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Abstract

Background: The impact of global climate change on the transmission dynamics of infectious diseases is the subject of
extensive debate. The transmission of mosquito-borne viral diseases is particularly complex, with climatic variables directly
affecting many parameters associated with the prevalence of disease vectors. While evidence shows that warmer
temperatures often decrease the extrinsic incubation period of an arthropod-borne virus (arbovirus), exposure to cooler
temperatures often predisposes disease vector mosquitoes to higher infection rates. RNA interference (RNAi) pathways are
essential to antiviral immunity in the mosquito; however, few experiments have explored the effects of temperature on the
RNAi machinery.

Methodology/Principal Findings: We utilized transgenic ‘‘sensor’’ strains of Aedes aegypti to examine the role of
temperature on RNA silencing. These ‘‘sensor’’ strains express EGFP only when RNAi is inhibited; for example, after
knockdown of the effector proteins Dicer-2 (DCR-2) or Argonaute-2 (AGO-2). We observed an increase in EGFP expression in
transgenic sensor mosquitoes reared at 18uC as compared with 28uC. Changes in expression were dependent on the
presence of an inverted repeat with homology to a portion of the EGFP sequence, as transgenic strains lacking this
sequence, the double stranded RNA (dsRNA) trigger for RNAi, showed no change in EGFP expression when reared at 18uC.
Sequencing small RNAs in sensor mosquitoes reared at low temperature revealed normal processing of dsRNA substrates,
suggesting the observed deficiency in RNAi occurs downstream of DCR-2. Rearing at cooler temperatures also predisposed
mosquitoes to higher levels of infection with both chikungunya and yellow fever viruses.

Conclusions/Significance: This data suggest that microclimates, such as those present in mosquito breeding sites, as well
as more general climactic variables may influence the dynamics of mosquito-borne viral diseases by affecting the antiviral
immunity of disease vectors.
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Introduction

There is a great deal of uncertainty concerning how climate

change will affect the distribution and incidence of infectious

diseases, particularly vector-borne diseases. Although there have

been predictions of increased vector-borne disease with increasing

global temperatures [1], modeling such changes is difficult because

of the complex relationships between vector-borne diseases and

temperature [2,3,4,5,6]. For example, higher temperatures can

shorten the time it takes mosquitoes to become competent vectors

of human disease agents [7,8], but also shorten the mosquito

lifespan; thus, decreasing their ability to serve as successful vectors

[5].

Temperature-dependent effects on the susceptibility of mosquito

vectors to viral infection also contribute to the complexity of

disease transmission. An inverse relationship appears to exist

between the temperature at which mosquito larvae undergo

development and their future susceptibility to virus infection

[9,10,11]. Lower temperatures in particular have been shown to

adversely affect a vector’s ability to modulate viral infection

[12,13,14] and increase rates of transovarial transmission [15].

Kramer et al [12] demonstrated that infection levels of western

equine encephalomyelitis virus (WEEV; genus Alphavirus) in Culex

(Cx.) tarsalis decreased as a function of increasing temperature.

These researchers hypothesized that at higher temperatures,

mosquitoes were better able to modulate virus infection. This

ability to modulate virus infection was heritable, suggesting a

genetic basis for the phenotype. Similar findings were made by

Kay and Jennings [14] using Ross River virus (RRV; genus

Alphavirus) in Ochelerotatus vigilax reared at 18uC. Turell [10] also

found significantly higher rates of disseminated infections for both
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Rift Valley fever virus (RVFV; genus Phlebovirus) and Venezuelan

equine encephalomyelitis virus (VEEV, genus Alphavirus) following

the ingestion of an infectious blood meal when mosquitoes were

reared at 19uC as compared to 26C. Most recently, Westbrook et

al. [11] found that the infectivity of CHIKV for Ae. albopictus

increased with decreasing rearing temperature (18uC.24u
C.32uC). Despite these observations, no mechanism has been

implicated that might explain how lower temperatures predispose

mosquito vectors to higher infection rates.

It is clear that small RNA pathways are critical in controlling

virus infections of the mosquito host [16,17,18,19]. Infection of the

mosquito with an arbovirus results in the production of two

different classes of small RNAs; 21 nt small interfering RNAs

(vsiRNAs) [16] and 24–30 nt piwi-interacting RNAs (vpiRNAs),

with the latter possessing a clear ping-pong signature [19,20].

Suppressing production of viral small RNAs in the mosquito leads

to increased viral replication and mortality [16]. The generation of

vsiRNAs depends on the activity of dicer-2 (DCR-2) [21].

However, processing by DCR-2 alone is insufficient to control

virus replication. Rather, this depends on the slicer activity of

Argonaute 2 (AGO-2), a component of the RNA induced silencing

complex (RISC) [22,23,24]. The RISC undergoes a maturation

process in which one strand of a siRNA duplex is selected as a

guide, directing the slicer activity of AGO-2 to RNA targets

present within the cell. The specific molecules involved in the

biogenesis and activity of vpiRNAs have not yet been identified.

Here, we correlate loss of RNA silencing in mosquitoes reared

at 18uC and increased susceptibility of Aedes spp. mosquitoes for

infection with chikungunya virus (CHIKV; genus Alphavirus) and

yellow fever virus (YFV; genus Flavivirus), suggesting a molecular

basis for previous observations of increased transmission of viral

pathogens by disease vector mosquitoes exposed to cooler

temperatures.

Materials and Methods

Mosquitoes and viruses
All mosquito strains [Ae. aegypti Liverpool, khw (white eye) and all

transgenic strains, Ae. albopictus Wise County strain] were reared in

environmental chambers with a light cycle of 14:10 (day:night) and

humidity of 80%. For all experiments, mosquitoes were hatched

under vacuum for ,30 minutes, counted, and dispensed

(n = ,400) into 4 L of water pre-chilled at 18uC or pre-warmed

at 28uC. Unless otherwise stated in the text, all stages of

development occurred at the indicated temperature. CHIKV

strain 37797 was produced from an infectious clone as described

previously [19]. YFV (Asibi strain) was obtained from the Centers

for Disease Control and Prevention. Recombinant Sindbis (SIN)

viruses containing Ae. aegypti dcr-2 or ago-2 fragments were as

described in [25].

Per os infection and infectivity assays
Assays were performed as described previously [26], with the

following exception. As vertebrate cells inoculated with small

quantities of virus require additional infectious cycles before

observation of cytopathic effects (CPE), rapidly proliferating

vertebrate cell monolayers may begin to deteriorate after too

many doublings and the exhaustion of medium. Deterioration of

cell monolayers inoculated with relatively small quantities of virus

may obscure scoring of CPE. To militate against this, clarified

mosquito homogenates were inoculated onto C6/36 mosquito cell

monolayers and placed at 28uC for 48 hours; the supernatant from

inoculated C6/36 cells was added to BHK-21 cell monolayers,

which were then scored for cytopathic effects.

Generation of transgenic mosquitoes
Transgenic Ae. aegypti were generated as described previously

[25,27]. Briefly, freshly deposited Ae. aegypti (khw strain) embryos

were microinjected with 500 mg/ml Donor plasmid and 300 mg/ml

pKhsp82 Mos1 Helper plasmid. The 36P3-RG Donor plasmid

was identical to that described in [25], with the exception that the

final 36P3-EGFP inverted repeat cassette was deleted. Surviving

individuals were crossed with the parental strain and progeny

screened for the presence of DsRED fluorescence in the eyes.

Real time quantitative PCR
SYBR Green-based qPCRs for EGFP, dcr-2 and ago-2 mRNA

levels were performed as described in [25]. Detection and

quantitation of CHIKV (+) strand RNA was performed as

described in [19,28]. YFV RNA was quantified with a standard

TaqManH assay as recommended by the manufacturer (Life

Technologies, Grand Island, NY).

Small RNA library preparation, sequencing and analysis
Small RNA libraries derived from head tissue of transgenic

sensor strain mosquitoes were constructed using Illumina’s small

RNA sample prep kit and sequenced on an Illumina GAII (single

replicate per temperature). Small RNA libraries derived from

whole female Ae. aegypti infected with CHIKV (three biological

replicates per temperature) were barcoded and constructed with

Illumina’s TruSeqTM small RNA prep kit and sequenced on an

Illumina HiSeq. All small RNA reads were mapped to the sensor

transgene or the CHIKV genome using Bowtie (v12.7) [29] after

removal of the 39 adapter sequence. Differential expression of

viRNAs were calculated as described in Morazzani et al [19]. All

small RNA libraries described in this study are available for

download from the Gene Expression Omnibus (GEO accession #
GSE46204).

Results

Cool temperature inhibits RNA silencing
We previously described two different Ae. aegypti transgenic

‘‘sensor’’ strains that express both EGFP and an inverted repeat

derived from EGFP in an eye-specific manner; with knockdown of

Author Summary

Although a link between the increased susceptibility of
mosquitoes for arthropod-borne viruses and exposure to
lower rearing temperatures has been known for many years,
the molecular basis of this has remained unknown. We
investigated this phenomenon using an engineered strain
of mosquito where the expression of a reporter was
dependant on the status of the RNA interference pathway
(RNAi). Our studies indicate a correlation between the virus-
susceptibility phenotype and temperature-dependent defi-
ciencies in antiviral immunity. Specifically, we demonstrate
that RNAi, a critical antiviral immune pathway in mosquito
vectors of human disease, is impaired in insects reared at
cooler temperatures. This suggests for the first time a
molecular explanation for previously described observa-
tions, findings that may lead to a better understanding of
how global climate change will affect the transmission of
mosquito-borne viruses, and new criteria for evaluating
genetic control strategies based on RNAi. Our studies also
suggest a novel mechanism for arbovirus adaptation to
otherwise incompetent vector species.

Temperature-induced Destabilization of RNAi
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DCR-2 or AGO-2 resulting in increased EGFP expression (Fig. 1A

and [25]). In order to determine if rearing mosquitoes at a cooler

temperature adversely affects the ability of the RNAi machinery to

silence the EGFP transgene, we reared the two independent sensor

strains at 18uC or 28uC. We observed a loss of silencing of the

EGFP transgene in both strains when mosquitoes were reared at

18uC (Fig. 1B). To verify that the observed increase in EGFP

fluorescence was due to a corresponding increase in the steady-

state levels of EGFP mRNA, we performed real-time qPCR on

cDNA obtained from the heads of mosquitoes reared at 18uC or

28uC. In both sensor strains reared at the lower temperature, we

observed a 4–8 fold increase in EGFP mRNA levels (Fig. 1C). To

verify that this was due to a temperature-dependent effect on

RNAi, and not non-specific transcriptional or post-transcriptional

changes affecting the expression of the transgenes, we generated

additional transgenic strains (termed 36P3-RG) carrying a similar

construct as our sensor but without the inverted repeat sequence

(Fig. 1A). Two different lines were established, P10 and P11A. As

expected, neither line P10 nor P11A exhibited any changes in

EGFP fluorescence (Fig. 1B) or EGFP mRNA levels (Fig. 1C)

when reared at 18uC. Unlike 36P3-sensor mosquitoes, the 36P3-

RG transgenic lines did not show any change in EGFP protein or

mRNA levels with the loss of DCR-2 or AGO-2 (Fig. 2A, 2B),

suggesting that the inverted repeat sequence targeting EGFP is

essential for both RNAi-based silencing of EGFP and tempera-

ture-dependent loss of silencing.

In order to determine if temperature-dependent loss of silencing

could be rescued, mosquitoes reared at 18uC were transferred to

28uC one-day post emergence. EGFP mRNA levels were silenced

by seven days (Fig. 3A, 3C), whereas mosquitoes that remained at

18uC failed to silence EGFP (Fig. 3E). This indicated that the

RNAi pathway is not irrevocably damaged during development at

cooler temperatures. Likewise, rearing mosquitoes at 28uC, with a

subsequent shift of the newly emerged adults to 18uC resulted in a

partial loss of silencing (Fig. 3B, 3D), suggesting that this

phenomenon is not necessarily fixed to a specific developmental

stage.

In order to determine if rearing at cooler temperatures

perturbed the biogenesis of small RNAs, we sequenced small

RNAs isolated from the heads of sensor strain mosquitoes reared

at 28uC or 18uC (Fig. 4). Small RNA biogenesis was not affected

by the lower temperature, suggesting that the observed effects on

RNA silencing occur downstream of the initial dicing step.

Interestingly, we observed an increase in 28 nt small RNAs

Figure 1. Rearing at 186C activates transgenic RNAi sensor strain mosquitoes. (A) Schematic representation of the two transgenic
constructs. 36P3-DsRED (red block arrows), 36P3-EGFP/36P3-EGFPir (green block arrows), and Mos1 right and left arms (black block arrows) are
indicated. (B) Photographs of typical individuals from Ae. aegypti 36P3-sensor or 36P3-RG transgenic strains following rearing at 18uC or 28uC using a
Leica EGFP (top panel) or DsRED filter (bottom panel). (C) Real-time qPCR displaying changes in EGFP mRNA levels within each of four transgenic
strains (two sensor strains, two 36P3-RG strains) following rearing at 18uC (18) or 28uC (28). Error bars indicate the standard deviation among three
biological replicates; *** indicates significance at the p,0.001 level as determined by two-tailed Student’s t-test.
doi:10.1371/journal.pntd.0002239.g001

Temperature-induced Destabilization of RNAi

PLOS Neglected Tropical Diseases | www.plosntds.org 3 May 2013 | Volume 7 | Issue 5 | e2239



derived from the EGFP inverted repeat transgene in the 18uC
cohort, suggesting the possibility of increased targeting by the

piRNA pathway (Fig. 4).

To determine if the observed loss of transgene silencing

correlated with increased susceptibility to viral infection, we fed

sensor strain mosquitoes reared at 28uC or 18uC blood meals

containing equivalent amounts of CHIKV. When infectivity was

assayed eight days after the infectious blood meal, sensor

mosquitoes reared at 18uC had significantly (Fisher’s exact test,

P,0.03) higher infection rates with CHIKV in comparison with

the cohorts reared at 28uC (Fig. S1).

Cool temperature increases the susceptibility of Ae.
aegypti to CHIKV infection

To determine if cooler temperatures also increase susceptibility

of non-transgenic mosquitoes to CHIKV, Liverpool strain Ae.

aegypti were offered blood meals containing serial dilutions of the

virus. Eight days after challenge, the number of CHIKV-infected

mosquitoes was determined. Even though both groups were held

at 28uC for the duration of the viral extrinsic incubation period,

prior exposure to a temperature of 18uC substantially increased

the number of CHIKV-infected mosquitoes following ingestion of

the blood meal, as compared with those reared at 28uC (Fig. 5A).

Next, we injected mosquitoes reared at 18uC or 28uC with

equivalent amounts of virus, transferred both groups to 28uC, and

processed 8 hours later; this time point was chosen specifically to

limit the number of infectious cycles. This route of infection also

bypassed the midgut, to verify that the temperature dependent

effect was systemic, and not localized to the midgut tissue.

Sequencing small RNA populations from these mosquitoes

revealed significantly increased production of vsiRNAs (exact

Poisson test, P,0.0001) and vpiRNAs (exact Poisson test,

P,0.0001) in cohorts reared at the colder temperature (Fig. 5B).

Real-time quantitative PCR analysis performed on mosquitoes

reared at 18uC indicated significantly higher levels of viral mRNA

than in those reared at 28uC (Fig. 5C). Thus, despite their

increased presence in mosquitoes reared at 18uC, the dicer

products in these mosquitoes were not effective at controlling virus

replication, likely due to impairment of RNAi at a downstream

step [21,22,30].

To confirm that these findings were not virus or host-specific,

we offered infectious bloodmeals containing YFV to a recently

colonized Ae. albopictus strain (2008) reared at 18uC or 28uC, and

compared these results to those obtained in Ae. aegypti reared at

28uC. Similar to our previous results, prior exposure to a

temperature of 18uC significantly increased YFV infections in

Ae. albopictus ingesting blood meals containing the virus (Fig. 6).

Our results also indicated that the Liverpool strain of Ae. aegypti

was more susceptible to infection with YFV when reared at 28uC
than was the Ae. albopictus strain reared at 28uC or 18uC. However,

the difference was not as great between Ae. aegypti reared at 28uC
and Ae. albopictus reared at 18uC (Fig. 6).

Discussion

Our data suggest post-dicer inhibition of RNA silencing in

disease vector mosquitoes subjected to low temperature (18uC).

Mosquitoes reared at the same low temperature and subsequently

infected with CHIKV or YFV, proved significantly more

susceptible to these viruses than mosquitoes reared at 28uC.

These results also corresponded with significantly increased virus

replication in mosquitoes exposed to the lower temperature. In

mosquitoes infected with CHIKV, increased virus replication

occurred despite a significant rise in production of vsiRNAs,

suggesting a diminished potency for these dicer products after

mosquitoes were reared at the colder temperature. These results

are consistent with those of others that have shown the production

of vsiRNAs is insufficient to control virus replication in the absence

of AGO-2 mediated slicing [21,22,30]. Thus, we propose that the

temperature-dependent effects observed in both transgenic and

non-transgenic mosquitoes are due to either direct or indirect

inhibition of AGO-2-dependent slicing. Interestingly, tempera-

ture-dependent defects in RNAi have also been described in

Figure 2. Loss of DCR-2 or AGO-2 transcripts does not affect
EGFP expression in transgenic 36P3-RG lines. (A) Real-time qPCR
displaying changes in EGFP mRNA levels following knock-down of ago-
2 or dcr-2 transcripts in two 36P3-RG transgenic lines and one 36P3-
sensor line. (B) Real-time PCR results confirming successful knockdown
of ago-2 and dcr-2 transcripts. Error bars indicate one standard
deviation corresponding to technical variation for a representative
biological replicate.
doi:10.1371/journal.pntd.0002239.g002

Temperature-induced Destabilization of RNAi
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several plant species [31,32]. However, in contrast with our results

these studies found that dicing of viral dsRNAs was inhibited in

plants exposed to cooler temperatures. Nevertheless, the similarity

of the plant phenotypes to those described here suggests a

convergent evolutionary response to lower than optimal temper-

atures in both plants and insects.

Previous work by our group has demonstrated that suppression

of the RNAi response by the protein B2 increases the midgut

infection rate for arboviruses [16]. Similar results were observed

by others following silencing of DCR-2 or AGO-2 [17,18]. These

data emphasize the idea that arbovirus entry and uncoating into

midgut cells is followed by an effective RNAi response that

eliminates many or all of these initial events so that a productive

midgut infection is avoided. In our experiments, mosquitoes fed an

infectious bloodmeal were treated in an identical manner after virus

exposure. Thus, we expect the effects of temperature were limited

to the time of virus exposure only. A reduction in RNA silencing at

this time would be expected to reduce the ability of initially

infected cells to mount a response early in the infectious process;

the end result being an increase in the number of productive

midgut infections. Once the arbovirus has established this initial

foothold, the RNAi response, even if functioning normally might

not be able to completely clear the infection, thus, these

mosquitoes remain infected for life.

Figure 3. Low-temperature activation of RNAi sensor mosquitoes is reversible and can be induced in adults. Photographs taken at 7 or
14 days post emergence (7 d or 14 d) of typical individuals from Ae. aegypti RNAi sensor strain #2 following rearing at 18uC (A) or 28uC (B). Adult
females were transferred to the indicated temperature at 1 day post-emergence; photographs are EGFP (top panel) or DsRED (bottom panel). Real-
time qPCR of EGFP mRNA levels in 36P3-sensor mosquito heads following rearing at 18uC (C) or 28uC (D), with newly emerged adults held at the
alternate temperature for the indicated number of days. Error bars indicate one standard deviation corresponding to technical variation for a
representative biological replicate. (E) Real-time qPCR of EGFP mRNA levels in transgenic RNAi sensor heads following rearing at 18uC or 28uC, with
mosquitoes remaining at the same temperature as adults. Error bars indicate the standard deviation among three biological replicates; *** indicates
significance at the p,0.001 level as determined by two-tailed Student’s t-test.
doi:10.1371/journal.pntd.0002239.g003

Figure 4. Small RNA sequencing from 36P3-sensor heads.
Histogram displaying the length distribution of EGFP-derived small
RNAs from 36P3-sensor mosquito heads following rearing at 18uC or
28uC. Numbers above bars indicates fold increase from 28uC to 18uC.
Sense (solid bar) and antisense (cross-hatched) siRNA totals are
displayed in the same stack for each sample.
doi:10.1371/journal.pntd.0002239.g004

Temperature-induced Destabilization of RNAi
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Our data suggest that exposure to cooler temperatures after

virus infection would also reduce RNAi activity; however, such

temperatures would also reduce the replicative capacity of the

virus. A prediction of this model is that if lower temperatures

negatively affect virus replication more than RNAi, the extrinsic

incubation period will increase with decreasing temperatures, a

trend observed for most arbovirus-vector interactions [7,8,33]. In

contrast, for virus vector combinations where RNAi is adversely

affected more than viral replication, virus production will decrease

with increasing temperatures (ie, increased modulation by RNAi).

This scenario is consistent with observations previously reported

for WEEV and RRV, in which mosquitoes were unable to

modulate viral infections at lower temperatures [12,13,14].

Current models of arboviral disease transmission consider

temperature as it relates to parameters such as mosquito longevity;

time to complete development, and the extrinsic incubation period

following exposure to a given arbovirus [5,34,35]. However, our

data re-emphasize the importance of temperature on mosquito

physiology in the time prior to virus exposure. Thus, current models

may be improved by also taking into consideration the microcli-

mates present in shaded or secluded breeding sites, such as those

preferred by Aedes mosquitoes [4,36]. For example, during the

Figure 5. CHIKV infection, RNA production and small RNA biogenesis following rearing at 186C or 286C. (A) Infectivity of CHIKV for Ae.
aegypti Liverpool strain following per os challenge. Each bar represents the average of three biological replicates of 27–50 mosquitoes each. Small
RNA size distributions of CHIKV vsiRNAs and vpiRNAs (B) and absolute quantitation of CHIKV (+) strand RNA (C) at 8 hrs post injection into Ae. aegypti
Liverpool strain females reared at 18uC or 28uC. Error bars indicate the standard deviation amongst three biological replicates. Significance was
assessed via a two-tailed Student’s t-test.
doi:10.1371/journal.pntd.0002239.g005

Figure 6. YFV infection of mosquitoes following rearing at
186C or 286C. Infectivity of YFV for Ae. aegypti (Lvp strain) and Ae.
albopictus (Wise County) reared at 18uC or 28uC. Each bar represents the
average of three biological replicates of 39–50 mosquitoes each; error
bars indicate one standard deviation. Significance was assessed via a
two-tailed Student’s t-test.
doi:10.1371/journal.pntd.0002239.g006

Temperature-induced Destabilization of RNAi
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epidemic dengue transmission season in Buenos Aires (Jan-Mar),

temperatures in shaded microenvironments were estimated to be

,10uC cooler (22–25uC vs 30–37uC) than those in sunlit areas

[37]. Similarly, during an outbreak of CHIKV in La Réunion, Ae.

albopictus were found to prefer shaded breeding sites with average

temperatures as low as 12.6uC [38]. During the same epidemic, a

single amino acid substitution is known to have altered the

infectivity of a CHIKV strain for Ae. albopictus, a non-traditional

vector for this virus [39,40]. Transient, temperature-induced

increases in infectivity similar to those demonstrated here may

increase opportunities for arboviruses to acquire adaptive muta-

tions that permanently modify infectivity for a specific vector

species. Urban epidemics resulting from the introduction of

arboviral pathogens into densely populated areas are highly

dependent on transmission by infected peridomestic vector species.

Disconcertingly, we have shown that the infectivity of YFV and

CHIKV for two important peridomestic vector species is improved

when the aquatic stages of the insects’ lifecycles occur at an

environmentally relevant low temperature. Thus, our results, as

well those published by others [9,10,11], suggest that temperature-

dependent effects on vector competence may be applicable to

many Aedes species and for alpha-, flavi-, and bunyaviruses.

Finally, we note that strategies relying on RNAi to generate

transgenic mosquito strains with pathogen-resistant phenotypes

have been in development for a considerable amount of time

[41,42]. Our data suggest that RNAi-based effecter genes may

need to be re-evaluated for temperature-dependent effects on

pathogen-resistance.

Supporting Information

Figure S1 CHIKV infection following rearing at 186C or

286C. Infectivity of CHIKV for Ae. aegypti ‘‘sensor’’ strain

following per os challenge (single replicate). The number of

individuals examined is indicated above each bar.

(TIF)
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