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Abstract
The Aedes aegyptimosquito is a significant public health threat, as it is the main vector of

dengue and chikungunya viruses. Disease control efforts could be enhanced through repro-

ductive manipulation of these vectors. Previous work has revealed a relationship between

male seminal fluid proteins transferred to females during mating and female post-mating

physiology and behavior. To better understand this interplay, we used short-read RNA

sequencing to identify gene expression changes in the lower reproductive tract of females

in response to mating. We characterized mRNA expression in virgin and mated females at

0, 6 and 24 hours post-mating (hpm) and identified 364 differentially abundant transcripts

between mating status groups. Surprisingly, 60 transcripts were more abundant at 0hpm

compared to virgin females, suggesting transfer from males. Twenty of these encode

known Ae. aegypti seminal fluid proteins. Transfer and detection of male accessory gland-

derived mRNA in females at 0hpm was confirmed by measurement of eGFPmRNA in

females mated to eGFP-expressing males. In addition, 150 transcripts were up-regulated at

6hpm and 24hpm, while 130 transcripts were down-regulated at 6hpm and 24hpm. Gene

Ontology (GO) enrichment analysis revealed that proteases, a protein class broadly known

to play important roles in reproduction, were among the most enriched protein classes.

RNAs associated with immune system and antimicrobial function were also up-regulated at

24hpm. Collectively, our results suggest that copulation initiates broad transcriptome

changes across the mosquito female reproductive tract, “priming” her for important subse-

quent processes of blood feeding, egg development and immune defense. Our transcrip-

tome analysis provides a vital foundation for future studies of the consequences of mating

on female biology and will aid studies seeking to identify specific gene families, molecules

and pathways that support key reproductive processes in the female mosquito.
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Author Summary

Female post-mating behavior has important consequences for mosquito populations and
their ability to transmit diseases. Male Aedes aegypti seminal fluid substances transferred
during mating cause many important changes to female behavior and physiology, includ-
ing blood feeding behavior, egg development, and oviposition. In an effort to understand
how males induce these responses in Ae. aegypti females, we characterized the transcrip-
tome changes that occur in the female reproductive tract at different time points after mat-
ing. We found several RNAs that are apparently transferred by the male, and 280 genes
whose mRNA abundance in the female is affected by mating. The nature of the predicted
products of many of these genes suggests roles in priming the reproductive tract for egg
development, protecting the female against bacterial infections or processing the blood
meal. This identification of mating-responsive genes provides information potentially use-
ful for developing tools aimed at preventing disease transmission by manipulating female
mosquitoes’ post-mating responses.

Introduction
Aedes aegypti is a major vector of arboviruses that impact human health, including those caus-
ing dengue and chikungunya [1]. Collectively, these neglected infections cause significant
human morbidity and mortality. Among these arboviral threats, dengue is considered the most
important, as it affects an estimated 390 million people worldwide per year, with 500,000 epi-
sodes of severe dengue and>20,000 dengue related deaths [2, 3]. In addition, chikungunya is
sweeping across the globe, with nearly 1 million cases in the Americas in 2015 alone [4]. With
no effective antiviral therapy, no commercially licensed vaccine, and no treatment for dengue
or chikungunya, control efforts for these diseases must focus on developing tools for vector
control that will ultimately reduce the burden of human infections [5]. Tools that target key
processes in Ae. aegypti reproduction hold significant promise.

In recent years, progress has been made towards understanding the Ae. aegyptimating sys-
tem. This work builds upon early observations that, after mating, Ae. aegypti females undergo
profound physiological and behavioral changes, including increased egg development and ovi-
position rates [6, 7], changes in host-seeking and feeding behavior [8], and increased mating
refractoriness [9, 10]. These changes largely result from the receipt of seminal fluid proteins
(Sfps) that are transferred frommales to females along with sperm during copulation [9, 11, 12].

Given the dramatic changes in a female’s physiology and behavior after mating, it is likely
that mating triggers large changes in gene expression, yet nothing is known about mating-
induced changes in gene expression in Ae. aegypti females. However, mating-induced transcrip-
tome changes in the female have been studied at the whole-body level in other insects, including
Drosophila melanogaster[13–17], Apis mellifera[18], Ceratitis capitata[19], and Anopheles gam-
biae[20], as well as in theD. melanogaster and An. gambiae reproductive tract (RT) [21–23].

Gene expression profiles of D. melanogaster whole females revealed that, soon after copula-
tion (1–3 hours post-mating; hpm hereafter), a large number of genes showed small-magnitude
changes in transcript levels. In contrast, by 6hpm, larger magnitude changes were observed for
a smaller number of genes [15]. In addition, D. melanogaster females that receive Sfps, but not
sperm, show differential expression of 160 genes at 1–3 hpm. Some immunity-related genes,
especially those encoding antimicrobial peptides, were strongly up-regulated in response to Sfp
receipt. Other categories of genes whose transcript levels were modulated by the transfer of
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Sfps include ones that encode enzymes, receptors, and transporters, some of which are involved
in metabolism [14].

Microarray analysis of the transcriptome of the D. melanogaster female lower RT (reproduc-
tive organs below the oviducts) revealed differential expression of 539 genes in virgin versus
mated females at 0, 3, 6 or 24hpm [21]. Interestingly, there was a pronounced peak in the num-
ber of differentially expressed RNAs at 6hpm, a time when most Sfps are at low levels or are no
longer detectable [24, 25]. Many of these mating-regulated genes encode proteins with pre-
dicted functions in catalytic activity and in nucleic acid binding. Microarray analyses of RNAs
from the oviduct of mated D. melanogaster females identified 432 transcripts expressed differ-
entially in mated relative to unmated females. Among these RNAs, those from immune
response genes showed a substantial increase in expression [22]. In An. gambiae, differential
expression was detected for RNAs encoding various proteases in whole mated females at 2, 6
and 24hpm relative to virgin females. Some of those RNAs were also up-regulated in females
that had mated to spermless males [26], indicating that their abundance was regulated by mat-
ing or seminal molecules rather than by sperm (analogous to results previously obtained in
Drosophila[14]). Microarray analysis of the An. gambiae lower RT at 3, 12, and 24hpm showed
that there is significant upregulation of genes involved in metabolic processes, particularly at
24hpm [23], in agreement with studies of expression profiles of the spermathecae that show
increased expression of metabolic genes after 24 hours [27].

A recent paper reported transcriptome profiles from the fat body of Ae. aegypti after blood-
feeding [28]. Another recent paper described gene expression changes in reproductive tissues
of males and females before and after blood feeding [29]. However, post-mating transcriptome
changes have not been explored for the female RT after mating. Identification of specific genes
and gene classes whose expression is regulated post-mating is vital to understanding the repro-
ductive biology of this disease vector.

We are especially interested in exploring the link between mating and downstream repro-
ductive processes in the Ae. aegypti natural mating system. For this mosquito, the host serves
as an encounter site for mating [30]. Males tend to patrol the space around the human host
and intercept females as they fly in to take a blood meal [31]. For this reason, the first mating
(and often only mating for this primarily monandrous species [32]), blood ingestion, and the
beginning of the first gonotrophic cycle are likely to occur sequentially. Given that mating has
already been shown to accelerate oocyte development, we predicted that the male might
thereby “prime” the entire RT for these subsequent reproductive stages.

Here, we report mating-induced changes in mRNA levels in the Ae. aegypti female RT.
Since we were specifically interested in the male’s potential to prime the female reproductive
system, we examined changes that occurred in the female RT without the ovaries as this is the
primary site of interaction between the male ejaculate and the female. Using short read RNA
sequencing (RNAseq), we compared transcript abundances in the RTs of virgin females to
females at three time points after copulation (0, 6 and 24hpm). We chose the 6 and 24hpm
time points to capture intervals before females typically produce their first egg batch (*72 or
more hours depending on ambient temperature [33]) and to compare with studies conducted
in Anopheles and Drosophila. To consider the potential for transfer of male-derived Sfp tran-
scripts to females, as was observed in D. mojavensis[34], we also included a 0hpm time point.
We identified a total of 364 transcripts that show significantly different abundance levels
between the RTs of virgin and mated females. A subset of these transcripts is likely male-
derived, as their abundance increases dramatically immediately after mating. Furthermore, we
find that several gene ontology (GO) categories are enriched among transcripts that are differ-
entially regulated in response to mating, especially among up-regulated transcripts at 6hpm
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and 24hpm. We discuss these findings in the context of known reproductive processes in other
insects and as potential targets for vector control.

Materials and Methods

Mosquito rearing
We used Aedes aegypti originally collected in Bangkok, Thailand (15.7193°N, 101.752°E) in
2011 and supplemented with field material from the same site in 2012 and 2014. Mosquitoes
were reared as described in [35]. Individual pupae were transferred to vials to ensure virginity
and sorted by sex upon eclosion. Two hundred individuals were transferred into 8L plastic
cages, separated by sex, and held in single-sex groups until experiments commenced.

Mosquito mating
Matings were conducted as described previously [10]. Briefly, 5 to 6 day-old virgin Ae. aegypti
males and females were used for each mating. Each virgin female was released into an 8L obser-
vation cage containing approximately 8 virgin males. Male and female couples were observed
carefully, and copulating pairs were removed using a mouth aspirator after a minimummating
duration of 8 seconds to ensure successful copulation [36, 37]. In addition, a subset of females
were examined for sperm in the spermathecae or in the bursa during dissections. Mosquitoes
from the same cohort were used for the virgin samples and the three post-mating time points.
Females in the 0hpm treatment were placed on ice immediately after mating. Females from the
later post-mating time points were individually transferred into 50mL test tubes after mating
and held in an environmental chamber at 28 ± 1°C with 71.9 ± 9.5% relative humidity and a
photoperiod of 10h light:10h dark (with a 2h simulated dusk and dawn period). At the 6 or
24hpm, females were placed on ice and immediately dissected.

To test for transfer of male-derived transcripts to females during copulation, virgin females
were mated with transgenic males that express eGFP in the accessory glands, driven by the pro-
moter of the Sfp, AAEL010824 [35]. Mated females were placed on ice and immediately dis-
sected after copulation.

Dissections
To dissect reproductive tracts (RTs), females were anesthetized on ice and placed on a chilled
glass slide in a droplet of phosphate-buffered saline (Sigma, St Louis, MO). Dissections were
carried out by first dissecting the 0hpm samples, followed by the virgin samples and the 6hpm
samples. The 24hpm samples were dissected around the same time the following day. Tissues
for each replicate were pooled from several days of dissections. The RT included the bursa, the
three spermathecae, the common oviduct and the two lateral oviducts. Care was taken to
remove any extraneous tissues, including the adherent fat body and ovaries. Immediately after
dissection, RTs were placed in 150μL of Trizol (Invitrogen, Carlsbad, California) and stored on
ice. For RNAseq libraries, between 40 and 60 lower RTs were extracted to obtain*1μg of total
RNA for each replicate of the virgin and post-mating treatments (three replicates for each of
the four samples). To test for eGFP mRNA transfer from males, RNA was extracted from RTs
of 4 or 5 females mated with AAEL010824-eGFP males.

RNA extraction, library preparation and read processing
Immediately after dissection, tissues were homogenized with a pestle, and an additional 350μL
Trizol was added to each sample. Samples were incubated at room temperature for 5 min and
stored at -80°C. RNA was then prepared by chloroform/isopropanol extraction and ethanol
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precipitation following the manufacturer’s protocol (Life technologies, Grand Island, NY). The
concentration of RNA in each sample was measured using a Qubit spectrophotometer (Invitro-
gen, Grand Island, NY), and the quality of RNA was measured on a Fragment Analyzer
(Advanced Analytical Technologies, Inc., Ames, IA).

From total RNA, mRNA was extracted using the poly-A mRNAMagnetic Isolation Module
(New England Biolabs, Inc., Ipswich, MA). cDNA libraries for each replicate were prepared
using the NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs, Inc., Ips-
wich, MA). NEBNext Multiplex Oligos for Illumina (New England Biolabs, Inc., Ipswich, MA)
were ligated to each library prior to sequencing.

Samples were sequenced on the Illumina platform (HiSeq 2500, Cornell University Biotech-
nology Resource Center) in two rounds. In the first, all samples were sequenced in one lane
and the reads were analyzed for consistency among replicates (see below and S1 Methods). It
was found that two of the virgin repicates and one 24hpm replicate contained a large number
of reads derived from rRNAs; thus, these samples were considered to be contaminated with
ribosomal RNA, and were not included in the final analyses. Rather, in the second round of
analysis, one of the virgin replicates and two replicates of each of the mated samples were re-
sequenced at higher depth and used in subsequent analyses in place of the rRNA-contaminated
libraries.

Single-end, 100bp reads were processed by trimming the first 10 bases and end bases below
a quality Phred score of 20 (FASTX-TOOLKIT v.0.0.13). In addition, reads having an average
quality score below 20 were discarded.

Read alignment and differential expression analysis
To generate the transcriptome used for differential expression analysis, each sample was
mapped individually to the Ae. aegypti genome (release AaegL2, VectorBase) (Tophat v.2.0.9).
The Ae. aegypti annotation file (release AaegL2.2) was used as a guide for known transcripts,
allowing us to circumvent the need to heavily annotate the transcriptome de novo. Mapped
reads from each sample were assembled into transcript fragments (Cufflinks v.2.2.1), and
assembly annotations from each sample were merged to produce the gene annotation file used
to define transcripts for differential expression analysis. Spliced transcript sequences were then
reconstructed from the genome sequence using the merged gene annotation file (Cufflinks
“gffread” utility, v.2.2.1). We also analyzed the data for changes in splice-isoforms. The final
transcriptome consisted of 23,770 genes, which comprised 42,858 isoforms.

To perform differential expression testing among samples, each replicate was individually
mapped to the transcriptome (Bowtie2 v.2.2.2) and the raw number of reads mapping to each
transcript was estimated (RSEM v.1.2.8). The read counts were processed and normalized
using the Trimmed Mean of M-values (TMM) method to obtain reads per kilobase of tran-
script per million mapped reads (RPKM) values. A quality filter was established by estimating
a minimum read count (180 reads/transcript) in any given condition, above which a 2-fold
change in expression between virgin and post-mating samples would be considered reliable;
10,031 transcripts satisfy this minimum read count threshold (S1 Methods). Additionally, to
assess consistency among replicates, the fold change between replicates of each sample was
examined; a total of 40 transcripts showed higher than 2-fold difference between replicates of
the same sample and were excluded from further analysis. For each transcript that passed this
filter, the fold change, p-value and false discovery rate (FDR) were calculated separately for
each of the virgin-0hpm, virgin-6hpm, and virgin-24hpm comparisons (edgeR v. 3.2.4). The
virgin-0hpm comparison revealed a set of transcripts that are likely male-derived, and were
thus analyzed separately from later time point comparisons (these potentially male-derived
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transcripts were removed from subsequent analyses). Differentially expressed transcripts with
similar expression profiles from the virgin-6hpm and virgin-24hpm comparisons were
grouped by K-means clustering (R “Cluster” package).

Functional annotation of transcriptome sequences
An annotation database for the transcriptome produced here was created according to the Tri-
notate guidelines for transcriptome annotation (v. r20140708). First, transcriptome sequences
were examined for the presence of coding sequences by in silico prediction of open reading
frames (ORFs) with a minimum peptide length of 20 amino acids (Transdecoder r20140116).
Second, homology to known transcripts was assessed by generating BLASTp and BLASTx
reports against the SwissProt database (www.uniprot.org). Finally, homologous protein
domains (hmmscan v.2.3.2), predicted signal peptides (signalP v.4.1), and predicted trans-
membrane domains (tmHMM v.2.0) were identified for each protein sequence. This compre-
hensive annotation database was used to query possible gene functions and to perform
downstream Gene Ontology (GO) enrichment analysis. GO enrichment analyses were per-
formed for the set of up- and down-regulated transcripts and for clusters with similar expres-
sion profiles (GOSeq:R package v.1.18.0; DAVID v.6.7).

Quantitative real-time PCR (qRT-PCR)
To validate the expression profiles of differentially expressed transcripts identified through
RNAseq, transcript abundance was measured at different time points for seven genes using
qRT-PCR. Total RNA from RTs was isolated as described above (samples were independent
from those used for RNAseq analysis). Prior to cDNA synthesis, RNA was treated with RNase-
free DNAse (Clontech, Madison, Wisconsin). Reverse transcription was performed using 1μg
of total RNA and oligo dT following the manufacturer’s instructions (Clontech, Madison, Wis-
consin). Relative transcript levels of each gene were measured using quantitative PCR con-
ducted with a CFV96 Real-Time System (Bio-rad, Hercules, California). For primer sequences
used, see S1 Table. Amplifications were carried out in a 15μl reaction containing 7.5μl of iQ
SYBR Green Supermix (Bio-rad, USA), 1μl cDNA and 300nM of each primer. Cycle differences
between genes and RpS17 and Actin (ΔΔCT) were compared to generate the relative expression
of the transcripts at different time points before and after mating. Two different housekeeping
genes were included to ensure that mating did not influence transcript abundance of one of
those genes. The fold-change in the RNAseq experiment and the qRT-PCR were compared
using a Pearson correlation coefficient. In addition, qRT-PCR was used to test eGFP mRNA
transfer from males to females during copulation, following the methods describe above.
ΔΔCT for eGFP transfer was generated using RpS17 for normalization.

Results and Discussion
Aedes aegypti undergoes drastic physiological and behavioral changes after mating that result
from the receipt of seminal fluid. Because the reproductive tract plays a crucial role in seminal
receipt, sperm storage and ejaculate processing, and, ultimately, in egg development and ovipo-
sition, we were interested in understanding gene expression changes specifically in RT tissues.
To examine post-mating transcriptome changes within the female RT, we compared transcript
abundance levels in virgin females with those in mated females at 6 and 24hpm. We chose the
6hpm time point based on results from Drosophila, in which the peak of post-mating expres-
sion (the number of differentially expressed RNAs and/or the magnitude of fold-change) was
highest [15, 21]. We chose to examine 24hpm to allow comparison to An. gambiae, whose peak
differential expression was observed at this time [20], allowing us to identify transcriptome
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responses persistent throughout Culicidae. Finally, because male-derived mRNAs have been
reported to be transferred during mating in D. mojavensis[34], we tested whether this phenom-
enon occurs in Ae. aegypti by comparing the RT transcript abundances of virgin females to
those extracted from females immediately after mating (0hpm).

Post-mating transcriptome analysis of the reproductive tract of Ae.
aegypti females
Wemeasured abundance levels of 23,770 assembled transcripts (6,481 previously unannotated),
10,031 of which (1,143 previously unannotated) passed our quality control filter (described above
and in S1Methods). Significance tests for each gene that passed the filter were conducted for each
of the virgin-0hpm, virgin-6hpm, and virgin-24hpm comparisons. We only considered tran-
scripts that had a 2-fold or greater change in abundance between virgin and post-mating samples.
In addition, a transcript was considered significantly differentially expressed if the significance
test p-value was below 0.05 after correcting for multiple tests (Benjamini-Hochberg, [38]).

When considering differential expression across all three post-mating time points, we found
a total of 364 transcripts to be significantly differentially expressed between virgin and post-
mating RT samples (Fig 1A). The median fold-change among transcripts that are significantly
up- and down-regulated across the three time-points was approximately 12-fold and 6-fold,
respectively. The highest increases in abundance were observed at 0hpm (median fold-change
�275 fold) whereas the increases in abundance at 6hpm and 24hpm were markedly lower
(median fold-change�13-fold and 9-fold, respectively). Furthermore, several of the transcripts
that increase at 0hpm maintain high abundance at later time-points. On the other hand, the
median decrease in abundance across the three post-mating time-points was of lower magni-
tude than the increase in abundance, ranging from 4.5-fold to*8-fold. Overall, the majority
of differentially expressed transcripts were found in the 24hpm time-point (Fig 1).

To glean information about alternative splicing, we also examined our data for changes in
isoform abundance. However, isoform discrimination relies on the relatively small number of
reads that span specific exon-exon boundaries, and therefore the subset of isoforms for which
we had sufficient data to draw conclusions was lower than for total gene expression. Neverthe-
less, several interesting examples were identified where dramatic changes in relative isoform
abundances are detected across the mating time course (S4 Fig). Broadly, the isoforms’ behav-
iors mirror those seen in the overall transcriptome data, insomuch as the abundance of some
isoforms increases at specific time points, while others decrease. A further analysis of the splic-
ing changes that accompany changes in post-mating gene expression will require deeper
sequencing and/or improved techniques to fully characterize changes in alternative splicing.

Validation of RNAseq results by qRT-PCR
To confirm the validity of differential expression results from the RNAseq analysis, we
extracted new samples of RNA and used qRT-PCR to examine expression levels of seven genes
selected based on their expression pattern in the RNAseq dataset (Fig 2). The seven genes
include a predicted trypsin (AAEL006414), an oxidoreductase (AAEL009685), two cecropins
(AAEL000621 and AAEL000611), a zinc metalloprotease (AAEL003012), a defensin
(AAEL003841) and a gene with unknown function (AAEL000545). Melt-curve analysis
revealed a single product for each tested gene, confirming the efficacy of primer amplification.
In general, the fold change estimates from both analyses were in close agreement (Fig 2). Our
qRT-PCR validated the reliability of our RNAseq data. For all seven transcripts, the direction
of fold-change was the same in the qRT-PCR and the RNAseq analysis. Moreover, the magni-
tude of fold-change for any given mRNA in both analyses is within 2 standard deviations.
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Many transcripts change in abundance immediately after mating (0hpm)
In our comparison of RT transcript levels between virgin females and females dissected immedi-
ately after mating (0hpm), we observed 76 transcripts whose abundance was>2-fold different
between treatments (Fig 3). Sixteen of these RNAs decreased in abundance (between*4-fold

Fig 1. Transcripts that are significantly differentially expressed after mating. (A) Venn diagram showing the number of down-regulated (left) and up-
regulated (right) transcripts across the three post-mating time points. The up- and down-regulated gene counts are not mutually exclusive, such that
transcripts that are both significantly up- and down-regulated are counted in both sets. (B) Histogram of log2 fold-change for transcripts with 2-fold or higher
difference in abundance between virgin and post-mating samples (divided into 0.5 log2 bins). Each bin is partitioned into the time-point in which differential
expression is detected (DE stage). The histograms are cumulative, such that transcripts that are differentially expressed in multiple time-points are
represented multiple times.

doi:10.1371/journal.pntd.0004451.g001
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and*61-fold) in the 0hpm sample relative to the virgin sample, but nearly all of them gradually
increase in abundance in later time points; these include RNAs encoding several antimicrobial
peptides. On the other hand, sixty transcripts showed increased abundance (between*5-fold
and*1.4x104-fold) at 0hpm, with a median fold change of 275. These include 53 transcripts
that are highly expressed in male reproductive tissues [29] (S5 Fig, Supplementary Results).
Twenty of these transcripts encode known Ae. aegypti Sfps [39], including the previously
described Sfp AAEL010824 [35]. The transfer of Sfps seen here is similar to that reported in D.
mojavensis[34]. However, likely due to strong selection on Sfps in general [40], we found no
clear homology between Sfp transcripts transferred in D. mojavensis and Ae. aegypti. Next,

Fig 2. Expression patterns of seven genes using quantitative RT-PCR. Each sample was obtained from the female reproductive tract minus the ovaries
at different time points after mating. Each sample represents three different biological replicates, two of them using the expression of the gene RpS17 for
normalization and a third using actin expression. Black bars show the results of the quantitative PCR and gray bars show the results of the RNAseq data.
Error bars represent standard deviation. A Pearson correlation coefficient shows a positive correlation between qRT-PCR and RNAseq results (R2 = 0.912,
p-value = 4.88E-6).

doi:10.1371/journal.pntd.0004451.g002
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Fig 3. Expression profile of transcripts that are differentially expressed between the virgin and 0hpm
sample, including their behaviors at 6 and 24hpm. The color scale represents the median-centered log2
RPKM values. Each row is a transcript and the samples are indicated at the bottom (ordered chronologically
from left to right). The top 16 transcripts represent the down-regulated set, while the remaining 60 are those
with higher abundances at 0hpm relative to virgin. Transcripts found to be up-regulated in male reproductive
organs (MRO)[29], as well as known Sfp genes (Sfp)[39], are indicated on the left by blue (n = 20) and purple
markers (n = 33), respectively.

doi:10.1371/journal.pntd.0004451.g003
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using RT-qPCR, we detected eGFP mRNA in the RT of wildtype females mated to
AAEL010824-GFP transgenic males (Fig 4). These data, and the fact that new transcripts are
highly unlikely to have been induced in the females in such quantity during the short time-
frame of an Ae. aegyptimating, suggest that the RNAs detected as “up-regulated” at 0hpm were
likely male-derived.

The expression levels of most of these allegedly male-derived transcripts follow a similar
trend of exponential decay, implying that these transcripts are transferred to the female in one
pulse and are then degraded at a uniform rate. One dramatic case is an unannotated transcript
(XLOC019584) that has the highest abundance level at 0hpm (1.76 × 104 RPKM) and appears
to be specifically expressed in Thai strain males, but not expressed in the Liverpool strain [29].
Mass spectrometry of male accessory gland extracts from the Thai strain (Villarreal, Avila,
Wolfner, and Harrington, in prep) identified three peptides produced from isoforms of this
mRNA (S9 Fig), consistent with XLOC019584 encoding a seminal protein. It is possible that
the male-derived transcripts serve no function in the female, and are simply membrane or vesi-
cle-associated byproducts of apocrine secretion from the male accessory glands.

Differential expression at 6hpm and 24hpm
After removal of allegedly male-derived transcripts (60 transcripts), we found 280 transcripts
that were significantly up- or down-regulated between virgin and the later post-mating (6hpm
and 24hpm) samples (S6 Fig). Because of the correction for multiple tests, the number of signif-
icantly differentially expressed transcripts in this second analysis is less than the number
obtained if the number of male-derived transcripts were simply subtracted from the original

Fig 4. Transfer of eGFPmRNA duringmating.GFPmRNA content in wild type females was measure by
qRT-PCR. Each sample was obtained from either wild type Thai females (4 or 5 individuals) mated to
AAEL010824-GFP transgenic males or wild type Thai females (4 or 5 individuals) mated to non-transgenic
males. Relative expression values were calculated by normalizing the expression with RpS17. This graph
represents three technical replicates, with the error bars representing the standard deviation between those
three replicates.

doi:10.1371/journal.pntd.0004451.g004
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number of differentially expressed transcripts (364). To examine the expression profiles and
functional classes of transcripts that are differentially expressed at 6hpm and 24hpm, we clus-
tered transcripts into groups by K-means clustering. First, we estimated K as the square root of
half the number of transcripts [41], which yielded 12 clusters. Second, clusters with similar
mean expression profile were merged (S7 Fig), such that peak abundance at any given time
point is similar. We ultimately obtained a set of four clusters that summarize the observed vari-
ation in expression profiles among the differentially expressed transcripts (Fig 5A, S3 Table).

It has recently been shown that some genes in Ae. aegypti are under circadian regulatory
control [42]. Because these patterns can influence influence interpretation of abundance
changes in our study, we examined the circadian expression profile of the 280 transcripts iden-
tified here and found that only 10 of these show a circadian pattern of expression (S10 Fig).
Therefore, the expression changes we report here are largely due to mating.

Transcripts up-regulated by mating
To better understand the biological significance of the changes we detected, we carried out GO
enrichment analysis of the 150 transcripts that increased in abundance between virgin and

Fig 5. Transcripts that are significantly up- or down-regulated at 6 and 24hpm. (A) Merged clusters from the K-means clustering analysis depicting the
four mean expression profiles (red line) among transcripts differentially expressed between virgin and later time-points (6hpm and 24hpm). (B) Pie charts of
GO terms associated with up-regulated transcripts (C1 and C2) and down-regulated transcripts (C3 and C4). Only ancestral GO terms are shown for the
three ontology classes.

doi:10.1371/journal.pntd.0004451.g005
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mated-female RTs at 6hpm and 24hpm as a whole (Table 1) and as partitioned into the two
clusters depicting different expression profiles (C1 and C2, Fig 5A, S2 Table). We also assigned
GO terms for each transcript using Ensmbl and VectorBase (Fig 5B, S3 Table). Approximately
37% of these transcripts (57) encode proteins of unknown function (i.e. not classified as
belonging to any specific biological process) (Fig 5B, S3 Table). The remaining transcripts
largely encode proteins involved in cellular localization (17), proteolysis (26), and immunity
(9). The latter were among the most differentially expressed, particularly at 24hpm; their mean
increase in expression was*10-fold. Further, the largest categories of up-regulated genes with
predicted function were those with binding (20) and peptidase activity (39) (S3 Table).

Two clusters derived from the K-means approach comprise the up-regulated set (Fig 5A).
They are characterized by the time-point in which the fold-change was highest: Cluster 1 con-
tains transcripts that are most abundant at 6hpm, while cluster 2 contains transcripts whose
abundance was highest at 24hpm.

Transcripts with highest abundance at 6hpm (Cluster 1). Among the 150 up-regulated
genes, 62 had their highest abundance levels in the female RT at 6hpm relative to virgins (Fig
5A). Among the molecular functions of this gene set, RNAs encoding predicted catalytic pro-
teins (24 transcripts) and binding enzymes (17 transcripts) formed the largest group (Fig 5B,
S3 Table). These catalytic enzymes are largely composed of proteases (10 transcripts), but also
include ATPases (6 transcripts), oxidoreductases (3 transcripts), and various hydrolases. The
significantly enriched GO terms in cluster 1 include sterol transport and cholesterol trans-
porter activity (S2 Table).

Several peptidases are found in this cluster, particularly those with serine-type endopepti-
dase activity. This result parallels findings in D. melanogaster[21], where several protease-
encoding RNAs are up-regulated in the female RT after mating. Two of the serine-type endo-
peptidases in this cluster are predicted oviductins (AAEL014567 and AAEL014570). In Xeno-
pus laevis[43] and Bufo japonica[44], oviductins modify egg envelopes during passage through
the oviduct, preparing them for fertilization. Oviductins also play a role in facilitating sperm
binding and sperm-egg interactions. However, fertilization in mosquitoes differs from that in
vertebrates, so the potential role of these oviductins in Aedes reproduction is not clear. Two
other predicted serine-type endopeptidases in cluster 1 belong to the Clip-domain serine prote-
ase family (AAEL002997 and AAEL007993). Members of this family play roles in early embry-
onic polarity of Drosophila through activation of the Toll pathway [45], as well as in the
activation of immune processes in insects [46].

Eight additional predicted proteases (AAEL009843, AAEL008567, AAEL005666,
AAEL001703, AAEL009853, AAEL010139, AAEL008781 and AAEL002661) are found in clus-
ter 1. Most of these proteases are ubiquitously expressed in many organisms and may play
roles in immunity, fertilization, development, and apoptosis [47]. Two of them (AAEL005666
and AAEL002661) encode matrix metalloproteinase 14 and 19. Metalloproteases, which
hydrolyze components of the extracellular matrix and allow matrix and tissue remodeling, play
roles in several reproductive processes in mammals [48]. A recent study in Drosophila shows
that matrix metalloproteinase 2 (mm2) is required for ovulation by degrading the follicle cells
surrounding the egg as the latter enters the oviduct [49].

Some cluster 1 transcripts derive from genes that may be involved in priming the female for
oogenesis and egg development or other post-mating functions. One such gene encodes the
folate transporter 1 (XLOC001733). Folate metabolism is important for the production of func-
tional oocytes in Drosophila and Caenorhabditis elegans[50, 51], and it is tempting to speculate
that XLOC001733 might be important in folate uptake or homeostasis for oogenesis in Ae.
aegypti. Another gene in this cluster encodes lipase 3 (AAEL015326). Lipases are important for
the utilization of lipids as energy source in many species. In the sand fly, Phlebotomus papatasi,
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Table 1. Gene ontology (GO) enrichment analysis for up- and down-regulated genes.

DE class Category GO term DE trans. (total) p-value FDR

Up-regulated Biological Process proteolysis 26 (840) 7.10E-09 1.90E-05

innate immune response 12 (212) 2.10E-07 3.10E-04

immune response 13 (272) 4.00E-07 4.80E-04

protein processing 11 (200) 1.10E-06 1.30E-03

protein maturation 11 (206) 1.50E-06 1.60E-03

defense response to other organism 11 (220) 2.50E-06 2.40E-03

zymogen activation 8 (110) 4.70E-06 4.20E-03

maternal specification of dorsal/ventral axis, oocyte, germ-line
encoded

8 (115) 7.10E-06 6.00E-03

defense response 14 (410) 8.00E-06 6.00E-03

defense response to bacterium 9 (173) 1.60E-05 1.00E-02

serine family amino acid metabolic process 5 (39) 2.10E-05 1.30E-02

oocyte dorsal/ventral axis specification 8 (139) 2.40E-05 1.40E-02

Toll signaling pathway 8 (139) 2.60E-05 1.50E-02

response to bacterium 9 (186) 2.80E-05 1.50E-02

response to other organism 11 (294) 3.20E-05 1.60E-02

sterol transport 5 (44) 3.40E-05 1.70E-02

immune system process 13 (418) 3.70E-05 1.80E-02

oocyte axis specification 8 (152) 4.20E-05 1.90E-02

alpha-amino acid metabolic process 9 (196) 4.70E-05 2.10E-02

response to external stimulus 17 (701) 5.30E-05 2.30E-02

response to external biotic stimulus 11 (329) 8.70E-05 3.50E-02

response to biotic stimulus 11 (332) 9.50E-05 3.70E-02

dorsal/ventral axis specification 8 (171) 1.00E-04 3.70E-02

cholesterol efflux 4 (30) 1.10E-04 3.90E-02

Molecular Function peptidase activity, acting on L-amino acid peptides 30 (963) 1.50E-10 1.00E-06

peptidase activity 30 (991) 3.00E-10 1.40E-06

endopeptidase activity 25 (740) 1.30E-09 4.40E-06

serine-type endopeptidase activity 18 (419) 1.80E-08 4.00E-05

serine-type peptidase activity 18 (457) 6.70E-08 1.30E-04

serine hydrolase activity 18 (465) 8.70E-08 1.50E-04

hydrolase activity 44 (2541) 3.40E-07 4.60E-04

sterol transporter activity 4 (16) 8.50E-06 6.00E-03

cholesterol transporter activity 4 (16) 8.50E-06 6.00E-03

lipid transporter activity 6 (63) 9.80E-06 6.60E-03

glycine dehydrogenase (decarboxylating) activity 2 (2) 6.50E-05 2.60E-02

oxidoreductase activity, acting on the CH-NH2 group of donors,
disulfide as acceptor

2 (2) 6.50E-05 2.60E-02

substrate-specific transporter activity 17 (725) 9.80E-05 3.70E-02

metalloendopeptidase activity 6 (94) 1.40E-04 4.70E-02

Cellular Component extracellular region 41 (1220) 2.20E-15 2.90E-11

Down-regulated Molecular Function carboxypeptidase activity 6 (49) 2.80E-07 2.00E-03

metallopeptidase activity 10 (214) 4.20E-07 2.00E-03

exopeptidase activity 9 (164) 4.50E-07 2.00E-03

peptidyl-dipeptidase activity 3 (8) 1.40E-05 4.50E-02

doi:10.1371/journal.pntd.0004451.t001
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a lipase-like protein constitutes a major component of the female accessory gland secretion
[52], while in the moth,Manduca sexta, lipoprotein lipase activity was observed in the ovarian
follicles [53]. Additional cluster 1 transcripts in the oogenesis/development group encode pro-
teins predicted to suppress cytokine signaling (AAEL000393) and the Janus kinase hopscotch
(AAEL012553), both of which are involved in the JAK/STAT signaling pathway. JAK/STAT
signaling has been associated with stem cell activation in Ae. aegypti[54] and is required for
oogenesis in Drosophila[55]. Additionally, within this cluster we found a transferrin
(AAEL012949). In Ae. aegypti, transferrins have been linked to egg development [56]. Expres-
sion of transferrin in other insects also suggests reproductive functions. In the tsetse fly, trans-
ferrin was detected in testes and females’ spermathecae [57]. Additionally, in Sarcophaga
peregrine, transferrin is involved in transporting iron into eggs during oogenesis [58].

Several genes with potential immune function were found to be induced at 6hpm. One such
gene is the previously mentioned transferrin. Transferrins bind iron ions, which are often a
limiting nutrient for bacteria. Indeed, a transferrin has been shown to be up-regulated in
response to bacterial and filarial worm infection, suggesting that induction of transferrin RNAs
might also contribute to immune function in Ae. aegypti[56]. These proteins may serve to pro-
tect the female from bacterial infection in the face of an imminent blood meal, which provides
iron and other nutrients that could otherwise spur on bacterial infection. Those genes involved
in the JAK/STAT pathway may also induce post-mating immune responses [54]. Finally, two
predicted serine-type endopeptidases in Cluster 1 belong to the Clip-domain serine protease
family (AAEL002997 and AAEL007993) and may activate immune processes in insects [46].

In comparison with RNA levels in virgins, genes with immune function were modulated at
all three post-mating time points. Several anti-microbial peptide (AMP) transcripts are
induced at later time points and show greatest expression at 24hpm, where genes with immune
function are significantly up-regulated (S2 Table). This surplus of AMP transcripts may be
priming the immune system to ward off venereally transmitted pathogens. An increase in
AMP production in response to mating has previously been shown in D. melanogaster, where
mating induces an increase in the expression of genes encoding AMPs [13, 14, 24]. However,
in other organisms, such as An. gambiae[20] and the medfly Ceratitis capitata[19], a significant
post-mating increase in levels of RNAs encoding AMPs was not reported (but see below).

Transcripts with highest abundance at 24hpm (Cluster 2). Similar to results reported for
An. gambiae[20, 23], we found the highest number of genes induced in the female RT at
24hpm, indicating that mating triggers broad transcriptional cascades at least up until this time
point; 88 of these reach their highest abundance at 24hpm. As in cluster 1, many of the tran-
scripts up-regulated at this time encode proteins with predicted proteolysis function (19%), as
well as proteins with roles in the innate immune response (11%), and these are highly signifi-
cantly enriched (S2 Table). Further, 6 genes encoding metalloproteases were among the highest
expressed at this time (AAEL011292, AAEL006768, AAEL006777, AAEL006766, AAEL006761
and AAEL012873), including the angiotensin-converting enzyme (ACE; AAEL012873), whose
ortholog’s expression is induced by a blood-meal in female Anopheles stephensi[59]. In the
developing ovaries, ACE accumulates until eventually moving into mature eggs, where it may
facilitate embryonic peptide metabolism [59]. In the moth Lacanobia oleracea, ACE activity
was detected in male accessory glands and the female bursa and spermathecae [60].

Cluster 2 also contains many transcripts that are potentially important in further priming the
female reproductive response, as well as transcripts of genes with predicted immune function.
Two transcripts coding for gamma glutamyl transpeptidases (AAEL010936 and AAEL015561)
and 2 vitellogenin transcripts (AAEL010434 and AAEL006138) were up-regulated at 24hpm. A
gamma glutamyl transpeptidase has been found in Ae. aegypti eggshell preparations [61] and in
Drosophilamale accessory glands [62], whereas vitellogenin serves as a primary egg
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provisioning protein [63]. Vitellogenins may also play a role in immunity. Recent work in hon-
eybees has demonstrated an essential role of vitellogenin in conveying segments of bacteria into
eggs, potentially serving as a mechanism for transgenerational immunity [64]. It is possible,
however, that the increase in vitellogenin abundance in the RT reflects the dramatic increase of
these transcripts in the fat body after mating and/or intake of a blood meal [28] (S8 Fig).

Finally, three transferrin genes (AAEL015458, AAEL015639 and XLOC005057) showed
increased transcript levels at 24hpm. As discussed previously, transferrins play a role in iron
metabolism, immunity and development [65]. Transferrin 2 (AAEL015639) is highly expressed
in adult female ovaries 72h after a blood meal, suggesting a role in egg development, while
transferrin 1 (AAEL015458) is up-regulated upon a bacterial infection, suggesting a role in
immune response [56]. A gene that is orthologous to these transferrins in An. gambiae
(AGAP000376) is similarly upregulated at 24hpm [23] (S4 Table, S11 Fig). Several AMPs are
also higher in abundance at 24hpm (Table 1, S2 and S3 Tables), which include defensins
(AAEL003841, AAEL003857, AAEL003832 and AAEL003821) and cecropins (AAEL000611,
AAEL000621, AAEL018349 and AAEL015515). We also found that the orthologues of these
genes in An. gambiae are upregulated in the RT at 24hpm, suggesting a possibly conserved
immune response across mosquitoes [23] (S4 Table, S11 Fig).

Other transcripts up-regulated at 24hpm include Cathepsin I (AAEL002833) [65], prophe-
noloxidase (AAEL013492) [66], and C-type lectins (AAEL018265 and AAEL011610). These
genes play a role in the innate immune response in mosquitoes and other insects (reviewed in
[67]). The Cathepsin I orthologue in An. gambiae (AGAP011828) also increases in expression
after-mating [23] (S4 Table, S11 Fig). Lectins serve other documented functions in dipterans,
including sperm maintenance and release in D. melanogaster[68] and facilitation of some arbo-
viral infections in Ae. aegypti[69].

Transcripts down-regulated by mating
130 transcripts were down-regulated relative to virgin and mated females at 6hpm and 24hpm.
Of these, 15 were down-regulated at 6hpm and 115 were down-regulated at 24hpm. The latter
set contained 32 previously unannotated transcripts. GO analysis of the down-regulated tran-
scripts shows that 44% (55 transcripts) are not classified as belonging to a specific biological
process. The remaining transcripts encode proteins involved in binding (16 transcripts) and
catalytic activity (40 transcripts) (Fig 5B, S3 Table). Two clusters derived from the K-means
approach represent transcripts that have lowest abundance at 6 and 24hpm (Fig 5A).

Transcripts with the lowest abundance at 6hpm (Cluster 3). Fifteen transcripts show
lowest abundance levels at 6hpm. Two of these encode proteins involved in transporter activity:
a norepinephrine transporter (AAEL005581) and a cyclic nucleotide-gated cation channel
(AAEL011638). The norepinephrine transporter is orthologous to the D. melanogaster serT
gene, which regulates serotonin action by re-uptake of the extracellular neurotransmitter [70].
In Locusta migratoria, serotonin regulates oviduct muscle contraction [71]. In D. melanogaster,
serotonin is re-localized to the ovary and seminal receptacle immediately after mating. This
may indicate the rapid uptake of the neurotransmitter into nerve termini by transporters [72].
Other studies have shown that the female nervous system plays an important role in post-mat-
ing responses in D. melanogaster (e.g. [73–78]).

Transcripts with lowest abundance at 24hpm (Cluster 4). At 24hpm, 115 transcripts are
down-regulated relative to virgin females. This cluster of transcripts consists of transcripts that
are gradually down-regulated from 0hpm to 24hpm. This cluster is also characterized by a
wide variety of gene functions and biological processes. Several down-regulated RNAs at
24hpm encode proteins involved in proteolysis (11%) and oxidation-reduction processes (8%)
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(S3 Table). In contrast to up-regulated transcripts, the significantly enriched GO terms were
carboxypeptidase, metallopeptidase, exopeptidase and peptidyl-dipeptidase activity (Table 1,
S2 Table). Remarkably, the latter GO terms are also characteristic of the set of down-regulated
transcripts in An. gambiae at 24hpm [23], suggesting a conserved process by which resources
are reallocated from general metabolism to reproduction.

Among the down-regulated RNAs predicted to encode proteins with proteolytic activity, we
found the exopeptidase class, such as carboxypeptidase (AAEL010782, AAEL010776 and
AAEL012351), angiotensin-converting enzyme (AAEL017460, AAEL009310 and
AAEL009316) and metalloproteinase (AAEL008163, AAEL002655 and AAEL003012) to be
enriched. Angiotensin-converting enzyme (ACE) is widely distributed in many insects and in a
variety of tissues, suggesting diverse biological roles [79]. Besides the previously discussed role
for ACE in egg laying (in A. stephensi), these proteins are important in the reproduction of the
Egyptian cotton leafworm; ACE inhibition results in decreased oviposition [80, 81].

A second set of down-regulated transcripts play a role in oxidation-reduction processes.
These include RNAs from chorion peroxidase genes (AAEL000496 and AAEL000507), a glu-
cose dehydrogenase (AAEL011806) and an aldehyde oxidase (AAEL010367). Ae. aegypti cho-
rion peroxidases play a role in egg chorion hardening [82]. D. melanogaster glucose
dehydrogenase is secreted into the lumen of the spermathecal ducts and is necessary for sperm
storage [83]. Finally, aldehyde oxidase has been linked to immune response in Ae. aegypti[84].

The fact that transcripts with oxidation-reduction function were significantly down-regu-
lated was unexpected. Given that an impending blood meal will introduce reactive oxygen spe-
cies, which could damage sperm [27] or the female reproductive tract, we expected to find this
class to be up-regulated after mating, as has been shown in An. gambiae in response to a blood
meal. Perhaps protective enzymes are not induced until a blood meal is ingested, or are
expressed in other tissues. Undoubtedly, however, some genes are induced that assist in the
storage and maintenance of sperm in the spermathecae. In D. melanogaster, a lectin has been
shown to be necessary for proper sperm storage [85], and our data reveal RNAs encoding two
lectins (AAEL018265 and AAEL011610) that are up-regulated in the female reproductive tract
at 24hpm and may serve a similar function.

Other down-regulated genes at 24hpm encode proteins involved in lipid metabolism and
transport, such as elongase (AAEL011957) and the CRAL/TRIO domain-containing protein
(AAEL005779). In Ae. aegypti, a large amount of lipids are found in oocytes and they accumu-
late after a blood meal, suggesting that lipid metabolism genes begin to be turned off due to the
lack of blood meal [86].

Transcripts of three genes thought to regulate juvenile hormone are also down-regulated at
24hpm: a GPCR Galanin/Allatostatin family protein (AAEL012920), Venom carboxylesterase-
6 (juvenile hormone esterase 6, AAEL012886) and Juvenile hormone esterase (AAEL000545).
This fits with what is known about the tight regulation of JH levels during the gonotrophic
cycle; in female mosquitoes, high JH levels are required during the stages leading up to blood
digestion and oogenesis. JH levels then drop to low levels during digestion of the blood and
subsequent vitellogenesis [87].

Conclusions
Aedes aegypti females typically mate near the host, after which they take a blood meal and ulti-
mately develop eggs. Therefore, we postulate that mating primes a female for these downstream
processes, triggering expression changes that physiologically prepare her for blood meal diges-
tion and oogenesis. In contrast with model organisms, such as D. melanogaster, relatively few
genes in Aedes aegypti have had their functions elucidated experimentally. Therefore, we have
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speculated here about potential roles of genes in the post-mating response based on their puta-
tive functions, with the caveat that these suppositions must be tested.

Mating is directly linked to a female’s vectorial capacity via altered blood-feeding behavior
and increased reproductive potential. Therefore, a thorough knowledge of mating-induced
transcriptional changes may aid in developing tools that aim to prevent disease transmission
by manipulating the post-mating response. Our dataset provides a framework by which this
crucial life history milestone in Ae. aegypti can be examined. This study deepens our under-
standing of broad-scale gene expression changes after mating, and will serve as a launching
point for future gene-specific investigations.
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S5 Fig. Transcripts up-regulated at 0hpm. (A) Abundance levels of transcripts that increase
in abundance at 0hpm compared to the virgin sample. XLOC019584, a suspected male-derived
transcript with the highest abundance value in the dataset, is indicated. (B) Abundance profile
of transcripts that were found to have higher abundance at 0hpm compared to virgin using two
recently published datasets: transcriptome levels of male and female reproductive tissues and
carcasses (left, [29]) and transcriptome levels of various external tissues (right, [88]). Both data-
sets use the Liverpool strain of Ae. aegypti. (Car. = carcass; ReO = reproductive organs;
AT = abdomincal tip; Ov = ovaries; pre/post = pre- post-blood meal).
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S6 Fig. Differentially expressed transcripts at 6hpm and 24hpm.Heatmap of 280 transcripts
that are significantly up- or down-regulated at 6 and 24hpm compared to the virgin sample
shown according to corresponding merged clusters (see Fig 5).
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S7 Fig. K-means clusters. Initial K-means clusters for virgin versus 6hpm and 24hpm compar-
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S8 Fig. Regulation pattern of RT transcripts in the fat body of Ae. aegypti. A comparison of
expression patterns between our DE transcripts and those of Roy et al.[28] shows low level con-
cordance among up- (orange bar on cladogram) and down-regulated (tan bar) transcripts in
response to mating/blood feeding. Colored bars depicting merged K-means clusters from Fig
5A are indicated on the left of the heatmap. Two transcripts with the highest increase in abun-
dance in response to mating/blood meal in the Roy et al. dataset are two vitellogenins, and
those two are up-regulated in response to mating in our dataset, albeit at much lower levels.
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S9 Fig. Mass spectrometry peptides. Amino acid sequences generated from XLOC019584
transcripts that exhibit sequence coverage in the mass spectrometry analysis of Ae. aegypti
male accessory gland extract.
(TIFF)

S10 Fig. Circadian expression pattern of post-mating response genes. Ten of the 280 DE
transcripts show cyclical expression pattern that corresponds to light/day changes. K-means
cluster affiliation of each transcript is shown on the left. Light and Dark are indicated on top of
the heatmap by white and black rectangles, respectively.
(TIFF)

S11 Fig. Comparison of orthologous post-mating response genes in Ae. aegypti and An.
gambiae. Fold-change estimates of DE transcripts in this study and their ortholgoues in An.
gambiae[23] are shown and their ancestral Biological Process GO terms are indicated. A lin-
ear regression with 95% confidence interval is also shown. The data for this plot can be
found in S4 Table.
(TIFF)

Acknowledgments
We thank Cornell University’s Biotechnology Resource Center for RNAseq analysis and B.
Lazzaro for helpful discussion and comments on the manuscript.

Mating-Induced Transcriptome Changes in Female Aedes aegypti

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004451 February 22, 2016 19 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004451.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004451.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004451.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004451.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004451.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004451.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004451.s016


Author Contributions
Conceived and designed the experiments: CAP ECD LCHMFW. Performed the experiments:
CAP ECD FWA. Analyzed the data: YHAB JAP CAP ECD. Wrote the paper: CAP ECD YHAB
FWA LCH SMVMFW.

References
1. Weaver SC, ReisenWK. Present and future arboviral threats. Antiviral Research. 2010 Feb; 85

(2):328–345. doi: 10.1016/j.antiviral.2009.10.008 PMID: 19857523

2. Gubler DJ. The Global Emergence/Resurgence of Arboviral Diseases As Public Health Problems.
Archives of medical research. 2002 Jul; 33(4):330–342. doi: 10.1016/S0188-4409(02)00378-8 PMID:
12234522

3. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, et al. The global distribution and
burden of dengue. Nature. 2013; 496(7446):504–507. doi: 10.1038/nature12060 PMID: 23563266

4. Number of reported cases of Chikungunya Fever in the Americas PAHO/WHO;. Accessed: 2015-09-
18. http://new.paho.org/hq/images/stories/AD/HSD/IR/Viral_Diseases/Chikungunya/CHIKV-Data-
Caribe-2015-EW-21.jpg.

5. Morrison AC, Zielinski-Gutierrez E, Scott TW, Rosenberg R. Defining Challenges and Proposing Solu-
tions for Control of the Virus Vector Aedes aegypti. PLoS Med. 2008 Mar; 5(3):e68. doi: 10.1371/
journal.pmed.0050068 PMID: 18351798

6. Wallis RC, Lang CA. Egg formation and oviposition in blood-fed Aedes aegypti L. Mosq News; 1956.

7. Judson CL. Feeding and oviposition behavior in the mosquito Aedes aegypti (L.). I. Preliminary studies
of physiological control mechanisms. The Biological Bulletin. 1967 Oct; 133(2):369–378. doi: 10.2307/
1539832 PMID: 6062263

8. Lee JJ, Klowden MJ. A male accessory gland protein that modulates female mosquito (Diptera: Culici-
dae) host-seeking behavior. Journal of the American Mosquito. 1999 Mar; 15:4–7.

9. Fuchs MS, Craig GB Jr, Hiss EA. The biochemical basis of female monogamy in mosquitoes. Life sci-
ences. 1968 Aug; 7(16):835–839. doi: 10.1016/0024-3205(68)90114-8 PMID: 5672305

10. Helinski MEH, Harrington LC. Male Mating History and Body Size Influence Female Fecundity and Lon-
gevity of the Dengue Vector Aedes aegypti. Journal of medical entomology. 2011 Mar; 48(2):202–211.
doi: 10.1603/ME10071 PMID: 21485355

11. Gillott C. Male ccessory gland secretions: modulators of female reproductive physiology and behavior.
Annual Review of Entomology. 2003 Nov; 48(1):163–184. doi: 10.1146/annurev.ento.48.091801.
112657 PMID: 12208817

12. Avila FW, Sirot LK, LaFlamme BA, Rubinstein CD, Wolfner MF. Insect Seminal Fluid Proteins: Identifi-
cation and Function. Annual Review of Entomology. 2011; 56(1):21–40. doi: 10.1146/annurev-ento-
120709-144823 PMID: 20868282

13. Lawniczak MK, Begun DJ. A genome-wide analysis of courting and mating responses in Drosophila
melanogaster females. Genome. 2004 Feb; 47(5):900–910. doi: 10.1139/g04-050 PMID: 15499404

14. McGraw LA, Gibson G, Clark AG, Wolfner MF. Genes Regulated by Mating, Sperm, or Seminal Pro-
teins in Mated Female Drosophila melanogaster. Current Biology. 2004 Aug; 14(16):1509–1514. doi:
10.1016/j.cub.2004.08.028 PMID: 15324670

15. McGraw LA, Clark AG, Wolfner MF. Post-mating gene expression profiles of femaleDrosophila mela-
nogaster in response to time and to four male accessory gland proteins. Genetics. 2008 Jul; 179
(3):1395–1408. doi: 10.1534/genetics.108.086934 PMID: 18562649

16. Innocenti P, Morrow EH. Immunogenic males: a genome-wide analysis of reproduction and the cost of
mating in Drosophila melanogaster females. Journal of Evolutionary Biology. 2009 May; 22(5):964–
973. doi: 10.1111/j.1420-9101.2009.01708.x PMID: 19228270

17. Short SM, Lazzaro BP. Reproductive status alters transcriptomic response to infection in femaleDro-
sophila melanogaster. G3: Genes|Genomes|Genetics. 2013 Mar; 3(5):g3.112.005306–840. doi: 10.
1534/g3.112.005306 PMID: 23550122

18. Kocher SD, Richard FJ, Tarpy DR, Grozinger CM. Genomic analysis of post-mating changes in the
honey bee queen (Apis mellifera). BMC genomics. 2008 May; 9(1):232. doi: 10.1186/1471-2164-9-232
PMID: 18489784

19. Gomulski LM, Dimopoulos G, Xi Z, Scolari F, Gabrieli P, Siciliano P, et al. Transcriptome profiling of
sexual maturation and mating in the mediterranean fruit fly, Ceratitis capitata. PLoS ONE. 2012 Jan; 7
(1):e30857. doi: 10.1371/journal.pone.0030857 PMID: 22303464

Mating-Induced Transcriptome Changes in Female Aedes aegypti

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004451 February 22, 2016 20 / 24

http://dx.doi.org/10.1016/j.antiviral.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19857523
http://dx.doi.org/10.1016/S0188-4409(02)00378-8
http://www.ncbi.nlm.nih.gov/pubmed/12234522
http://dx.doi.org/10.1038/nature12060
http://www.ncbi.nlm.nih.gov/pubmed/23563266
http://new.paho.org/hq/images/stories/AD/HSD/IR/Viral_Diseases/Chikungunya/CHIKV-Data-Caribe-2015-EW-21.jpg
http://new.paho.org/hq/images/stories/AD/HSD/IR/Viral_Diseases/Chikungunya/CHIKV-Data-Caribe-2015-EW-21.jpg
http://dx.doi.org/10.1371/journal.pmed.0050068
http://dx.doi.org/10.1371/journal.pmed.0050068
http://www.ncbi.nlm.nih.gov/pubmed/18351798
http://dx.doi.org/10.2307/1539832
http://dx.doi.org/10.2307/1539832
http://www.ncbi.nlm.nih.gov/pubmed/6062263
http://dx.doi.org/10.1016/0024-3205(68)90114-8
http://www.ncbi.nlm.nih.gov/pubmed/5672305
http://dx.doi.org/10.1603/ME10071
http://www.ncbi.nlm.nih.gov/pubmed/21485355
http://dx.doi.org/10.1146/annurev.ento.48.091801.112657
http://dx.doi.org/10.1146/annurev.ento.48.091801.112657
http://www.ncbi.nlm.nih.gov/pubmed/12208817
http://dx.doi.org/10.1146/annurev-ento-120709-144823
http://dx.doi.org/10.1146/annurev-ento-120709-144823
http://www.ncbi.nlm.nih.gov/pubmed/20868282
http://dx.doi.org/10.1139/g04-050
http://www.ncbi.nlm.nih.gov/pubmed/15499404
http://dx.doi.org/10.1016/j.cub.2004.08.028
http://www.ncbi.nlm.nih.gov/pubmed/15324670
http://dx.doi.org/10.1534/genetics.108.086934
http://www.ncbi.nlm.nih.gov/pubmed/18562649
http://dx.doi.org/10.1111/j.1420-9101.2009.01708.x
http://www.ncbi.nlm.nih.gov/pubmed/19228270
http://dx.doi.org/10.1534/g3.112.005306
http://dx.doi.org/10.1534/g3.112.005306
http://www.ncbi.nlm.nih.gov/pubmed/23550122
http://dx.doi.org/10.1186/1471-2164-9-232
http://www.ncbi.nlm.nih.gov/pubmed/18489784
http://dx.doi.org/10.1371/journal.pone.0030857
http://www.ncbi.nlm.nih.gov/pubmed/22303464


20. Rogers DW,Whitten MMA, Thailayil J, Soichot J, Levashina EA, Catteruccia F. Molecular and cellular
components of the mating machinery in Anopheles gambiae females. Proceedings of the National
Academy of Sciences of the United States of America. 2008 Dec; 105(49):19390–19395. doi: 10.1073/
pnas.0809723105 PMID: 19036921

21. Mack PD, Kapelnikov A, Heifetz Y, Bender M. Mating-responsive genes in reproductive tissues of
female Drosophila melanogaster. Proceedings of the National Academy of Sciences. 2006 Jul; 103
(27):10358–10363. doi: 10.1073/pnas.0604046103

22. Kapelnikov A, Zelinger E, Gottlieb Y, Rhrissorrakrai K, Gunsalus KC, Heifetz Y. Mating induces an
immune response and developmental switch in the Drosophila oviduct. Proceedings of the National
Academy of Sciences of the United States of America. 2008 Sep; 105(37):13912–13917. doi: 10.1073/
pnas.0710997105 PMID: 18725632

23. Gabrieli P, Kakani EG, Mitchell SN, Mameli E, Want EJ, Anton AM, et al. Sexual transfer of the steroid
hormone 20E induces the postmating switch in Anopheles gambiae. Proceedings of the National Acad-
emy of Sciences. 2014 Nov; 111(46):16353–16358. doi: 10.1073/pnas.1410488111

24. Peng J, Zipperlen P, Kubli E. Drosophila sex-peptide stimulates female innate immune system after
mating via the toll and imd pathways. Current Biology. 2005 Sep; 15(18):1690–1694. doi: 10.1016/j.
cub.2005.08.048 PMID: 16169493

25. Ravi Ram K, Ji S, Wolfner MF. Fates and targets of male accessory gland proteins in mated female
Drosophila melanogaster. Insect Biochemistry and Molecular Biology. 2005 Sep; 35(9):1059–1071.
doi: 10.1016/j.ibmb.2005.05.001 PMID: 15979005

26. Thailayil J, Magnusson K, Godfray HCJ, Crisanti A, Catteruccia F. Spermless males elicit large-scale
female responses to mating in the malaria mosquito Anopheles gambiae. Proceedings of the National
Academy of Sciences of the United States of America. 2011 Aug; 108(33):13677–13681. doi: 10.1073/
pnas.1104738108 PMID: 21825136

27. ShawWR, Teodori E, Mitchell SN, Baldini F, Gabrieli P, Rogers DW, et al. Mating activates the heme
peroxidase HPX15 in the sperm storage organ to ensure fertility in Anopheles gambiae. Proceedings of
the National Academy of Sciences of the United States of America. 2014 Apr; 111(16):5854–5859. doi:
10.1073/pnas.1401715111 PMID: 24711401

28. Roy S, Saha TT, Johnson L, Zhao B, Ha J, White KP, et al. Regulation of gene expression patterns in
mosquito reproduction. PLoS genetics. 2015 Aug; 11(8):e1005450. doi: 10.1371/journal.pgen.1005450
PMID: 26274815

29. Akbari OS, Antoshechkin I, Amrhein H, Williams B, Diloreto R, Sandler J, et al. The developmental tran-
scriptome of the mosquito Aedes aegypti, an invasive species and major arbovirus vector. G3: Genes|
Genomes|Genetics. 2013; 3(9):1493–1509. doi: 10.1534/g3.113.006742 PMID: 23833213

30. Hartberg WK. Observations on the mating behaviour of Aedes aegypti in nature. Bulletin of the World
Health Organization. 1971; 45(6):847–850. PMID: 5317018

31. Cator LJ, Arthur BJ, Ponlawat A, Harrington LC. Behavioral observations and sound recordings of free-
flight mating awarms of Ae. aegypti (Diptera: Culicidae) in Thailand. Journal of medical entomology.
2011 Jul; 48(4):941–946. doi: 10.1603/ME11019 PMID: 21845959

32. Clements AN. The biology of mosquitoes. Vol. 2. Sensory reception and behaviour. CAB International;
1999.

33. Christofers SR. Aedes aegypti (L.), the yellow fever mosquito. London; 1960. Cambridge University
Press.

34. Bono JM, Matzkin LM, Kelleher ES, Markow TA. Postmating transcriptional changes in reproductive
tracts of con- and heterospecifically mated Drosophila mojavensis females. Proceedings of the National
Academy of Sciences. 2011; 108(19):7878–7883. doi: 10.1073/pnas.1100388108

35. Alfonso-Parra C, Avila FW, Deewatthanawong P, Sirot LK, Wolfner MF, Harrington LC. Synthesis,
depletion and cell-type expression of a protein from the male accessory glands of the dengue vector
mosquito Aedes aegypti. Journal of insect physiology. 2014 Nov; 70:117–124. doi: 10.1016/j.jinsphys.
2014.07.004 PMID: 25107876

36. Ponlawat A, Harrington LC. Factors associated with male mating success of the dengue vector mos-
quito, Aedes aegypti. The American Journal of Tropical Medicine and Hygiene. 2009 Mar; 80(3):395–
400. PMID: 19270288

37. Degner EC, Harrington LC. Polyandry depends on post-mating time interval in the dengue mosquito
Aedes aegypti. The American Journal of Tropical Medicine and Hygiene in press);.

38. Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practical and powerful approach to
multiple testing. Journal of the Royal Statistical Society Series B (Methodological). 1995; 57(1):pp.
289–300.

Mating-Induced Transcriptome Changes in Female Aedes aegypti

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004451 February 22, 2016 21 / 24

http://dx.doi.org/10.1073/pnas.0809723105
http://dx.doi.org/10.1073/pnas.0809723105
http://www.ncbi.nlm.nih.gov/pubmed/19036921
http://dx.doi.org/10.1073/pnas.0604046103
http://dx.doi.org/10.1073/pnas.0710997105
http://dx.doi.org/10.1073/pnas.0710997105
http://www.ncbi.nlm.nih.gov/pubmed/18725632
http://dx.doi.org/10.1073/pnas.1410488111
http://dx.doi.org/10.1016/j.cub.2005.08.048
http://dx.doi.org/10.1016/j.cub.2005.08.048
http://www.ncbi.nlm.nih.gov/pubmed/16169493
http://dx.doi.org/10.1016/j.ibmb.2005.05.001
http://www.ncbi.nlm.nih.gov/pubmed/15979005
http://dx.doi.org/10.1073/pnas.1104738108
http://dx.doi.org/10.1073/pnas.1104738108
http://www.ncbi.nlm.nih.gov/pubmed/21825136
http://dx.doi.org/10.1073/pnas.1401715111
http://www.ncbi.nlm.nih.gov/pubmed/24711401
http://dx.doi.org/10.1371/journal.pgen.1005450
http://www.ncbi.nlm.nih.gov/pubmed/26274815
http://dx.doi.org/10.1534/g3.113.006742
http://www.ncbi.nlm.nih.gov/pubmed/23833213
http://www.ncbi.nlm.nih.gov/pubmed/5317018
http://dx.doi.org/10.1603/ME11019
http://www.ncbi.nlm.nih.gov/pubmed/21845959
http://dx.doi.org/10.1073/pnas.1100388108
http://dx.doi.org/10.1016/j.jinsphys.2014.07.004
http://dx.doi.org/10.1016/j.jinsphys.2014.07.004
http://www.ncbi.nlm.nih.gov/pubmed/25107876
http://www.ncbi.nlm.nih.gov/pubmed/19270288


39. Sirot LK, Hardstone MC, Helinski MEH, Ribeiro JMC, Kimura M, Deewatthanawong P, et al. Towards a
semen proteome of the dengue vector mosquito: Protein identification and iotential functions. PLOS
Neglected Tropical Diseases. 2011 Mar; 5(3):e989. doi: 10.1371/journal.pntd.0000989 PMID:
21423647

40. SwansonWJ, Vacquier VD. The rapid evolution of reproductive proteins. Nature Reviews Genetics.
2002 Feb; 3(2):137–144. doi: 10.1038/nrg733 PMID: 11836507

41. Mardia KV, Kent JT, Bibby JM. Multivariate analysis. Academic Press; 1979.

42. Rund SSC, Gentile JE, Duffield GE. Extensive circadian and light regulation of the transcriptome in the
malaria mosquito Anopheles gambiae. BMC genomics. 2013; 14(1). doi: 10.1186/1471-2164-14-218
PMID: 23552056

43. Lindsay LL, Wieduwilt MJ, Hedrick JL. Oviductin, the Xenopus laevis oviductal protease that processes
egg envelope glycoprotein gp43, increases sperm binding to envelopes, and is translated as part of an
unusual mosaic protein composed of two protease and several CUB domains. Biology of reproduction.
1999 Apr; 60(4):989–995. doi: 10.1095/biolreprod60.4.989 PMID: 10084976

44. Hiyoshi M, Takamune K, Mita K, Kubo H, Sugimoto Y, Katagiri C. Oviductin, the oviductal protease that
mediates gamete interaction by affecting the vitelline coat in Bufo japonicus: Its molecular cloning and
analyses of expression and posttranslational activation. Developmental biology. 2002 Mar; 243
(1):176–184. doi: 10.1006/dbio.2001.0558 PMID: 11846486

45. LeMosy EK, Hong CC, Hashimoto C. Signal transduction by a protease cascade. Trends in cell biology.
1999 Mar; 9(3):102–107. doi: 10.1016/S0962-8924(98)01494-9 PMID: 10201075

46. Jiang H, Kanost MR. The clip-domain family of serine proteinases in arthropods. Insect biochemistry
and molecular biology. 2000 Feb; 30(2):95–105. doi: 10.1016/S0965-1748(99)00113-7 PMID:
10696585

47. Di Cera E. Serine proteases. IUBMB life. 2009 May; 61(5):510–515. doi: 10.1002/iub.186 PMID:
19180666

48. Hulboy DL, Rudolph LA, Matrisian LM. Matrix metalloproteinases as mediators of reproductive function.
Molecular Human Reproduction. 1997 Jan; 3(1):27–45. doi: 10.1093/molehr/3.1.27 PMID: 9239706

49. Deady LD, ShenW, Mosure SA, Spradling AC, Sun J. Matrix metalloproteinase 2 is required for ovula-
tion and corpus luteum formation in Drosophila. PLoS genetics. 2015 Feb; 11(2):e1004989. doi: 10.
1371/journal.pgen.1004989 PMID: 25695427

50. Affleck JG, Neumann K, Wong L, Walker VK. The effects of methotrexate on Drosophila development,
female fecundity, and gene expression. Toxicological Sciences. 2006 Feb; 89(2):495–503. doi: 10.
1093/toxsci/kfj036 PMID: 16280378

51. Austin MU, LiauWS, Balamurugan K, Ashokkumar B, Said HM, LaMunyon CW. Knockout of the folate
transporter folt-1 causes germline and somatic defects in C. elegans. BMC Developmental Biology.
2010; 10(1). doi: 10.1186/1471-213X-10-46 PMID: 20441590

52. Rosetto M, Belardinelli M, Fausto AM, Marchini D, Bongiorno G, Maroli M, et al. A mammalian-like
lipase gene is expressed in the female reproductive accessory glands of the sand fly Phlebotomus
papatasi (Diptera, Psychodidae). Insect Molecular Biology. 2003 Oct; 12(5):501–508. doi: 10.1046/j.
1365-2583.2003.00436.x PMID: 12974955

53. Van Antwerpen R, Salvador K, Tolman K, Gentry C. Uptake of lipids by developing oocytes of the hawk-
mothManduca sexta. The possible role of lipoprotein lipase. Insect Biochemistry and Molecular Biol-
ogy. 1998 May; 28(5–6):399–408. doi: 10.1016/S0965-1748(98)00012-5 PMID: 9692240

54. Souza-Neto JA, Sim S, Dimopoulos G. An evolutionary conserved function of the JAK-STAT pathway
in anti-dengue defense. Proceedings of the National Academy of Sciences of the United States of
America. 2009 Oct; 106(42):17841–17846. doi: 10.1073/pnas.0905006106 PMID: 19805194

55. Hombria JCG, Brown S. The fertile field of Drosophila JAK/STAT signalling. Current Biology. 2002 Aug;
12(16):R569–R575. doi: 10.1016/S0960-9822(02)01057-6 PMID: 12194841

56. Zhou G, Velasquez LS, Geiser DL, Mayo JJ, Winzerling JJ. Differential regulation of transferrin 1 and 2
in Aedes aegypti. Insect Biochemistry and Molecular Biology. 2009 Mar; 39(3):234–244. doi: 10.1016/j.
ibmb.2008.12.004 PMID: 19166934

57. Guz N, Attardo GM, Wu Y, Aksoy S. Molecular aspects of transferrin expression in the tsetse fly (Glos-
sina morsitans morsitans). Journal of insect physiology. 2007 Jul; 53(7):715–723. doi: 10.1016/j.
jinsphys.2007.03.013 PMID: 17498733

58. Kurama T, Kurata S, Natori S. Molecular characterization of an insect transferrin and its selective incor-
poration into eggs during oogenesis. European journal of biochemistry / FEBS. 1995 Mar; 228(2):229–
235. PMID: 7705333

Mating-Induced Transcriptome Changes in Female Aedes aegypti

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004451 February 22, 2016 22 / 24

http://dx.doi.org/10.1371/journal.pntd.0000989
http://www.ncbi.nlm.nih.gov/pubmed/21423647
http://dx.doi.org/10.1038/nrg733
http://www.ncbi.nlm.nih.gov/pubmed/11836507
http://dx.doi.org/10.1186/1471-2164-14-218
http://www.ncbi.nlm.nih.gov/pubmed/23552056
http://dx.doi.org/10.1095/biolreprod60.4.989
http://www.ncbi.nlm.nih.gov/pubmed/10084976
http://dx.doi.org/10.1006/dbio.2001.0558
http://www.ncbi.nlm.nih.gov/pubmed/11846486
http://dx.doi.org/10.1016/S0962-8924(98)01494-9
http://www.ncbi.nlm.nih.gov/pubmed/10201075
http://dx.doi.org/10.1016/S0965-1748(99)00113-7
http://www.ncbi.nlm.nih.gov/pubmed/10696585
http://dx.doi.org/10.1002/iub.186
http://www.ncbi.nlm.nih.gov/pubmed/19180666
http://dx.doi.org/10.1093/molehr/3.1.27
http://www.ncbi.nlm.nih.gov/pubmed/9239706
http://dx.doi.org/10.1371/journal.pgen.1004989
http://dx.doi.org/10.1371/journal.pgen.1004989
http://www.ncbi.nlm.nih.gov/pubmed/25695427
http://dx.doi.org/10.1093/toxsci/kfj036
http://dx.doi.org/10.1093/toxsci/kfj036
http://www.ncbi.nlm.nih.gov/pubmed/16280378
http://dx.doi.org/10.1186/1471-213X-10-46
http://www.ncbi.nlm.nih.gov/pubmed/20441590
http://dx.doi.org/10.1046/j.1365-2583.2003.00436.x
http://dx.doi.org/10.1046/j.1365-2583.2003.00436.x
http://www.ncbi.nlm.nih.gov/pubmed/12974955
http://dx.doi.org/10.1016/S0965-1748(98)00012-5
http://www.ncbi.nlm.nih.gov/pubmed/9692240
http://dx.doi.org/10.1073/pnas.0905006106
http://www.ncbi.nlm.nih.gov/pubmed/19805194
http://dx.doi.org/10.1016/S0960-9822(02)01057-6
http://www.ncbi.nlm.nih.gov/pubmed/12194841
http://dx.doi.org/10.1016/j.ibmb.2008.12.004
http://dx.doi.org/10.1016/j.ibmb.2008.12.004
http://www.ncbi.nlm.nih.gov/pubmed/19166934
http://dx.doi.org/10.1016/j.jinsphys.2007.03.013
http://dx.doi.org/10.1016/j.jinsphys.2007.03.013
http://www.ncbi.nlm.nih.gov/pubmed/17498733
http://www.ncbi.nlm.nih.gov/pubmed/7705333


59. Ekbote U, Coates D, Isaac RE. A mosquito (Anopheles stephensi) angiotensin I-converting enzyme
(ACE) is induced by a blood meal and accumulates in the developing ovary. FEBS Letters. 1999 Jul;
455(3):219–222. doi: 10.1016/S0014-5793(99)00870-4 PMID: 10437776

60. Ekbote UV, Weaver RJ, Isaac RE. Angiotensin I-converting enzyme (ACE) activity of the tomato moth,
Lacanobia oleracea: changes in levels of activity during development and after copulation suggest
roles during metamorphosis and reproduction. Insect Biochemistry and Molecular Biology. 2003 Oct;
33(10):989–998. PMID: 14505692

61. Marinotti O, Ngo T, Kojin BB, Chou SP, Nguyen B, Juhn J, et al. Integrated proteomic and transcrip-
tomic analysis of the Aedes aegypti eggshell. BMC Developmental Biology. 2014 Apr; 14(1):15. doi: 10.
1186/1471-213X-14-15 PMID: 24707823

62. Walker MJ, Rylett CM, Keen JN, Audsley N, Sajid M, Shirras AD, et al. Proteomic identification of Dro-
sophila melanogastermale accessory gland proteins, including a pro-cathepsin and a soluble gamma-
glutamyl transpeptidase. Proteome Science. 2006; 4(1). doi: 10.1186/1477-5956-4-9 PMID: 16670001

63. Valle D. Vitellogenesis in insects and other groups: a review. Memórias do Instituto Oswaldo Cruz.
1993; 88(1):1–26. doi: 10.1590/S0074-02761993000100005 PMID: 8246743

64. Salmela H, AmdamGV, Freitak D. Transfer of immunity frommother to offspring is mediated via egg-
yolk protein vitellogenin. PLoS pathogens. 2015 Jul; 11(7):e1005015. doi: 10.1371/journal.ppat.
1005015 PMID: 26230630

65. Sim S, Jupatanakul N, Ramirez JL, Kang S, Romero-Vivas CM, Mohammed H, et al. Transcriptomic
profiling of diverse Aedes aegypti strains reveals increased basal-level immune activation in dengue
virus-refractory populations and identifies novel virus-vector molecular interactions. PLOS Neglected
Tropical Diseases. 2013 Jul; 7(7):e2295. doi: 10.1371/journal.pntd.0002295 PMID: 23861987

66. Li JS, Ruyl Kim S, Christensen BM, Li J. Purification and primary structural characterization of prophe-
noloxidases from Aedes aegypti larvae. Insect Biochemistry and Molecular Biology. 2005 Nov; 35
(11):1269–1283. doi: 10.1016/j.ibmb.2005.07.001 PMID: 16203208

67. Robinson MJ, Sancho D, Slack EC, LeibundGut-Landmann S, Sousa CRe. Myeloid C-type lectins in
innate immunity. Nature Immunology. 2006 Dec; 7(12):1258–1265. doi: 10.1038/ni1417 PMID:
17110942

68. Ram KR, Wolfner MF. A network of interactions among seminal proteins underlies the long-term post-
mating response in Drosophila. Proceedings of the National Academy of Sciences of the United States
of America. 2009 Sep; 106(36):15384–15389. doi: 10.1073/pnas.0902923106 PMID: 19706411

69. Cheng G, Cox J, Wang P, Krishnan MN, Dai J, Qian F, et al. A c-type lectin collaborates with a CD45
phosphatase homolog to facilitate West Nile virus infection of mosquitoes. Cell. 2010; 142(5):714–725.
doi: 10.1016/j.cell.2010.07.038 PMID: 20797779

70. Blakely RD, De Felice LJ, Hartzell HC. Molecular physiology of norepinephrine and serotonin transport-
ers. The Journal of experimental biology. 1994 Nov; 196(1):263–281. PMID: 7823027

71. Lange AB. A neurohormonal role for serotonin in the control of locust oviducts. Archives of insect bio-
chemistry and physiology. 2004 Aug; 56(4):179–190. doi: 10.1002/arch.20010 PMID: 15274179

72. Heifetz Y, Lindner M, Garini Y, Wolfner MF. Mating regulates neuromodulator ensembles at nerve ter-
mini innervating the Drosophila reproductive tract. Current Biology. 2014 Mar; 24(7):731–737. doi: 10.
1016/j.cub.2014.02.042 PMID: 24631240

73. Yang Ch, Rumpf S, Xiang Y, Gordon MD, SongW, Jan LY, et al. Control of the postmating behavioral
switch in Drosophila females by internal sensory neurons. Neuron. 2009 Feb; 61(4):519–526. doi: 10.
1016/j.neuron.2008.12.021 PMID: 19249273

74. Häsemeyer M, Yapici N, Heberlein U, Dickson BJ. Sensory neurons in the Drosophila genital tract regu-
late female reproductive behavior. Neuron. 2009;. PMID: 19249272

75. Rezával C, Pavlou HJ, Dornan AJ, Chan YB, Kravitz EA. Neural circuitry underlying Drosophila female
postmating behavioral responses. Current Biology. 2012 Jul; 22(13):1155–1165. doi: 10.1016/j.cub.
2012.04.062 PMID: 22658598

76. Rubinstein CD, Wolfner MF. Drosophila seminal protein ovulin mediates ovulation through female octo-
pamine neuronal signaling. Proceedings of the National Academy of Sciences of the United States of
America. 2013 Oct; 110(43):17420–17425. doi: 10.1073/pnas.1220018110 PMID: 24101486

77. Rezával C, Nojima T, Neville MC, Lin AC, Goodwin SF. Sexually dimorphic octopaminergic neurons
modulate female postmating behaviors in Drosophila. Current Biology. 2014 Mar; 24(7):725–730. doi:
10.1016/j.cub.2013.12.051 PMID: 24631243

78. Avila FW, Mattei AL, Wolfner MF. Sex peptide receptor is required for the release of stored sperm by
mated Drosophila melanogaster females. Journal of insect physiology. 2015 May; 76:1–6. doi: 10.
1016/j.jinsphys.2015.03.006 PMID: 25783955

Mating-Induced Transcriptome Changes in Female Aedes aegypti

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004451 February 22, 2016 23 / 24

http://dx.doi.org/10.1016/S0014-5793(99)00870-4
http://www.ncbi.nlm.nih.gov/pubmed/10437776
http://www.ncbi.nlm.nih.gov/pubmed/14505692
http://dx.doi.org/10.1186/1471-213X-14-15
http://dx.doi.org/10.1186/1471-213X-14-15
http://www.ncbi.nlm.nih.gov/pubmed/24707823
http://dx.doi.org/10.1186/1477-5956-4-9
http://www.ncbi.nlm.nih.gov/pubmed/16670001
http://dx.doi.org/10.1590/S0074-02761993000100005
http://www.ncbi.nlm.nih.gov/pubmed/8246743
http://dx.doi.org/10.1371/journal.ppat.1005015
http://dx.doi.org/10.1371/journal.ppat.1005015
http://www.ncbi.nlm.nih.gov/pubmed/26230630
http://dx.doi.org/10.1371/journal.pntd.0002295
http://www.ncbi.nlm.nih.gov/pubmed/23861987
http://dx.doi.org/10.1016/j.ibmb.2005.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16203208
http://dx.doi.org/10.1038/ni1417
http://www.ncbi.nlm.nih.gov/pubmed/17110942
http://dx.doi.org/10.1073/pnas.0902923106
http://www.ncbi.nlm.nih.gov/pubmed/19706411
http://dx.doi.org/10.1016/j.cell.2010.07.038
http://www.ncbi.nlm.nih.gov/pubmed/20797779
http://www.ncbi.nlm.nih.gov/pubmed/7823027
http://dx.doi.org/10.1002/arch.20010
http://www.ncbi.nlm.nih.gov/pubmed/15274179
http://dx.doi.org/10.1016/j.cub.2014.02.042
http://dx.doi.org/10.1016/j.cub.2014.02.042
http://www.ncbi.nlm.nih.gov/pubmed/24631240
http://dx.doi.org/10.1016/j.neuron.2008.12.021
http://dx.doi.org/10.1016/j.neuron.2008.12.021
http://www.ncbi.nlm.nih.gov/pubmed/19249273
http://www.ncbi.nlm.nih.gov/pubmed/19249272
http://dx.doi.org/10.1016/j.cub.2012.04.062
http://dx.doi.org/10.1016/j.cub.2012.04.062
http://www.ncbi.nlm.nih.gov/pubmed/22658598
http://dx.doi.org/10.1073/pnas.1220018110
http://www.ncbi.nlm.nih.gov/pubmed/24101486
http://dx.doi.org/10.1016/j.cub.2013.12.051
http://www.ncbi.nlm.nih.gov/pubmed/24631243
http://dx.doi.org/10.1016/j.jinsphys.2015.03.006
http://dx.doi.org/10.1016/j.jinsphys.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25783955


79. Macours N, Hens K. Zinc-metalloproteases in insects: ACE and ECE. Insect Biochemistry and Molecu-
lar Biology. 2004 Jun; 34(6):501–510. doi: 10.1016/j.ibmb.2004.03.007 PMID: 15147752

80. Vercruysse L, Gelman D, Van de Velde S, Raes E, Hooghe B, Vermeirssen V, et al. ACE inhibitor cap-
topril reduces ecdysteroids and oviposition in moths. Trends in Comparative Endocrinology and Neuro-
biology. 2005; 1040(1):498–500.

81. Vercruysse L, Gelman D, Raes E, Hooghe B, Vermeirssen V, Van Camp J, et al. The angiotensin con-
verting enzyme inhibitor captopril reduces oviposition and ecdysteroid levels in Lepidoptera. Archives
of insect biochemistry and physiology. 2004 Nov; 57(3):123–132. doi: 10.1002/arch.20023 PMID:
15484260

82. Li J, Kim SR, Li J, Li J. Molecular characterization of a novel peroxidase involved in Aedes aegypti cho-
rion protein crosslinking. Insect Biochemistry and Molecular Biology. 2004 Nov; 34(11):1195–1203.
doi: 10.1016/j.ibmb.2004.08.001 PMID: 15522615

83. Iida K, Cavener DR. Glucose dehydrogenase is required for normal sperm storage and utilization in
female Drosophila melanogaster. The Journal of experimental biology. 2004 Feb; 207(Pt 4):675–681.
doi: 10.1242/jeb.00816 PMID: 14718510

84. Tchankouo-Nguetcheu S, Khun H, Pincet L, Roux P, Bahut M, Huerre M, et al. Differential protein mod-
ulation in midguts of Aedes aegypti infected with Chikungunya and dengue 2 viruses. PLoS ONE.
2010; 5(10). doi: 10.1371/journal.pone.0013149 PMID: 20957153

85. Wong A, Albright SN, Giebel JD, Ram KR, Ji S, Fiumera AC, et al. A role for Acp29AB, a predicted sem-
inal fluid lectin, in female sperm storage in Drosophila melanogaster. Genetics. 2008 Oct; 180(2):921–
931. doi: 10.1534/genetics.108.092106 PMID: 18757944

86. Ziegler R, Ibrahim MM. Formation of lipid reserves in fat body and eggs of the yellow fever mosquito,
Aedes aegypti. Journal of insect physiology. 2001 Jun; 47(6):623–627. doi: 10.1016/S0022-1910(00)
00158-X PMID: 11249951

87. Noriega FG. Nutritional regulation of JH synthesis: a mechanism to control reproductive maturation in
mosquitoes? Insect Biochemistry and Molecular Biology. 2004 Jul; 34(7):687–693. PMID: 15242710

88. Matthews BJ, McBride CS, DeGennaro M, Despo O, Vosshall LB. The neurotranscriptome of the
Aedes aegyptimosquito. bioRxiv. 2015 Sep;p. 026823.

Mating-Induced Transcriptome Changes in Female Aedes aegypti

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004451 February 22, 2016 24 / 24

http://dx.doi.org/10.1016/j.ibmb.2004.03.007
http://www.ncbi.nlm.nih.gov/pubmed/15147752
http://dx.doi.org/10.1002/arch.20023
http://www.ncbi.nlm.nih.gov/pubmed/15484260
http://dx.doi.org/10.1016/j.ibmb.2004.08.001
http://www.ncbi.nlm.nih.gov/pubmed/15522615
http://dx.doi.org/10.1242/jeb.00816
http://www.ncbi.nlm.nih.gov/pubmed/14718510
http://dx.doi.org/10.1371/journal.pone.0013149
http://www.ncbi.nlm.nih.gov/pubmed/20957153
http://dx.doi.org/10.1534/genetics.108.092106
http://www.ncbi.nlm.nih.gov/pubmed/18757944
http://dx.doi.org/10.1016/S0022-1910(00)00158-X
http://dx.doi.org/10.1016/S0022-1910(00)00158-X
http://www.ncbi.nlm.nih.gov/pubmed/11249951
http://www.ncbi.nlm.nih.gov/pubmed/15242710

