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Complex environmental drivers of
immunity and resistance in
malaria mosquitoes

Courtney C. Murdock, Lillian L. Moller-Jacobs and Matthew B. Thomas

Center for Infectious Disease Dynamics, Department of Entomology, Pennsylvania State University,
Merkle Lab, Orchard Road, University Park, PA 16802, USA

Considerable research effort has been directed at understanding the genetic
and molecular basis of mosquito innate immune mechanisms. Whether
environmental factors interact with these mechanisms to shape overall resist-
ance remains largely unexplored. Here, we examine how changes in mean
ambient temperature, diurnal temperature fluctuation and time of day of
infection affected the immunity and resistance of Anopheles stephensi to infec-
tion with Escherichia coli. We used quantitative PCR to estimate the gene
expression of three immune genes in response to challenge with heat-
killed E. coli. We also infected mosquitoes with live E. coli and ran bacterial
growth assays to quantify host resistance. Both mosquito immune par-
ameters and resistance were directly affected by mean temperature,
diurnal temperature fluctuation and time of day of infection. Furthermore,
there was a suite of complex two- and three-way interactions yielding idio-
syncratic phenotypic variation under different environmental conditions.
The results demonstrate mosquito immunity and resistance to be strongly
influenced by a complex interplay of environmental variables, challenging
the interpretation of the very many mosquito immune studies conducted
under standard laboratory conditions.

1. Introduction

Throughout the past two decades, researchers have made great strides in
describing the innate immune system of mosquito vectors [1], in defining the
key genetic players shaping mosquito resistance to vector-borne pathogens
(such as malaria and dengue virus) [2—-4] and in identifying potential targets
for genetic manipulation [5-7]. By and large, most of this research has been
conducted under simplified laboratory conditions with tight control over vari-
ables, like environmental temperature. Yet, mosquitoes and their parasites
associate in a variable environment [8—10]. Studies on a wide range of invert-
ebrates show that small, realistic changes in ambient temperature can shape
host resistance (reviewed in [11]). Further, it is well established that temperature
has diverse impacts on mosquito physiology [12-14] and the development
rates of key vector-borne parasites [15,16—19]. Thus, it would be surprising if
mosquito resistance mechanisms, for instance immune function, were not
sensitive to changes in temperature.

Recently, we demonstrated in a malaria mosquito that expression of immune-
related genes, together with functional measures of cellular and humoral resist-
ance, do indeed vary with temperature [20]. Importantly, variation across
temperature did not simply scale quantitatively with temperature; individual
measures of immunity exhibited different thermal optima and distinct patterns
of expression over time in response to different immune challenges [20]. This
recent study, like others [12,21,22], considered a range of constant temperature
environments. However, mosquitoes live in environments that often change
dynamically throughout the day, between different habitats (e.g. indoors versus
outdoors) and across seasons [14,23]. Evidence from numerous ectotherm systems
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(including mosquitoes) indicates that short-term temperature
variation, for instance diurnal fluctuation, can affect a range
of life-history traits relative to constant temperature environ-
ments [24,25-28]. In addition to extrinsic influences like
temperature, the resistance of Drosophila melanogaster to bac-
terial infection has been shown to depend on the time of day
flies are infected owing to a clock-regulated transient burst in
the expression of innate immune genes [29]. Elements of mos-
quito behaviour [30-32], physiology [33,34] and some aspects
of immune function [33] have also been shown to be under
rhythmic control, suggesting that mosquitoes might vary in
their susceptibility to infection with time of day. Whether diur-
nal temperature fluctuation and time of day of infection affect
mosquito immunity and resistance remains largely unexplored.
In this study, we investigated how variation in mean temp-
erature, diurnal temperature fluctuation and time of day shape
the immunity and resistance of the Asian malaria vector Ano-
pheles stephensi. We examined expression of three key immune-
related genes (defensin 1 (DEF1), cecropin 1 (CEC1) and nitric
oxide synthase (NOS)) and resistance to infection with Escheri-
chia coli. DEF1 and CEC1 encode two antimicrobial peptides
that are active against Gram-positive and -negative bacteria,
filamentous fungi [35,36] and have been implicated to some
extent with Plasmodium killing [37,38]. NOS encodes nitric
oxide, an effector molecule that is involved in a multitude of
immune responses toward a wide diversity of pathogens
and parasites [39] and has been implicated as a major anti-
malarial defence in the mosquito midgut epithelia [40,41].
Further, in a previous study, we have demonstrated that
these three immune genes are differentially affected by
changes in mean ambient temperature [20]. Building upon
this research, we show direct effects of mean temperature,
diurnal temperature fluctuation and time of day of infection,
together with complex two- and three-way interactions, differ-
entially affecting expression of individual immune genes,
in vivo bacterial growth and mosquito survival. These results
indicate that overall patterns of immunity and resistance are
strongly influenced by environmental drivers and highlight
the need to consider environmental context to better under-
stand mosquito immunity and vector—parasite interactions.

2. Material and methods
(a) Mosquito rearing and experimental design

We reared An. stephensi (Liston) under standard insectary
conditions at 26 + 0.5°C, 80% humidity and a 12 L:12 D
photo-period [20]. Upon adult emergence, males were separated
from females and the males discarded. On day three post-
emergence, female mosquitoes were then provided a bloodmeal
from rats (Wistar, more than six weeks old). We conducted two
experiments to assess how temperature, diurnal temperature
fluctuation and time of day influence the expression of mosquito
immune genes and resistance to bacterial infection. In both
experiments, mosquitoes were anaesthetized on ice and chal-
lenged with 200000 heat-killed (gene assay) or 2000 live
(resistance assay) tetracycline-resistant GFP-expressing E. coli
(dh5 alpha strain) through intrathoracic injection into the anepis-
ternal cleft [42] with a mouth pipette and microcapillary glass
needle. Mosquitoes were challenged /infected either in the morn-
ing (06.00) or evening (18.00) and were then distributed over 12
Percival incubators (three constant temperatures of 18°C, 26°C
and 32°C; three diurnally fluctuating temperatures of 18 + 6°C,
26 + 6°C and 32 + 6°C, and two replicates). All temperatures

were controlled to +0.5°C, with a relative humidity of 80 + 5%
(see the electronic supplementary material, methods).

Temperature fluctuation was programmed using an asymm-
etrical, minimum-maximum temperature model (see electronic
supplementary material, methods, Parton—Logan model [43]),
in which temperature follows a sinusoidal progression during
the daytime and a decreasing exponential curve during the
night. This temperature model reproduces realistic diurnal temp-
erature fluctuations for a range of average temperatures [43,44].
This experimental design resulted in two levels of sampling
times (06.00 and 18.00), three levels of constant ambient tempera-
tures (18°C, 26°C and 32°C), two levels of fluctuation (constant
versus variable) and two replicates (see electronic supplementary
material, methods).

(b) Immune challenge with Escherichia coli

For both experiments, we grew E. coli overnight in a Luria-Bertani’s
rich nutrient medium (LB broth) in a shaking incubator at
37°C, and a serial dilution was prepared from the overnight cul-
ture. The concentration of our bacterial stock was estimated by
recording the absorbance (ODggy) from each dilution using a
Nanodrop (Thermal Scientific). We then either concentrated or
diluted our stock to ensure a working concentration of 1 x 10°
E. coli per ml (i.e. 200000 E. coli per injection) for the gene
expression assays or 1 x 107 E. coli per ml (i.e. 2000 E. coli per
injection) for the mosquito resistance assay. To further confirm
these estimates, we plated our injection solution in triplicate
onto LB agar plates, placed them overnight into an incubator at
37°C, and counted the resulting colony forming units (CFUs)
the next day. For the gene expression assays, we then killed the
E. coli stock by autoclaving for 25 min. Heat-killed E. coli rather
than live E. coli was used as our challenge in the gene expression
assay in order to isolate the effects of experimental treatment on
gene expression and to avoid temperature-mediated variation
in bacterial growth within mosquitoes housed in different
temperature treatments [20]. Further, we chose to work with a
significantly higher dose of heat-killed E. coli and a lower dose
live E. coli in the gene expression and mosquito resistance
experiments, respectively, so as to maximize mosquito immune
responses to immune challenge and to generate quantifiable
estimates of bacterial growth across 24 h.

() Gene expression assays: RNA collection,
(DNA synthesis and quantitative PCR

Twenty-four hours post-challenge, mosquitoes were removed
from their temperature treatment. To assess mortality, we first
quantified and removed dead mosquitoes. Of the remaining
mosquitoes, we killed them with chloroform and immediately
stored them in RNAlater RNA stabilization reagent at 4°C until
termination of the experiment. Five mosquitoes from each
treatment group (n =360 total) were isolated individually in
B-mercaptoethanol and RLT lysis buffer. Messenger RNA was
extracted and quantified as described in [20]. Briefly, owing to
the thermal sensitivity of ribosomal protein S7 (rpS7) [20], a stan-
dard housekeeping gene in mosquito gene expression studies
[41,45,46], we chose to quantify our diluted cDNA from our
experimental samples by comparing their threshold cycle num-
bers against a standard curve generated from 1:10 serial
dilutions of our standard sample (cDNA from a pool of four
mosquitoes). We quantified cDNA counts for each gene of inter-
est (DEF1, CEC1, NOS and rpS7) from individual mosquitoes
collected across all experimental treatments relative to a standard
curve produced for that gene. To account for individual differ-
ences in background gene expression, rpS7 cDNA counts were
included as a covariate in our statistical analyses (see below).
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Primers and probes were designed from An. stephensi and
Anopheles gambiae sequences [20].

(d) Measuring in vivo bacterial growth and
mosquito mortality

To estimate mosquito resistance to infection, we recorded in vivo
bacterial growth 24 h post-infection. To assess in vivo bacterial
growth, live mosquitoes were put immediately in the freezer for
5 min. Once anaesthetized, mosquitoes were maintained on ice
to limit any further bacterial growth prior to homogenization,
and dead mosquitoes were counted and removed from each cup
to assess mortality. From each experimental treatment group,
three pools of three mosquitoes each were homogenized in
200 pl of 1x sterile phosphate-buffer saline (PBS) solution using
a hand held mortar and pestle. After homogenization, we added
800 pl more of 1x PBS to each sample and made a series of
dilutions in water (1:5, 1:10 and 1:50). We then plated 25 .l of
each dilution in triplicate on tetracycline embedded, nutritive
agar plates, which were then placed into an incubator at 37°C.
Twenty-four hours later, we removed the plates and counted the
number of colony forming units that had formed on each plate.
Across both the gene expression and mosquito resistance assays,
we recorded daily mosquito mortality.

(e) Statistical analyses

All statistical analyses for these experiments were run in IBM SPSS
Stamistics v. 21.0 (IBM Corporation). Full factorial models from gen-
eralized linear model (GZLM) analysis were reduced through
backward elimination of non-significant interactions. We assessed
goodness of fit of the final models through model deviance, log
likelihood values and model residuals. Covariates included in
GZLMs were centred on their grand mean, and adjusted Bonfer-
roni post hoc tests were used to identify significant pairwise
comparisons. For all dependent variables analysed, we included
the following factors in our model analysis: time of day (06.00
and 18.00), temperature (18°C, 26°C and 32°C), diurnal temperature
fluctuation (+0°C and +6°C) and replicate.

(i) Gene expression

To compare differences in average gene expression among our
experimental treatment groups, we used the cDNA counts
generated for each target gene from our standard curve analysis
as our expression measure. Because the error structures for the
expression of each gene were overdispersed, we transformed
the cDNA counts (cube-root) for DEF1, CEC1 and NOS and ana-
lysed all expression data with GZLMs assuming a normal
distribution for the transformed dependent variables. Full factor-
ial analyses were run for each gene separately to control for any
differences in efficiencies among our assays as well as indepen-
dence among our experimental samples. In addition to the
factors described above, we included immune challenge (un-
manipulated, injured or heat-killed E. coli) as an additional factor
in all models. We also included the equivalently transformed
and centred rpS7 cDNA counts of each sample as a covariate in
all models to adjust our estimated means of our target gene by
any differences in baseline expression among mosquitoes and to
improve overall model fit [20]. To assess mosquito mortality in
response to heat-killed E. coli challenge, we used Poisson fit
GZLM analysis (log link function) to compare how the average
number of dead mosquitoes varied with the following fixed fac-
tors: temperature (18°C, 26°C or 32°C), diurnal temperature
fluctuation (£0°C or +6°C), time of day of immune challenge
(06.00 or 18.00), immune challenge (unmanipulated, injured or
heat-killed E. coli) and replicate.

(i) Resistance to bacterial infection

To examine the effect of experimental treatment on bacterial
growth within the mosquito, we ran a GZLM analysis assuming
a gamma distribution (log link function) on the mean number of
colony forming units. To assess mosquito mortality in response
to live E. coli infection across 24 h, we used Poisson fit GZLM
analysis (log link function) to compare how the average
number of dead mosquitoes varied with the following fixed fac-
tors: temperature (18°C, 26°C or 32°C), diurnal temperature
fluctuation (£0°C or +6°C), time of day of infection (06.00 or
18.00) and replicate. We also incorporated centred mean E. coli
growth (CFUs recovered) over 24 h as a covariate to account
for any potential relationship between in vivo bacterial growth
and mosquito mortality.

3. Results

(a) Defensin expression

(i) Effects of immune challenge

Immune challenge significantly affected the expression of DEF1
(table 1). As indicated by two, two-way interactions (time of
day x immune challenge and temperature x immune chal-
lenge) the effect of immune challenge was mediated by the
time of day the challenge was administered and variation in
mean ambient temperature. For example, mosquitoes chal-
lenged with heat-killed E. coli in the morning expressed
significantly more DEF1 than injured (p < 0.0001) and unmani-
pulated mosquitoes (p < 0.0001; figure 1a). By contrast, there
was no significant effect of injury or challenge with heat-killed
E. coli in the evening. Mosquitoes challenged with heat-
killed E. coli expressed significantly more DEFI than injured
(p=10.032) or unmanipulated mosquitoes (p < 0.0001), irre-
spective of time of day of immune challenge, when
mosquitoes were placed into a cool temperature (18°C; figure
1b). Interestingly, DEF1 expression levels did not significantly
differ with immune challenge when mosquitoes were housed
at warmer temperatures (26°C and 32°C; figure 1b).

(i) Effects of environmental variation overall

Regardless of immune challenge, the expression of DEFI
varied significantly with time of day, mean ambient temp-
erature and diurnal temperature fluctuation as indicated
by a three-way interaction (time of day x temperature x
fluctuation; table 1). Mosquitoes placed into a diurnally fluctu-
ating, cool environment in the morning expressed significantly
more DEF] in general than mosquitoes housed in a cons-
tant, cool environment (06.00, 18 + 0°C versus 18 + 6°C,
p=0.001), or those mosquitoes placed into a constant
(06.00, 18 + 6°C versus 18.00, 18 + 0°C) or fluctuating (06.00,
18 + 6°C versus 18.00, 18 + 6°C p < 0.0001), cool environment
in the evening (figure 1c). This effect of diurnal fluctuation,
however, disappears at warmer temperatures (26°C and
32°C) when mosquitoes were placed into their experimental
treatments in the morning, and across all temperatures if mos-
quitoes were placed into their experimental treatments in the
evening (figure 1c).

(b) Cecrapin expression

(i) Effects of immune challenge
Like DEF1 expression, CECI expression was significantly
affected by immune challenge (table 1). The effect of immune
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Figure 1. The effects of temperature, diurnal fluctuation and time of day on
defensin1 (DEF1) expression. (a) The expression of DEFT in response to
immune challenge varies depending on the time of day mosquitoes are chal-
lenged (06.00, black line; 18.00, red line). (b) DEFT expression in response to
immune challenge (unmanipulated, black line; injury, blue line; and heat-
killed . coli, red line) varies depending on the mean ambient temperature
mosquitoes experience after immune challenge. (c) Independent of immune
challenge, DEFT expression differs depending on the time of day (06.00, black
line; 18.00, red line) a mosquito is challenged, the ambient temperature a
mosquito is housed in, and whether or not there is diurnal temperature
fluctuation (£ 0°C, solid lines; +6°C, dashed lines). Asterisks denote sig-
nificant differences of p << 0.05, and bars around population means
represent standard errors.

challenge on CEC1 expression varied depending on the average
temperature at which mosquitoes were housed and whether
they were challenged in the morning or evening, as indicated
by a significant two- (temperature x immune challenge) and
three-way interaction (time of day x temperature x immune
challenge; table 1). Mosquitoes expressed quantitatively and
qualitatively different amounts of CECI depending on the
time of day of challenge, the mean ambient temperature mos-
quitoes were housed in and the nature of the immune
challenge (injury versus heat-killed E. coli; figure 2a).

(i) Effects of environmental variation overall

Like DEF1, CEC1 expression was significantly affected by time
of day, mean ambient temperature and diurnal temperature
fluctuation regardless of immune challenge owing to two
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Figure 2. The effects of temperature, diurnal fluctuation and time of day on
cecropin (CECT) expression. (a) The amount of CECT in response to immune
challenge (unmanipulated, black line; injury, blue line and heat-killed E. coli,
red line) varied significantly depending on the average temperature mosqui-
toes experienced and the time of day challenge occurred (06.00, solid lines;
18.00, dashed lines). (b) Independent of immune challenge, the expression of
CECT varied significantly with the mean ambient temperature a mosquito
experiences, the time of day mosquitoes were placed into their temperature
treatments (06.00, black lines; 18.00, red lines), and whether or not there
was diurnal fluctuation (4 0°C, solid lines; +6°C, dashed lines). Asterisks
denote significant differences of p << 0.05, and bars around population
means represent standard errors.

significant two-way interactions (time of day x temperature
and temperature x fluctuation) and a significant three-way
interaction (time of day x temperature x fluctuation; table 1).
Mosquitoes placed into a 26°C, diurnally fluctuating environ-
ment, expressed significantly more CECI than mosquitoes
placed into a constant 26°C environment in the morning
(p < 0.001; figure 2b); this occurs mainly because mosquitoes
placed into constant environments in the morning express sig-
nificantly less CECI at 26°C relative to those placed into a
constant, cool environment (06.00: 18 4+ 0°C versus 26 + 0°C,
p = 0.009; figure 2b). By contrast, there is no effect of diurnal fluc-
tuation when mosquitoes were placed into cooler (18°C) or
warmer (32°C) environments in the morning or across all temp-
eratures in the evening (figure 2b). Finally, mosquitoes placed
into warm, constant environments in the evening expressed
significantly more CEC1 than those placed into cool, constant
environments (18.00: 18 + 0°C versus 32 + 0°C; figure 2D).

(c) Nitric oxide synthase expression

NOS expression was significantly shaped by immune chal-
lenge overall (table 1) and this effect was influenced by both
the time of day of immune challenge and mean ambient temp-
erature, illustrated by a significant three-way interaction (time
of day x temperature x immune challenge; table 1). Mean
ambient temperature only affects NOS expression in response
to immune challenge when mosquitoes were challenged in the
evening; mosquitoes challenged in the evening with heat-

0507107 087 8205 Y2014 BuoBuysygndisapospeforqds: [



Table 2. Final results from GZLM analysis for £. coli growth within the mosquito and mosquito mortality. Significant effects are in italic (p << 0.05) for each
response variable, and dashes indicate higher order interactions that were eliminated from the full model. (Omnibus tests confirmed that each fitted GZLM
model was significantly different from its null model (bacterial growth: likelihood ratio %, = 32.21, p < 0.0001; mortality: likelihood ratio )3 , = 99.354,
p < 0.0001). Goodness of fit was assessed by evaluating potential overdispersion through model deviance scores and model residuals (bacterial growth:

deviance/d.f. = 2.390; mortality: deviance/d.f. = 1.688).)

bacterial survival (n = 72 pools)

factors Wald y?
intercept 4978.56 1
time of day 2.56 1
temperature 17.97 2
fluctuation 6.57 1
replicate 0.05 1
centred mean E. coli CFUs — —
time of day x temperature 19.32 2
time of day x fluctuation 10.67 1
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Figure 3. The effects of temperature, diurnal fluctuation and time of day on
NOS expression. NOS expression in response to immune challenge (unmani-
pulated, black lines; injury, blue lines; and heat-killed E. coli, red lines) varied
significantly in response to the mean ambient temperature mosquitoes
experience and the time of day of immune challenge (06.00, solid lines;
18.00, dashed lines). Asterisks denote significant differences of p << 0.05,
and bars around population means represent standard errors.

killed E. coli and placed into the standard rearing temperature
for An. stephensi (26°C) expressed significantly more NOS
than injured (p=0.003) and unmanipulated mosquitoes
(p=0.003). In fact, immune challenge becomes irrelevant
when mosquitoes were placed into cool (18°C) or warm
(32°C) environments in the evening or if mosquitoes were
challenged and housed at any temperature in the morning
(figure 3). Finally, unlike DEF1 and CEC1 expression, diurnal
temperature fluctuation did not significantly shape NOS
expression, with mosquitoes expressing similar amounts of
NOS in constant and diurnally fluctuating environments and
across all mean ambient temperatures.

(d) Mosquito resistance assays

(i) Bacterial growth

Escherichia coli growth within the mosquito was significantly
affected by changes in ambient temperature, diurnal temp-
erature fluctuation and time of day at mosquitoes were
infected (table 2), represented by two significant two-way
interactions (time of day x fluctuation and time of day x
temperature). Regardless of mean ambient temperature,

mosquito mortality (n = 43)

Wald »?
<0.0001 . 1 0.42
o o S S
vvvvvv i
oo S owr
o e B SR

mosquitoes significantly limited bacterial growth when they
were infected in the morning and placed into a diurnally fluc-
tuating environment relative to those infected in the morning
and placed into a constant thermal environment (p = 0.008),
or those infected in the evening and placed into a fluctuating
environment (p=0.019; figure 4a). The effect of diurnal
temperature fluctuation no longer significantly affected mos-
quito resistance to bacterial growth when mosquitoes were
infected in the evening (figure 4a). Overall, in vivo bacterial
growth was greatest at 26°C when mosquitoes were infec-
ted in the morning relative to those also infected in the
morning, but placed into a cool/warm ambient temperature
(18°C versus 26°C, p=0.016; 26°C versus 32°C, p = 0.020;
figure 4b). However, when mosquitoes were infected with
E. coli in the evening, the effect of ambient temperature on
mosquito resistance is no longer significant (figure 4b).

(i) Mosquito mortality

Patterns of mosquito mortality were similar across both the
gene expression (see electronic supplementary material,
results) and mosquito resistance assays, with significant
effects of mean ambient temperature and an interaction
between time of day and ambient temperature (time of
day X temperature; table 2 and electronic supplementary
material, results). Overall, the mean number of dead mosqui-
toes was significantly higher (three to four times higher)
when mosquitoes were infected with live E. coli compared
with dead E. coli (compare results in electronic supplemen-
tary material, figure SI 1 with figure 4). Further, in vivo
bacterial growth was not a significant predictor of mosquito
mortality in the resistance assay (table 2). In both the gene
expression and mosquito resistance assays, the number of
dead mosquitoes overall increased when mosquitoes were
infected in the morning and then were housed at a warm
temperature (32°C) relative to cooler temperatures (both
assays: 18°C versus 26°C, p < 0.0001; 18°C versus 32°C,
p < 0.0001). This trend, however, qualitatively changes in
both assays when mosquitoes are infected in the evening.
In the gene expression assay, there was no significant effect
of temperature on mosquito mortality when mosquitoes
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Figure 4. Bacterial growth in vivo and mosquito mortality are affected by
ambient temperature, temperature fluctuation and time of day of infection.
(a) Regardless of mean ambient temperature, bacterial growth (£. coli CFUs)
within a mosquito was significantly affected by diurnal temperature fluctu-
ation and time of day of infection (06.00, black line; 18.00, red line). The
effect of mean ambient temperature on E. coli growth within the mosquito
(b) and mosquito mortality (c) were also significantly shaped by the time of
day of infection (06.00, black line; 18.00, red line). Asterisks denote signifi-
aant differences (p << 0.05), and bars around population means represent
standard errors.

were infected in the evening (see electronic supplementary
material, results), whereas in the mosquito resistance assay
mosquitoes infected in the evening experienced significantly
more mortality when placed into cool (18°C) and warm
(32°C) temperatures (18°C versus 26°C, p = 0.0016; 26°C
versus 32°C, p < 0.0001; figure 4c). We did have a significant
replicate effect in the resistance assay, with mosquitoes
in replicate two experiencing higher mortality on average
than those in replicate one (table 2); however, the effects of
mean ambient temperature, diurnal temperature fluctuation
and time of day did not qualitatively differ between replicates.

4. Discussion

Our results add to a growing body of literature demonstrat-

ing the potential for complex interactions among

environmental variables and invertebrate immunity/resist-

ance [28,47,48]. Both the expression of mosquito immune
genes (DEF1, CEC1 and NOS) and mosquito resistance to
bacterial infection (i.e. in vivo bacterial growth and mosquito
mortality) were strongly shaped by realistic environmental
variation. Such effects are likely to contribute to marked
heterogeneity in immune function and resistance (including
natural refractoriness to malaria parasites) across time and
space, and challenge the robustness of the mechanistic
insights gained from studies conducted under a constrained
set of laboratory conditions.

Our constant and fluctuating temperature treatments were
set up to provide approximately equivalent mean tempera-
tures to one another. However, because we used a realistic
asymmetric diurnal fluctuation rather than a symmetrical
sine function, the cumulative degree hours were not identical
between the paired temperatures, and the actual daily mean
temperatures in the fluctuating treatments exceeded those of
the constant treatments by around 0.1°C. Such small differ-
ences are unlikely to explain the magnitude of the effects of
fluctuation on our response variables. Moreover, we observed
significant interactions between diurnal temperature fluctu-
ation and time of day, suggesting that the portion of the
diurnal fluctuation (e.g. cooling versus warming) experienced
directly following challenge/infection is important.

Unsurprisingly, immune challenge significantly increased
the expression of antimicrobial peptides and NOS; in all
cases, this effect was moderated by mean ambient tempera-
ture, diurnal temperature fluctuation and the time of day of
immune challenge. Mean ambient temperature differentially
shaped the expression of mosquito immune genes in
response to heat-killed E. coli, with DEF1, CEC1 and NOS
expression experiencing diverse thermal maxima, which
replicates well with our previous study [20]. The expression
of both antimicrobial peptides and NOS were also signifi-
cantly affected by the time of day mosquitoes were
immune-challenged, with time of day affecting the precise
direction of antimicrobial peptide and NOS expression in
different ways (i.e. antimicrobial peptides and NOS were
expressed more, on average, when challenge occurred in
the morning and evening, respectively). These effects
occurred whether or not mosquitoes were in a constant or
fluctuating thermal environment suggesting that DEFI,
CEC1 and NOS are under some sort of rhythmic control.
This seems reasonable considering a significant portion of
the An. gambiae genome exhibits diel rhythms in expression
[33], and D. melanogaster has a number of clock-regulated
immune genes [29]. Yet, there were also interactions between
temperature fluctuation and the time of day suggesting that
rhythmic effects can integrate with diurnal temperature pro-
files to influence immunity and resistance. The mechanisms
are currently unclear, but the interaction could occur for a
variety of reasons. First, immune molecules could interact
with, or compete for resources with other metabolic processes
resulting in a redistribution of immune molecules based on
an organism’s activity schedule [49-51] and with physiologi-
cal processes required for temperature acclimation. This
mechanism could also be driving the effect of the three-way
interaction among mean ambient temperature, diurnal fluctu-
ation and time of day on gene expression of antimicrobial
peptides independent of immune challenge. Many studies
have demonstrated circadian and seasonal changes in
physiology and immunity in a wide diversity of organisms
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[52-54], suggesting that mosquito susceptibility could
change with particular aspects of a mosquito’s life history.
Second, immune responses and parasite processes could
have different thermal optima [20,55]; thus, the temperature
at and immediately following infection could dramatically
impact parasite establishment [11,41,56]. Or third, as
suggested by the observed interactions among temperature,
diurnal temperature fluctuation and immune challenge,
could be some combination of both.

We initially expected bacterial growth within the mos-
quito, as well as mosquito mortality, to increase with
temperature regardless of time of infection because E. coli is
typically cultured at 37°C. However, this was not the case
and in vivo bacterial growth was not a significant predictor
of mosquito mortality. Alternatively, owing to the qualitat-
ively similar trends in mosquito mortality in the gene
expression assays, the mosquito mortality in the resistance
assay could be owing to increased immunopathology associ-
ated with live infections.

There are some suggestive associations between in vivo
bacterial growth, mosquito mortality and the patterns of anti-
microbial peptide expression we observe. E. coli experienced
increased within host growth when mosquitoes were infected
in the evening and subjected to constant temperature
environments, whereas mosquitoes in general expressed the
least DEF1 and CECI in these environments in response to
heat-killed E. coli (figures 1 and 2). Thus, lower levels of
DEF1 and CECI may indicate lower immune responses to
infection under these circumstances. There might also be a
link between bacterial growth and NOS expression because
NOS is a key enzyme secreted by mosquito midgut, fat
body and haemocytes in the defence against bacterial patho-
gens [42]. If NOS enzyme production correlates with NOS
expression, significant increases in NOS expression in mos-
quitoes challenged with heat-killed E. coli in the evening
might explain why bacterial growth and mosquito mortality
was highest on average when mosquitoes were challenged in
the morning.

However, the functional role of these immune measures
remains slightly uncertain. For example, there is some evi-
dence for differential activity of antimicrobial peptides
in vitro as compared with in vivo [57]. Moreover, the
expression of antimicrobial peptides and NOS interact with
other components of the immune response mosquitoes
mount toward bacterial infection. Both antimicrobial pep-
tides and the NOS enzyme have been shown to interact
with a thioester-containing protein (TEPI), a complement-
like protein, which functions as an opsonin that binds cova-
lently to the surface of both Gram-positive and -negative

References

1. Christophides GK, Vlachou D, Kafatos FC. 2004 3.
Comparative and functional genomics of the innate
immune system in the malaria vector Anopheles
gambiae. Immunol. Rev. 198, 127-148. (doi:10.
1111/.0105-2896.2004.0127.x)

2. Cirimotich CM, Dong YM, Garver LS, Sim SZ,

Dimopoulos G. 2010 Mosquito immune defenses
aqainst Plasmodium infection. Dev. Comp. Immunol.

34, 387-395. (doi:10.1016/j.dci.2009.12.005) 2008.09.003)

Magalhaes T, Oliveira IF, Melo-Santos MAV, Oliveira 4.
(MF, Lima CA, Ayres CFJ. 2008 Expression of

defensin, cecropin, and transferrin in Aedes

aegypti (Diptera: Culicidae) infected with 5.
Wuchereria bancrofti (Spirurida: Onchocercidae),

and the abnormal development of

nematodes in the mosquito. Exp.

Parasitol. 120, 364—371. (doi:10.1016/j.exppara. 6.

bacteria stimulating their clearance through phagocytosis by [ 8 |

circulating granulocytes [58,59]. In the absence of gene silen-
cing, the mechanistic link between our immune measures and
resistance is currently unclear, and we cannot ultimately say
whether these responses are resistance mechanisms or a con-
sequence of infection [60]. What these results definitively
demonstrate is how environmental variation can influence
mosquito immunity and resistance in qualitatively diverse
ways that could be biologically important and are both com-
plex and nonlinear.

In this study, we considered only three immune-related
genes and one pathogen; however, there is little reason to
assume these to be uniquely sensitive to environmental vari-
ation. The effects we observe might be especially important
for pathogens and parasites with developmental stages that
are sensitive to both temperature and timing of innate
immune responses, like malaria [19,41,61]. Our data suggest
that mean temperature, diurnal temperature variation and
the timing of blood feeding could combine to determine net
vector competence [28,62,63]. Such effects are also likely to
influence the efficacy of prospective vector control tools that
exploit immune mechanisms or use pathogens or parasites
[45,64,65], and might even affect conventional tools, for
instance chemical insecticides. Indeed, insecticide resistance
has been shown to vary in Aedes aegypti depending on time
of day of exposure [66,67] and to vary with temperature in
An. stephensi [68].

In summary, altering just one variable (e.g. time of day or
temperature variation) can dramatically affect patterns of
gene expression and resistance. In reality, we expect multiple
interacting variables to change simultaneously. With such
complexity, figuring out how environmental parameters
mechanistically influence mosquito physiology, immunity
and resistance is non-trivial. Nonetheless, our results clearly
highlight the need to consider mosquito immunity and resist-
ance beyond the limits of standard insectary conditions.

Acknowledgements. We thank members of the Thomas and Read lab
groups for discussion and J. Teeple for insectary support. The content
of this paper is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institute
of Allergy and Infectious Diseases, and the National Institutes of
Health. The department specifically disclaims responsibility for any
analyses, interpretations or conclusions. All three authors contributed
to the design, implementation and writing up of this research.

Data accessibility. Data available from the dryad digital repository:
http:/ /dx.doi.org/10.5061/dryad.

Funding statement. This research was financially supported by the fol-
lowing grants: NSF-NIH EID (EF-0914384) and NIH-R21
(AI096036-01). This project was also assisted by a grant from the
Pennsylvania Department of Health using Tobacco Settlement Funds.

Steinert S, Levashina EA. 2011 Intracellular immune
responses of dipteran insects. /mmunol. Rev. 240,
129-140. (doi:10.1111/j.1600-065X.2010.00985.x)
Moreira LA et al. 2009 A Wolbachia symbiont in
Aedes aegypti limits infection with dengue,
chikungunya, and Plasmodium. Cell 139,
1268—1278. (doi:10.1016/j.cell.2009.11.042)
Crampton JM. 1994 Approaches to vector control:
new and trusted prospects for genetic manipulation

0E0ZEL07 :08 8205 § 2014 bioBuysiigndigaposieforgds:


http://dx.doi.org/10.5061/dryad
http://dx.doi.org/10.1111/j.0105-2896.2004.0127.x
http://dx.doi.org/10.1111/j.0105-2896.2004.0127.x
http://dx.doi.org/10.1016/j.dci.2009.12.005
http://dx.doi.org/10.1016/j.exppara.2008.09.003
http://dx.doi.org/10.1016/j.exppara.2008.09.003
http://dx.doi.org/10.1111/j.1600-065X.2010.00985.x
http://dx.doi.org/10.1016/j.cell.2009.11.042

of insect vectors. Trans. R. Soc. Trop. Med. Hyg. 88,
141-143. (doi:10.1016/0035-9203(94)90266-6)
Speranca MA, Capurro ML. 2007 Perspectives in the
control of infectious diseases by transgenic
mosquitoes in the post-genomic era: a review.
Mem. Inst. Oswaldo Cruz 102, 425—433. (doi:10.
1590/50074-02762007005000054)

Lazzaro BP, Little TJ. 2009 Immunity in a variable
world. Phil. Trans. R. Soc. B 364, 15—26. (doi:10.
1098/rsth.2008.0141)

Schulenburg H, Kurtz J, Moret Y, Siva-Jothy MT.
2009 Introduction. Ecological immunology. Phil.
Trans. R. Soc. B 364, 3—14. (doi:10.1098/rstb.
2008.0249)

Wolinska J, King KC. 2009 Environment can alter
selection in host—parasite interactions. Trends
Parasitol. 25, 236—244. (doi:10.1016/j.pt.
2009.02.004)

Murdock CC, Paaijmans KP, Read AF, Cox-Foster D,
Thomas MB. 2012 Rethinking vector immunology:
the role of environmental temperature in shaping
resistance. Nat. Rev. Microbiol. 10, 869—876.
(doi:10.1038/nrmicro2900)

Impoinvil DE, Cardenas GA, Gihture JI, Mbogo (M,
Beier JC. 2007 Constant temperature and time
period effects on Anopheles gambiae egg hatching.
J. Am. Mosq. Control Assoc. 23, 124—130. (doi:10.
2987/8756-971X(2007)23[124:CTATPE]2.0.0;2)
Afrane YA, Zhou GF, Lawson BW, Githeko AK, Yan
GY. 2006 Effects of microclimatic changes caused by
deforestation on the survivorship and reproductive
fitness of Anopheles gambiae in Western Kenya
highlands. Am. J. Trop. Med. Hyg. 74, 772-778.
Afrane YA, Lawson BW, Githeko AK, Yan GY. 2005 Effects
of microclimatic changes caused by land use and land
cover on duration of gonotrophic cycles of Anapheles
gambiae (Diptera: Culicidae) in western Kenya
highlands. J. Med. Entomol. 42, 974—980. (doi:10.
1603/0022-2585(2005)042{0974:e0mccb]2.0.c0;2)
Lambrechts L, Paaijmans KP, Fansiri T, Carrington
LB, Kramer LD, Thomas MB, Scott TW. 2011 Impact
of daily temperature fluctuations on dengue virus
transmission by Aedes aegypti. Proc. Natl Acad. Sci.
USA 108, 7460—7465. (doi:10.1073/pnas.
1101377108)

Kilpatrick AM, Meola MA, Moudy RM, Kramer LD.
2008 Temperature, viral genetics, and the
transmission of West Nile virus by Culex pipiens
mosquitoes. PLoS Pathog. 4, 1-7. (doi:10.1371/
journal.ppat.1000092)

Johansson MA, Arana-Vizcarrondo N, Biggerstaff BJ,
Staples JE. 2010 Incubation periods of yellow fever
virus. Am. J. Trop. Med. Hyg. 83, 183—188. (doi:10.
4269/ajtmh.2010.09-0782)

Westbrook CJ, Reiskind MH, Pesko KN, Greene KE,
Lounibos LP. 2010 Larval environmental
temperature and the susceptibility of Aedes
albopictus Skuse (Diptera: Culicidae) to Chikungunya
virus. Vector Borne Zoonotic Dis. 10, 241-247.
(doi:10.1089/vbz.2009.0035)

Noden BH, Kent MD, Beier JC. 1995 The impact of
variations in temperature on early Plasmodium
falciparum development in Anopheles stephensi.

20.

21.

22.

23.

24,

25.

26.

2].

28.

29.

30.

32.

Parasitology 111, 539—>545. (d0i:10.1017/
$0031182000077003)

Murdock CC, Paaijmans KP, Bell AS, King JG, Hillyer
JF, Read AF, Thomas MB. 2012 Complex effects of
temperature on mosquito immune function.

Proc. R. Soc. B 279, 3357—-3366. (d0i:10.1098/
rsph.2012.0638)

Paaijmans KP, Blanford S, Chan BHK, Thomas MB.
2012 Warmer temperatures reduce the vectorial
capacity of malaria mosquitoes. Biol. Lett. 8,
465—468. (doi:10.1098/rsh1.2011.1075)

Bayoh MN, Lindsay SW. 2003 Effect of temperature
on the development of the aquatic stages of
Anopheles gambiae sensu stricto (Diptera: Culicidae).
Bull. Entomol. Res. 93, 375-381. (doi:10.1079/
ber2003259)

Paaijmans KP, Thomas MB. 2011 The influence of
mosquito resting behaviour and associated
microclimate for malaria risk. Malar. J. 10, 183.
(doi:10.1186/1475-2875-10-183)

Colinet H, An Nguyen TT, Cloutier C, Michaud D,
Hance T. 2007 Proteomic profiling of a parasitic
wasp exposed to constant and fluctuating cold
exposure. Insect Biochem. Mol. Biol. 37,
1177-1188. (doi:10.1016/j.ibmb.2007.07.004)
Petavy G, David JR, Gibert P, Moreteau B. 2001 Viability
and rate of development at different temperatures in
Drosophila: a comparison of constant and alternating
thermal regimes. J. Therm. Biol. 26, 29—39. (doi:10.
1016/50306-4565(00) 00022-x)

Worner SP. 1992 Performance of phenological
models under variable temperature regimes:
consequences of the Kaufmann or rate summation
effect. Environ. Entomol. 21, 689—699.

Brakefield PM, Kesbeke F. 1997 Genotype—
environment interactions for insect growth in
constant and fluctuating temperature regimes.
Proc. R. Soc. Lond. B 264, 717—-723. (doi:10.1098/
rspb.1997.0102)

Hamilton PT, Richardson JML, Govindarajulu P,
Anholt BR. 2012 Higher temperature variability
increases the impact of Batrachochytrium
dendrobatidis and shifts interspecific interactions in
tadpole mesocosms. Ecol. Evol. 2, 2450—2459.
(doi:10.1002/ece3.369)

Lee J-E, Ederyl I. 2008 Circadian regulation in the
ability of Drosophila to combat pathogenic
infections. Curr. Biol. 18, 195—199. (doi:10.1016/j.
cub.2007.12.054)

(lements AN. 1992 The biology of mosquitoes:
development, nutrition, and reproduction. London,
UK: Chapman and Hall.

Schlein Y, Mueller GC. 2012 Diurnal resting behavior
of adult Culex pipiens in an arid habitat in Israel and
possible control measurements with toxic sugar
baits. Acta Trop. 124, 48— 53. (d0i:10.1016/j.
actatropica.2012.06.007)

Gary Jr RE, Foster WA. 2006 Diel timing and
frequency of sugar feeding in the mosquito
Anopheles gambiae, depending on sex, gonotrophic
state and resource availability. Med. Vet. Entomol.
20, 308-316. (doi:10.1111/}.1365-2915.
2006.00638.x)

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4,

45.

46.

Rund SSC, Hou TY, Ward SM, Collins FH, Duffield GE.
2011 Genome-wide profiling of diel and circadian
gene expression in the malaria vector Anopheles
gambiae. Proc. Natl Acad. Sci. USA 108,
E421—E430. (doi:10.1073/pnas.1100584108)

Das S, Dimopoulos G. 2008 Molecular analysis of
photic inhibition of blood-feeding in Anapheles
gambiae. BMC Physiol. 8, 23. (doi:10.1186/1472-
6793-8-23)

Vizioli J, Richman AM, Uttenweiler-Joseph S, Blass C,
Bulet P. 2001 The defensin peptide of the malaria vector
mosquito Anopheles gambiae: antimicrobial activities
and expression in adult mosquitoes. /nsect Biochem.
Mol. Biol. 31, 241—248. (doi:10.1016/50965-
1748(00)00143-0)

Vizioli J et al. 2000 Cloning and analysis of a
cecropin gene from the malaria vector mosquito,
Anopheles gambiae. Insect Mol. Biol. 9, 75— 84.
(doi:10.1046/j.1365-2583.2000.00164.x)

Kokoza V, Ahmed A, Shin SW, Okafor N, Zou Z,
Raikhel AS. 2010 Blocking of Plasmodium
transmission by cooperative action of Cecropin A
and Defensin A in transgenic Aedes aegypti
mosquitoes. Proc. Natl Acad. Sci. USA 107,
8111-8116. (doi:10.1073/pnas.1003056107)

Kim W, Koo H, Richman AM, Seeley D, Vizioli J, Klocko
AD, O'Brochta DA. 2004 Ectopic expression of a cecropin
transgene in the human malaria vector mosquito
Anopheles gambiae (Diptera: Culicidae): effects on
susceptibility to Plasmodium. J. Med. Entomol. 41,
447 —455. (doi:10.1603/0022-2585-41.3.447)

Rivero A. 2006 Nitric oxide: an antiparasitic
molecule of invertebrates. Trends Parasitol. 5,
219-225. (doi:10.1016/j.pt.2006.02.014)

Luckhart S, Vodovotz Y, Cui LW, Rosenberg R. 1998
The mosquito Anopheles stephensi limits malaria
parasite development with inducible synthesis of
nitric oxide. Proc. Natl Acad. Sci. USA 95,
5700-5705. (doi:10.1073/pnas.95.10.5700)
Oliveira G, Lieberman J, Barillas-Mury C. 2012
Epithelial nitration by a peroxidase/NOX5 system
mediates mosquito antiplasmodial immunity.
Science 335, 856—859. (doi:10.1126/science.
1209678)

Hillyer JF, Estevez-Lao TY. 2010 Nitric oxide is an
essential component of the hemocyte-mediated
mosquito immune response against bacteria. Dev.
Comp. Immunol. 34, 141-149. (doi:10.1016/j.dci.
2009.08.014)

Parton WJ, Logan JA. 1981 A model for diurnal
variation in soil and air temperature. Agric.
Meteorol. 23, 205—-216. (doi:10.1016/0002-
1571(81)90105-9)

Paaijmans KP, Read AF, Thomas MB. 2009
Understanding the link between malaria risk

and dimate. Proc. Natl Acad. Sci. USA 106,

13 844-13 849. (doi:10.1073/pnas.0903423106)
Dong Y, Das S, Cirimotich C, Souza-Neto JA, McLean
KJ, Dimopoulos G. 2011 Engineered Anopheles
immunity to Plasmodium infection. PLoS Pathog. 7,
1-12. (doi:10.1371/journal.ppat.1002458)

Coggins SA, Estevez-Lao TY, Hillyer JF. 2012
Increased survivorship following bacterial infection

0507107 087 8205 Y2014 BuoBuysygndisapospeforqds: [


http://dx.doi.org/10.1016/0035-9203(94)90266-6
http://dx.doi.org/10.1590/S0074-02762007005000054
http://dx.doi.org/10.1590/S0074-02762007005000054
http://dx.doi.org/10.1098/rstb.2008.0141
http://dx.doi.org/10.1098/rstb.2008.0141
http://dx.doi.org/10.1098/rstb.2008.0249
http://dx.doi.org/10.1098/rstb.2008.0249
http://dx.doi.org/10.1016/j.pt.2009.02.004
http://dx.doi.org/10.1016/j.pt.2009.02.004
http://dx.doi.org/10.1038/nrmicro2900
http://dx.doi.org/10.2987/8756-971X(2007)23[124:CTATPE]2.0.CO;2
http://dx.doi.org/10.2987/8756-971X(2007)23[124:CTATPE]2.0.CO;2
http://dx.doi.org/10.1603/0022-2585(2005)042[0974:eomccb]2.0.co;2
http://dx.doi.org/10.1603/0022-2585(2005)042[0974:eomccb]2.0.co;2
http://dx.doi.org/10.1073/pnas.1101377108
http://dx.doi.org/10.1073/pnas.1101377108
http://dx.doi.org/10.1371/journal.ppat.1000092
http://dx.doi.org/10.1371/journal.ppat.1000092
http://dx.doi.org/10.4269/ajtmh.2010.09-0782
http://dx.doi.org/10.4269/ajtmh.2010.09-0782
http://dx.doi.org/10.1089/vbz.2009.0035
http://dx.doi.org/10.1017/S0031182000077003
http://dx.doi.org/10.1017/S0031182000077003
http://dx.doi.org/10.1098/rspb.2012.0638
http://dx.doi.org/10.1098/rspb.2012.0638
http://dx.doi.org/10.1098/rsbl.2011.1075
http://dx.doi.org/10.1079/ber2003259
http://dx.doi.org/10.1079/ber2003259
http://dx.doi.org/10.1186/1475-2875-10-183
http://dx.doi.org/10.1016/j.ibmb.2007.07.004
http://dx.doi.org/10.1016/s0306-4565(00)00022-x
http://dx.doi.org/10.1016/s0306-4565(00)00022-x
http://dx.doi.org/10.1098/rspb.1997.0102
http://dx.doi.org/10.1098/rspb.1997.0102
http://dx.doi.org/10.1002/ece3.369
http://dx.doi.org/10.1016/j.cub.2007.12.054
http://dx.doi.org/10.1016/j.cub.2007.12.054
http://dx.doi.org/10.1016/j.actatropica.2012.06.007
http://dx.doi.org/10.1016/j.actatropica.2012.06.007
http://dx.doi.org/10.1111/j.1365-2915.2006.00638.x
http://dx.doi.org/10.1111/j.1365-2915.2006.00638.x
http://dx.doi.org/10.1073/pnas.1100584108
http://dx.doi.org/10.1186/1472-6793-8-23
http://dx.doi.org/10.1186/1472-6793-8-23
http://dx.doi.org/10.1016/S0965-1748(00)00143-0
http://dx.doi.org/10.1016/S0965-1748(00)00143-0
http://dx.doi.org/10.1046/j.1365-2583.2000.00164.x
http://dx.doi.org/10.1073/pnas.1003056107
http://dx.doi.org/10.1603/0022-2585-41.3.447
http://dx.doi.org/10.1016/j.pt.2006.02.014
http://dx.doi.org/10.1073/pnas.95.10.5700
http://dx.doi.org/10.1126/science.1209678
http://dx.doi.org/10.1126/science.1209678
http://dx.doi.org/10.1016/j.dci.2009.08.014
http://dx.doi.org/10.1016/j.dci.2009.08.014
http://dx.doi.org/10.1016/0002-1571(81)90105-9
http://dx.doi.org/10.1016/0002-1571(81)90105-9
http://dx.doi.org/10.1073/pnas.0903423106
http://dx.doi.org/10.1371/journal.ppat.1002458

47.

48.

49.

50.

51.

52.

53.

by the mosquito Aedes aegypti as compared to
Anopheles gambiae correlates with increased
transcriptional induction of antimicrobial peptides.
Dev. Comp. Immunol. 37, 390—401. (doi:10.1016/j.
dci.2012.01.005)

Duncan AB, Fellous S, Kaltz 0. 2011 Temporal
variation in temperature determines disease spread
and maintenance in Paramecium microcosm
populations. Proc. R. Soc. B 278, 3412—-3420.
(doi:10.1098/rspb.2011.0287)

Triggs A, Knell RJ. 2012 Interactions between
environmental variable determine immunity in the
Indian meal moth Plodia interpunctella. J. Anim.
Ecol. 81, 386—394. (doi:10.1111/}.1365-2656.2011.
01920.x)

Adamo SA. 2010 Why should an immune response
activate the stress response? Insights from the insects
(the cricket Gryllus texensis). Brain Behav. Immun. 24,
194—200. (doi:10.1016/j.bbi.2009.08.003)

Adamo SA, Roberts JL, Easy RH, Ross NW. 2008
Competition between immune function and lipid
transport for the protein apolipophorin Il leads to
stress-induced immunosuppression in crickets.

J. Exp. Biol. 211, 531-538. (d0i:10.1242/jeb.
013136)

Demas GE, Adamo SA, French SS. 2010
Neuroendocrine-immune crosstalk in vertebrates
and invertebrates: implications for host defence.
Funct. Ecol. 25, 29—39. (doi:10.1111/j.1365-2435.
2010.01738.x)

Robb T, Forbes MR. 2005 On understanding
seasonal increases in damselfly defence and
resistance against ectoparasitic mites. Ecol. Entomol.
30, 334-341. (doi:10.1111/}.0307-6946.2005.
00689.x)

Blumberg D. 1991 Seasonal variations in the
encapsulation of eggs of the encyrtid parasitoid
Metaphyus stanleyi by the pyriform scale,

54.

55.

56.

57.

58.

59.

60.

61.

Protopulvinaria pyriformis. Entomol. Exp. Et Appl. 58,
231-237. (doi:10.1111/}.1570-7458.1991.th01472.x)
Danks HV. 2005 Key themes in the study of seasonal
adaptations in insects |. Patterns of cold hardiness.
Appl. Entomol. Zool. 40, 199—211. (doi:10.1303/
2ez.2005.199)

Thomas MB, Blanford S. 2003 Thermal hiology in
insect-parasite interactions. Trends Ecol. Evol. 18,
344-350. (doi:10.1016/50169-5347(03)00069-7)
Paaijmans KP, Blanford S, Bell AS, Blanford JI, Read
AF, Thomas MB. 2010 Influence of climate on
malaria transmission depends on daily temperature
variation. Proc. Natl Acad. Sci. USA 107, 15135—
15 139. (d0i:10.1073/pnas.1006422107)
Bartholomay LG, Fuchs JF, Cheng LL, Beck ET, Vizioli
J, Lowenberger C, Christensen BM. 2004 Reassessing
the role of defensin in the innate immune response
of the mosquito, Aedes aegypti. Insect Mol. Biol. 13,
125-132. (doi:10.1111/j.0962-1075.2004.00467.x)
Levashina EA, Moita LF, Blandin S, Vriend G,
Lagueux M, Kafatos FC. 2001 Conserved role of a
complement-like protein in phagocytosis revealed
by dsRNA knockout in cultured cells of the
mosquito, Anopheles gambiae. Cell 104, 709—718.
(doi:10.1016/50092-8674(01)00267-7)

Yassine H, Osta MA. 2010 Anopheles gambiae innate
immunity. Cell. Microbiol. 12, 1-9. (doi:10.1111/j.
1462-5822.2009.01388.x)

Graham AL, Shuker DM, Pollitt LC, Auld SKIR,
Wilson AJ, Little TJ. 2011 Fitness consequences of
immune responses: strengthening the

empirical framework for ecoimmunology. Funct.
Ecol. 25, 5-17. (doi:10.1111/}.1365-2435.2010.
01777.x)

Okech BA, Gouagna LC, Kabiru EW, Walczak E, Beier
JG, Yan @Y, Githure JI. 2004 Resistance of early
midgut stages of natural Plasmodium falciparum
parasites to high temperatures in experimentally

62.

63.

64.

65.

66.

67.

68.

infected Anopheles gambiae (Diptera : Culicidae).
J. Parasitol. 90, 764—768. (doi:10.1645/GE-135R1)
Seppala 0, Jokela J. 2010 Maintenance of genetic
variation in immune defense of a freshwater
snail: role of environmental heterogeneity. Evolution
64, 2397-2407. (doi:10.1111/}.1558-5646.2010.
00995.x)

Lazzaro BP, Flores HA, Lorigan JG, Yourth CP. 2008
Genotype-by-environment interactions and
adaptation to local temperature affect immunity
and fecundity in Drosophila melanogaster. PLoS
Pathog. 4, €1000025. (doi:10.1371/journal.ppat.
1000025)

Hughes GL, Koga R, Xue P, Fukatsu T, Rasgon JL.
2011 Wolbachia infections are virulent and inhibit
the human malaria parasite Plasmodium falciparum
in Anopheles gambiae. PLoS Pathag. 7, €1002043.
(doi:10.1371/journal.ppat.1002043)

Blanford S, Shi WP, Christian R, Marden JH,
Koekemoer LL, Brooke BD, Coetzee M, Read AF,
Thomas MB. 2011 Lethal and pre-lethal effects of a
fungal biopesticide contribute to substantial and
rapid control of malaria vectors. PLoS ONE 6,
€23591. (doi:10.1371/journal.pone.0023591)

Yang Y-Y, Liu Y, Teng H-J, Sauman |, Sehnal F, Lee
H-J. 2010 Circadian control of permethrin-
resistance in the mosquito Aedes aegypti. J. Insect
Physiol. 56, 1219—1223. (doi:10.1016/j.jinsphys.
2010.03.028)

Hooven LA, Sherman KA, Butcher S, Giebultowicz
JM. 2009 Does the clock make the poison? Circadian
variation in response to pesticides. PLoS ONE 4,
€6469. (doi:10.1371/journal.pone.0006469)

Hodjati MH, Curtis CF. 1999 Effects of permethrin at
different temperatures on pyrethroid-resistant and
susceptible strains of Anopheles. Med. Vet. Entomol.
13, 415—-422. (doi:10.1046/j.1365-2915.1999.
00198.x)

0£OZELOZ :ogz 9 Solglg 501& “ ‘ﬁJO'SU!qéudthJ,a‘poqéKdJ"quj


http://dx.doi.org/10.1016/j.dci.2012.01.005
http://dx.doi.org/10.1016/j.dci.2012.01.005
http://dx.doi.org/10.1098/rspb.2011.0287
http://dx.doi.org/10.1111/j.1365-2656.2011.01920.x
http://dx.doi.org/10.1111/j.1365-2656.2011.01920.x
http://dx.doi.org/10.1016/j.bbi.2009.08.003
http://dx.doi.org/10.1242/jeb.013136
http://dx.doi.org/10.1242/jeb.013136
http://dx.doi.org/10.1111/j.1365-2435.2010.01738.x
http://dx.doi.org/10.1111/j.1365-2435.2010.01738.x
http://dx.doi.org/10.1111/j.0307-6946.2005.00689.x
http://dx.doi.org/10.1111/j.0307-6946.2005.00689.x
http://dx.doi.org/10.1111/j.1570-7458.1991.tb01472.x
http://dx.doi.org/10.1303/aez.2005.199
http://dx.doi.org/10.1303/aez.2005.199
http://dx.doi.org/10.1016/S0169-5347(03)00069-7
http://dx.doi.org/10.1073/pnas.1006422107
http://dx.doi.org/10.1111/j.0962-1075.2004.00467.x
http://dx.doi.org/10.1016/S0092-8674(01)00267-7
http://dx.doi.org/10.1111/j.1462-5822.2009.01388.x
http://dx.doi.org/10.1111/j.1462-5822.2009.01388.x
http://dx.doi.org/10.1111/j.1365-2435.2010.01777.x
http://dx.doi.org/10.1111/j.1365-2435.2010.01777.x
http://dx.doi.org/10.1645/GE-135R1
http://dx.doi.org/10.1111/j.1558-5646.2010.00995.x
http://dx.doi.org/10.1111/j.1558-5646.2010.00995.x
http://dx.doi.org/10.1371/journal.ppat.1000025
http://dx.doi.org/10.1371/journal.ppat.1000025
http://dx.doi.org/10.1371/journal.ppat.1002043
http://dx.doi.org/10.1371/journal.pone.0023591
http://dx.doi.org/10.1016/j.jinsphys.2010.03.028
http://dx.doi.org/10.1016/j.jinsphys.2010.03.028
http://dx.doi.org/10.1371/journal.pone.0006469
http://dx.doi.org/10.1046/j.1365-2915.1999.00198.x
http://dx.doi.org/10.1046/j.1365-2915.1999.00198.x

	Complex environmental drivers of immunity and resistance in malaria mosquitoes
	Introduction
	Material and methods
	Mosquito rearing and experimental design
	Immune challenge with Escherichia coli
	Gene expression assays: RNA collection, cDNA synthesis and quantitative PCR
	Measuring in vivo bacterial growth and mosquito mortality
	Statistical analyses
	Gene expression
	Resistance to bacterial infection


	Results
	Defensin expression
	Effects of immune challenge
	Effects of environmental variation overall

	Cecropin expression
	Effects of immune challenge
	Effects of environmental variation overall

	Nitric oxide synthase expression
	Mosquito resistance assays
	Bacterial growth
	Mosquito mortality


	Discussion
	Acknowledgements
	Data accessibility
	Funding statement
	References


