and limit
noise-induced errors to ensure robustness duringla@mental transitions (Cohen et al., 2006). The
miRNA changes observed in our study might reflestedlopmental modifications of the GC; as the GC
changes in size, shape, and composition when tha pansforms into an adult (Burgess and Rempel,
1966). The most important of these changes is tbéh@racic gland degeneration, a programmed cell
death process by apoptosis and autophagy (Romeviartdu, 1998). miRNAs contribute significantly
to autophagy, mediating acute responses to staryatiypoxia and other types of stress (Zhai et al.,
2013). Several of the miRNAs that are abundanth@ CA-CC libraries have been previously
implicated in autophagy control, including miR-1@4u et al., 2015), miR-100 (Ge et al., 2014), miR-
34 and miR-30 (Zhai et al., 2013). In summary, saithe pupa-specific mMiRNAs might be involved
in the regulation of PG degeneration or additionatamorphic changes in the GC. Some might play a
role in inhibiting JH synthesis, since PG degenenais effectively prevented by the presence of JH

(Mane-Padros et al., 2010).

Targetsfor the corpora allata-corpora cardiaca miRNA repertoires

Bioinformatics approaches were used to determirtenpial targets for miRNAsIn silico methods
included the search for (1) miRNA binding sitesspecific genes of interest, such as those encoding
JH biosynthetic enzymes and CC neuropeptides, 2nan(RNA target genes using the Eukaryotic
Clusters of Orthologous Groups analysis (KOG), apr@ach employed to classify proteins into
functional categories on the basis of orthologyt(%av et al., 2000).

We used three different algorithms to predict poamiRNA binding sites in the 18e. aegyptgenes
encoding JH biosynthetic enzymes (Rivera-Perezl.et2814). Four of the enzymes had miRNA
binding sites that were predicted by all three atgms, and five of these miRNAs were among the 20
most abundant miRNAs detected in at least oneeofittee CA-CC libraries; with miR-31-5p targeting

3-hydroxy-3-methylglutaryl-coenzyme A reductase(HMGR), bantam-3p targeting

13
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diphosphomevalonate decarboxylageP-MevD, miR-34-5p targetingPP-MevD and aldehyde
dehydrogenas@ALDH), and miR-9a-5p targetinfigrnesyl-pyrophosphate syntha$d°P9g (Table S3).
Interestingly, miR-34-5p, which was abundant omlyhe CA-CC of blood-fed females, targéisDH.

It has been previously described that the low gatahctivity of ALDH limits JH synthesis and plags
key role in the regulation of CA activity in blodded Ae. aegyptiemales (Rivera-Perez et al., 2013).
We used the same three algorithms to predict patemiRNA binding sites in four genes encoding
neuropeptides synthesized in the CC, namely adnetki hormone 1 (AKH1), AKH2, corazonin and
crustacean cardioactive peptide (CCAP) (Predell.et2810). Two programs predicted the same
binding sites for miR-305-5p and miR-980-5pdorazonin as well as binding sites for miR-285-3p
and miR-210-3p iMMKH2. The algorithm RNAhybrid predicted additional himgl sites for some of the
most abundant 20 miRNAs detecteddi@. aegyptCA-CC, which were not confirmed by the other two
programs. This group included binding sites for MBiR5p, MiR-8-5pmiR-34-5p,miR-92b-3p and
miR-305-5p inAKH1, binding sites for miR-34-5p and miR-998-3pAKH2, binding sites for miR-
125-5p, miR-34-5p, let-7-5p, miR-184-3p and miR-&Bbin CCAP, as well as binding sites for miR-
275-3p and miR-305-5p ioorazonin(Table S3). The potential roles of any of thes&NAs in the
regulation of the expression of JH biosyntheticyemzs or CC neuropeptides will require additional
functional experiments.

A KOG analysis of the genes identified as potentabets for the CA-CC miRNA repertoires
classified them into the broad categories of médisng information storage and processing, and
cellular processes and signaling; with genes irealin cellular processes and signaling representing
the largest portion. Among them, the signal-tracidn mechanisms and intracellular trafficking,
secretion and vesicular transport contained almbd8b of the target genes. When a similar KOG

analysis was performed using the whdle. aegyptitranscriptome, the results were very similar,
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suggesting that this type of analysis was unabldéatify a specific set of genes that are targéted
the differentially expressed CA-CC miRNA set (F&2).

Most miRNAs are predicted to have hundreds of daktarget genes, and often these target sites are
conserved in evolution, providing some confidencat tthey are indeed functional. Yet, in several
cases, a mRNA, as assessed by its mutant phendtgpea significant effect on one or a few of the
predicted targets (Bushati and Cohen, 2007). SeveiRNAs have been previously described as
modulators of hormonal pathways in insedtsulin production and secretion, as well as catflul
responsiveness to insulin, are subject to regudabip MiIRNAs. InDrosophila miR-14 acts in the
insulin-producing neurosecretory cells in the adudbsophila brain to control metabolism; miR-14
acts in these brain cells through its direct taggete sugarbabewhich encodes a predicted zinc finger
protein that regulates insulin gene expressionha rteurosecretory cells. Regulation saigarbabe
levels by nutrients and by miR-14 come togethallimwy the fly to manage resource mobilization in a
nutritionally variable environment (Varghese ef 2011). InDrosophilg miR-14 also plays a key role
in modulating the positive auto regulatory loop Wwhich ecdysone sensitizes its own signaling
pathway. miR-14 modulates this loop by limiting eegsion of its target, the ecdysone receptor (ECR),
while ecdysone signaling, via EcR, down-regulateR-o¥ (Varghese and Cohen, 2007). A mutual
repression between miR-34 and steroid hormone langnaas also described Drosophilg ecdysone
strongly inhibits miR-34 expression via transcoptl repression assisted by a number of transonipti
factors, including the ecdysone receptor and trea@8rComplex, two key mediators of the ecdysone
signaling cascade (Xiong et al., 2016). miR-28tags the expression of ECRBnmori(Jiang et al.,
2013), suggesting a widespread role of miRNAs erdgulation of ecdysteroid signaling.

Additional miRNAs play critical roles controlling etamorphosis, such as let-7 in silkkworms (Ling et

al., 2014) and cockroaches (Rubio and Belles, 2008Jing the transition from nymph to adult in
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cockroaches, miR-2 scavengedippel homolog IKr-hl) transcripts, a juvenile hormone-dependent
transcription factor that represses metamorphasizano et al., 2015).

Less is known about the role of miRNAs on the aandf CA activity and JH synthesis. A recent study
described honey bee queen and drone caste-spadiAs and transcriptomic changes. This occurs
during a critical time of larval development whéet titers are significantly higher in queen larvhan
drones. Accordingly, there were significant decesag the transcripts of many JH biosynthetic
enzymes in drones, in particular of JH acid methykferase (JHAMT) and epoxidase, the last two
critical enzymes in the pathway. In addition, therse as well substantial changes in the expresdion
many miRNAs when queens and drones larvae were aaupbutno genes within the JH pathway
were predicted to be a target of any of thesedltohg miRNAs (Ashby et al., 2016). On the contrary
a recent study irDrosophila described that loss-of-function of miRNA bantancreasedJHAMT
expression, while overexpression of bantam repded$6AMT expression and resulted in pupal
lethality (Qu et al.,, 2017). The male genital orgaf the pupae were malformed, and exogenous
sesquiterpenoid application partially rescued tlemitgl deformities. The role of bantam on the
regulation of sesquiterpenoid biosynthesis wasdaédid by transcriptomic, gPCR, and hormone titer
(JHB3 and JH Ill) analyses (Qu et al., 2017).

The CA-CC-specific miRNA repertoires identified this study offer groundwork for forthcoming
functional studies. In the future, selected miRNAnms can be used to transfect the CAvitno, and
assess the effect on JH synthesis (Li et al., 2@D®)er potential functional studies include thalgsis

of phenotypic changes when antagomirs are usedléoce endogenous miRNAs (Schoniger and
Arenz, 2013). This approach has been successimpta/ed to confirm the role of miR-8 in regulating
mosquito reproductive processes by the fat bodgdktet al., 2015a). Additional approaches that have
been successfully employed to characterize miRNActions in insects include silencing the

expression of Dicer-1, the ribonuclease that predunature miRNAs from miRNA precursors. Dicer-
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1 deletion was used to validate the role of miRy2controlling the JH signaling pathway during
metamorphosis in cockroaches (Lozano et al., 201Bjternatively, cross-linking and
immunoprecipitation of the core miRNA binding pantn Argonaute (AGOXCLIP-Seq), has been
successfully used to identify miRNA targets in thebody ofAe. aegypt{Zhang et al., 2016). Similar
approaches could be used to explore miRNA targetse CA-CC.

In summary, our studies revealed that there areneble changes in the miRNA repertoires among
the three stages of CA-CC studied. The changesnare profound between pupa and adult CA-CC,
and that is in agreement with the idea that miRNRes/ a major role in metamorphosis. There is a
chance that the JH biosynthesis genes are not dagets of miRNAs, and most likely the targets ar
signaling genes. Functional studies with selecta®RNAs are currently designed to test this

hypothesis.
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Figurelegends

Fig. 1. Experimental flow chart: Small RNA libraries were sequenced and data \&aeedyzed
following the procedures described in the flow thBata analysis and interpretation included
data processing, data quality assessment, dataahpation and determination of differential
abundances of miRNAs.

Fig. 2. The most abundant 20 miRNAs expressed in each developmental stage: (A) The
most abundant 20 miRNAs expressed in each of thgest miRNA expression is shown as
normalized reads per million. (B) Venn diagram simgathe number of those 20 more abundant
mMiRNAs that are unique for each library.

Fig. 3: Doughnut diagrams of proportions of the first 20 most abundant miRNAs in each
developmental stage. The three circles within the diagram representdgimlal replicates. -24 h
pupa (a), 24h sugar-fed (b), 24h blood-fed (c).

Fig. 4: Volcano plot of differentially abundant miRNAs in CA-CC. (A) Differentially
abundant miRNAs in CA-CC of pupae and sugar-fedtddmale, (B) differentially abundant
mMiRNAs in CA-CC of sugar-fed and blood-fed adultnedes. miRNAs passing the criteria of
significantly differentially expressed §0.05 and FCG 2) are labeled red, and those that did not
significantly change are shown in blue. Numbers parentheses show the amount of
differentially expressed miRNAs between the twoelepmental stages. For the detailed list of
the differentially expressed miRNA see Table S2.

Fig. 5: Hierarchical clustering analysis of differentially abundant miRNAs. Hierarchical
clustering analysis of miRNAs expressed in the GA-&f the three different developmental

stages revealed five major groups representingndiseéxpression patterns. miRNAs used for
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clustering had a normalized average read ce®tiO in at least one of the developmental stages.
Each point represents an average of three biolbgipécates.

Fig. 6: Validation of the RNA-Seq data using RT-qPCR. Comparison of expression of nine
miRNAs that were abundant and differentially expegsamong the three libraries. Black filled
bars represent the number of transcripts detectedRB-qPCR, and normalized using the
expression of th&J6 gene (U6 small nuclear RNA) (Left-Y axis). RT-gPECRere performed
with RNA extracted from three biological replicatdgools of 30 CA-CC dissected from pupae,
sugar (sugar-fed adults) and blood (blood-fed ajldémale mosquitoes. Empty bars represent
the read counts from the sequenced libraries nizethlas reads per million (Right-Y axis).
Name of each miRNA analyzed is on top of each grépfierent letters above the columns
indicate significant differences when the values #&o particular developmental stage were
compared within each dataset (one-way ANOVA p <50.@ith Tukey's test of multiple

comparisons).
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Supplementary data

Table S1: List of all the miRNAs detected in Ae. aegypti small RNA libraries. In total, we
annotated 121 pre-miRNAs, with 101 of them alrepdgsent in miRBase and 20 novel or
already reported in previous studies. These preNA&Rproduced 234 mature miRNAs, with
196 already described in miRBase and 38 novel.rAdkeluding duplicated mature miRNAs,
205 were unique.

Table S2a: List of differentially expressed mRNAs between -24h female pupa and 24h
sugar-fed adult. The miRNAs listed in this table are consideredidferentially expressed in
CA-CC complex between -24h female pupa and 24hrsfedaadult female (FDR 0.05 and FC
> 2); FC — fold change, RC — read count, R — bi@algieplicate, FDR - false discovery rate.

Table S2b: List of differentially expressed mRNASs between 24h sugar-fed and 24h blood-
fed female adult. The miRNAs listed in this table are considered iferéntially expressed in
CA-CC complex between 24h sugar-fed adult and 2dbdsfed female adult (FDR 0.05 and
FC> 2); FC — fold change, RC — read count, R — biaalgieplicate, FDR - false discovery rate.

Table S3: List of potential miRNA binding sites in the genes encoding JH biosynthetic
enzymes and CC peptides. Three different algorithms were used to prediceptal miRNA
binding sites in the thirteeAe. aegyptigenes encoding JH biosynthetic enzymes, as wefl as
four genes encoding neuropeptides synthesizeci€ @

Table $S4. List of sequences of all primers used for RT-gPCR validation of miRNA
expression in this study.

Fig. S1: Hierarchical clustering analysis of all miRNAs expressed in the CA-CC of the
three different developmental stages. Biological replicates of the same developmentages
cluster together.

Fig. S2: Prediction of miRNA targets in CA-CC using in silico tools. Diagrams represent
Eukaryotic Clusters of Orthologous Groups (KOG)dumnal assignments for the 1323 high
confidence target mRNAs from the genomeAef aegypti(internal circles), from which 1215
are expressed in CA-CC complexes (external circl@g)ly mRNAs from Genbank with fully
annotated 5’ and 3' UTR were subject of the tapgetiction.
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Table 1. Small RNA read summary itorpora allata-corpora cardiacéibraries.

sample ID Number of Per.centage Number of Mapped to the Total small Total small aae-miRNA aae-miRNA Dete(fted
reads trimmed clean reads genome RNA (UR)* RNA (RC)** (UR) (RC) aae-miRNA
Pupa_CA-1 38,101,222 74.66% 28,447,958 94.48% 202,841 26,491,384 4,315 6,468,995 147
Pupa_CA-2 23,956,132 42.20% 10,109,493 96.83% 80,463 9,275,342 2,123 1,741,917 130
Pupa_CA-3 25,660,874 57.02% 14,631,002 97.89% 83,098 13,782,327 2,536 2,174,602 140
Adult_CA-1 25,399,212 72.22% 18,343,474 91.35% 104,035 17,074,996 2,521 3,430,040 129
Adult_CA-2 24,082,807 55.43% 13,349,818 97.49% 46,905 12,791,939 1,596 1,128,345 126
Adult_CA-3 25,430,189 73.25% 18,626,804 98.12% 58,904 17,947,785 1,658 1,239,332 120
Blood_Fed_CA-1 23,826,661 79.81% 19,016,778 97.14% 74,246 18,181,492 1,703 1,066,477 124
Blood_Fed_CA-2 21,492,377 59.51% 12,790,236 96.29% 52,962 12,051,831 1,678 949,448 122
Blood_Fed_CA-3 24,127,060 57.26% 13,816,047 97.58% 53,096 13,170,699 1,553 958,663 117

* UR: Unique read sequence

** RC: Read count
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ACCEPTED MANUSCRIPT

A ’ = miR-184-3p
4\\ = miR-8-3p
= miR-100-5p
= miR-276-1-3p
= miR-11-3p
= miR-14-3p
= miR-275-3p
“‘ ® bantam-3p
= miR-137-3p
k I/ = miR-125-5p
*I s l = miR #11-20

m rest

= miR-184-3p
= miR-8-3p

= miR-100-5p
~ miR-276-1-3p
= miR-11-3p
= miR-14-3p
= miR-275-3p
m bantam-3p
= miR-137-3p
= miR-125-5p
= miR # 11-20

m rest

g = miR-184-3p
c e = miR-8-3p
// = miR-100-5p

' miR-276-1-3p
" = miR-11-3p
' o = miR-14-3p
\%“ = miR-275-3p
“ = bantam-3p
‘ ‘ = miR-137-3p
= miR-190-5p

O _
‘*Sr,’ = miR #11-20

m rest
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Highlights

- microRNA profiles of corpora alata and cardiaca in three distinct developmental stages of
Aedes aegypti mosqguitoes were compared

- Significant aterations of 84 microRNAs were found, in particular between the pupa and
adult stages

- A number of microRNAs were found to potentially target juvenile hormone biosynthetic
enzymes

- Gene ontology analysis of target genes of microRNAS revealed their involvement in various
biological processes



