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Regulation of the antennal transcriptome
of the dengue vector, Aedes aegypti, during
the first gonotrophic cycle
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Abstract

Background: In the light of dengue being the fastest growing transmissible disease, there is a dire need to identify
the mechanisms regulating the behaviour of the main vector Aedes aegypti. Disease transmission requires the
female mosquito to acquire the pathogen from a blood meal during one gonotrophic cycle, and to pass it on in
the next, and the capacity of the vector to maintain the disease relies on a sustained mosquito population.

Results: Using a comprehensive transcriptomic approach, we provide insight into the regulation of the odour-
mediated host- and oviposition-seeking behaviours throughout the first gonotrophic cycle. We provide clear
evidence that the age and state of the female affects antennal transcription differentially. Notably, the temporal-
and state-dependent patterns of differential transcript abundance of chemosensory and neuromodulatory genes
extends across families, and appears to be linked to concerted differential modulation by subsets of transcription
factors.

Conclusions: By identifying these regulatory pathways, we provide a substrate for future studies targeting subsets
of genes across disparate families involved in generating key vector behaviours, with the goal to develop novel
vector control tools.
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Background
More than 80% of the world’s population is at risk of
contracting a vector-borne disease, accounting for more
than 17% of all infectious diseases worldwide, and caus-
ing ca. 700,000 deaths annually [1]. As the primary vec-
tor of arboviral diseases, including dengue, Zika,
chikungunya and yellow fever, the mosquito Aedes
aegypti accounts for ca. 140 million diagnosed cases of
infections annually [1]. The capacity of female mosqui-
toes to vector these diseases is directly dependent on
females locating a suitable host and taking a complete

blood meal, behaviours greatly influenced by, e.g. age
and nutritional status [2–4]. Throughout the life cycle
of the female mosquito, these vector-related behaviours
are regulated by internal factors and sensory input, pre-
dominantly derived from olfactory cues [2, 3]. Charac-
terising the molecular apparatus that mediates the
peripheral detection of odorants, throughout the gono-
trophic cycle, will improve our understanding of the
dynamic nature of the peripheral olfactory system of
female mosquitoes, and may provide targets for use in
novel vector monitoring and control strategies.
The first gonotrophic cycle of a female Ae. aegypti suc-

ceeds the approximately 5-day long adult maturation
and mating period [5] (Fig. 1). During this period,
females engage in active host seeking, which continues
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until the female, with sufficient energetic reserves, takes
a complete blood meal [5]. While these behaviours are
often considered stereotypic, the dynamic nature of host
seeking and blood feeding has been demonstrated over
the first 2 weeks post-emergence [8–10, 16, 17]. A stron-
ger dynamic change in these behaviours is demonstrated
immediately following a successful blood meal when
females locate a resting site, reduce flight activity and
demonstrate refractoriness to host odours [11–13].
Blood meal digestion and egg development continues for
up to 60 h, and is followed by gravid females displaying
pre-oviposition behaviour, i.e. the search for suitable
egg-laying sites [5]. Oviposition usually occurs a few
hours after the completion of egg maturation, around
96 h post-blood meal (pbm) [5, 18], at which time the
host odour refractoriness is lifted and then host seeking
resumes within 24 h [19].
Expression profiling of chemosensory-related genes in

the main olfactory organ, the antenna, throughout the
gonotrophic cycle of the female mosquito can quantify,
and thus provide insights into the regulation of the mo-
lecular correlates of the various olfactory-driven, and
vector-related, behaviours [17, 20–23]. Previous gene ex-
pression analyses have described the genetic regulation of

the peripheral olfactory system of female mosquitoes dur-
ing defined periods associated with behavioural change,
including maturation [17, 24, 25], post-blood meal olfac-
tory refractoriness [11, 19–23] and pre-oviposition behav-
iour [21]. These studies collectively show that differential
gene abundance is linked with age- and/or state-
dependant concerted changes in both sensory and behav-
ioural sensitivity to resource-related odours [17, 20–25].
The objective of this study is to perform a comprehen-

sive analysis, throughout the first gonotrophic cycle, of
genes involved in the regulation of the peripheral olfac-
tory system of age-matched host-seeking and blood-fed
female Ae. aegypti. This study explores several gene fam-
ilies directly involved in chemosensation or its regula-
tion, including the chemoreceptors, binding proteins,
modulators and their cognate receptors, enzymes, tran-
scription factors and circadian regulators. The putative
role of these genes in odour detection and their correl-
ation with the physiological state of the mosquito during
aging and throughout the reproductive cycle is dis-
cussed. The future functional characterisation of the
identified genes and how they regulate gonotrophic
behaviours may provide targets for use in future vector
control methods.

Fig. 1 Schematic representation of the gonotrophic cycle of Aedes aegypti females. After adult maturation, non-blood fed mosquitoes share their
time amongst floral seeking [6, 7], host seeking [8–10] and resting ([6] and refs therein) (top panel). Following a complete blood meal at 5 days
post-emergence (dpe), the host seeking behaviour is inhibited until egg-laying [11–13], while floral seeking is inhibited for up to 48 h [7, 13],
when pre-oviposition behaviours commence [14] (bottom panel). Most females have oviposited within 100 h post-blood meal (pbm) [15]
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Results
Global gene expression profiling
Expression profiling of antennal mRNA from the 36 li-
braries created at six time points from the gonotrophic
cycle of Ae. aegypti, revealed the reliable expression of
11,751 genes above background levels, of which 8579
genes were reliably detected in all libraries, while 9015
and 9245 genes were reliably detected in the non-blood
fed (nbf) and blood fed (bf) libraries, respectively.

Controlled time for dissection allows for age comparison of
gene expression profiles
To assess the efficacy of the narrow time window of tissue
collection each day, the abundance of the six circadian
clock transcripts, period (PER), cycle (cyc), timeless
(AAEL019461), clock (AAEL022593), vrille (AAEL011371)
and par-domain protein-1 (PDP1) was analysed in the
context of the diel patterns previously described [26–28].
Since the variation in transcript abundance over time
amongst the clock genes was demonstrated to be low, and
was not accentuated in the anticycling genes e.g. Clock
and PDP1, the variation is likely not due to diel or cir-
cadian effects (Fig. S1 insets). In fact, the observed pat-
terns of abundance over time were consistent between
Clock and PDP1, as well as between PER, timeless and
vrille (Fig. S1). Thus, the changing abundance of the
clock genes, over time, is likely more a result of age
than diel or circadian rhythms.

Effect of age on gene expression profiles
A gene ontology (GO) analysis of the molecular function
of genes reliably detected in the antennae of nbf females
every 24 h from 5 to 10 days post-emergence (dpe) indi-
cates that the overall proportion of these genes in each
molecular function category remains consistent through
time (Fig. S2). The molecular functions that described >
85% of the genes expressed in host-seeking adult female
antenna were protein binding (GO:0005515), ribosome
structural constituent (GO:0003735), oxidoreductase
activity (GO:0016491), hydrolase activity (GO:0016787)
and odorant binding (GO:0005549; Fig. S2).
An overall comparison by principal component analysis

(PCA) among the antennal transcriptomes from host-
seeking females at each of the six ages revealed that age af-
fected the transcript abundance (Fig. 2a). The replicates of
each age clustered together, and there was no discernible
difference among the antennal transcriptomes of ages 7
and 8 dpe (Fig. 2a). The transcriptomes demonstrated
age-dependent oscillations along principal component
axes 1 and 2 (Fig. 2a). Transcriptomes which align with
each other on the principal component 2 axis (i.e. 5, 9 and
10 dpe or 6, 7 and 8 dpe) revealed fewer differentially
abundant genes when compared with each other, as com-
pared to those separated along this axis (e.g. Fig. 2b, c),

indicating a change from one state of overall gene expres-
sion in the antennae of host-seeking females to another
between 5 and 6 dpe, and then a return to the initial 5
dpe-like state between 8 and 9 dpe (Fig. 2a, b, c).
A comparison of the number of differentially abundant

genes in the antennae of host-seeking females supported
the findings from the PCA by demonstrating the largest
differences between 5 and 6 dpe, followed by those
between 8 and 9 dpe (Fig. 2c). Moreover, a careful exam-
ination of the genes differentially expressed between 5 dpe
and 9 dpe revealed that 71% of the differentially expressed
genes are shared between the 5 to 6 dpe and the 8 to 9
dpe comparisons. Of these 2657 shared genes, more than
99% were counter-regulated at these two time points, i.e.,
up-regulated at 6 dpe and down-regulated at 9 dpe (1401
genes), or vice versa (1235 genes). Indeed, more than 99%
of the differentially abundant genes involved in regulating
transcription were up-regulated between 5 and 6 dpe, and
then down-regulated between 8 and 9 dpe. The relatively
few differentially regulated genes evident among the an-
tennae of either the 5, 9 and 10 dpe, or the 6, 7 and 8 dpe
females (Fig. 2b, c), and the large number of genes
counter-regulated between 5 to 6 dpe and 8 to 9 dpe, sug-
gests that 5 dpe may represent the base state of antennal
gene expression for a host-seeking female, established at
the end of maturation. The base state appears to
undergo a general, age-dependent regulation of the
antennal transcriptome to an alternate state by 6 dpe,
which is maintained from 6 to 8 dpe, and then re-
verts to the base state at 9 dpe and maintained
through 10 dpe (Fig. 2a, b, c).
The predominant molecular functional classes of the

genes demonstrating age-dependent differentially abun-
dant transcripts (Fig. 2d, e) reflected those of the most
abundant classes, protein binding (GO:0005515), struc-
tural constituent of the ribosome (GO:0003735), oxidore-
ductase activity (GO:0016491), hydrolase activity (GO:
0016787) and odorant binding (GO:0005549; Figs 2d, e
and S3). It is important to note that while the pairwise
comparisons between ages of the same state contain rela-
tively few differentially abundant genes, the predominant
molecular classes represented are generally the same as
those listed above. The exceptions are the lack of differen-
tially abundant hydrolases between 7 and 8 dpe, and struc-
tural constituents of ribosomes between 9 and 10 dpe.
Each of these molecular functional classes are involved in
the active regulation of the cellular environment in the an-
tenna, be it by de novo synthesis and interaction of pro-
teins with other proteins and/or ligands, or by the
degradation of cell products and xenobiotics.

Effect of a blood meal on gene expression profiles
When comparing the antennal transcriptomes of nbf to bf
age-matched cohorts, age accounted for more of the
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variation described by the principal component analysis
than blood meal status, primarily on the principal compo-
nent 2 axis (Fig. 3a). An exception to this was the antennal
transcriptomes of females at 9 dpe, in which the antennal

transcriptomes of nbf females and females 96 h pbm are
not adjacent to each other on the principal component 2
axis, as predicted (Fig. 3a). Blood meal status was better
described in the variation along the principal component

Fig. 2 Age-dependent antennal transcript abundance. a Principal component analysis of the antennal transcriptomes of 5 to 10 days post-
emergence (dpe) female Aedes aegypti. Ages are denoted by a gradient of green hues, with the lightest being 5 dpe and the darkest being 10
dpe. The total number of genes with differentially abundant transcripts from comparisons between b each age group and 5 dpe, and c adjacent
ages of host-seeking adult female Ae. aegypti can be determined by the sum of those with gene ontology (GO) annotation (white) and those
without (green). d-e Proportions of genes with differentially abundant transcripts in the antennae of 5 to 10 dpe host-seeking adult female Ae.
aegypti classified by a level 3 molecular function gene ontology. Comparisons are made between each age group and 5 dpe (d), and adjacent
age groups (e). The legend indicates the GO terms representing � 2% of the total differentially abundant transcripts in at least one
pairwise comparison
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meal during the first gonotrophic cycle. The largest
number of differentially abundant genes between the
antennal transcriptomes of nbf and bf females was found
at 9 dpe, 96 h pbm, within 12±6 h of oviposition,
followed by those at 10 dpe, 120 h pbm, post-oviposition
(Fig. 3b). The fewest differentially abundant genes were
identified in the antennae of 6 dpe, 24 h pbm, females
(Fig. 3b). Immediately following a blood meal, the pre-
dominant molecular functions that were regulated at
gene level were protein binding (GO:0005515), structural
constituent of the cuticle (GO:0042302) and odorant
binding (GO:0005549), while 24 h pbm oxidoreductase
activity (GO:0016491) takes precedence (Fig. 3c). As the
female progresses through the first gonotrophic cycle,
these molecular functions remain predominant, how-
ever, the proportion of differentially abundant tran-
scripts for protein binding increased at a constant rate
(R2 = 0.91), while the others decrease proportionately
(Fig. 3c). Within 1 h of the blood meal given at 5 dpe,
regulation of cuticle constituent, odorant binding, and
protein binding genes has commenced, however the
genes regulating translation (GO:0003735) were not
yet shown to be differentially abundant until 48 h
pbm (Fig. 3c).

Regulation of peripheral chemosensory genes
Two motifs of concerted regulation were described for
the chemosensory-related gene families. The overall
trend in chemosensory-related gene abundance denoted
as motif 1 was described by an increase with age be-
tween 5 and 6 dpe in nbf (Fig. 4 left; Figs. S4, S5, S6, S7,
S8 and S9) and bf (Fig. 4 middle; Figs. S4, S5, S6, S7, S8
and S9) female antennae, although this was generally less
pronounced post-blood meal. This overall high abun-
dance was maintained until 9 dpe in nbf antennae (Fig. 4
left; Figs. S4, S5, S6, S7, S8 and S9), and until 10 dpe in
bf antennae (Fig. 4 middle; Figs. S4, S5, S6, S7, S8 and
S9), at which time it decreased to levels generally not
significantly different from those of 5 dpe females (Fig. 4
right; Fig. S4). Motif 2 describes a similar, but inverted,
trend in abundance in which abundance is down-
regulated between 5 and 6 dpe in the antennae of nbf
and bf females (Fig. 4 left; Figs. S4, S5, S6, S7, S8 and
S9), and up-regulated in the antennae of nbf 9 dpe (Fig. 4
left; Figs. S4, S5, S6, S7, S8 and S9) and bf 10 dpe (Fig. 4
middle; Figs. S4, S5, S6, S7, S8 and S9) females. Of the
two abundance motifs described in this study, odorant
receptor (Or), ionotropic receptor (Ir), and class B scav-
enger receptor membrane bound protein (SCRB) overall
gene regulation was described by motif 1, while the
other chemosensory-related gene families were also de-
scribed by motif 2, with genes that had an overall higher
abundance tending to display motif 1, while those with
lower abundance displayed motif 2. Comparisons that

are mentioned below as being up- or down-regulated,
or as differentially abundant, have significantly chan-
ged in abundance at least 2-fold (FDR p < 0.05), un-
less otherwise stated.

Odorant receptors
Of the repertoire of 97 annotated Ors, 86 and 87 were
reliably detected in the antenna of nbf and bf adult fe-
males of Ae. aegypti, respectively, with a total of 90
when all ages and both feeding states are included
(Fig. S4; Dataset S1). Orco, the gene encoding the ob-
ligate Or co-receptor [29], demonstrated the highest
transcript abundance across all time points (Fig. 4;
Fig. S4), amounting to an abundance similar to that of
the unique Ors combined (Dataset S1). Motif 1
described the overall trend in Or abundance (Fig. 4),
including both unique Ors and Orco, with the 24 h
delay between 9 and 10 dpe in the antennae of bf
female in returning to abundance levels similar to 5
dpe described by almost half of Ors, with a signifi-
cantly higher abundance (> 2-fold; FDR p < 0.05) in bf
compared with nbf antennae at 9 dpe (Fig. 4 a right;
Fig. S4).
While many Ors appear to follow the motif 1 pattern of

regulation (Fig. 4 a; Fig. S4), 19 Ors were not age- or state-
dependently regulated, and several more Ors (e.g. Or6,
Or20_1 and Or117) exhibited a more variable pattern of
abundance with age and reproductive status (Fig. S4). In a
comparison of the abundance of antennal Ors from the
oldest females tested (10 dpe) with the youngest (5 dpe),
all of the 19 Ors identified exhibited significantly higher
abundance in the older females, and all but two (Or47 and
Or79) also demonstrated a significant increase in abun-
dance in the antennae of 6 dpe over 5 dpe females (Fig. S4
left). Following a blood meal, and controlling for age, 45
of the reliably detected Ors were not regulated compared
with nbf (Fig. S4 right). Of the 44 regulated Ors, 39 were
more abundant in the antennae of 96 h pbm females com-
pared to non-blood fed females of the same age (9 dpe),
while the other five (i.e., Or20_1, Or25, Or42, Or79, and
Or116) were not regulated at this time point (Fig. 4 right;
Fig. S4 right). Eleven of the Ors that demonstrated a
higher abundance in the antennae 96 h pbm also displayed
higher Or abundance at other times post-blood meal. Of
particular interest, Or117 was more significantly abundant
in the antennae of females from 24 h to 96 h pbm, while
Or107, and Or13 and Or20_2, were significantly more
abundant from 48 h and 72 h to 96 h, respectively
(Fig. S7 right). Post-oviposition (120 h pbm), the level
of abundance returned to that which was not signifi-
cantly different from its age-matched cohort for all
but two Ors, Or79 and Or105_2, which were more
abundant in nbf and bf antennae, respectively (120 h
pbm; Fig. S4 right).
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