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Abstract 19 

The corpora allata (CA) are a pair of endocrine glands with neural connections to the brain and close 20 

association with another neuroendocrine organ, the corpora cardiaca (CC). The CA from adult female 21 

Aedes aegypti mosquitoes synthesizes fluctuating levels of juvenile hormone (JH), which have been 22 

linked to the ovarian development and are influenced by nutritional signals. In this study, we 23 

investigated the potential involvement of microRNAs (miRNAs), a type of small non-coding RNAs, in 24 

the regulation of gene expression in CA-CC complexes during mosquito reproductive development, at 25 

stages with distinct JH biosynthesis patterns. We analyzed the miRNA repertoires expressed in the CA-26 

CC of pupae, sugar-fed and blood-fed female Ae. aegypti. In total, 156 mature miRNAs were detected 27 

in the CA-CC, with 84 displaying significant differences in expression among the three CA-CC 28 

developmental stages. There were more miRNAs that were expressed in pupae, and decreased or were 29 

absent after adult emergence, when compared with changes between CA-CC of sugar and blood-fed 30 

females. Analysis of the genes identified as potential targets for the CA-CC miRNA repertoires 31 

classified them into the broad categories of metabolism, information storage and processing, and 32 

cellular processes and signaling; with genes involved in cellular processes and signaling representing 33 

the largest portion. Among them, the signal-transduction mechanisms and intracellular trafficking, 34 

secretion and vesicular transport contained almost 55% of the genes’ targets. A substantial number of 35 

miRNAs were differentially abundant in the three libraries, and those changes were much more notable 36 

when pupae and adult libraries were compared. We detected putative binding sites for some of the most 37 

abundant miRNAs on genes encoding JH biosynthetic enzymes and CC neuropeptides. These studies 38 

should help us to gain a better understanding of the regulation of CA-CC activity mediated by miRNAs 39 

during major developmental stages in mosquitoes. 40 

Keywords: Aedes aegypti; copora allata; microRNA; metamorphosis; juvenile hormone 41 
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Introduction 42 

Juvenile hormone (JH) is a key regulator of development and reproduction in insects (Goodman and 43 

Cusson, 2012). JH delays metamorphosis until Aedes aegypti mosquito larvae have attained an 44 

appropriate stage and size. At that point, a drop in JH titer permits a metamorphic molt. As the anti-45 

metamorphic role of JH comes to an end, the late pupa becomes again “competent” to synthesize JH, 46 

which plays an essential role orchestrating reproductive maturation (Zhu and Noriega, 2016). JH is 47 

biosynthesized de novo by the corpora allata (CA), a pair of endocrine glands connected to the brain, 48 

and in close association with another neuroendocrine organ, the corpora cardiaca (CC) (Tobe and 49 

Stay, 1985). In mosquito larvae, the CA and CC, along with a third endocrine gland, the prothoracic 50 

gland (PG), are fused into the “gland complex” (GC) (Burgess and Rempel, 1966), analogous to the 51 

ring gland of Drosophila. The size, shape, and composition of the GC changes as the pupa transforms 52 

into an adult (Burgess and Rempel, 1966). Adult female mosquitoes show dynamic changes in JH 53 

synthesis, which have been related to their reproductive physiology; the CA is very active in sugar-fed 54 

females, however JH synthesis dramatically decreases after blood-feeding (Noriega, 2004; Rivera-55 

Perez et al., 2014). The CC of adult mosquitoes is a neurohemal storage area fused around the aorta 56 

where peptide hormones produced in brain neurosecretory cells are released into the hemolymph 57 

(Clements et al., 1985; Meola and Lea, 1972). In addition, a posterior glandular part of the CC contains 58 

a group of neurosecretory cells (X cells), and axons from these cells extend to the CA. A critical CC 59 

product is adipokinetic hormone (AKH), a polypeptide that mobilizes stored macromolecular energy 60 

reserves to sustain energy-consuming activities, such as flight (van der Horst and Rodenburg, 2010). 61 

MicroRNAs (miRNAs) are small non-coding RNAs that are generated in almost all eukaryotes and by 62 

viruses. The main function of miRNAs is regulation of gene expression at the post-transcriptional level, 63 

adding a new layer of control to the complex pathways that exists in cells. In many instances, miRNAs 64 

are essential for target tuning and optimal expression levels of genes (Bartel, 2004), having pleiotropic 65 
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roles by regulating transcripts of target genes at different times and locations during development 66 

(Chawla and Sokol, 2011). In insects, miRNAs are involved in the regulation of numerous biological 67 

processes, including development, reproduction, metamorphosis and responses to immune challenges 68 

(reviewed in Asgari, 2013; Belles, 2017; Lucas et al., 2013). In Ae. aegypti, studies of transcriptome-69 

wide miRNA and target dynamics in the fat body during the gonadotrophic cycle suggested that 70 

miRNAs broadly regulate metabolic processes, in particular lipid transport and metabolism (Zhang et 71 

al., 2017). Specific miRNAs have been associated with the regulation of particular physiological 72 

processes in Ae. aegypti. Loss of miR-275 resulted in severe defects linked to inability to digest blood, 73 

excrete excessive fluids, and properly develop eggs (Bryant et al., 2010). In addition, miR-1174 targets 74 

serine hydroxymethyltransferase (SHMT) in the gut, and depletion of this miRNA resulted in severe 75 

defects in sugar absorption and blood intake (Liu et al., 2014). miR-1890 targets the juvenile hormone-76 

regulated serine protease JHA15 in the female gut (Lucas et al., 2015b), while miR-8 targets the 77 

Wingless signaling pathway in the female fat body, critical for the proper secretion of lipophorin and 78 

vitellogenin, and subsequent accumulation of these yolk protein precursors by developing oocytes 79 

(Lucas et al., 2015a). 80 

In this study, we analyzed the miRNA repertoires expressed in the GC of pupae, and CA-CC 81 

complexes of sugar-fed and blood-fed female Ae. aegypti. In total, 156 mature miRNAs were detected 82 

in the GC, with 84 displaying significant differences in abundance among the three developmental 83 

stages. Notably, the changes in the miRNA repertoire in the GC in the pupa-adult transition have 84 

completely different characteristics compared with the changes from sugar-fed to blood-fed 85 

mosquitoes.  86 

Materials and Methods 87 

Insects, tissue dissection and RNA extraction  88 
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Ae. aegypti of the Rockefeller strain were reared at 28 °C and 80% humidity as previously described 89 

(Rivera-Perez et al., 2014). Adult mosquitoes were offered a cotton pad soaked in a 3% sucrose 90 

solution. Four-day-old female mosquitoes were fed pig blood equilibrated to 37 °C, and ATP was 91 

added to the blood meal to a final concentration of 1 mM immediately before use as previously 92 

described (Rivera-Perez et al., 2014). 93 

Corpora allata-corpora cardiaca complexes (CA-CC) were dissected from three different 94 

developmental stages of Ae. aegypti females; pupae 24h before adult emergence (-24h pupae), adult 95 

24h after emergence fed 3% sugar (24h sugar-fed) and 4-day-old adults, blood-fed and collected 24h 96 

after blood feeding (24h blood-fed). Total RNA was extracted from 50 CAs from each developmental 97 

stage in triplicate using Norgen Biotek’s total RNA purification kit. Total RNA was treated with DNase 98 

I according to Norgen Biotek’s instructions.  99 

Small RNA libraries preparation and sequencing 100 

The small RNA libraries were generated using the Illumina Truseq™ Small RNA Preparation kit 101 

according to Illumina’s TruSeq™ Small RNA Sample Preparation Guide and sequenced at LC 102 

Sciences facility (Texas, USA). 103 

Revision of Aedes aegypti miRNA repertoire 104 

The quality of raw data from each library was controlled using CLC Genomic Workbench version 105 

7.5.1.  Raw data were stripped of adapters and reads with quality score above 0.05 and less than 2 106 

ambiguous nucleotides were retained. Reads without 3’ adapters and reads with less than 16 nt were 107 

discarded from the libraries. Clean data were considered as “mappable reads” for further analysis. Tab 108 

separated files with the read sequences and their counts were used as input files for novel and 109 

homologous miRNA analysis using sRNAtoolbox (Rueda et al., 2015). Although sRNAtoolbox is a 110 

powerful tool for novel miRNA identification, all predicted miRNAs were individually inspected for 111 

their pre-miRNA secondary structure, mature miRNA position on the stem loop, and their abundance in 112 
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our libraries. We also double-checked their possible similarity with other RNA sequences (such as 113 

tRNA and rRNA) in Rfam. In addition, we examined all potential novel Ae. aegypti miRNAs, reported 114 

in previous publications (Akbari et al., 2013; Hu et al., 2015; Kozomara and Griffiths-Jones, 2014; 115 

Miesen et al., 2016; Zhang et al., 2017), and retained only highly confident miRNAs.  116 

Ae. aegypti miRNAs were reannotated because several new RNA-Seq data, including this study, have 117 

become available since the initial deposition of Ae. aegypti miRNAs in miRBase. For this reannotation, 118 

stem loop secondary structures were predicted by a minimum free energy (MFE) approach using CLC 119 

Genomic Workbench (Zhuker, 1989). We used our current small RNA libraries, as well as previously 120 

produced libraries (SRP111336) (Lee et al., 2017), to reconsider the current Ae. aegypti miRNA 121 

annotation. The small RNA reads were mapped against known pre-miRNAs, and mapped reads with 122 

maximum counts in each arm were considered as “revised 5p or 3p miRNAs”. To identify the most 123 

abundant isomiRs for each miRNA, we allowed matches to extend to maximum five additional 124 

nucleotides in both 5’ and 3’ ends of canonical sequences. We also removed those Ae. aegypti miRNAs 125 

whose majority of reads mapped to other parts of pre-miRNA sequences (including terminal loop), 126 

instead of 5p or 3p mature miRNAs. In addition, we discarded aae-miRNAs with less than 10 127 

supportive reads (in at least 50% of the examined libraries) or unsuitable secondary structure 128 

(asymmetrical stem loop, and MFE above -19 Kcal/mol).  129 

Small RNA data analysis and miRNA profiling 130 

We used the small RNA tools available in CLC Genomic Workbench to extract and count unique small 131 

RNA reads with a minimum of five sampling count. All the revised 205 mature miRNAs were used as 132 

reference for miRNA profiling in this project. We allowed isomiRs with 5 nt variants to be detected in 133 

up and downstream of annotated mature miRNAs with maximum two mismatches in the aligned 134 

region.  135 
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We produced the miRNA profile for each library, and then all three biological replicates for each 136 

sample were used to set up a multi-group comparison experiment to measure miRNAs differential 137 

expression among pupa, sugar-fed and blood-fed adult samples. The expression values or mature 138 

miRNA copy numbers were normalized by their total read counts per million. This normalization 139 

method was applied to all data sets to calculate effective sizes of the libraries, which are then used as 140 

part of the per-sample normalization (Robinson and Oshlack, 2010). 141 

Target identification 142 

The latest assembly of the Ae. aegypti genome (GCF_000004015.4) was used as a reference. It 143 

contained 17,350 annotated genes in 4,757 scaffolds. We used three different algorithms including 144 

RNA22 (Miranda et al., 2006), miRanda (Enright et al., 2003) and RNAhybrid (Krueger and 145 

Rehmsmeier, 2006) to predict potential miRNA binding sites in all Ae. aegypti genes using their default 146 

parameters unless indicated. If partial mRNAs did not have a complete annotation, such as clear 147 

5’UTR, ORF and 3’UTR, the region before the ORF start codon (300 bp) and after the stop codon (500 148 

bp) for each mRNA were considered as 5’UTR and 3’ UTR, respectively. 149 

RNAhybrid is a tool for finding the normalized minimum free energy of hybridization for miRNAs and 150 

their mRNA target genes. The small RNA sequence is hybridized to the best fitting part of the mRNA. 151 

We did not allow G:U pairing in the seed region (nucleotide 2-8), and forced miRNA-target duplexes 152 

to have a helix in this region. Maximum 5 nt were approved as unpaired nucleotides in either side of an 153 

internal loop. miRanda also considers matching along the entire miRNA sequence, but we ran the 154 

program in the strict mode, which demands a strict 5’ seed pairing. It takes the seed region into account 155 

by adding more value to matches in the seed region. The RNA22 version 2 is a pattern based target 156 

prediction program, which first searches for reverse complement sites of patterns within given mRNA 157 

sequence, and identifies the hot spots. In the next step, the algorithm searches for miRNAs that are 158 

likely to bind to these sites. We allowed a maximum of one mismatch in the seed region, and a 159 
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minimum of 12 nt matches in the entire binding site. We set the sensitivity and specificity thresholds on 160 

63% and 61%, respectively. To increase the level of confidence, we preferred those binding sites that 161 

were predicted by all the three algorithms for further analysis.  162 

Annotation of KOG for Ae. aegypti genes was done as described in Ribeiro et al. (Ribeiro et al., 2007). 163 

miRNA-specific reverse transcription quantitative PCR (RT-qPCR) 164 

To validate the RNA-Seq data, we selected nine miRNA that were abundant and differentially 165 

expressed in the three libraries, and assessed their changes using RT-qPCR. The CA-CC were dissected 166 

from female mosquitoes at pupal and adult stages (sugar-fed or blood-fed) as described above. For each 167 

developmental stage, three biological replicates were prepared, each containing pools of CA-CC from 168 

30 mosquitoes. RNA was extracted from the samples using Norgen Biotek’s total RNA purification kit 169 

and treated with DNase I as described in the manufacturer’s instructions. First strand cDNA was 170 

synthesized with a miScript II RT kit following the manufacturer’s instructions (Qiagen). The 171 

abundances of miRNAs were measured in a 7500 real-time PCR system (Applied Biosystems), using 172 

QuantiTech SYBR green mix and a Qiagen universal reverse primer, together with custom forward 173 

primers, which were the mature miRNA sequences. Melt curve analysis was performed after each run 174 

to ensure the specificity of amplification. All reactions were performed in three biological replicates 175 

each with three technical replicates, and a template-free control was included in all batches. A U6 176 

primer was used as a reference for normalization of data. Sequences of all primers are listed in Table 177 

S4. 178 

Availability of data 179 

All sequence data were deposited in the GenBank under Gene Expression Omnibus accession 180 

GSE99498. 181 

Results and Discussion 182 

Aedes aegypti corpora allata-corpora cardiaca miRNA repertoire 183 
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miRNAs can regulate developmental transitions and reproductive maturation processes through cell-184 

type-specific, as well as stage-specific expression patterns. Comparing miRNA profiles between 185 

different stages of development has facilitated the identification of miRNAs involved in controlling 186 

these types of progressions. Previous studies in insects suggested the relevance of making organ-187 

specific libraries when the aim is to obtain robust conclusions on miRNA roles in particular tissues 188 

(Cristino et al., 2010). We studied the dynamics of CA-CC miRNAs in female Ae. aegypti during pupa-189 

adult transition, as well as during reproductive maturation before and after blood feeding. Gland 190 

complexes were carefully dissected from three very different stages that have distinct JH biosynthesis 191 

rates; namely, the early pupa (non-detectable JH synthesis), the sugar-fed female (high JH synthesis), 192 

and the blood-fed female (very low JH synthesis) (Zhu and Noriega, 2016) (Fig. 1). Small RNA 193 

libraries were constructed with three biological replicates at each time point, and sequenced to generate 194 

10-28 million clean reads, with over 95% of them mapped to the mosquito genome (Table 1). Small 195 

RNA libraries were sequenced and data were analyzed following the procedures described as a flow 196 

chart in Fig. 1. Briefly, data analysis and interpretation included data processing, data quality 197 

assessment, data normalization and determination of differential abundances of miRNAs.  198 

Although 101 precursors and 124 mature Ae. aegypti miRNAs were annotated in miRBase (aae-miR) 199 

(Li et al., 2009), there was a need to extend and correct the current miRNA repertoire of this species, 200 

according to its latest genome assembly, as well as additional available small RNA sequence data for 201 

high confidence miRNAs, with the correct 5p and 3p arm features. Therefore, the latest list of aae-miRs 202 

reported in miRBase was downloaded, and their pre-miRNA secondary structures were assessed to 203 

confirm the location of mature miRNA position on each arm. In addition, novel miRNAs were 204 

identified using the approach described in the methods section. In total, we annotated 121 pre-miRNAs, 205 

with 101 of them already present in miRBase and 20 novel or already reported as novel in previous 206 

studies (Akbari et al., 2013; Bartel, 2009; Hu et al., 2015; Kozomara and Griffiths-Jones, 2014; Zhang 207 
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et al., 2017) (Table S1). These pre-miRNAs produced 234 mature miRNAs, with 196 already described 208 

in miRBase and 38 novel (Table S1). After excluding duplicated mature miRNAs, 205 were unique. 209 

A generally accepted hypothesis suggests that most miRNAs only ‘fine tune’ the expression of the 210 

majority of their targets, with just a small number of target genes experiencing a large change in 211 

mRNA or protein abundance (Bartel, 2009). The relationship between the abundance of specific 212 

miRNAs and the importance of their potential regulatory roles is intricate. Although miRNA levels 213 

eventually define the extent of gene repression, there is a complex stoichiometric relationship between 214 

factors such as miRNAs and target abundance, target-site spacing, and affinity requirements of 215 

different endogenous competitive targets (Denzler et al., 2016). In other words, in a particular tissue 216 

and developmental stage, not always the most abundant miRNAs are those playing critical roles in gene 217 

regulation. 218 

miRNA studies in different species of insects have revealed differences, as well as similarities among 219 

the most abundant miRNAs expressed. Frequently, the most abundant miRNAs changed with each 220 

analyzed tissue, and often also changed with the developmental stage (Cristino et al., 2010). In the 221 

locust Locusta migratoria, miR-1, miR-275, miR-276 and miR-8 predominated (Wei et al., 2009). In 222 

the silkworm Bombyx mori, miR-1, miR-8, miR-276 and miR-263 were the most abundant 223 

(Jagadeeswaran et al., 2010); with miRNAs showing diverse and dynamic expression patterns in 224 

multiple silkworm tissues (Liu et al., 2010). These strong varying spatiotemporal patterns of miRNA 225 

expression in the silkworm from the larval to pupal stages included changes in expression from the two 226 

arms of a particular precursor miRNA (3’ or 5’ arms), as well as sense and antisense transcripts (Liu et 227 

al., 2010); suggesting a diverse miRNA repertoire playing roles in tissue-specific remodeling during 228 

metamorphosis. 229 

Previous studies have identified miR-184 as the most abundant miRNA in Ae. aegypti (Li et al., 2009; 230 

Mayoral et al., 2014), as well as in other Culicinae, such as Aedes albopictus and Culex 231 
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quinquefasciatus (Skalsky et al., 2010). Studies in Anopheles gambiae mosquitoes identified miR-10, 232 

miR-184, miR-281 and bantam as the most abundantly expressed miRNAs in adult females (Lampe 233 

and Levashina, 2018). In An. gambiae, the group of most abundant miRNAs changed before and after 234 

blood-feeding, and some of them dominated the repertoire only in specific tissues; for instance miR-235 

281 in the midgut, miR-10 and miR-306 in the ovary and miR-8 and miR-276 in the head and fat body 236 

(Lampe and Levashina, 2018). 237 

We evaluated the most abundant miRNAs in each of the libraries. In total, 156 mature miRNAs were 238 

detected in the CA-CC, with 84 displaying significant differences in abundance among the three CA-239 

CC developmental stages. Fig. S1 shows the clustering of the nine libraries based on the normalized 240 

abundance of all miRNAs detected in the CA-CC, with the specific replicates clustering together. The 241 

most abundant 20 miRNAs expressed in each of the stages are presented in Fig. 2A. As previously 242 

described for Ae. aegypti whole body (Mayoral et al., 2014), the most abundant miRNA in all the 243 

libraries was miR-184-3p, representing 48% of the reads from CA-CC of sugar-fed and 40% of the 244 

reads from CA-CC of blood-fed females, but only 16% of the reads from pupae CA-CC. The functional 245 

role of miR-184 has mainly been established in Drosophila, in which it has been implicated in 246 

peripheral nervous system development (Peng et al., 2015), female gremlin development (Iovino et al., 247 

2009), ovary morphogenesis (Yang et al., 2016), and motility (Peng et al., 2015). In Ae. aegypti, the 248 

abundance of miR-184-3p declines in the fat body in blood-fed mosquitoes as compared to non-blood 249 

fed mosquitoes (Zhang et al., 2017). We also observed reductions in miR-184-3p when comparing CA-250 

CC from blood-fed and sugar-fed mosquitoes (Fig. 2A). With FOXL, a transcription factor that is 251 

involved in egg development, determined as a potential target of miR-184-3p. It has been proposed that 252 

the interaction of the miRNA and its target may contribute to homeostasis of FOXL, and sustain egg 253 

development (Zhang et al., 2017). 254 
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A Venn diagram shows the number of those 20 more abundant miRNAs that are shared or are unique 255 

for each library (Fig. 2B). A number of miRNAs were differentially expressed among the three 256 

developmental stages, and those changes were much more notable when pupae and adult libraries were 257 

compared. In our studies, the miRNA repertoire of pupae CA-CC was more diverse and heterogeneous 258 

than those of the adult female CA-CC (Fig. 3), with three additional miRNAs, miR-8-3p, miR-100-5p 259 

and miR-276-1-3p, representing each 11-12% of the reads. The volcano plots also revealed that there 260 

were more miRNAs that were expressed in pupae, and decreased or were absent after adult emergence, 261 

when compared with changes between CA-CC of sugar and blood-fed females (Fig. 4 and Tables S2a 262 

and S2b).  263 

Hierarchical clustering analysis of the miRNAs expressed in the three different developmental stages 264 

revealed five major groups representing distinct expression patterns (Fig. 5). Some miRNAs were pupa 265 

specific (group II) and some were adult specific (group IV and V); with miRNAs that were either 266 

expressed only in libraries from blood-fed females (group IV) or were absent only after a blood-meal 267 

(group I). Finally, there were some miRNAs present only in the CA-CC that show diminished JH group 268 

synthesis, such as those from pupae and blood-fed females (group III). We speculate that some 269 

miRNAs from group III could be involved in the regulation of JH synthesis, since their expression 270 

pattern negatively correlates with changes in JH synthesis levels, which are low in pupae, high in 271 

sugar-fed and low in blood-fed mosquitoes. On the other hand, miRNAs from group II and V might 272 

play roles in the developmental changes that occur in the gland during metamorphosis.  273 

To validate the RNA-Seq data, the CA-CC from the three developmental stages (pupa, sugar-fed and 274 

blood-fed female mosquitoes) were independently dissected and subjected to RNA extraction and 275 

mature miRNA quantification using miRNA-specific RT-qPCR. For this validation, nine miRNAs 276 

were selected. Comparison of the results between RNA-Seq and RT-qPCR revealed consistency 277 

between the two methods, with all the nine miRNAs analyzed showing similar trends (Fig. 6). 278 
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It has been described that miRNAs can provide an effective means by which to set thresholds and limit 279 

noise-induced errors to ensure robustness during developmental transitions (Cohen et al., 2006). The 280 

miRNA changes observed in our study might reflect developmental modifications of the GC; as the GC 281 

changes in size, shape, and composition when the pupa transforms into an adult (Burgess and Rempel, 282 

1966). The most important of these changes is the prothoracic gland degeneration, a programmed cell 283 

death process by apoptosis and autophagy (Romer and Martau, 1998). miRNAs contribute significantly 284 

to autophagy, mediating acute responses to starvation, hypoxia and other types of stress (Zhai et al., 285 

2013). Several of the miRNAs that are abundant in the CA-CC libraries have been previously 286 

implicated in autophagy control, including miR-184 (Liu et al., 2015), miR-100 (Ge et al., 2014), miR-287 

34 and miR-30 (Zhai et al., 2013). In summary, some of the pupa-specific miRNAs might be involved 288 

in the regulation of PG degeneration or additional metamorphic changes in the GC. Some might play a 289 

role in inhibiting JH synthesis, since PG degeneration is effectively prevented by the presence of JH 290 

(Mane-Padros et al., 2010).  291 

Targets for the corpora allata-corpora cardiaca miRNA repertoires 292 

Bioinformatics approaches were used to determine potential targets for miRNAs. In silico methods 293 

included the search for (1) miRNA binding sites on specific genes of interest, such as those encoding 294 

JH biosynthetic enzymes and CC neuropeptides, and (2) miRNA target genes using the Eukaryotic 295 

Clusters of Orthologous Groups analysis (KOG), an approach employed to classify proteins into 296 

functional categories on the basis of orthology (Tatusov et al., 2000).  297 

We used three different algorithms to predict potential miRNA binding sites in the 13 Ae. aegypti genes 298 

encoding JH biosynthetic enzymes (Rivera-Perez et al., 2014). Four of the enzymes had miRNA 299 

binding sites that were predicted by all three algorithms, and five of these miRNAs were among the 20 300 

most abundant miRNAs detected in at least one of the three CA-CC libraries; with miR-31-5p targeting 301 

3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR), bantam-3p targeting 302 
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diphosphomevalonate decarboxylase (PP-MevD), miR-34-5p targeting PP-MevD and aldehyde 303 

dehydrogenase (ALDH), and miR-9a-5p targeting farnesyl-pyrophosphate synthase (FPPS) (Table S3). 304 

Interestingly, miR-34-5p, which was abundant only in the CA-CC of blood-fed females, targets ALDH. 305 

It has been previously described that the low catalytic activity of ALDH limits JH synthesis and plays a 306 

key role in the regulation of CA activity in blood-fed Ae. aegypti females (Rivera-Perez et al., 2013). 307 

We used the same three algorithms to predict potential miRNA binding sites in four genes encoding 308 

neuropeptides synthesized in the CC, namely adipokinetic hormone 1 (AKH1), AKH2, corazonin and 309 

crustacean cardioactive peptide (CCAP) (Predel et al., 2010). Two programs predicted the same 310 

binding sites for miR-305-5p and miR-980-5p in corazonin, as well as binding sites for miR-285-3p 311 

and miR-210-3p in AKH2. The algorithm RNAhybrid predicted additional binding sites for some of the 312 

most abundant 20 miRNAs detected in Ae. aegypti CA-CC, which were not confirmed by the other two 313 

programs. This group included binding sites for miR-31-5p, miR-8-5p, miR-34-5p, miR-92b-3p and 314 

miR-305-5p in AKH1, binding sites for miR-34-5p and miR-998-3p in AKH2, binding sites for miR-315 

125-5p, miR-34-5p, let-7-5p, miR-184-3p and miR-92b-3p in CCAP, as well as binding sites for miR-316 

275-3p and miR-305-5p in corazonin (Table S3). The potential roles of any of these miRNAs in the 317 

regulation of the expression of JH biosynthetic enzymes or CC neuropeptides will require additional 318 

functional experiments. 319 

A KOG analysis of the genes identified as potential targets for the CA-CC miRNA repertoires 320 

classified them into the broad categories of metabolism, information storage and processing, and 321 

cellular processes and signaling; with genes involved in cellular processes and signaling representing 322 

the largest portion. Among them, the signal-transduction mechanisms and intracellular trafficking, 323 

secretion and vesicular transport contained almost 55% of the target genes. When a similar KOG 324 

analysis was performed using the whole Ae. aegypti transcriptome, the results were very similar, 325 
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suggesting that this type of analysis was unable to identify a specific set of genes that are targeted by 326 

the differentially expressed CA-CC miRNA set (Fig. S2). 327 

Most miRNAs are predicted to have hundreds of potential target genes, and often these target sites are 328 

conserved in evolution, providing some confidence that they are indeed functional. Yet, in several 329 

cases, a miRNA, as assessed by its mutant phenotype, has a significant effect on one or a few of the 330 

predicted targets (Bushati and Cohen, 2007). Several miRNAs have been previously described as 331 

modulators of hormonal pathways in insects. Insulin production and secretion, as well as cellular 332 

responsiveness to insulin, are subject to regulation by miRNAs. In Drosophila, miR-14 acts in the 333 

insulin-producing neurosecretory cells in the adult Drosophila brain to control metabolism; miR-14 334 

acts in these brain cells through its direct target gene, sugarbabe, which encodes a predicted zinc finger 335 

protein that regulates insulin gene expression in the neurosecretory cells. Regulation of sugarbabe 336 

levels by nutrients and by miR-14 come together to allow the fly to manage resource mobilization in a 337 

nutritionally variable environment (Varghese et al., 2011). In Drosophila, miR-14 also plays a key role 338 

in modulating the positive auto regulatory loop by which ecdysone sensitizes its own signaling 339 

pathway. miR-14 modulates this loop by limiting expression of its target, the ecdysone receptor (EcR), 340 

while ecdysone signaling, via EcR, down-regulates miR-14 (Varghese and Cohen, 2007). A mutual 341 

repression between miR-34 and steroid hormone signaling was also described in Drosophila; ecdysone 342 

strongly inhibits miR-34 expression via transcriptional repression assisted by a number of transcription 343 

factors, including the ecdysone receptor and the Broad Complex, two key mediators of the ecdysone 344 

signaling cascade (Xiong et al., 2016). miR-281 regulates the expression of EcR in B. mori (Jiang et al., 345 

2013), suggesting a widespread role of miRNAs in the regulation of ecdysteroid signaling.  346 

Additional miRNAs play critical roles controlling metamorphosis, such as let-7 in silkworms (Ling et 347 

al., 2014) and cockroaches (Rubio and Belles, 2013). During the transition from nymph to adult in 348 
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cockroaches, miR-2 scavenges Krüppel homolog 1 (Kr-h1) transcripts, a juvenile hormone-dependent 349 

transcription factor that represses metamorphosis (Lozano et al., 2015). 350 

Less is known about the role of miRNAs on the control of CA activity and JH synthesis. A recent study 351 

described honey bee queen and drone caste-specific miRNAs and transcriptomic changes. This occurs 352 

during a critical time of larval development when JH titers are significantly higher in queen larvae than 353 

drones. Accordingly, there were significant decreases in the transcripts of many JH biosynthetic 354 

enzymes in drones, in particular of JH acid methyltransferase (JHAMT) and epoxidase, the last two 355 

critical enzymes in the pathway. In addition, there were as well substantial changes in the expression of 356 

many miRNAs when queens and drones larvae were compared; but no genes within the JH pathway 357 

were predicted to be a target of any of these fluctuating miRNAs (Ashby et al., 2016). On the contrary, 358 

a recent study in Drosophila described that loss-of-function of miRNA bantam increased JHAMT 359 

expression, while overexpression of bantam repressed JHAMT expression and resulted in pupal 360 

lethality (Qu et al., 2017). The male genital organs of the pupae were malformed, and exogenous 361 

sesquiterpenoid application partially rescued the genital deformities. The role of bantam on the 362 

regulation of sesquiterpenoid biosynthesis was validated by transcriptomic, qPCR, and hormone titer 363 

(JHB3 and JH III) analyses (Qu et al., 2017). 364 

The CA-CC-specific miRNA repertoires identified in this study offer groundwork for forthcoming 365 

functional studies. In the future, selected miRNA mimics can be used to transfect the CA in vitro, and 366 

assess the effect on JH synthesis (Li et al., 2003). Other potential functional studies include the analysis 367 

of phenotypic changes when antagomirs are used to silence endogenous miRNAs (Schoniger and 368 

Arenz, 2013). This approach has been successfully employed to confirm the role of miR-8 in regulating 369 

mosquito reproductive processes by the fat body (Lucas et al., 2015a). Additional approaches that have 370 

been successfully employed to characterize miRNA functions in insects include silencing the 371 

expression of Dicer-1, the ribonuclease that produces mature miRNAs from miRNA precursors. Dicer-372 
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1 deletion was used to validate the role of miR-2 in controlling the JH signaling pathway during 373 

metamorphosis in cockroaches (Lozano et al., 2015). Alternatively, cross-linking and 374 

immunoprecipitation of the core miRNA binding partner, Argonaute (AGO1 CLIP-Seq), has been 375 

successfully used to identify miRNA targets in the fat body of Ae. aegypti (Zhang et al., 2016). Similar 376 

approaches could be used to explore miRNA targets in the CA-CC.  377 

In summary, our studies revealed that there are remarkable changes in the miRNA repertoires among 378 

the three stages of CA-CC studied. The changes are more profound between pupa and adult CA-CC, 379 

and that is in agreement with the idea that miRNAs play a major role in metamorphosis. There is a 380 

chance that the JH biosynthesis genes are not direct targets of miRNAs, and most likely the targets are 381 

signaling genes. Functional studies with selected miRNAs are currently designed to test this 382 

hypothesis.  383 
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Figure legends 548 

Fig. 1: Experimental flow chart: Small RNA libraries were sequenced and data were analyzed 549 

following the procedures described in the flow chart. Data analysis and interpretation included 550 

data processing, data quality assessment, data normalization and determination of differential 551 

abundances of miRNAs. 552 

Fig. 2: The most abundant 20 miRNAs expressed in each developmental stage: (A) The 553 

most abundant 20 miRNAs expressed in each of the stages. miRNA expression is shown as 554 

normalized reads per million. (B) Venn diagram showing the number of those 20 more abundant 555 

miRNAs that are unique for each library. 556 

Fig. 3: Doughnut diagrams of proportions of the first 20 most abundant miRNAs in each 557 

developmental stage. The three circles within the diagram represent biological replicates.  -24 h 558 

pupa (a), 24h sugar-fed (b), 24h blood-fed (c). 559 

Fig. 4: Volcano plot of differentially abundant miRNAs in CA-CC. (A) Differentially 560 

abundant miRNAs in CA-CC of pupae and sugar-fed adult female, (B) differentially abundant 561 

miRNAs in CA-CC of sugar-fed and blood-fed adult females. miRNAs passing the criteria of 562 

significantly differentially expressed (p ≤ 0.05 and FC ≥ 2) are labeled red, and those that did not 563 

significantly change are shown in blue. Numbers in parentheses show the amount of 564 

differentially expressed miRNAs between the two developmental stages. For the detailed list of 565 

the differentially expressed miRNA see Table S2.  566 

Fig. 5: Hierarchical clustering analysis of differentially abundant miRNAs.  Hierarchical 567 

clustering analysis of miRNAs expressed in the CA-CC of the three different developmental 568 

stages revealed five major groups representing distinct expression patterns. miRNAs used for 569 
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clustering had a normalized average read count ≥ 200 in at least one of the developmental stages. 570 

Each point represents an average of three biological replicates. 571 

Fig. 6: Validation of the RNA-Seq data using RT-qPCR. Comparison of expression of nine 572 

miRNAs that were abundant and differentially expressed among the three libraries. Black filled 573 

bars represent the number of transcripts detected by RT-qPCR, and normalized using the 574 

expression of the U6 gene (U6 small nuclear RNA) (Left-Y axis). RT-qPCRs were performed 575 

with RNA extracted from three biological replicates of pools of 30 CA-CC dissected from pupae, 576 

sugar (sugar-fed adults) and blood (blood-fed adults) female mosquitoes. Empty bars represent 577 

the read counts from the sequenced libraries normalized as reads per million (Right-Y axis).  578 

Name of each miRNA analyzed is on top of each graph. Different letters above the columns 579 

indicate significant differences when the values for a particular developmental stage were 580 

compared within each dataset (one-way ANOVA p < 0.05, with Tukey’s test of multiple 581 

comparisons).  582 
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Supplementary data 583 

 584 

Table S1: List of all the miRNAs detected in Ae. aegypti small RNA libraries. In total, we 585 

annotated 121 pre-miRNAs, with 101 of them already present in miRBase and 20 novel or 586 

already reported in previous studies. These pre-miRNAs produced 234 mature miRNAs, with 587 

196 already described in miRBase and 38 novel. After excluding duplicated mature miRNAs, 588 

205 were unique. 589 

 590 

Table S2a: List of differentially expressed mRNAs between -24h female pupa and 24h 591 

sugar-fed adult. The miRNAs listed in this table are considered as differentially expressed in 592 

CA-CC complex between -24h female pupa and 24h sugar-fed adult female (FDR ≥ 0.05 and FC 593 

≥ 2); FC – fold change, RC – read count, R – biological replicate, FDR - false discovery rate. 594 

 595 

Table S2b: List of differentially expressed mRNAs between 24h sugar-fed and 24h blood-596 

fed female adult. The miRNAs listed in this table are considered as differentially expressed in 597 

CA-CC complex between 24h sugar-fed adult and 24h blood-fed female adult (FDR ≥ 0.05 and 598 

FC ≥ 2); FC – fold change, RC – read count, R – biological replicate, FDR - false discovery rate. 599 

 600 

Table S3: List of potential miRNA binding sites in the genes encoding JH biosynthetic 601 

enzymes and CC peptides. Three different algorithms were used to predict potential miRNA 602 

binding sites in the thirteen Ae. aegypti genes encoding JH biosynthetic enzymes, as well as in 603 

four genes encoding neuropeptides synthesized in the CC. 604 

 605 

Table S4: List of sequences of all primers used for RT-qPCR validation of miRNA 606 

expression in this study. 607 

 608 

Fig. S1:  Hierarchical clustering analysis of all miRNAs expressed in the CA-CC of the 609 

three different developmental stages. Biological replicates of the same developmental stage 610 

cluster together. 611 

 612 

Fig. S2: Prediction of miRNA targets in CA-CC using in silico tools. Diagrams represent 613 

Eukaryotic Clusters of Orthologous Groups (KOG) functional assignments for the 1323 high 614 

confidence target mRNAs from the genome of Ae. aegypti (internal circles), from which 1215 615 

are expressed in CA-CC complexes (external circles). Only mRNAs from Genbank with fully 616 

annotated 5’ and 3’ UTR were subject of the target prediction. 617 
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Table 1. Small RNA read summary in corpora allata-corpora cardiaca libraries. 

Sample ID 
Number of 

reads 

Percentage 

trimmed 

Number of 

clean reads 

Mapped to the 

genome 

Total small 

RNA (UR)* 

Total small 

RNA (RC)** 

aae-miRNA 

(UR) 

aae-miRNA 

(RC) 

Detected  

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 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Hierarchical clustering analysis of the miRNAs
(Figure 4)

-24h 
Pupa

No JH

24h Sugar-fed 
Adult

High JH

24h Blood-fed 
Adult

Low JH

Dissection of CA-CC (3 ´ n=50)

Total RNA extraction and generation of 9 small 
RNA libraries (Materials and Methods)

Data processing and data quality assessment  
(Table 1)

Revision of  
Ae. aegypti miRNA 

annotation (Table S1)

miRNA profiling of individual libraries and data 
normalization  (GEO: GSE99498, Figure S1) 

Determination of differential abundance of 
miRNAs among the three developmental stages 

(Figure 2, 3, S2, Table S2a, b)

Validation of miRNA 
differential expression 

(Figure 5)

miRNA target 
prediction in CC-CA 
(Figure S3, Table S3 )
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Highlights 
 
- microRNA profiles of corpora allata and cardiaca in three distinct developmental stages of 
Aedes aegypti mosquitoes were compared 
- Significant alterations of 84 microRNAs were found, in particular between the pupal 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 
 


