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Abstract

The adult females of Aedes aegypti mosquitoes are facultative hematophagous insects but

they are unable to feed on blood right after pupae emergence. The maturation process that

takes place during the first post-emergence days, hereafter named hematophagic and gono-

trophic capacitation, comprises a set of molecular and physiological changes that prepare the

females for the first gonotrophic cycle. Notwithstanding, the molecular bases underlying mos-

quito hematophagic and gonotrophic capacitation remain obscure. Here, we investigated the

molecular and biochemical changes in adult Ae. aegypti along the first four days post-emer-

gence, prior to a blood meal. We performed a RNA-Seq analysis of the head and body, com-

paring male and female gene expression time courses. A total of 811 and 203 genes were

differentially expressed, respectively in the body and head, and both body parts showed early,

mid, and late female-specific expression profiles. Female-specific up-regulation of genes

involved in muscle development and the oxidative phosphorylation pathway were remarkable

features observed in the head. Functional assessment of mitochondrial oxygen consumption

in heads showed a gradual increase in respiratory capacity and ATP-linked respiration as a

consequence of induced mitochondrial biogenesis and content over time. This pattern strongly

suggests that boosting oxidative phosphorylation in heads is a required step towards blood

sucking habit. Several salivary gland genes, proteases, and genes involved in DNA replication

and repair, ribosome biogenesis, and juvenile hormone signaling were up-regulated specifi-

cally in the female body, which may reflect the gonotrophic capacitation. This comprehensive

description of molecular and biochemical mechanisms of the hematophagic and gonotrophic

capacitation in mosquitoes unravels potentially new targets for vector control.
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Editor: José M. C. Ribeiro, National Institute of

Allergy and Infectious Diseases, UNITED STATES

Received: March 31, 2020

Accepted: October 22, 2020

Published: January 6, 2021

Copyright: © 2021 de Carvalho et al. This is an

open access article distributed under the terms of

the Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files. The bioproject accession is

PRJNA659517and available at https://www.ncbi.

nlm.nih.gov/bioproject/PRJNA659517.

Funding: Funding from Fundação Carlos Chagas

Filho de Amparo à Pesquisa do Estado do Rio de

Janeiro (http://www.faperj.br) PENSA-RIO-E26/

010.003003/2014 to GCA, MACdSN, RDM, MFM

and ACAM; Conselho Nacional de Desenvolvimento

https://orcid.org/0000-0002-0790-899X
https://orcid.org/0000-0002-4927-0672
https://orcid.org/0000-0002-8246-2633
https://orcid.org/0000-0003-1346-291X
https://orcid.org/0000-0001-7453-4193
https://orcid.org/0000-0003-0686-7089
https://orcid.org/0000-0002-3720-415X
https://orcid.org/0000-0003-3440-1622
https://orcid.org/0000-0002-9890-8425
https://orcid.org/0000-0002-2882-3362
https://doi.org/10.1371/journal.pntd.0008915
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0008915&domain=pdf&date_stamp=2021-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0008915&domain=pdf&date_stamp=2021-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0008915&domain=pdf&date_stamp=2021-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0008915&domain=pdf&date_stamp=2021-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0008915&domain=pdf&date_stamp=2021-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0008915&domain=pdf&date_stamp=2021-01-19
https://doi.org/10.1371/journal.pntd.0008915
https://doi.org/10.1371/journal.pntd.0008915
http://creativecommons.org/licenses/by/4.0/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA659517
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA659517
http://www.faperj.br


Author summary

Aedes aegypti is a vector of several human diseases such as Dengue, Zika, Chikungunya,

and Yellow Fever. Only the adult females can feed on blood, important for the production

of their offspring, and therefore transmitting these pathogens for the human host. Inter-

estingly, right after their emergence as adults, females show a preference of feeding on

nectar, and only after three days, they are fully capacitated to perform a blood meal.

Understanding the molecular mechanisms that orchestrate this physiological and bio-

chemical switch is the main topic of the present study. The transcriptome analysis of

males and females during the first hours post-emergence reveals that the gene expression

in females is tightly regulated, showing three time-dependent profiles of expression. There

is an increase in genes related to the oxidative phosphorylation pathway in the female

head. Assessment of mitochondrial function revealed a gradual increase in respiration

linked to ATP synthesis and mitochondrial content. Also, there is an increase in genes

related to the muscular function, suggesting a putative role in muscle development and

contraction, required, for example, for pumping of blood. The female body showed an

increase in salivary gland related genes and serine proteases, probably related to the inges-

tion and digestion of the blood. Also, the increase in DNA replication, ribosome biogene-

sis, and juvenile hormone signaling pathways together with changes in cell cycle control

suggest the gonotrophic capacitation for the massive synthesis of yolk proteins precursors

during vitellogenesis. All these genes were enhanced even before the first blood meal,

which reveals insightful information about the biology of anautogenous mosquitoes. Our

data showed the molecular machinery that stands the females hematophagy and gonotro-

phy, leading to potential new targets for vector control.

Introduction

Mosquitoes are vectors of several human diseases since these insects possess a remarkable

human feeding preference [1]. The disease transmission occurs during the blood meal,

required by anautogenous female mosquitoes for egg development [2]. Aedes aegypti females

have a unique dietary skill interchanging between sugary fluids from plants and blood along

the gonotrophic cycle. This cycle was named by Beklemishev in 1940 and comprises the host

seeking, blood feeding, egg development, and oviposition [3].

Although the first gonotrophic cycle is unique, as the mosquito has never fed on blood

before, in the first hours post-emergence (PE) they are unable to feed on blood, acquiring

nutrients essentially from plant sap [4]. To get the first blood meal, females must undergo a

maturation process in the first three days PE that comprises a series of physiological and

molecular adaptations that take place in many tissues [5], named here hematophagic and

gonotrophic capacitation (HGC). Juvenile hormone III (JH) is a master regulator PE develop-

ment, participating in the maturation of newly emerged females towards blood feeding and

vitellogenesis [6]. JH acts through its intracellular receptor Methoprene-tolerant (Met), a basic

Helix-Loop-Helix/Per-Arnt-Sim (bHLH/PAS) transcription factor [7]. Met forms a heterodi-

mer with Taiman, another bHLH-PAS protein, promoting the transcriptional regulation of

several genes [8–10]. The fat body is extremely affected by JH signaling, increasing the expres-

sion of ribosomal proteins and driving ribosome biogenesis, nucleolus enlargement, Golgi

complex development, and invaginations of the plasma membrane, priming for vitellogenesis

[11,12]. JH also induces the immature primary follicles [13,14] to grow twice in length to
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mature follicles in 48-72h PE and the development of an endocytic complex by the oocytes

given them the competence to acquire proteins [13,14].

The JH role on the female fat body was characterized by a post-emergence (PE) microarray

in wild-type and Met-depleted females [15]. Three major profiles of expression were observed

in the fat body of Ae. aegypti and in Culex quinquefasciatus adult females with an early, mid,

and late profiles of transcript abundance [16,17]. The absence of Met revealed a similar profile

of gene expression as JH deprived females for a subset of genes. Thus, JH regulates gene expres-

sion for several genes through Met during PE development [15]. In a similar approach, the car-

bohydrate and lipid metabolisms were assessed, through microarray analysis, in the female fat

body in order to understand the energy supply for the physiological changes that occur during

the PE phase. JH promotes an accumulation of glycogen in the fat body and the transcript abun-

dance of pathways related to carbohydrate metabolism, such as glycolysis and citric acid cycle

were high until 24h PE, declining from 36h until 72h PE. Met silencing promotes an increase in

carbohydrate metabolism transcripts [18]. Met is also a key regulator of lipid metabolism during

the PE hours leading to an accumulation of triacylglycerol (TAG) in the fat body and a reduc-

tion in the ß-oxidation and lipid catabolism [12]. Thus, JH plays a role in regulating both carbo-

hydrate and lipid metabolisms during PE development on Ae. aegypti female mosquitoes.

Some other authors explored the female PE period. The Culex quinquefasciatus transcrip-

tome evaluated immediately after the emergence in whole adult females, identified odorant

binding proteins, salivary proteins, trypsins, lipases, uricases, among others [17]. The prote-

ome of newly emerged females midgut revealed proteins involved in the metabolism of pro-

teins and amino acids, serine proteases, and cell signaling, suggesting that there is a

biochemical adaptation for the digestion of blood in the PE developmental phase [19]. The sal-

ivary glands transcriptome compared female to male, in a single time-point PE, revealing sex-

specific proteins [20]. Tallon et al assessed the expression of main chemosensory gene families

comparing female to male antennae, in a post-emergence time course using a transcriptome.

Odorant binding proteins, odorant receptors, and ionotropic receptors gene expression were

sex-specific and time-dependent [21]

Given the inability to feed on blood right after emergence, and the voracious hematophagous

habit on mature stages, an important gap of knowledge exists on the molecular and biochemical

mechanisms that mediate hematophagic capacitation in mosquitoes. The HGC occurs in the PE

phase before the first blood feeding and are female-specific features, so only the comparison of

female and male time-course transcriptomes will target the genes related to them. In the present

work, we used RNA-Seq to investigate the effect of sex and time on the dynamics of gene

expression in the first 96 hours PE, during HGC. The separated analysis of heads and bodies

provided a global view of the complex and tightly regulated molecular remodeling that the

females undergo along the first post-emergence hours. The transcriptome analysis revealed sex-

and time-dependent changes in transcript abundance, with 203 genes differentially expressed in

the head and 811 in the body. The up-regulation of the oxidative phosphorylation pathway in

female heads lead us to perform a functional assessment of mitochondrial function in mosqui-

toes heads, revealing an increase in respiration linked to ATP synthesis and mitochondrial con-

tent. We discuss our findings in relation to the current knowledge of the physiological features

concerning blood feeding behavior and the gonotrophic cycle in mosquitoes.

Methods

Ethics statement

All animal care and experimental protocols were conducted following the guidelines of the

institutional care and use committee (Committee for Evaluation of Animal Use for Research
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at the Federal University of Rio de Janeiro, CAUAP-UFRJ), Fundação Oswaldo Cruz Animal

Use Ethics Committee (CEUA Fiocruz), and the NIH Guide for the Care and Use of Labora-

tory Animals (ISBN 0-309-05377-3). The protocols were approved by CAUAP-UFRJ under

the registry #IBQM067-05/16 and 24154319.5.0000.5257 and CEUA Fiocruz LW-20/14. Tech-

nicians dedicated to the animal facility at both places conducted all the aspects related to ani-

mal husbandry under strict guidelines to ensure their careful and consistent handling.

Mosquito rearing

All experiments were performed with a colony previously established by our group designated as

Aedes Rio [22]. Ovitrap collected eggs from 5 different places around the Guanabara Bay:

Paquetá Island, São Gonçalo, Praça XV, Niterói, and Governador Island were hatched, raised

into adults, identified as from Ae. aegypti, and then sorted into males and females. A pool of 20

males from each site was mated with 20 virgin females of every other location, for 5 days. After

mating, all females were placed in a cage for blood feeding and egg laying (Aedes Rio F1 genera-

tion). The Aedes Rio F1 generation mating was performed with 500 males and 500 females (1:1).

From F2 generation onwards the natural female/male proportion (1:2) was not manipulated.

The eggs were hatched in deoxygenated filtered water for 2 h and maintained at the Laboratory

of Physiology and Control of Arthropods Vectors (LAFICAVE-Fiocruz), under BOD controlled

conditions (27˚C ± 1˚C, 12:12h light:dark cycle, and 75% ± 10% relative humidity). First instar

larvae were pooled in groups of ~300 per tray, in 1 liter of deoxygenated filtered water, and 1 g of

cat food (Friskies, Purina) was provided every three days. Pupae were collected only once, on the

day in which their number was the highest, and transferred to cardboard cages (17 cm diameter

x 18.5 cm high). Aedes Rio F4 generation was used in the transcriptome, the details about mos-

quito collecting and sample preparation are in the topic "Sample preparation and RNA-Seq". For

the other experiments, Aedes Rio F8 to F10 generation eggs were hatched at the Federal Univer-

sity of Rio de Janeiro and maintained as described above. Adult mosquitoes were collected in a

two-hour window, i.e., from 1 hour before until 1 hour after each time point. The adult mosqui-

toes were maintained with 10% sucrose ad libitum. Females and males, heads and bodies, were

collected 2, 12, 24, 48, and 96 hours after the emergence from pupae.

Seeking assay

The human host proximity assay was adapted from [23]. Aedes Rio female mosquitoes (F8-F10

generation) were kept with 10% sucrose ad libitum, but not blood fed. The post-emergence

time points tested were 2, 12, 24, 48, and 96 hours. Fifteen minutes before each assay, 10 adult

females were placed in an acrylic cage (16 x 16 x 16 cm) and human volunteers (N = 5, 2

females, aged 20–29) placed their right forearm approximately 2.5 cm away from the cage for 5

minutes. There was no direct contact between mosquitoes and the volunteers. A Sony Cyber-

shot camera was positioned right across the cage, allowing a plain view of the mosquitoes and

the forearm. This system was isolated with styrofoam at all sides, preventing interference from

the environment and blocking not-exposed net areas. For each assay a 10-minute video was

recorded, 5 minutes without and 5 minutes with the human forearm. The number of mosquito

visits to the net was counted, with and without the forearm, considering only the exposed net

area. P<0.005; Kruskal-Wallis corrected one-way ANOVA test comparing the hours post-

emergence were performed using GraphPad Prism software v.6.0.

First feeding assay

This assay was adapted from [17]. Aedes Rio mosquitoes (F8-F10 generation) were tested at

the following post-emergence time points: 2, 12, 24, 48, and 96 hours. All mosquitoes were
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kept with 10% sucrose ad libitum and sugar-starved for 12h before each blood meal offer,

except for the 2-hour post-emergence time point. For each time point, a cage containing

approximately 60 mosquitoes of both sexes (~1:2 ratio) was fed in an artificial membrane feed-

ing system with rabbit blood at 37˚C for 30 minutes. Mosquitoes were not manipulated from

their emergence to the blood meal offer. The number of fed females was evaluated right after

each assay. Midguts from fed and unfed mosquitoes were dissected and stored at -70˚C in pro-

tease inhibitors cocktail until protein quantification by Lowry assay [24] (4 independent exper-

iments were performed). P<0.05; Kruskal-Wallis corrected one-way ANOVA test comparing

the hours post-emergence. P<0.0001; Tukey’s corrected one-way ANOVA test comparing the

protein midgut contents in blood fed and non-blood fed female mosquitoes in the hours post-

emergence. Both tests were performed using GraphPad Prism software v.6.0.

Sample preparation and RNA-Seq

Aedes Rio mosquitoes (F4 generation) were kept with 10% sucrose ad libitum, but not blood fed.

The post-emergence time points tested were 2, 12, 24, 48, and 96 hours. All samples were col-

lected at the same time each day (8:30 a.m.), except for the 12 hours time point that was collected

twice—at day (8:30 a.m.) and at night (8:30 p.m.). Males and females were immobilized by chill-

ing on ice onto a pre-cooled Petri dish and then dissected to obtain the heads and body (Pools of

10, N = 3). The samples were stored in RNAlater (Invitrogen) at -70˚C, and then total RNA was

extracted with the miRNAeasy Mini Kit (Qiagen) following the manufacturer’s instructions. The

72 cDNA libraries were prepared with Truseq RNA Library Preparation (Illumina) and RNA-Seq

sequencing was performed in Illumina HiSeq 4000, with 50 bp single-read, by the AgriLife Geno-

mics and Bioinformatics Service (https://www.txgen.tamu.edu/) at Texas A&M University. Raw

sequence reads were deposited at SRA under bioproject accession PRJNA659517.

Bioinformatics analysis

Sequenced reads were analyzed using FastQC version 0.11.5 [25] to evaluate their quality, before

and after trimming with Cutadapt version 1.16 [26]. Adaptors and regions with quality scores

smaller than 32 were removed, the remaining reads were dropped if the length was below 40 bp.

These high-quality reads were aligned using Bowtie2 version 2.2.6 [27] to the Ae. aegypti tran-

scripts (version 5.1—downloaded from VectorBase https://www.vectorbase.org/downloadinfo/

aedes-aegypti-lvpagwgtranscriptsaaegl51fagz). Salmon version 0.9.1 [28,29] was used with stan-

dard parameters to quantify the transcripts due to the high amount of isoforms in this Ae.

aegypti transcript version. The R package DESeq2 [30] allowed the identification of differentially

expressed genes (DEG). The likelihood ratio test (LRT) (p-value<0.05) was used to time course

DEG identification (male x female) while the Wald test (p-value<0,05; LogFoldChange > 1 or

2) followed by a false discovery rate (FDR—p-value <0.05) to compare each time point individ-

ually between males and females. Only DEG identified by both methods were considered. Hier-

archical clusterization and heatmaps used Expander version 7.1 [31]. Enrichment analysis of the

three principal categories (Biological Process, Molecular Function, and Cellular Component) of

gene ontology (GO) was performed with Panther Scoring Tool [32]. Statistical support was pro-

vided by the FDR corrected Fisher test (p-value<0.1). The KEGG Mapper–Search&Color Path-
way tool, from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, was used to

highlight the differentially expressed genes in pathways [33–35].

Quantitative PCR (qPCR) validation

Aedes Rio mosquitoes (reared from F9-F10 eggs) were kept with 10% sucrose ad libitum, but

not blood fed. The post-emergence time points tested were 2, 24, and 96 hours. Mosquitoes

PLOS NEGLECTED TROPICAL DISEASES Aedes aegypti post-emergence hematophagic and gonotrophic capacitation

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008915 January 6, 2021 5 / 32

https://www.txgen.tamu.edu/
https://www.vectorbase.org/downloadinfo/aedes-aegypti-lvpagwgtranscriptsaaegl51fagz
https://www.vectorbase.org/downloadinfo/aedes-aegypti-lvpagwgtranscriptsaaegl51fagz
https://doi.org/10.1371/journal.pntd.0008915


were immobilized by chilling on ice and then dissected to obtain the heads and body (two

pools of 5 mosquitoes from each of three independent cages). The samples were immediately

fixed on TRIzol Reagent (Thermo Fisher Scientific) and the tissues were homogenized with

pistils. The samples were stored at -70˚C for about 5 days until RNA extraction according to

manufacturer instructions. RNA was analyzed through a nanodrop spectrophotometer

(Thermo Fisher Scientific) for quality and quantity and 1μg of RNA of each sample was treated

with DNAse I (Thermo Fisher Scientific). cDNA was prepared using High Capacity cDNA

Reverse Transcription Kit (Thermo Fisher Scientific) according to the manufacturer instruc-

tions and the qPCR was performed in a StepOnePlus Real-Time PCR System (Thermo Fisher

Scientific). The qPCR reactions were performed with HOT FIREpol EvaGreen qPCR Mix Plus

(Solis Biodyne) with a final volume of 10μL, using 2μL of the reagent, 0.1μM of each primer,

and 5μL of cDNA (1:50). The primers efficiency was established through calibration curves

and determined from slope. The genes for qPCR validation were selected based Li et al (2019)

[36]. One gene for each female enhanced cluster was chosen, except B4, H2, and H3 that did

not fit the method criteria. The reference genes were selected based on the analysis of the tran-

scriptome expression levels [36]. The Cq values were analyzed in Refinder software that also

calculates ΔCq. The less variable genes were eukaryotic translation factor 1A (eiF1A) and

eukaryotic translation factor 3, subunit J (eiF3j) that were used as reference genes following

MIQE guidelines [37] The primers used for this analysis were provided in S3 Table. Expres-

sion levels were calculated using 2-ΔCT. p-value <0.05; two-way ANOVA test was used to ana-

lyze the factors time and sex. Tukey´s (time) and Sidak´s (sex) were used to correct the

multiple comparisons. Tests were performed using GraphPad Prism software v.6.0.

Respirometry analyses on mechanically permeabilized heads

Respiratory activity of mechanically permeabilized heads from Aedes Rio mosquitoes was per-

formed using a two-channel titration injection respirometer (Oxygraph-2k, Oroboros Instru-

ments, Innsbruck, Austria) according to a method previously established by our group [38,39].

Aedes Rio mosquitoes (reared from F8-F10 eggs) were kept with 10% sucrose ad libitum, but

not blood fed. The post-emergence time points tested were 2, 12, 24, 48, and 96 hours. Males

and females were dissected and a pool from 15 heads was placed into the O2K chamber filled

with 2 mL of respiration buffer (120 mM KCl, 5 mM KH2PO4, 3 mM HEPES, 1 mM EGTA,

1.5 mM MgCl2, and 0.2% fatty acid free bovine serum albumin, pH 7.2). The samples were

subjected to a mechanical permeabilization inside the respirometer chamber by stirring at 750

rpm for about 10 minutes. The analysis was performed at 27.5˚C and 750 rpm. The substrate–

uncoupler–inhibitor titration (SUIT) protocol was started by adding 10 mM pyruvate followed

by 10 mM proline (Pyr+Pro). This combination of substrates was used because pyruvate and

proline represent two of the main substrates used by Ae. aegypti as was shown previously by

our group [40]. Then, 2 mM ADP was added and the oxygen consumption coupled to ATP

synthesis (ATP linked respiration) was calculated by subtracting the oxygen consumption

after substrate addition from ADP-stimulated oxygen consumption rates. The maximum

uncoupled respiration was induced by stepwise titration of carbonyl cyanide p-(trifluoro-

methoxy) phenylhydrazone (FCCP) to reach final concentrations of 0.8 μM. After that, the

contribution of complex I on the electron flow was determined by the addition of 0.5 μM rote-

none. Finally, respiratory rates were inhibited by the injection of 2.5 μg/mL antimycin A and

the residual oxygen consumption (ROX) represents the oxygen consumed by the cells, not due

to respiration. The maximum respiratory rates (ETS) were calculated by subtracting the anti-

mycin resistant oxygen consumption from FCCP-stimulated oxygen consumption rates. The

“leak” respiratory states, that represents the oxygen consumption in the presence of high
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substrate concentration but in the absence of ADP, was calculated by subtracting the antimy-

cin resistant oxygen consumption from the oxygen consumption after Pyr+Pro addition. An

injection of the oxygen enriched gaseous mixture (70% O2 and 30% N2 mol/mol) was per-

formed once the oxygen concentration fell down below 150 nmol/mL into the O2k-chamber.

This is important to avoid the potential effects of oxygen diffusion and electron transfer due to

oxygen shortage during measurements [41].

Cytochrome c oxidase activity was measured polarographically at the end of the routine of

respiratory analysis using 2 mM ascorbate and 0.5 mM N,N,N’,N’-Tetramethyl-p-phenylene-

diaminedihydrochloride (TMPD), as an electron-donor regenerating system. To discriminate

the oxygen consumption due to complex IV from the self-oxidation of TMPD, 5 mM of KCN

was added at the end of each experiment, and cytochrome c oxidase activity was considered as

the oxygen consumption rate cyanide sensitive. Since cytochrome c oxidase activity is limited

by low oxygen concentrations [42], the oxygen enriched gas mixture was also injected before

measuring cytochrome c oxidase activity. All oxygen consumption rates were normalized for

the protein content, using another pool of heads collected in the respective hours after emer-

gence, and quantified using the Lowry assay [24]. P<0.05; two-way mixed-effect ANOVA

model was used to analyze the factors of time and sex. Tukey´s were used to correct the multi-

ple comparisons. Tests were performed using GraphPad Prism software v.6.0.

Citrate synthase activity

Aedes Rio mosquitoes (reared from F8-F10 eggs) were kept with 10% sucrose ad libitum, but

not blood fed. The post-emergence time points tested were 2, 12, 24, 48, and 96 hours. Males

and females were immobilized by chilling on ice onto a pre-cooled Petri dish and then dis-

sected to obtain the heads (Pools of 15, N = 4). Citrate synthase activity was determined in

whole cell lysates following methods described in the literature [40] with minor modifications.

The heads were homogenized with a tissue grinder in a Teflon pestle in 0.05 mL of hypotonic

buffer (25 mM potassium phosphate and 5 mM MgCl2, pH 7.2) and subsequently subjected to

three freeze-thawing cycles. The enzyme activities were measured spectrophotometrically [43]

at room temperature, in 75 mM Tris-HCl pH 8.0, 0.03 mM acetyl-CoA, and 0.25 mM DTNB,

using a SpectraMax M3 Multi-Mode Microplate Reader spectrophotometer (Molecular

Devices, California, USA). Enzyme activities were determined using samples corresponding to

about 10 μg of protein. The rate of reduced coenzyme A (CoASH) production was determined

using the thiol reagent 5,5’ -dithiobis (2-nitrobenzoic acid) (DTNB), which has an absorption

maximum at 412 nm. P<0.05; two-way ANOVA test was used to analyze the factors time and

sex. Tukey´s were used to correct the multiple comparisons. Tests were performed using

GraphPad Prism software.

Results

Hematophagic habit manifests along the first post-emergence days

The Aedes Rio emerged mosquitoes exhibited a delayed response to blood feeding, becoming

able to acquire blood only after 1-day post-emergence (S1A Fig). Only a small number of

females (13%) fed on blood on the first 24h PE, and about 36% and 61% fed respectively 48h

and 96h PE.

The host seeking behavior showed that females start to seek the host with a minimum of

24h PE (S1B Fig). A significant increase is observed only 96h PE when seeking behavior to a

human host reaches approximately 75 cumulative visits, within a 5-minute window. Most of

the females were enabled to search, find, and acquire their first blood meal upon 96h PE.
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Despite this, some females can feed before 96h with the same efficiency, as the ones that fed 24,

48, or 96h PE ingest equal blood amounts (S2 Fig).

Differential gene expression along the post-emergence phase is time and

sex-dependent

RNA-Seq transcriptome analysis was performed to understand the molecular maturation pro-

cesses that occur during HGC. We evaluated the transcriptome of 72 libraries from heads and

bodies of males and females, after 2, 12, 24, 48, and 96 hours PE. The time course was estab-

lished based on the host seeking behavior and first blood feeding (S1 Fig) in agreement with

the literature (reviewed by [44]). While at 2h PE females do not feed on blood, at 96h PE

almost all insects are able to full blood engorgement. Using this timeframe, we were able to

assess all molecular parameters during the transition period from sugar to blood meals.

A total of 1,160,614,703 raw reads were generated from heads and 1,164,028,130 from the

bodies of males and females combining all time points. After removing adaptors, poor quality,

and/or small reads, a total of 1,141,101,980 clean reads were obtained for the heads and

1,139,254,496 for the bodies. Almost 90% of the Ae. aegypti coding sequences (version 5.1) had

aligned reads for both head and body data (S1 Table).

Differentially expressed genes (DEGs) were searched comparing the male and female time

courses, considering genes modulated by time and sex (p-value<0.05). We also compared

male x female data, for each of the five PE time points, using a minimum fold change of 2 and

4 (head and body, respectively) and the false discovery rate (p-value <0.05). The intersection

of these statistical analyses resulted in a total of 203 and 811 DEGs identified in the head and

body, respectively, in a time- and sex-dependent manner (S2 Table). The expression profile

clustering analysis identified female-specific time-dependent clusters showing decrease,

increase, and transient modifications (Fig 1). The clusters H1, H2, H3, and H4 for the head

and clusters B1, B2, B3, and B4 for the body showed very little (or absent) male-specific time-

dependent expression variation. Otherwise, the same clusters showed time-dependent expres-

sion variation for the females, suggesting they contain the genes that are most likely related to

the HGC, since its expression is sex-dependently modulated. We also observed clusters with

very low male-specific variations (Hm and Bm), with the same profile for both males and

females (Hb and Bb), and with opposite profiles (Ho) (Fig 1).

The female gene expression during the PE period was very dynamic, in contrast to what

was observed for males. The clusters B2 (59 genes) peaked at 24h and clusters B3 (484 genes)

and B4 (19 genes) showed gradual expression increase from 24h until 96h. The body clusters

also presented a gradually decreased profile from 2h to 24h (B1–15 genes) (Fig 1A). Some

head clusters had a similar profile as the H2 (43 genes) that peaked at 24h and the H4 (26

genes) that showed gradual expression increase until 96h. Other clusters comprised the clus-

ters H1 (35 genes) and H3 (4 genes) that had the expression peak about 12h but with different

time variations (Fig 1B). The expression profiles were validated by qPCR (S3 Fig) suggesting a

fine regulation of gene expression in females, compared to males.

Among the female-specific DEGs we observed an up-regulation of genes involved in the

gonotrophic cycle, comprising hematophagic features such as blood ingestion and digestion, the

juvenile hormone pathway, and the molecular machinery for the biosynthesis of yolk proteins.

Expression of salivary gland anti-hemostatic genes is enhanced in females

early upon emergence

The salivary glands (SG) produce molecules with anti-hemostatic properties including vasodi-

lators, anticoagulants, platelet aggregation inhibitors, among others [20,45–49].
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Fig 1. Clustering of differentially expressed genes (DEGs). Expression profiles of DEGs during the 96-h post-emergence (PE) time

course. The body data generated 6 clusters (A) while the head data was grouped in 7 clusters (B). The y-axis shows normalized log2

expression values and the x-axis shows female (F) and male (M) time courses from 2 to 96 hours PE.

https://doi.org/10.1371/journal.pntd.0008915.g001

PLOS NEGLECTED TROPICAL DISEASES Aedes aegypti post-emergence hematophagic and gonotrophic capacitation

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008915 January 6, 2021 9 / 32

https://doi.org/10.1371/journal.pntd.0008915.g001
https://doi.org/10.1371/journal.pntd.0008915


Notwithstanding, the feeding act is also an immune challenge, thus the saliva also contains

lysozyme, antimicrobial peptides, angiopoietins, and lectins [49,50]. Most DEGs up-regulated

in the female body and related to the SG (Fig 2A) belong to B2 and B3 clusters and were

increased at 24h PE. Those include the salivary apyrase (AAEL006333), serpins (AAEL003182

and AAEL007420), c-type lectin (AAEL000556), angiopoietin (AAEL00749), antigen 5 related

proteins (AAEL00793, AAEL003053 and AAEL003057), and mosquito specific families such

as D7 (AAEL006417 and AAEL006423), Sialokinins (AAEL00229), aegyptins (AAEL010228

and AAEL010235) and 15–17 kDa proteins (AAEL004809).

Expression of protease genes in females is enhanced late upon emergence

Vertebrate blood is a rich source of proteins that are digested into amino acids and subse-

quently used to complete the gonadotrophic cycle in adult females. The main enzymes

involved in the digestion of blood proteins are endoproteolytic serine proteases, carboxypepti-

dases, and aminopeptidases [51,52]. Among the DEGs present in clusters B2, B3, and B4, three

carboxypeptidases, two aminopeptidases, and nineteen serine proteases that were significantly

up-regulated in females upon 48-96h PE (Fig 2B). We also found one aminopeptidase and

eight serine proteases which expression increased in males (cluster Bm) (Fig 2B). From the

twelve serine proteases known to be expressed in the midgut [53–58], eight were up-regulated

in females at 48-96h PE in cluster B3 (Fig 2B), even prior to a blood meal. They were the early

phase trypsin (AaET) (AAEL007818), Aa5G1 (AAEL013712), female-specific chymotrypsin

(AAEL003060), JHA15 (AAEL001703), AaSPIII (AAEL013623), AaSPIV (AAEL0013628),

AaSPV (AAEL008085) and AaSPVI (AAEL010196). Although AaSPI (AAEL007432) and

AaSPVII (AAEL010202) were not differentially expressed, they showed a profile similar to the

B3 cluster (S4 Fig). Interestingly, the late phase trypsin (AaLT—AAEL013284) did not follow

the same pattern, being up-regulated in males but not in females (Fig 2B). Since the AaSPII

gene (AAEL008093) was removed from the last version of the Ae. aegypti transcripts gene pre-

diction tool (5.1), its expression was not assessed.

To determine a clear pattern of serine proteases expression upon emergence, we assessed

the expression profile of 90 serine proteases gene sequences previously described in the litera-

ture [59]. We observed that the expression of ~ 18% of the serine proteases analyzed was differ-

entially up-regulated in females, mostly belonging to cluster B3. Additionally, 36% of these

sequences followed the same profile of expression, increasing in females only at 48-96h (S4

Fig). In combination, they represent ~ 54% of the 90 serine proteases sequences investigated,

some of them with confirmed roles in blood digestion. The huge increase in protease expres-

sion observed suggests that females activate a molecular program to enable massive blood

digestion. However, some of the up-regulated genes involved in proteolysis may also partici-

pate in other processes including hemostatic regulation in saliva and/or in signaling cascades.

Previtellogenesis: Juvenile hormone signaling and ribosome biogenesis

pathways

JH is an endocrine regulator that induces the heterodimerization of the JH intracellular recep-

tor Methoprene-tolerant (Met) and its coactivator Taiman (Tai) to bind to juvenile hormone

regulating elements (JHREs), modulating the expression of several genes [9] (S5A Fig). The

JH receptor (AAEL025915) is differentially expressed in the PE phase (B2) and Tai

(AAEL023902) showed an increased profile in females, at 48-96h, for most isoforms (S5B Fig).

JH signaling transcriptional repression indirectly requires the involvement of other tran-

scription factors [16]. Hairy recruits the corepressor Groucho 1 (Gro1) down-regulating target

genes [60] (S5A Fig). The Gro1 expression was not included in S5B Fig due to the very low
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Fig 2. Female-specific up-regulation of salivary gland and proteases genes. Hierarchical clusterization of salivary

gland (A) and serine proteases, aminopeptidases, and carboxypeptidases (B) DEGs for the body. The heatmap y-axis

shows gene codes and x-axis shows female (F) and male (M) time courses from 2 to 96 hours. B2, B3, B4, and Bm are

cluster names described in Fig 1.

https://doi.org/10.1371/journal.pntd.0008915.g002
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expression level observed. It is know that Kr-h1 and Hairy work synergistically [61], we

observed that Hairy expression had a more pronounced increase in females at 96h, however,

Kr-h1 showed different profiles for the two isoforms, one of them increased for both sexes at

96h and the other only to males (S5B Fig).

JH plays an essential role during the HGC stimulating the FB competence for protein syn-

thesis. The FB priming involves nucleoli enlargement, development of Golgi complex, and an

increase in the number of ribosomes [11,62]. One of the genes directly modulated by the JH

signaling pathway is the Regulator of Ribosome synthesis 1 (RRS1), that regulates the proteins

levels of Ribosomal protein large subunit 32 (RpL32), mediating ribosomal biogenesis [12].

The expression profile of RRS1 (AAEL012185) and RpL32 (AAEL003396) was increased in

females at 48-96h PE (S5B Fig). The expression of the major and minor ribosome subunits

genes (S6 Fig) and those from the ribosomal biogenesis pathway (Figs 3 and S7) were

increased at 48-96h PE (B3). Nine genes (13%) were significantly up-regulated in female bod-

ies (B3 cluster) (Fig 3A) from a pathway containing 66 genes (Fig 3B), and another 54 (81%)

had the same expression pattern (S7 Fig).

JH coordinates a series of events in the ovaries during the PE phase, including the develop-

ment of a robust receptor-mediated endocytic pathway, required by the ovaries for Vg uptake

[63]. Three genes regulated by this pathway were analyzed: the vitellogenin receptor (VgR),

the lipophorin receptor (LpR) and a Heavy-Chain Clathrin (CHC) [64] (S5A Fig). The VgR

(AAEL007657) was differentially expressed (B3). The LpR (AAEL019755) has 18 isoforms in

the current version (5.1) of Ae. aegypti genome gene prediction, where five isoforms were

enhanced in females at 48-96h PE and eight in males (two were DEGs). We could not observe

expression at a detectable level for the other isoforms. The CHC (AAEL022819) had two iso-

forms and both were expressed similarly in males and females (S5B Fig).

Functional enrichment analysis of the DEGs

Functional enrichment analysis was based on DEGs gene ontology (GO) classification (p-

value <0.05, hypergeometric test; FDR 10% corrected Fisher’s exact test). The enriched GO

terms in the body were associated with cell growth, involving cell cycle and division, DNA

metabolism, and structure (S8A Fig). The GO terms enriched in the head covered two major

functions: (1) movement and muscle contraction; and (2) mitochondrial function, including

metabolic pathways, and transport systems related to this organelle (S8B Fig). The functional

enrichment analysis did not find gene classes obviously related to hematophagy, however they

might reflect new basic and necessary functions that support this habit. The DNA replication

pathway/system and the oxidative phosphorylation pathway were analyzed in more detail fur-

ther in this work.

Increase in DNA metabolism in the female body at 48-96h post-emergence

The functional enrichment analysis showed the overrepresentation of the genetic information

processing genes in the body. The classes included "nucleus", "chromosome", "nuclear chromo-

some", "nuclear envelope", "protein-DNA complex", "cell cycle", "DNA metabolic process",

"DNA replication", "cell proliferation", "chromatin assembly" and "single-stranded DNA bind-

ing". The DNA replication pathway belongs to the DNA metabolic process and their genes

were almost all more expressed in the female body over time when compared to males. This

group contains approximately 31% of DEGs from Clusters B2 and B3 and more 66% following

the DEG expression profile (Figs 4A and S9A), summing almost all genes.

We also observed an increase in gene expression of cell cycle regulators in the female body

at 48-96h PE (cluster B3), such as cyclins and cyclin-dependent kinases (Cdk), and
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Fig 3. Female-specific up-regulation of the ribosome biogenesis pathway. Heatmap of differentially expressed genes

(DEGs) for the body (A). The y-axis shows gene codes and the x-axis the female (F) and male (M) time courses from 2

to 96 hours; B3 is a cluster name described in Fig 1. Ribosome biogenesis pathway (B). DEG gene names are in red

boxes (significantly upregulated in female bodies, B3 cluster), genes not DEG but with similar expression profile in

pink, dissimilar or invariable profile in green and absent genes in white (Source: KEGG Mapper tool). The complete

heatmap was included in S7 Fig.

https://doi.org/10.1371/journal.pntd.0008915.g003
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chromosome associated proteins such as histones (S9B Fig). The Cyclin-dependent kinase 2

(Cdk2)—Cyclin E complex is required for G1/S transition and endoreplication in Drosophila
[65,66]. The transcription factor E2F1 stimulates the entry in the S phase by regulating the

expression of cyclin E and genes related to DNA synthesis [67]. We observed the significant

up-regulation of Cyclin E (AAEL009057), and the expression increase of Cdk2 (AAEL023423)

and four isoforms of E2F (AAEL022462B-E) (S9 Fig).

The DNA mismatch repair pathway is responsible for the repair of mismatched base pairs

during DNA replication [68] and was already described in Ae. aegypti [69]. Among its 21

genes, 5 were significantly up-regulated in females (cluster B3) and 15 more were enhanced

with a similar profile (S10 Fig).

Altogether, our data suggests that the cells of the female’s body may be either proliferating

or increasing their DNA content through the modulation of cell cycle regulators expression

and the increase in DNA replication and repair pathways.

Muscle development in females head at 2-12h post-emergence

The H1 cluster (Figs 1B and S11) had 18 genes (51%) associated with movement and struc-

tural functions, including cytoskeleton, muscle contraction and development. The gene ontol-

ogy analysis of the head DEGs (S8B Fig) revealed the enrichment of "cytoskeleton" and "actin

cytoskeleton" as cellular components and "muscle contraction" as a biological process. Among

the proteins identified within these groups were myosins, tropomyosins, paramyosins, muscle

lim proteins and myofilins. The genes coding these proteins were significantly up-regulated on

females from 2 to 24h PE (S11 Fig).

Activation of mitochondrial biogenesis increases respiratory capacity and

ATP-linked respiration early upon emergence in females

Among the 43 genes in cluster H2, 21 (48%) belong to the oxidative phosphorylation

(OXPHOS) pathway. These genes correspond to subunits of complexes I, II, III, IV and F1Fo

ATP synthase (Figs 4B and S11). Remarkably, these genes were those that were significantly

up-regulated in the females head over time when compared to males. We also observed that 63

genes (70%) had the same H2 group expression profile, but not differentially expressed. Only a

small fraction of genes (6%) in the OXPHOS pathway presented an expression profile that did

not fit the H2 cluster (Figs 4B and S12). Globally, we observed a female-specific expression

increase of genes involved in OXPHOS pathway along maturation.

Since the expression of genes involved in OXPHOS pathway was remarkably increased in

female heads along PE, we next wondered whether this would be reflected in a gain of meta-

bolic function. We then determined oxygen consumption rates (OCR) using pyruvate and

proline (Pyr+Pro) as substrates along the same time course in mechanically permeabilized

male and female heads (Fig 5). The reason to use these substrates lies in the fact that respira-

tion coupled to ATP synthesis in Ae. aegypti flight muscle mostly uses proline and pyruvate to

sustain respiration rates [38,40]. Indeed, we observed a trend towards an increase in expression

of genes coding for pyruvate/proline transport and/or oxidation in the female upon PE (Figs

5A and S13A). Examples include proline dehydrogenase, subunits of pyruvate dehydrogenase

complex, and mitochondrial pyruvate carrier (Fig 5A). The expression profile of these genes

was very close to the H2 cluster, the same found for almost all genes of the OXPHOS pathway.

Fig 5B shows a representative trace of oxygen consumption of mechanically permeabilized

Ae. aegypti female heads using Pyr+Pro as substrates. The oxygen consumption coupled to

ATP synthesis (ATP-linked) significantly increased in female heads over time (Fig 5C). This

strongly indicates that increased expression of OXPHOS components in females head upon
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Fig 4. Female-specific up-regulation of DNA replication and oxidative phosphorylation genes. The DNA replication pathway was up-regulated in the

female body (A) and the oxidative phosphorylation (OXPHOS) pathway in the head (B). Differentially expressed genes (DEG) names are in red boxes

(upregulated in female body, clusters B2, B3, and H2), genes not DEG but with similar expression profile in pink, dissimilar or invariable in green and absent

genes in white (Source: KEGG Mapper tool). The complete heatmaps were included in S9 and S12 Figs.

https://doi.org/10.1371/journal.pntd.0008915.g004
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PE reflects in improved energy supply by mitochondria. The maximum respiratory rates

(ETS), induced by uncoupling of respiration from ATP synthesis, also increased significantly

in females over PE time points (Fig 5D). Interestingly, the slight differences between ATP-

linked and ETS respiratory rates indicate that ATP synthesis through OXPHOS requires

almost the maximal capacity provided by mitochondria, similarly to flight muscle mitochon-

dria [38,40]. Cytochrome c oxidase (COX) activity (Fig 5E), leak (Fig 5F), and residual respi-

ratory rates (Fig 5G) followed the same trend, significantly increasing in females’ heads over

time. Remarkably, respiratory rates in males´ heads were not significantly altered upon PE for

any of the mitochondrial metabolic states investigated (Fig 5). Therefore, increased expression

of OXPHOS pathway genes (Fig 4B) resulted in a female-specific gain of function in Ae.

aegypti head in the first days after emergence, underscoring the key role of OXPHOS to HGC

(Fig 5).

The simultaneous increase in all mitochondrial metabolic states assessed is suggestive of

induction of mitochondrial biogenesis. We then measured citrate synthase (CS) activity, as a

proxy of mitochondrial content [70]. A two-step increase in CS activity was observed in female

Fig 5. Increased expression of genes involved in mitochondrial processes drive respiratory rates and OXPHOS. Heatmap of genes related to pyruvate and

proline oxidation (A), the y-axis shows gene codes and x-axis shows female (F) and male (M) time courses from 2 to 96 hours, details in S13A Fig; typical traces

of oxygen consumption rates (OCR) (B), the OCR (red line) and concentration (blue line) were obtained from mechanically permeabilized Aedes Rio female

heads at 24 hours PE using Pyr+Pro as substrates; oxygen consumption linked to ATP synthesis (OXPHOS) (C); maximum respiratory rates (ETS) (D);

Cytochrome c oxidase (COX) activity (E); Leak represents the oxygen consumption in the presence of high substrate concentration but in the absence of ADP

(F); residual oxygen consumption (ROX) (G); citrate synthase activity (H). Bar graphs show mean (SEM) for male and female at different PE time points.

Interaction p-value between sex and time factors (two-way ANOVA) are displayed above the bars. ns = not significant; �p-value<0.05; ��p-value<0.01; ���p-

value<0.001.

https://doi.org/10.1371/journal.pntd.0008915.g005
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heads: the first one at 12-24h PE and a second and higher one at 48-96h PE. Curiously, the pat-

tern of increased CS activity is sex-independent, although at the end of the maturation process

(96h) was significantly higher in females compared to males (Fig 5H). Despite this, the overall

comparison between the female and male CS time curves was not significant. We then consid-

ered whether mitochondrial biogenesis would be responsible for the differences observed in

respiratory rates, by normalizing OCR by their respective CS activities in each sex group and

time points. S13B–S13F Fig show that all significant time-sex-related differences observed in

Fig 5 were completely abolished, regardless the mitochondrial metabolic state. Together, these

results indicate that the maturation process upon emergence in females´ head involves the

activation of mitochondrial biogenesis that ultimately increase mitochondrial content, respira-

tory rates and energy provision by OXPHOS.

The expression of genes involved in mitochondrial electron transport system, heme biosyn-

thesis and mitochondrial DNA metabolism are regulated by transcriptional factors such as

peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1ɑ), mitochon-

drial transcription factor A (TFAM) and dimethyladenosine transferase 2 (TFB2M) [71–73].

Interestingly, the Ae. aegypti orthologues of PGC-1ɑ (AAEL003768), TFAM (AAEL013643)

and TFB2M (AAEL012582) were up-regulated in female heads earlier than those involved in

OXPHOS pathway (S14 and S12 Figs). We also observed the expression of the first enzyme of

the heme biosynthetic pathway, 5-aminolevulinate synthase (ALAS2—AAEL007787), that had

two of three isoforms with a similar expression profile as the OXPHOS pathway genes, a tran-

sient increase peaking at 12-24h (S14 Fig). Therefore, we propose the hypothesis that activa-

tion of specific transcription factors involved in mitochondrial biogenesis is an early event that

results in later increases in expression of OXPHOS pathway components, and ultimately

enhancing respiratory rates and energy supply through the oxidative phosphorylation.

Discussion

The understanding of the hematophagic and gonotrophic capacitation (HGC) as a maturation

process that occurs in newly emerged females is fundamentally important to conceptually

identify specific new targets for vector control. Previous transcriptomic, microarray and prote-

omic studies have studied the post-emergence (PE) phase in females, revealing altered meta-

bolic pathways in midgut, fat body and salivary glands [16–20,74], but just the mosquito

antenae transcriptome compared gene expression based both on sex and time [21]. Notwith-

standing, the available knowledge did not consider the sexual dimorphism in the time context

of PE phase and were mostly focused on the fat body. To fill this gap we performed time-

dependent molecular and biochemical analyses to comprehensively identify mechanisms

involved in Ae. aegypti HGC comparing both sexes upon emergence. Our transcriptomic anal-

yses showed that genes involved in blood feeding were significantly up-regulated exclusively in

females even prior to the first blood meal, in a time-dependent manner. We observed that cell

growth and DNA metabolism related genes were more expressed in the female body than in

males. We also showed that the OXPHOS pathway and consequently the respiration rates

enhanced in females head, compared to the male, due to a remarkable increase in mitochon-

drial content. Collectively, the data presented here support the notion the activation of a sex-

biased program in female´s head involving mitochondrial biogenesis and OXPHOS activity is

a key mechanism underlying HGC process. Although the mechanisms involved in the activa-

tion of mitochondrial biogenesis genes remain elusive, we envisage that targeting such mecha-

nisms would represent new avenues for vector control strategies.

The Aedes Rio colony started recently from field mosquitoes captured in Rio de Janeiro

state, Brazil. The assessment of the females blood feeding and host seeking behaviours showed
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that both started at 24h and increased until 96h (S1 Fig). These results are in agreement with

reported data. Early studies determined the pattern of the first blood-feeding for Ae. aegypti,
where most of the individuals (~50%) acquired the first blood meal upon 24–48 h PE

(reviewed by [44]. The host seeking behavior has been described after 18-24h PE [75].

Here we observed cohorts of gene expression unique to females in the PE phase in the head

and body (Fig 1). It is remarkable that each cluster was mainly associated with a specific func-

tion/system, except cluster B3 that contained 484 genes, and therefore more functions. The H1

cluster (Fig 1B) was associated with movement function, with proteins related to the cytoskele-

ton and to muscle contraction. The head actually has several muscles associated with sensory

organs and mouthparts, including the salivary pump that connects the esophagus, neck and tho-

rax [44]. From 2 to 24h PE there was an up-regulation of proteins associated with muscular func-

tion (S11 Fig) previously to the blood-feeding behaviour start (S1 Fig), suggesting that the head

muscles development after the adult emergence is necessary for the blood ingestion. The decision

of using the whole head and decapitated body prevented the identification of the origin tissues of

DEG in some cases, but also avoided a priori exclusions that allowed findings like this related to

the muscular tissue. The H2 cluster (Fig 1B) had a very marked relationship with the OXPHOS

pathway (Fig 4B), almost 50% of the H2 genes coded proteins to this pathway. The salivary pro-

tein coding genes are in the cluster B2 (16 genes, representing 27% of the cluster) and cluster B3

(7 genes, representing 1.5% of the cluster) (Figs 1A and 2). The cluster B3 (Fig 1A) was not only

the biggest cluster with 484 genes, but also the most functionally diverse. This particular cluster

contained proteases, cell cycle, DNA replication and repair, ribosome and ribosome biogenesis,

transcription factors and signaling genes, among others (Figs 3–5 and S4–S8).

The remarkable changes in gene expression that females experienced upon emergence can

be observed by the inflection present at the 24h time point in almost all cluster gene expression

curves (Fig 1: B1, started baseline at 24h; B2 and H2, sine wave top; B3 and B4, started expres-

sion increase). These gene expression changes at 24h were synchronized and very closely related

to the female ability to start to feed on blood at this time (reviewed by [44]) (S1 Fig). Among

the genes found up-regulated in females were those related to blood feeding, so we decided to

evaluate the expression of genes previously associated with the gonotrophic cycle, such as sali-

vary proteins, proteases, ribosome biogenesis and JH signaling pathways (Figs 2–4 and S4–S6).

Salivary genes were up-regulated in females as preparation for blood meal

intake

Salivary sex-specific proteins of 2 to 5 days old adult Ae. aegypti were already described [20]

and our data confirmed the up-regulation in the female body of 25 salivary genes from the 84

described (B2 and B3 clusters, Fig 2A). The difference probably was due to the samples, while

we used the mosquito whole body (that contains the salivary glands), Ribeiro used only the sal-

ivary glands. One example of up-regulated gene is aegyptin (AAEL10235-RA), the coded pro-

tein binds to collagen, inhibiting platelet aggregation and adhesion. Its down-regulation

promotes longer probing time and reduction on feeding success [48]. All of the salivary up-

regulated genes have the same transient expression, peaking at 24h or 48 PE. Their maximum

production matches the time that the females are enabled to acquire a blood meal, showing

again that the saliva is obviously a piece of the HGC.

Proteases involved in blood digestion are highly up-regulated in females

body

After the ingestion of a blood meal, proteases, especially trypsins, play an important role in

protein digestion [52,76]. The literature has many descriptions of trypsins that have their
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protein level/activity triggered by a blood meal, such as AaET, AaSPI, AaSPVI, AaSPVII,

AaLT, and female-specific chymotrypsin [52–55,57,77]. Although we did not include blood-

fed females, we could find 18% of all proteases (listed by [59]) significantly up-regulated in the

body at 48-96h (B3 cluster) and other 36% with an expression increase (Figs 2B and S4).

These results suggest that some proteases are up-regulated by the HGC, previously to the first

blood feeding, complementary to the common-sense knowledge of protease regulation by the

blood diet ingestion.

Two serine proteases with trypsin-like activities account for the majority of the blood meal

digestion [52,53]. AaET, that shows an intense proteolytic activity between 1 and 6h after a

blood meal, and AaSPVI, that belong to the 5G1 family, has it’s main activity (75%) from 12-

36h after a blood meal [52,53]. Evidence indicates that AaET is transcriptionally regulated by

JH and translationally regulated by a blood meal [78,79]. Our results suggest that this feature

could not be exclusive from AaET since the proteases AeET (AAEL007818), female-specific

chymotrypsin (AAEL003060), AaSPVI (AAEL010196) and AaSPVII (AAEL010202) had

expression peaking at 48h PE (Fig 2B) and were already described to have their activity

increased by the blood meal. Despite the classical role of serine proteases in midgut blood

digestion, we cannot rule out their potential involvement in key biological functions in other

tissues. For instance, it was already described the presence of serine proteases in the salivary

glands of adult females and it was suggested they play a role in immunity [48]. The male

expression increase of several trypsins analyzed (Fig 2, cluster Bm) was not an expected result.

For example, the late phase trypsin (AaLT—AAEL013284) is known as a midgut-specific pro-

tein that increases in content and activity after a blood meal in females [79,80]. Interestingly, it

was significantly up-regulated in males after the emergence, raising questions about its biologi-

cal role and tissue origin on the males, that are not under HGC.

Juvenile Hormone signaling differs between female and male mosquitoes

The JH drives the shift of unfed Culex nigripalpus females from nectar to blood-host odour

[81]. This hormone acts regulating gene expression during the PE phase, where the genes/pro-

teins involved in the signaling were already identified in the female fat body and ovaries

[82,83]. Our results revealed these genes have expression differences between the female and

male mosquitoes (S5B Fig). One isoform of the key gene Met (AAEL025915-RC) is signifi-

cantly up-regulated in the female body. Some isoforms of Tai (AAEL023902) and Hairy

(AAEL027674) were also increased at 48-96h PE in the female body, but others showed expres-

sion on the male body. The gene Kr-h1 was previously classified as late PE phase gene [16].

We observed the same late expression pattern to both sexes for Kr-h1 isoform A

(AAEL002390-RA) while the other isoform was increased only in males (AAEL002390-RB)

(S5B Fig). These time-sex differences highlight the relevance of JH signaling pathway for the

female HGC and also are closely related to the striking difference in the gene expression clus-

tering between the sexes (Fig 1).

An important molecular machinery regulated by JH signaling is the ribosome biogenesis

pathway. This machinery is important for vitellogenesis, including the synthesis of Vitello-

genin (Vg), a major yolk protein. The female time-dependent expression increase of ribosomal

genes was shown on the fat body [12]. Here, we revealed that the expression of almost all genes

of the ribosome biogenesis, including the ribosome subunits themselves have significant up-

regulation or increased expression not only based on time, but also on sex (Figs 3 and S6 and

S7). The vitellogenin receptor (VgR) has a known expression profile in the ovary by Northern

blot [84]. Our observations confirmed the VgR (AAEL007657) female expression profile, sig-

nificantly up-regulated in the body (S5B Fig), due to the vitellogenesis preparation.
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The lipid metabolism is also related to the JH signaling [74]. In Ae. aegypti female fat body

there is a known TAG accumulation until 72h PE and a decrease in β-oxidation and lipid

catabolism [74]. Here, we observed sex-specific expression increase of the lipophorin receptor

isoforms (LpR) (AAEL019755) (S5B Fig). The five isoforms more expressed in females might

be related to the fat body lipid stock increase and/or the oocytes preparation for the uptake of

lipophorin during vitellogenesis [64]. In males, the other eight isoforms of LpR had increased

expression compared to females, pointing that the lipid distribution may differ strongly

between sexes in the first days PE (S5B Fig).

Cell cycle control during previtellogenesis

Cells in endoreplication suppress mitosis and cytokinesis repeating S and G phases succes-

sively, increasing their size and ploidy [85]. In Locusta migratoria, the endoreplication in fat

body is regulated by JH signaling that induces the transcription of chromosome maintenance

(Mcm) genes Mcm4 and 7, cell-division-cycle 6 (cdc6), cyclin-dependent kinase 6 (Cdk6) and

E2F [86,87]. The G2 to M phase progression can be avoided down-regulating the expression of

the Mitotic cyclin-dependent kinase (M-CDK), also known as cdc2/CDK1, or their protein

levels by anaphase promoting complex (APC) ubiquitin-mediated proteolysis of cyclins or

cyclin kinase inhibitors [65].

We observed the significant up-regulation of Mcm4 (AAEL10086), Mcm7 (AAEL000999),

and the expression increase of cdc6 (AAEL010855), Cdk4/6 (AAEL001407), and APC complex

proteins (S9 Fig). Besides the regulation, the DNA replication pathway itself had 97% of its

genes significantly up-regulated or with enhanced expression in the female body (Figs 4A and

S9A). Other proteins associated with the cell cycle regulation and progression were also up-

regulated, such as cyclins, cyclin-dependent kinases, and structural proteins that associate with

the DNA such as histones (S9B Fig). These observations suggest the control of the G1 to S pro-

gression, possibly avoiding M phase, which could be a sign of endoreplication engagement

[88,89]. This regulation is crucial to the HGC, and some changes can severely impact those

processes, such as the depletion of Cdk6 and E2F that are known to reduce the endoreplication

in the fat body arresting oocyte maturation [90].

Increasing of the DNA mismatch repair pathway and decreasing of

apoptosis

The endoreplication process is also related to changes on the DNA maintenance and apoptosis

pathways in eukaryotic cells [91]. The key genes of the DNA mismatch repair pathway (MMR)

activation MLH1 (AAEL005858) and PMS2 (AAEL026487) were significantly up-regulated in

the female body together with the expression increase of 71% of the other genes from this path-

way (S10 Fig). They followed the same expression pattern of the endoreplication genes already

mentioned (S9 Fig), indicating a possible enhancement of the DNA replication and repair in

the females in the first hours PE. The apoptosis is controlled to avoid the death of the polyploid

cells [91]. At 48–96 PE, one isoform of the inhibitor of apoptosis 1 gene (Aeiap1)

(AAEL009074-RE) was significantly up-regulated in females, while the other isoforms were

relevant to males (AAEL09074-RB/AAEL009074-RC) (S9B Fig). The core caspases activated

during apoptosis, AeCASP7 (AAEL012143) and AeCASP8 (AAEL014348) [92] are down-reg-

ulated in females at 48-96h PE (S9B Fig). The enhancement of Aeiap1 and decrease of

AeCASP7 and AeCASP8, suggests that apoptosis pathway was down-regulated, corroborating

with the hypothesis of endoreplication activation.

Altogether, our data suggests that endoreplication is activated. Considering the pathways

we found regulated (ribosome biogenesis, ribosome subunits, JH signaling, MMR, DNA
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replication, cell cycle regulators, and apoptosis) (Figs 3 and S5–S9) and the literature insights

in L. migratoria and Drosophila, we suspect the fat body and midgut as possible sights of

endoreplication [88,90]. The polyploid phenotype provides an advantage to synthesize and

secrete a huge amount of macromolecules [85]. We show that during HGC there is an expres-

sion increase in the machinery for protein synthesis (ribosome biogenesis and ribosomes) trig-

gered by JH signaling pathway, possibly supporting the known fat body huge and rapid

biosynthesis after the first blood meal.

Muscle changes in females’ heads

Miofilin is a core protein that interacts with myosins sub filaments that is required for the cor-

rect assembly of thick filaments in insects striated muscles [93]. Flightin is essential for the sta-

bility of thick filaments in the indirect flight muscle of Drosophila by regulating the filament

and sarcomere length [94,95]. It also contributes to stiffness and performance of oscillatory

work [96]. The contraction in thin filaments striated muscles are associated with the activation

of the tropomyosin-troponin complex through Ca2+ binding [97].

Here we observe a significant up-regulation of myofilin (AAEL001082), flightin

(AAEL004249), myosin light chain 1 (AAEL012207), myosin heavy chain (AAEL026217), tro-

ponins I, C and T (AAEL010850, AAEL06572 and AAEL026967) and tropomyosin

(AAEL002761) in females at 2-24h PE (S11 Fig). Notwithstanding the mentioned proteins, the

H1 cluster (Fig 1) sums 51% of its proteins associated with the actin cytoskeleton and muscle

contraction, as identified by GO enrichment (S5B Fig).

The sex differences in gene expression observed in the head suggest that females muscle

thick filaments had improvement assembly, stability and/or strength. There are many muscles

at the mosquito head, they allow movements in sensory organs and mouthparts. Likewise the

diet intake and saliva injection are coordinated by the cibarial and pharyngeal pumps that con-

tract in alternation, oscillating at a frequency of 4.3 Hz [98]. The physiological differences

between sexes demands from females more sensory and feeding challenges, since they need to

find the blood source and suck a fluid that is more viscous than sap, needing higher pump

power [99]. It is important to notice that the higher female expression of the genes related to

muscular function (S11 Fig) occurs during HGC, previously to the observation of the first

engagement in a blood meal and may be needed for it but further investigation is necessary to

define their relation.

Mitochondrial biogenesis triggers an increase in mitochondrial content

and respiratory rates

A remarkable observation was the early increase in expression of mitochondrial biogenesis

transcription factors peroxisome proliferator-activated receptor-gamma coactivator 1 alpha

(PGC-1ɑ; AAEL003768), the mitochondrial transcription factor A (TFAM) (AAEL013643)

and dimethyladenosine transferase 2 (TFB2M) (AAEL012582) (S14 Fig). PGC-1ɑ is known to

induce mitochondrial biogenesis by increasing the expression of genes involved in electron

transport system, heme biosynthesis, mitochondrial DNA (mtDNA) transcription and replica-

tion [71–73]. Interestingly, the expression of PGC-1ɑ occurred early to the OXPHOS pathway

components, suggesting a regulatory role in our model. Similarly, the expression of TFAM

and TFB2M, which are key activators of transcription and replication of mtDNA [100], exhib-

ited an expression profile similar to PGC-1ɑ (S14 Fig). On the other hand, the expression of

nuclear respiratory factors 1 and 2 (NRF1/2) did not follow this trend, since their expression

was reduced in female heads (S14 Fig). Indeed, we observed a significant up-regulation of elec-

tron transport system genes (Fig 4B). We also observed expression increase of many other
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genes involved in OXPHOS including mitochondrial pyruvate carrier 1 and 2, proline dehy-

drogenase, TCA cycle enzymes, as well as many components of the electron transport system

(Figs 4B, 5A and S12). Importantly, these events culminated with a striking increase in mito-

chondrial content, respiratory rates and ATP-linked respiration (Figs 5 and S13). Although

the mechanisms that trigger PGC/Tfam expression remain elusive, the activation of a con-

certed program towards energy provision through OXPHOS in female heads is clear. Conceiv-

ably, increased ATP demand is synced with the start of the blood feeding and host seeking

behaviors (S1 Fig) during the HGC. The aforementioned muscle differences together with the

female sensory neuronal activity (required for host seeking) may be the source of the extra

energy demand that could be met by a more robust energy provision process (OXPHOS).

The synapses require a huge energy requirement. The regulation of ion contents across the

membrane, the synaptic vesicles trafic, the neurotransmitters secretion and reuptake are very

high energy demands, that is provided by the mitochondrial metabolic activity [101]. Addi-

tionally, the mitochondria responds to energy requirements and are transported through the

neuron as needed [102–105]. Specialized cells, such as the photoreceptors cells, have a high

mitochondrial density that can be redistributed according to energy demand [106]. In newly

emerged females, this energy power system might be adjusting to be able to support the per-

ception of huge amounts of new environmental clues, and contributing to the maturation of

the host seeking behavior, that occurs at 24h PE (S1 Fig) during HGC. More research needs to

be done in order to determine the tissue specificity of the phenotype and the relationship with

the blood feeding and host seeking behaviors.

HGC and vector control

The hematophagic and gonotrophic capacitation (HGC) is a female-specific process that takes

place in the first days after the emergence, resulting in a large number of differentially expressed

genes (DEG) peaking at different times during this period. We envisage that identification of

critical molecular mediators of HGC as potential targets to be explored in the future, represent-

ing innovative and valuable tools aiming the reduction in Ae. aegypti fitness and vector control.

In this sense, we suggest a small set of genes involved in HGC considering those DEG with the

strongest sex-dependent expression (highest in females and lowest in males) as the most inter-

esting ones to be targeted by available genetic interventions. These include the salivary antigen-

5 protein AG5-4 (AAEL000793-RA) and the salivary basic peptide 4 (AAEL008310-RA), both

with expression levels very close to Aegyptin (AAEL010235-RA). Among the proteases, JHA15

(AAEL001703-RA) and female-specific chymotrypsin (AAEL003060-RA) are good candidates

as both have expression levels quite close to AaETs (AAEL007818-RA-B). The tubulin beta

chain gene (AAEL002848-RA—Muscle group), RFC3/5 (AAEL007581-RA and AEL009465-RA

—DNA repair group), Cyclin B (AAEL010094-RA—Cell cycle group) had the highest and sig-

nificant expression difference between sexes. Notwithstanding, genes with sex-specific expres-

sion can also highlight CRISPR-Cas9 gene disruption candidates, like the Histone H3

(AAEL019635-RA) which is barely expressed in males, and lipophorin receptor (AAEL019755)

that have 13 isoforms predicted. The transcripts RA and RP were DEG on the male (cluster Bm)

while the transcript RO despite not DEG was the one with the highest female expression.

Finally, despite clear sex-dependent increases in mitochondrial metabolism gene expression

toward the females were observed (S12 Fig), the overall changes were not as high as those iden-

tified in other mechanisms. For this reason, we could not suggest any particular mitochondrial

mechanism to be further explored as a valuable target at this point.

The present study provides insightful information about sex and time effects on the gene

expression dynamics during the first four days after mosquito emergence. In the female head,
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at 2-24h PE (cluster H1) there was an up-regulation of genes related to muscle development

and contraction, suggested to be associated with the feeding/sucking pumps strengthening for

the blood ingestion, denser than sap. At 24h PE (cluster H2) there was the up-regulation of the

oxidative phosphorylation pathway. Functional assessment of mitochondrial function revealed

a gradual increase in respiration capacity, ATP-linked respiration and mitochondrial content

until 96h, suggesting the activation of mitochondrial biogenesis in heads is a required step

towards blood sucking habit. The increase in ATP offer could supply the intense muscle con-

traction, brain activity and chemosensory responses required before or during the blood feed-

ing. Considering the female body, at 24h PE (cluster B2) there was an increase in salivary

gland genes that allow the blood ingestion by their antihemostatic properties. Several pathways

were enhanced at 48-96h PE (cluster B3). The huge increase in trypsins is probably related to

blood digestion, and the cell cycle, DNA metabolism, ribosome biogenesis, and juvenile hor-

mone signaling pathways are possibly related to polyploidization (endoreplication) and intense

biosynthesis preparation for the vitellogenic stage. Our data showed a strong relationship

between the up-regulation of female-specific genes along the first days PE and the hematopha-

gic capacitation and maturation process, unraveling not only new mosquito biological aspects

but also new potential targets for vector control.

Supporting information

S1 Fig. Aedes Rio females take at least 24 hours to mature the host seeking behavior and

take the first blood meal. (A) Percent females freely feeding on an offered artificial blood

meal; and (B) Cumulative number of female visits to the net in the area exposed to a human

arm. The post-emergence time points tested were 2, 12, 24, 48, and 96 hours. Bars upper and

lower whiskers represent the highest and lowest observations. The line inside the bar repre-

sents the median. (Kruskal-Wallis corrected one-way ANOVA comparing the hours post

emergence; (a) P<0.005 (b) P<0.05). N = 5).

(TIF)

S2 Fig. Blood intake by Aedes Rio females during post-emergence phase. Total protein

amount was quantified per midgut of fed and unfed females after offering an artificial blood

meal for 30 minutes. "X", at 2 and 12h PE none mosquito took the blood meal. (Tukey’s cor-

rected one-way ANOVA; ��� P<0.0001. N = 4).

(TIF)

S3 Fig. Validation of female-specific expression profiles by qPCR analysis. One gene was

selected to represent the profile of clusters: B1 (A), B2 (B), B3 (C), H1 (D), and H4 (E). Bar

graphs show mean (SEM) for males and females. The post-emergence time points tested were 2,

24, and 96 hours. Interaction p-values between sex and time factors (two-way ANOVA) are dis-

played above the bars. ns = not significant; �p-value<0.05; ��p-value<0.01, ���p-value<0.001.

(TIF)

S4 Fig. Serine proteases expression profile. Hierarchical clusterization of the serine protease

genes in the post-emergence time points of 2, 12, 24, 48, and 96 hours. Heatmap y-axis shows

gene codes and x-axis the female (F) and male (M) time courses from 2 to 96 hours. B2, B3,

and Bm are cluster names described in Fig 1. Up-regulated genes are highlighted by red arrows

for females and blue arrows for males.

(TIF)

S5 Fig. Juvenile hormone (JH) signaling pathway and its target genes in the fat body and

ovary. Summarized juvenile hormone (JH) signaling pathway (A) The JH biosynthesis occurs
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in the corpora allata (CA), a pair of endocrine glands with neural connections to the brain.

There is a relevant JH increase in hemolymph 12h PE leading the fat body (FB) priming and

maturation of oocytes for vitellogenesis. JH has an intracellular receptor Methoprene-tolerant

(Met), which binds to Taiman (Tai), this heterodimer binds to Juvenile hormone response ele-

ments (JHREs) modulating gene expression. Hairy and Kruppel homolog 1 (Kr-h1) are tran-

scription factors that will regulate the expression of other genes. In the FB, this pathway will

activate Ribosome Biogenesis Regulator 1 Homolog (RRS1) and Ribosomal protein L32

(RpL32), required for Ribosome biogenesis pathway and subsequently the production of vitel-

logenin (Vg). In the ovary, the activation of this pathway will regulate the expression of genes

such as vitellogenin receptor (VgR), Heavy-Chain Clathrin (CHC) and the lipophorin receptor

(LpR), related to the uptake of vitellogenin (Vg); Heatmap of Juvenile hormone signaling path-

way and the cited target genes for the body (B). Heatmap y-axis shows gene codes and x-axis

shows female (F) and male (M) time courses from 2 to 96 hours. B2, B3, and Bm are cluster

names described in Fig 1. Up-regulated genes are highlighted by red arrows for females.

(TIF)

S6 Fig. Ribosome large and small subunits expression profile. Differentially expressed genes

(DEG) names are in red boxes (up-regulated in female body—group B3), genes not DEG but

with similar expression profile in pink, dissimilar or invariable in green and absent genes in

white (Source: KEGG Mapper tool) (A). The hierarchical clusterization heatmap for the large

(B) and small (C) subunits. The y-axis shows gene codes and x-axis shows female (F) and male

(M) time courses from 2 to 96 hours. B3 is a cluster name described in Fig 1. Up-regulated

genes are highlighted by red arrows for females.

(TIF)

S7 Fig. Ribosome Biogenesis Pathway expression profile. Hierarchical clusterization of the

ribosome biogenesis pathway in the post-emergence time points of 2, 12, 24, 48, and 96 hours.

Heatmap y-axis shows gene codes and x-axis the female (F) and male (M) time courses from 2

to 96 hours. B3 is a cluster name described in Fig 1. Up-regulated genes are highlighted by red

arrows for females.

(TIF)

S8 Fig. Enriched Gene Ontology (GO) categories for the differentially expressed genes

(DEGs). Enrichment analysis was performed with Panther scoring tool. The y-axis shows the

GOs enriched for each ontology, as the x-axis the number of genes for the body (A) and the

head (B).

(TIF)

S9 Fig. DNA replication pathway, genes that regulate the cell cycle progression, apoptosis

and histones. Hierarchical clusterization heatmap for the DNA replication pathway (A) and

body differentially expressed genes (DEGs) for cell cycle progression, apoptosis and histones

(B). The y-axis shows gene codes and x-axis shows female (F) and male (M) time courses from

2 to 96 hours. B2 and B3 are cluster names described in Fig 1. Up-regulated genes are

highlighted by red arrows for females.

(TIF)

S10 Fig. DNA mismatch repair pathway expression profile. The hierarchical clusterization

heatmap y-axis shows gene codes and x-axis shows female (F) and male (M) time courses from

2 to 96 hours. B3 is a cluster name described in Fig 1. Up-regulated genes are highlighted by red

arrows for females (A). Differentially expressed genes (DEG) names are in red boxes (up-regu-

lated in female body—group B3), genes not DEG but with similar expression profile in pink,
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dissimilar or invariable in green and absent genes in white (Source: KEGG Mapper tool) (B).

(TIF)

S11 Fig. Muscle development and movement. The hierarchical clusterization heatmap y-axis

shows gene codes and x-axis shows female (F) and male (M) time courses from 2 to 96 hours.

H1 and H2 are cluster names described in Fig 1. Up-regulated genes are highlighted by red

arrows for females.

(TIF)

S12 Fig. Oxidative phosphorylation pathway. The hierarchical clusterization heatmap y-axis

shows gene codes and x-axis shows female (F) and male (M) time courses from 2 to 96 hours.

H2 is a cluster name described in Fig 1. Up-regulated genes are highlighted by red arrows for

females.

(TIF)

S13 Fig. Electron transport chain and normalized oxygen consumption rates (OCR). The

mitochondrial pyruvate carrier (MPC 1 and MPC2) transports the pyruvate across the mito-

chondrial inner membrane into the mitochondrial matrix. The pyruvate dehydrogenase com-

plex is composed by pyruvate dehydrogenase A (PDHA) and B (PDHB), dihydrolipoyllysine-

residue acetyltransferase oxydase (DLAT) and dihydrolipoyl dehydrogenase (DLD). This com-

plex mediates de oxidative decarboxylation of pyruvate to acetyl-CoA, producing CO2 and

NADH. Proline is a main energy source for ATP synthesis in insects through OXPHOS.

Although the molecular nature of mitochondrial proline transporter remains unknown, the

first step of proline metabolism is mediated by proline desidrogenase (ProDH), generating

1-pyrroline-5-carboxylate (Δ1PC) and ubiquinol. Δ1PC is then oxidised to a-ketoglutarate (a-

KG), producing NADH and glutamate. The expression profile of the MPCs and the pyruvate

dehydrogenase complex can be observed in Fig 5A. Blunted arrows indicate the inhibitors

used for each complex in our experiments (A). The head OCRs were normalized by CS activ-

ity. Oxygen consumption coupled with oxidative phosphorylation (OXPHOS) (B); maximum

respiratory rates (ETS) (C); Cytochrome c oxidase activity (D); Leak represents the oxygen

consumption in the presence of high substrate concentration but in the absence of ADP (E);

residual oxygen consumption (ROX) (F). Bar graphs show mean (SEM) for males and females

at 2, 12, 24, 48, and 96h post-emergence. Interaction p-value between sex and time factors

(two-way ANOVA) were not significant (p>0.05) for all panels.

(TIF)

S14 Fig. Mitochondrial biogenesis related genes. The hierarchical clusterization heatmap y-

axis shows gene codes and x-axis shows female (F) and male (M) time courses from 2 to 96

hours.

(TIF)

S1 Table. Summary of the sequencing performance across 72 samples represented by the

number of reads generated (Raw reads), the number of reads that have quality enough to

be analysed (Cleaned reads), the number of reads actually mapped against Ae. aegypti (ver-

sion 5.1) transcripts (Mapped reads), the percentage of reads that actually mapped against

Ae. aegypti (version 5.1) transcripts (% Mapped reads); the number of transcripts (Ae.

aegypti version 5.1) that actually had mapped reads.

(XLSX)

S2 Table. Differentially expressed genes (DEGs) of head (A) and body (B) of Aedes Rio mos-

quitos along the first hours post-emergence (PE).

(XLSX)
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S3 Table. Primers used for qPCR.

(XLSX)

S4 Table. Numbers used in figures.

(XLSX)
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