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Warmer environmental temperature
accelerates aging in mosquitoes, decreasing
longevity and worsening infection outcomes
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Abstract

Background Most insects are poikilotherms and ectotherms, so their body temperature is predicated by environ-
mental temperature. With climate change, insect body temperature is rising, which affects how insects develop,
survive, and respond to infection. Aging also affects insect physiology by deteriorating body condition and weaken-
ing immune proficiency via senescence. Aging is usually considered in terms of time, or chronological age, but it can
also be conceptualized in terms of body function, or physiological age. We hypothesized that warmer temperature
decouples chronological and physiological age in insects by accelerating senescence. To investigate this, we reared
the African malaria mosquito, Anopheles gambiae, at 27 °C, 30 °C and 32 °C, and measured survival starting at 1-, 5-, 10-
and 15-days of adulthood after no manipulation, injury, or a hemocoelic infection with Escherichia coli or Micrococcus
luteus. Then, we measured the intensity of an E. coli infection to determine how the interaction between environmen-
tal temperature and aging shapes a mosquito’s response to infection.

Results We demonstrate that longevity declines when a mosquito is infected with bacteria, mosquitoes have shorter
lifespans when the temperature is warmer, older mosquitoes are more likely to die, and warmer temperature margin-
ally accelerates the aging-dependent decline in survival. Furthermore, we discovered that E. coli infection intensity
increases when the temperature is warmer and with aging, and that warmer temperature accelerates the aging-
dependent increase in infection intensity. Finally, we uncovered that warmer temperature affects both bacterial

and mosquito physiology.

Conclusions Warmer environmental temperature accelerates aging in mosquitoes, negatively affecting both lon-
gevity and infection outcomes. These findings have implications for how insects will serve as pollinators, agricultural
pests, and disease vectors in our warming world.
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Background

Some insects are beneficial to humans by serving as pol-
linators and food sources, but others are detrimental to
humans by destroying agricultural crops and transmitting
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disease [1]. Mosquitoes are detrimental because they
transmit pathogens that kill hundreds of thousands of
people every year [2]. To transmit disease, mosquitoes
must acquire a pathogen via a bloodmeal, serve as a
competent host for that pathogen, outlive the pathogen’s
extrinsic incubation period, and pass the pathogen to a
vertebrate host via a second bloodmeal [2]. Many fac-
tors—including temperature and aging—affect how well
mosquitoes survive, overcome, or transmit an infection
[3-7].
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Global temperatures are rising, exposing insects to
warmer temperatures than they are accustomed to [8].
Most insects are poikilotherms and ectotherms, so their
body temperature is predicated by the temperature of
the environment, which has profound effects on physi-
ology and life history. For mosquitoes, warmer tempera-
ture decreases egg hatching rates [9], reduces larval and
pupal survival [10, 11], and shortens the adult lifespan
[12], all of which lower the number of mosquitoes in a
population. However, warmer temperature also acceler-
ates development [13-15], which reduces generation
time and may increase the number of mosquitoes avail-
able to transmit disease. Finally, warmer temperature
increases the metabolic rate [16, 17], reduces adult size
[18, 19], and modifies the strength of immune responses
in complex ways [20-23], leading to a decline in vector
competence [3, 24]. Therefore, changes in temperature
can greatly impact the physiology of mosquitoes, altering
their ability to be pests and transmit disease.

Aging also shapes insect physiology. Mosquitoes and
other insects senesce as they age, which deteriorates their
body condition, lowers egg production and the meta-
bolic rate, and weakens immune prowess [7, 25-27]. As
immunosenescence progresses, mosquitoes become
more susceptible to infection [3]. However, the decline
in physiological resources and longevity that occurs with
advanced aging can reduce vector competence [6]. There-
fore, aging has complex effects on disease transmission
dynamics. A recent study in An. stephensi showed that
when mosquitoes are reared at a standard temperature
and then shifted to warmer or cooler temperatures as
adults, the sensitivity of some traits changes: the aging-
dependent decline in the biting rate and egg produc-
tion is most pronounced at the warmest temperatures,
and uninfected mosquitoes are more likely to die when
the temperature is warmer [28]. Therefore, although
advanced aging is thought to lower the probability that a
mosquito transmits a pathogen [29], changes in environ-
mental temperature may alter the effects of aging.

Aging is traditionally conceptualized in terms of time,
or chronological age. However, aging can also be con-
ceptualized in terms of body function and efficiency, or
physiological age. Homeotherms, like mammals, use
their metabolism to maintain a constant body tempera-
ture, so their chronological age and physiological age
are intricately linked [30]. Many other animals, includ-
ing mosquitoes, do not use metabolism to regulate their
body temperature, and therefore, their body temperature
fluctuates with the temperature of their environment [8,
30]. In mosquitoes, we hypothesize that chronological
age and physiological age are unlinked by temperature,
with physiological aging occurring faster when the tem-
perature is warmer, and therefore, warmer temperature
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accelerates the progression of senescence. Recent data
support this hypothesis. The interaction between tem-
perature and aging impacts the body composition of
the adult mosquito: warmer temperature accelerates
the decline in protein content that occurs with aging
[18]. Additionally, warmer temperature accelerates the
aging-dependent weakening of the melanization immune
response [31]. Therefore, we predict that temperature
and aging interact to shape vital facets of mosquito
physiology.

Using the African malaria mosquito, Anopheles gam-
biae, we examined how mosquito survival is impacted
by a hemocoelic bacterial infection, warmer environ-
mental temperature, aging, and the interaction between
temperature and aging. Our findings demonstrate that
(i) mosquito longevity declines in the presence of a bac-
terial infection in the hemocoel, (ii) mosquitoes have
shorter lifespans when the temperature is warmer, (iii)
older mosquitoes are more likely to die, and (iii) warmer
temperature marginally accelerates the aging-dependent
decline in survival. Furthermore, we investigated how the
intensity of an E. coli infection changes with warmer tem-
perature and mosquito aging. We discovered that infec-
tion intensity increases when the temperature is warmer
and with aging, and that warmer temperature acceler-
ates the increase in infection intensity that occurs with
aging. By repeating the experiment in mosquitoes reared
at three temperatures but infecting them all at a single
temperature, we uncovered that the changes in infec-
tion intensity that are due to temperature occur because
of effects on both mosquito and bacterial physiology.
In summary, temperature uncouples chronological and
physiological aging, and specifically, warmer temperature
accelerates senescence. Because most insects are poikilo-
thermic ectotherms, these findings have implications for
how insects serve as pollinators, agricultural pests, and
disease vectors.

Methods

Mosquito rearing and colony maintenance

Anopheles gambiae, Giles sensu stricto (G3 strain;
Diptera:Culicidae) were reared as previously described
[18, 31]. Briefly, a colony of mosquitoes was maintained
at 27°C and 75% relative humidity with a 12 h:12 h
light:dark cycle. The colony was fed 10% sucrose solution
ad libitum and fed defibrinated sheep’s blood (Hemostat
Laboratories Inc., Dixon, CA) weekly using an artificial
membrane feeder (Hemotek Ltd., Blackburn, UK).

Eggs were collected 2 days after blood feeding and were
split into three environmental chambers, each set to 75%
relative humidity, a 12 h:12 h light:dark cycle, and one of
three constant temperatures: 27°C, 30°C, or 32°C. These
temperatures were selected because they lie within the
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thermal sensitivity range of the insect and correspond to
warming temperatures in nature. Moreover, temperatures
warmer than 32°C significantly reduce egg hatching and
survival of the immature stages [4], limiting experimental
feasibility. Larvae were fed a mixture of koi fish food and
baker’s yeast daily, and when present, pupae were col-
lected daily and transferred to plastic containers with fine
mesh netting. After eclosion, adults were maintained on a
10% sucrose diet. Experiments were conducted on female
adults at 1, 5, 10, and 15 days post-eclosion that had been
reared and maintained at each temperature. These ages
were selected because they span the lifespan of the adult
mosquito—immediately after eclosion, to reproductively
mature, to advanced age. Female mosquitoes were held
with male mosquitoes until experimentation, at which
point the males were discarded. This experimental design
captures the effects of temperature throughout the entire
life of the mosquito and not just the effects of tempera-
ture on the adult stage (Fig. 1).

Mosquito survival: four immune treatments at three
temperatures and four ages

For each temperature-age combination, mosquitoes were
divided into four immune treatments: naive (unmanipu-
lated), injured (injected sterile LB), infected with Escheri-
chia coli (Gram-negative bacteria; modified DH5a,
GFP-expressing and tetracycline-resistant), or infected
with Micrococcus luteus (Gram-positive bacteria; ATCC
4698). These two bacterial species were selected because
they elicit different immune responses in the mos-
quito [32], and because they have different ideal grow-
ing temperatures: 37°C for E. coli and 30°C for M. luteus.

TEMPERATURE

IMMUNE TREATMENT

AGING (DAYS)
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Mosquitoes were cold anesthetized for immobilization,
and those in the naive treatment group were transferred
into a new container without any further manipulation.
Mosquitoes in the injured treatment group were injected
at the thoracic anepisternal cleft with 69 nL of sterile
LB media using a Nanoject III Programmable Nanoliter
Injector (Drummond Scientific, Broomall, PA). Mosqui-
toes in the infected treatment groups were injected at
the anepisternal cleft with 69 nL of either E. coli or M.
luteus culture that was at ODgy, =2, which is an approxi-
mate dose of 18,000 and 11,000 bacteria, respectively.
These doses were selected because they elicit an immune
response [31, 33], and a pilot study demonstrated that
they permit the study of mosquitoes of broad ages
reared at different temperatures. Mosquitoes were then
returned to their respective temperatures and their sur-
vival was monitored every 24 h until all adults had per-
ished. Throughout the experiment, mosquitoes were
given new cotton soaked in 10% sucrose solution daily.
Three to five biological trials, each composed of 30-40
mosquitoes, were completed for each temperature-age-
immune treatment combination. For this experiment,
survival was measured for 8,445 mosquitoes.
Kaplan—Meier survival curves were graphed using
GraphPad Prism version 9.5.1, and the data were ana-
lyzed using R statistical software version 4.3.2 [34]. Survi-
vorship is described using 3 terms: hazard ratio, median
survival, and maximum lifespan. The hazard ratio, shown
in forest plots, measures how immune treatment, tem-
perature, aging, or the interaction between temperature
and aging contributes to a greater or lesser hazard to
survival when compared to the naive immune treatment,

SURVIVAL

— 3 temperatures

—4 ages

— 4 immune treatments

INFECTION INTENSITY
— E. coli infection:
* 3 temperatures & 4 ages
* Infection T° = rearing T°
— E. coli infection:
* 3 temperatures & 5 days old
* Infection T° = 30°C

Fig. 1 Experimental overview for investigating the effects of warmer temperature, aging, and their interaction on mosquito survival and infection

intensity
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coolest temperature, or the youngest age. Median sur-
vival is the day when half the mosquitoes had perished,
and maximum lifespan is the day when the longest living
mosquito perished.

To determine how immune treatment impacts longev-
ity, the survival curves of injured and infected mosquitoes
were compared to the survival curve of naive mosquitoes.
To determine how warmer temperature impacts longev-
ity, the survival curves of mosquitoes reared at 30°C and
32°C were compared to the survival curve of mosquitoes
reared at the coolest temperature of 27°C. To determine
how aging impacts longevity, the survival curves of mos-
quitoes whose survival monitoring was initiated at 5, 10,
and 15 days of age were compared to the survival curve
of mosquitoes whose survival monitoring was initiated
at 1-day post eclosion. For aging comparisons, the sur-
vival data were left-truncated to control for waiting time
across age groups because the experiments for the older
groups were initiated later in life. Left-truncation aligns
the survival curves for the period of time when sur-
vival was monitored and removes the assumption that
all mosquitoes in a group survived until the monitor-
ing of survival was initiated. All mosquitoes used in the
experiments were included in the analyses (no data were
discarded), and survival was monitored for the entire
lifespan of each mosquito.

Initially, the data were assessed by Cox proportional
hazards using the “survival” package in R [35], for the
main effects of temperature, age, and their interaction,
separated by immune treatment and using experimen-
tal block as a random effect. The resulting residuals and
log—log plots revealed nonproportional hazards associ-
ated with aging in both the E. coli and M. luteus infection
groups, meaning that the data did not meet the assump-
tions of the Cox proportional hazards model. Therefore,
the data were then assessed by Cox regression models
with weighted estimation. This method assumes non-
proportional hazards and uses the AHR method (“cox-
phw” package; [36]) to assess how temperature, age, and
their interaction impacts survival within each immune
treatment.

Infection intensity: E. coli infection at three temperatures
and four ages; infection at three temperatures

The E. coli infection intensity in septic mosquitoes was
determined using a previously described plating method
[37]. Briefly, mosquitoes from each temperature-age
combination were injected at the thoracic anepisternal
cleft with 69 nL of GFP-expressing, tetracycline-resistant
E. coli at ODgy,=2. Mosquitoes were then returned to
their respective rearing temperatures and given new cot-
ton soaked in 10% sucrose solution. At 24 h post infec-
tion, each mosquito was individually homogenized in
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200 pL phosphate buffer saline (PBS), the homogenate
was diluted between 1:500 and 1:8000 (depended on the
temperature-age combination to allow for the count-
ing of colonies on plates), and the dilution was spread
on LB plates containing tetracycline for the selection of
live bacteria of the strain introduced into the mosquito
during infection. Plates were incubated at 37°C for 16 h,
colony forming units (CFUs) were counted, and the E.
coli infection intensity for each mosquito was calculated
after accounting for the dilution factor. Four to five bio-
logical trials, each composed of 10-12 mosquitoes, were
completed for each temperature-age combination. For
this experiment, infection intensity was measured in 696
mosquitoes. These experiments were only conducted
using E. coli because our M. luteus strain does not con-
tain a selectable marker.

Infection intensity data were graphed using GraphPad
Prism version 9.5.1 and analyzed using R statistical soft-
ware version 4.2.2 [34]. For the analyses, a zero-inflated,
negative binomial model (“pscl” package) was used to
assess how temperature, age, and their interaction influ-
ence infection intensity [38—41]. The final model has
two components: (i) a zero-inflated component that
uses a binomial distribution with a logit link to predict
the probability of a mosquito having cleared an infection
(zero CFUs), and (ii) a count component that uses a nega-
tive binomial distribution with a log link to predict the
number of bacteria in an active infection [38-41]. The
final model was determined by stepwise, multidirectional
selection from the full model to minimize both log-like-
lihood values and Akaike Information Criterion (AIC).
Goodness of fit was evaluated by comparing the observed
and predicted number of zero and non-zero CFU counts.
Then, ordinary, non-parametric bootstrapping (“boot”
package) was used to identify parameter estimates, 95%
confidence intervals, odds ratios (for the zero compo-
nent), and incidence rate ratios (risk ratios; for the count
component) on the multiplicative scale [42, 43]. Finally,
the effects of temperature, age, and their interaction were
evaluated by comparing the estimated marginal means
using the “emmeans” package [44].

Infection intensity: E. coli infection at three temperatures
and one age; infection at one temperature

To parse the effects of warmer temperature on mosquito
and bacterial physiology, a second infection intensity
experiment was conducted where mosquitoes that had
been reared at the three temperatures were all infected
with E. coli at 30 °C. The standardized infection tempera-
ture was selected to minimize the temperature shift expe-
rienced by mosquitoes reared at 27 °C and 32 °C. Briefly,
five-day-old mosquitoes reared at 27°C, 30°C, or 32°C
were injected with GFP-expressing, tetracycline-resistant
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E. coli at ODgy,=2. Then, all mosquitoes were placed at
30 °C and given a new cotton soaked with 10% sucrose
solution. At 24 h post infection, E. coli infection intensity
in individual mosquitoes was measured using the plating
assay described above. Four biological trials, each com-
posed of 10-12 mosquitoes, were completed for each
rearing temperature. For this experiment, the infection
intensity was measured in 141 mosquitoes.

Infection intensity data were graphed and analyzed
using GraphPad Prism (version 9.5.1). This graphing and
analysis included the data from this experiment (see par-
agraph above) and the data from 5-day-old mosquitoes at
each temperature in the initial infection intensity experi-
ment (see prior methods section). Data were assessed for
normality and determined to be non-normal. Therefore,
data were analyzed using the Kruskal-Wallis, nonpara-
metric test, followed by Dunn’s Multiple Comparison’s
post hoc test. All data collected this study is presented in
a supplementary file (Additional File 1: File S1).

Results

Mosquito survival declines with injury, bacterial infection,
warmer temperature, and aging

We first set out to determine how each variable—
immune treatment, temperature, aging, and the interac-
tion between temperature and aging—shapes mosquito
survivorship, and did so by examining median survival,
maximum life expectancy, and the added hazard each
variable poses to mosquito longevity (Fig. 1).

To determine how an injury or bacterial infection
affects mosquito survival, we measured the longevity of
naive (unmanipulated), injured, and bacterially infected
mosquitoes, regardless of the temperature at which they
were maintained or the age when the experiment was ini-
tiated. As expected, naive mosquitoes lived the longest
(Fig. 2A). When compared to naive mosquitoes, infection
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with E. coli and M. luteus increased the risk of dying by
211% (CIL: 192%-231%) and 83% (CI: 68%-98%), respec-
tively, whereas injury increased this risk by 26% (CI: 18%-
35%) (Fig. 3 and Additional File 2: Table S1).

To determine how temperature, aging, and the inter-
action between temperature and aging shape survival,
we measured the longevity of mosquitoes reared at 27°C,
30°C, or 32°C starting at 1, 5, 10, or 15 days post-eclosion,
without considering their infection status. Both warmer
temperature and aging reduce survival (Fig. 2B and 2C).
Specifically, each 1°C increase in temperature increases
the risk of a mosquito dying by 39% (CI: 35%-42%), and
each additional day of aging increases the risk of a mos-
quito dying by 17% (CI: 8-28%) (Fig. 3 and Additional
File 2: Table S1). Finally, the interaction between temper-
ature and aging, regardless of immune treatment, did not
increase the risk of a mosquito dying (Fig. 3 and Addi-
tional File 2: Table S1).

In summary, bacterial infection, temperature, and
aging all shape mosquito longevity. Warmer temperature
and aging individually reduce mosquito survivorship, but
an infection poses the greatest hazard. To gain a deeper
understanding of how temperature, aging, and the inter-
action between temperature and aging shape longevity,
we subsequently analyzed the different immune treat-
ment conditions separately.

The survival of naive mosquitoes declines with warmer
temperature and aging

To determine the baseline effects of rising temperature,
aging, and their interaction on mosquito longevity, we
analyzed the survival of naive mosquitoes. Naive mos-
quitoes had shorter lifespans when the temperature was
warmer, regardless of the age when the experiment was
initiated (Fig. 4A and Additional File 3: Fig S1). Spe-
cifically, the median survival decreased from 21 days

C. Age
— 2r°C 107 1 day old
— 30°C s 5 days old
— 32°C % 10 days old
5 0.5 — 15days old
205 Y
£
©
Qo
°
-
0.0 T T T T T T T T
20 30 40 0 10 20 30 40

Days since experiment start

Fig. 2 Survival declines with bacterial infection, warmer temperature, and aging. A Mosquito survival following different immune treatments,
irrespective of temperature or age. B Mosquito survival at different temperatures, irrespective of age or immune treatment. C Mosquito
survival when the experiment is initiated at different ages, irrespective of temperature or immune treatment. The panels plot the same data
that is aggregated by different factors. These data are further parsed in Additional File 3: Fig S1, S2 and S3
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Fig. 3 The risk of dying increases with bacterial infection, warmer temperature, and aging. Forest plot shows how immune treatment, temperature,
aging, and the interaction between temperature and aging influence the risk of dying. Circles indicate the hazard ratio and lines mark the 95%
confidence interval. Hazards greater than 1.0 indicate a greater risk of death. Data were analyzed by Cox nonproportional hazards
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Fig. 4 The risk of dying increases with warmer temperature, aging, and their interaction. Forest plots show how temperature, aging, and their
interaction influence the risk of dying in naive mosquitoes (A), injured mosquitoes (B), £. coli-infected mosquitoes (C), and M. luteus-infected
mosquitoes (D). Circles indicate the hazard ratio and lines mark the 95% confidence interval. Hazards greater than 1.0 indicate a greater risk of death.

Data were analyzed by Cox nonproportional hazards

when the mosquitoes were reared at 27 °C to 8 days
when reared at 32 °C. Similarly, the maximum lifespan
decreased from 38 days at 27 °C to 24 days at 32 °C, and
each 1 °C increase in temperature increased the likeli-
hood of a mosquito dying by 53% (CI: 47%-59%) (Fig. 4A,
Additional File 3: Fig S1 and Additional File 2: Table S2
and S3).

Naive mosquitoes that were older were more likely
to die compared to those that were younger, regard-
less of the temperature in which they were reared and

maintained (Fig. 4A and Additional File 3: Fig S1). Spe-
cifically, one additional day of aging increased the likeli-
hood of a mosquito dying by 31% (CI:15%-50%) (Fig. 4A
and Additional File 2: Table S3).

Finally, warmer temperature had a small effect on the
aging-dependent decline in survival, and vice versa. For
example, the shape of the survival curve of 15-day-old
naive mosquitoes at 27°C resembles the survival curves
of 5-day-old and 1-day-old naive mosquitoes at 30°C and
32°C, respectively, indicating that younger mosquitoes
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reared at the warmer temperatures have similar survivor-
ship to older mosquitoes reared at the cooler tempera-
tures (Additional File 3: Fig S1). Although the interaction
between temperature and age was statistically signifi-
cant, the hazard ratio shows that it has<1% (CIL: -1%-0%)
impact on survival, so the effect is small (Fig. 4A and
Additional File 2: Table S3). This means that for every 1°C
increase in temperature, an additional day of aging has
less than the expected effect of aging alone on the risk of
a mosquito dying. This may be because mortality rates
saturate as both temperature and age increase toward
their maximum. For example, the small interactive effect
is eclipsed by the large effect of warm temperature, where
mosquitoes died very early in life. In fact, this large effect
prevented us from collecting survival data on 15-day-old
mosquitoes reared at 32°C. In summary, warmer temper-
ature and aging, and to a small extent their interaction,
reduce the survival of naive mosquitoes.

The survival of injured mosquitoes declines with warmer
temperature

We next assessed how the survival of injured mosquitoes
is shaped by warmer temperature, aging, and their inter-
action. Like for naive mosquitoes, injured mosquitoes
have shorter lifespans when the temperature is warmer,
regardless of the age when the experiment was initiated
(Fig. 4B and Additional File 3: Fig S2). Specifically, the
median survival decreased from 20 days at 27 °C to 7 days
at 32 °C, the maximum lifespan decreased from 38 days
at 27 °C to 20 days at 32 °C, and each 1 °C increase in
temperature increased the risk of an injured mosquito
dying by 27% (CI: 20%-33%) (Fig. 4B, Additional File 3:
Fig S2 and Additional File 2: Table S2 and S3).

Unlike what we observed for naive mosquitoes, younger
and older mosquitoes, regardless of temperature, had a
similar risk of dying following injury (Fig. 4B, Additional
File 3: Fig S2 and Additional File 2: Table S3). Further-
more, temperature and aging do not interact to shape the
survival of injured mosquitoes (Fig. 4B and Additional
File 2: Table S3). Taken altogether, temperature, but nei-
ther aging nor the interaction between temperature and
aging, shapes the survival of injured mosquitoes.

The survival of bacterially infected mosquitoes declines
with warmer temperature and aging

We then analyzed how the survival of mosquitoes
infected with either E. coli or M. luteus is impacted by
warmer temperature, aging, and their interaction. Like
for naive and injured mosquitoes, the survivorship of
infected mosquitoes declines when the temperature
is warmer, regardless of the age when the experiment
was initiated (Fig. 4C and D and Additional File 3: Fig
S3). In E. coli-infected mosquitoes, the median survival
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decreased from 9 days at 27 °C to 3 days at 32 °C, the
maximum lifespan decreased from 44 days at 27 °C to
16 days at 32 °C, and the risk of dying increased by 33%
(CI: 25%-41%) for each 1 °C increase in temperature
(Fig. 4C, Additional File 3: Fig S3 and Additional File 2:
Table S2 and S3). In M. luteus-infected mosquitoes, the
median survival decreased from 20 days at 27 °C to 4 days
at 32 °C, the maximum lifespan decreased from 37 days at
27 °C to 15 days at 32 °C, and the risk of dying increased
by 46% (CI: 37%-55%) for each 1 °C increase in tempera-
ture (Fig. 4D, Additional File 3: Fig S3 and Additional File
2: Table S2 and S3). Overall, warmer temperature reduces
the longevity of bacterially infected mosquitoes.

When a bacterial infection was initiated at an older
age, survival declined faster than when the infection was
initiated at a younger age (Fig. 4C and D and Additional
File 3: Fig S3). For example, when an E. coli infection was
initiated at 1-day post-eclosion, fewer than 20% of mos-
quitoes died within the first 24 h, but when the infection
was initiated at 10 days post-eclosion, more than 50% of
mosquitoes died within the first 24 h. Each day of aging
prior to the initiation of infection increased the risk of
dying from an E. coli or M. luteus infection by 40% (CI:
8%-80%) and 32% (CI: 8%-62%), respectively (Fig. 4C and
D and Additional File 2: Table S3). This indicates that a
mosquito infected with bacteria at an older age is more
likely to die than a mosquito infected at a younger age.

Finally, the interaction between temperature and aging
did not shape the survival of bacterially infected mosqui-
toes (Fig. 4C and D and Additional File 2: Table S3). That
is, the individual risk posed by warmer temperature did
not alter or depend on the individual risk posed by aging,
or vice versa.

Warmer temperature accelerates the aging-dependent
increase in E. coli infection intensity

Greater infection-related death often correlates with a
heavier pathogenic load [7], so we investigated how the
intensity of a bacterial infection is impacted by warmer
temperature, aging, and their interaction. We reared
mosquitoes at 27°C, 30°C, and 32°C, infected them with E.
coli at 1, 5, 10, or 15 days post-eclosion, returned them
to their rearing temperature, and measured the intensity
of the infection 24 h later (Fig. 1). Because mosquitoes
infected later in life are more likely to die, we predicted
that those mosquitoes would have a higher infection
intensity. Moreover, because immunosenescence pro-
ceeds more rapidly at warmer temperature for at least
the melanization immune response [31], we predicted
that an aging-dependent increase in infection intensity
would occur earlier in life in mosquitoes maintained at a
warmer temperature.
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E. coli infection intensity is greatest when mosquitoes
are maintained at a warmer temperature, regardless of
the age when the infection was initiated (Fig. 5A). Spe-
cifically, the infection intensity at 24 h post-infection was
2000% higher in mosquitoes held at 30 °C than in mos-
quitoes held at 27 °C, and infection intensity was 50%
higher at 32 °C than at 30 °C. The infection intensity
more than doubles with each 1°C increase in temperature
(Additional File 2: Table S4), and therefore, immune effi-
ciency declines when the temperature is warmer.

E. coli infection intensity is also greatest when mos-
quitoes are infected at an older age, regardless of tem-
perature (Fig. 5B and Additional File 2: Table S4).
Infection intensity at 24 h post-infection increased by
613% between mosquitoes infected at 1-day-old versus
5-days-old, by 41% between 5- and 10-days-old, and by
4.8% between 10- and 15-days-old. Every day of aging
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increases the infection intensity by 17% (Additional File
2: Table S4), and therefore, immune efficiency declines
with aging.

Finally, we tested whether the effects of aging are
modified by temperature, and vice versa. Tempera-
ture and aging interact to influence the E. coli infec-
tion intensity, as evidenced by younger mosquitoes at a
warmer temperature having similar infection intensities
to older mosquitoes at a cooler temperature (Fig. 5C
and Additional File 2: Table S4). For example, a spike
in infection intensity occurs at 5 days in mosquitoes
reared at 32 °C, but it occurs instead at 10 days in mos-
quitoes at 30°C. Moreover, mosquitoes at 27°C did not
experience this spike in infection intensity at any age.
Therefore, the aging-dependent increase in infection
intensity occurs earlier and to a greater extent when the
temperature is warmer.
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in mosquitoes infected at different ages, regardless of the temperature. C Infection intensity in differently aged mosquitoes maintained at different
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Temperature shapes bacterial infection intensity

by affecting both mosquito and pathogen physiology
Pathogens within a mosquito may also be affected by
temperature, and the E. coli used in these experiments
grows optimally at 37 °C. Therefore, it is possible that the
high infection intensity that we observed at the warm-
est temperature is due to an accelerated bacterial growth
rate, and not factors inherent to the mosquito (i.e., the
strength of the immune response). To address whether
the bacterial growth rate drives the temperature pheno-
type, and therefore to parse the effects of warmer tem-
perature on mosquito and bacterial physiology, we reared
mosquitoes at 27 °C, 30 °C, and 32 °C, infected them
with E. coli at 5 days of adulthood, placed all the mos-
quitoes at 30°C for 24 h, and then measured infection
intensity (Fig. 1). This experimental design used mos-
quitoes reared and maintained at different temperatures
but standardized the temperature of infection. Therefore,
temperature-based bacterial growth dynamics are the
same across all the mosquito rearing temperatures and
the experiment still captures the effect that rearing tem-
perature has on the mosquito.

Rearing temperature impacts mosquito physiology
(Fig. 6A). The infection intensity in mosquitoes reared
at 27°C and 30°C but then housed at 30 °C was similar
(<25% increase in infection intensity between 27°C and
30°C), but the infection intensity in mosquitoes reared at
32 °C but then housed at 30 °C was 230% and 165% higher
than in mosquitoes reared at 27°C and 30°C, respectively.
This demonstrates that mosquitoes reared at a warmer
temperature are less capable of combating an infection,
regardless of the temperature of the infection.

Temperature also impacts bacterial physiology; E. coli
inside a mosquito replicate faster when the temperature
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is warmer (Fig. 6B). When 5-day-old mosquitoes were
reared at 27 °C and infected for 24 h at 30 °C, the infec-
tion intensity was 1359% higher than when 5-day-old
mosquitoes were reared at 27 °C and infected for 24 h
also at 27 °C. Moreover, although not statistically signifi-
cant, when 5-day-old mosquitoes were reared at 32 °C
and infected for 24 h at 30 °C, the infection intensity was
34% lower than when 5-day-old mosquitoes were reared
at 32 °C and infected for 24 h also at 32 °C. Therefore,
warmer temperature affects both mosquito and bacterial
physiology, increasing in infection intensity.

Discussion
A mosquito’s ability to survive depends on factors that
are inherent to both the mosquito and its environment.
Here, we demonstrate that survival is greatly reduced
when a mosquito is infected with bacteria in the hemo-
coel, when the temperature is warmer, and when a
mosquito ages. Temperature and aging also marginally
interact to further reduce survivorship in naive mosqui-
toes. Importantly, we discovered that an E. coli infection
intensifies when the temperature is warmer and when a
mosquito is older, and that warmer temperature acceler-
ates the aging-dependent increase in infection intensity.
Therefore, warmer temperature decouples chronological
and physiological age, accelerating senescence (Fig. 7).
We detected an inverse relationship between warmer
temperature and mosquito longevity, with mosquitoes at
the warmest temperature having the shortest lifespans.
This has been demonstrated in mosquitoes [14, 28], as
well as in flies [45, 46], wasps [47], grasshoppers [48], and
bedbugs [49]. The rate of living hypothesis predicts that
ectotherms exposed to cooler temperatures have slower
metabolic rates that contribute to longer lifespans [30].
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in 5-day-old mosquitoes reared at 27 °C, 30 °C or 32 °C but infected at 30°C. B Infection intensity in 5-day-old mosquitoes reared at 27 °C, 30 °C
or 32 °C, and infected at either their rearing temperature or at 30 °C. Data in panel B combines data from Fig. 5C and 6A. Column heights mark
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MOSQUITO SURVIVAL

INFECTION INTENSITY

What is the effect of warmer
temperature?

Warmer temperature
decreases survival

Warmer temperature
increases infection intensity

What is the effect of aging?

Aging decreases the survival
of naive and infected
mosquitoes

Aging increases infection
intensity

Does warmer temperature
accelerate senescence?

Yes — warmer temperature
accelerates the aging-
dependent decrease in

survival of naive mosquitoes

Yes — warmer temperature
accelerates the aging-
dependent increase in

infection intensity
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Fig. 7 Summary of the effects of warmer temperature, aging, and their interaction on mosquito survival and E. coli infection intensity

Therefore, it stands to reason that the decrease in sur-
vivorship we observed at warmer temperatures is likely
due to an accelerated metabolic rate and the detrimen-
tal effects associated with this. Reactions that make up
the metabolic rate depend on two primary factors: (i) the
concentration and fluxes of reactants and (ii) the kinetic
energy of the system [17, 50]. The reactant component
of the metabolic rate is directly related to the mass of
the organism. Previously, using a similar experimental
design, we uncovered that mosquito body size margin-
ally decreases when the rearing temperature is increased
from 27 °C to 32 °C [18], and others have shown that
smaller mosquitoes have reduced longevity [51, 52].
However, because the change in body size we observed
between the three temperatures is<5% [18], we do not
believe that size alone plays a meaningful role in driving
longevity. The kinetic energy component of the meta-
bolic rate is directly dependent on the temperature of
the system. The body temperature of poikilotherms, like
mosquitoes, varies with the temperature of the environ-
ment. The thermal optimum of an insect is often close to
its critical thermal maximum, so small increases in tem-
perature, like those experienced in this study, can cause
a steep decline in fitness and performance [12, 53]. For
example, warmer temperature alters nervous system
function, leading to downstream endocrine system mis-
regulation [17]. Warmer temperature also causes protein
misfolding, cellular ion imbalance, mitochondrial dam-
age, increased oxidative damage, and greater risk of des-
iccation, all of which decrease survival [30, 51, 53-55].
We also found that older mosquitoes are more likely
to die. This makes sense, and is commonly known as an
aging-dependent increase in mortality, which is charac-
teristic of senescence [56]. This occurs in animals in gen-
eral, including insects like honey bees [57], crickets [58],

dragonflies [59], mosquitoes [60], and butterflies [61].
Senescence is characterized by irreversible body deterio-
ration, a decline in the metabolic rate, lower mobility, and
a weakening of immune prowess [56, 62, 63]. Therefore,
older insects are usually less capable of surviving in the
face of infection [7]. In this study we found that a bac-
terial infection at an old age disproportionately reduces
survival. Specifically, mosquitoes are more likely to die
when an infection is initiated at an old age than when an
infection is initiated at a young age. This pattern is also
observed in naive mosquitoes but not in injured mosqui-
toes; injury in old age does not increase the risk of dying.
Perhaps injury is governed by the fountain of youth phe-
notype, where stress in old age can result in greater sur-
vival [6].

Infecting young mosquitoes with E. coli resulted in a
resiliency phenotype, where survivorship stabilized in
the face of infection. Specifically, when the infection was
initiated at 1-day post eclosion at 27°C, survival declined
rapidly over the first 10 days, but the mosquitoes that sur-
vived past 10 days died at a similar rate as naive mosqui-
toes. However, this resiliency phenotype did not occur in
mosquitoes infected at an older age at 27°C. This dichot-
omy of the response to infection is likely explained by the
damage threshold hypothesis, where insects vary their
immune response strategy to suit the amount of dam-
age caused by the pathogen [64]. This means that once
infected, insects either tolerate the infection, recover
from the infection, or die [64]. Our study suggests that
younger mosquitoes are either more tolerant or are bet-
ter at recovering from an infection compared to older
ones. Therefore, younger mosquitoes are better equipped
to limit the damage caused by the pathogen.

The intensity of an infection, or the pathogen burden,
also impacts whether an insect tolerates an infection,
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recovers from an infection, or dies [64]. A higher infec-
tion intensity tends to cause greater damage and lower
survival [65]. In this study we uncovered that warmer
temperature increases the intensity of a hemocoelic bac-
terial infection and decreases longevity, which suggests
that immune function declines at warmer temperatures.
When isolated, each immune mechanism functions at
its own temperature optimum [20, 21, 66]. For exam-
ple, melanization is strongest at 18-20°C [20, 21, 31,
66]. However, these same cool temperatures destabilize
the RNAi immune response that is key to fighting viral
infections [67], and expression of different immune genes
varies with temperature [15, 20-22, 68, 69]. Our study
demonstrates that warmer temperature decreases the
additive strength of the immune mechanisms available to
quell a hemocoelic bacterial infection, thus resulting in
both an increase in infection intensity and a decrease in
mosquito survival.

The infection intensity increases more rapidly when the
infection is initiated in older mosquitoes, and this corre-
lates with lower mosquito survivorship. Immune function
declines with aging because of senescence [25]. In mos-
quitoes, the larval immune response is stronger than the
immune response of 1-day-old adults, which is stronger
than the immune response of 5-day-old adults [37]. There
are several reasons for immunosenescence. As mosqui-
toes age, they have fewer hemocytes, and those that are
present have altered phagocytic activity [7, 37, 70]. The
ability to melanize pathogens also becomes less efficient
with aging [26, 31]. Additionally, aging alters the rate and
proportional directionality of heart contractions within
the mosquito [71], which may reduce immune strength
because the immune and circulatory systems are func-
tionally integrated [72, 73].

Importantly, we discovered that temperature inter-
acts with age such that warmer temperature accelerates
the aging-dependent decline in survival and the aging-
dependent increase in infection intensity. For survival,
this interaction is weak and only occurs in naive mosqui-
toes, where warmer temperature augments the increased
risk of dying with aging and vice versa. Warmer tempera-
ture also accelerates the progression of immune senes-
cence, causing higher infection intensity earlier in life. We
previously showed that warmer temperature accelerates
the aging-dependent decline in protein content of the
adult mosquito [18], and accelerates the aging-dependent
decline in the melanization immune response [31]. Taken
altogether, we predict that other immune mechanisms
and vital facets of insect physiology are similarly affected
by the interaction between temperature and aging.

Changes in temperature can affect the physiology
of both the insect host and the pathogen. In warmer
temperatures, the extrinsic incubation period of
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arboviruses and Plasmodium becomes shorter, decreas-
ing the length of time the pathogen needs for matura-
tion prior to being transmitted [24, 74]. The thermal
mismatch hypothesis suggests that differences in ideal
temperature between hosts and pathogens leads to
complex infection outcomes, where pathogens gener-
ally outperform host mechanisms under non-ideal tem-
perature conditions, such as those seen with climate
change [75]. In this study, we used live bacteria and
scrutinized the contribution of temperature on both
mosquito and pathogen physiology. We found that the
infection intensity increased as the environmental tem-
perature approached the optimal growth temperature
for the pathogen. However, we did not see equivalent
infection intensities when we reared mosquitoes at
three different temperatures but conducted infections
at a common temperature. Therefore, the temperature-
induced changes in infection intensity are dependent
on the physiology of both the mosquito and the path-
ogen, with the rearing temperature having a profound
effect on mosquito physiology.

The experimental design of this study differs from
most prior experiments testing the effect of temperature
on mosquitoes. With some notable exceptions [76-78],
most prior studies on temperature have reared all mos-
quitoes at a standard temperature (e.g., 27 °C) and after
treatment transferred them to various experimental
temperatures, thus introducing a temperature shift [20,
21, 24, 28, 68, 69]. This distinction is important because
acclimatization impacts the metabolic rate and physiol-
ogy of insects [78, 79]. Our approach captured the effects
of temperature that arise from the larval, pupal, and adult
experience, which is salient because the experience of
both immatures and adults impacts the ability of an adult
mosquito to survive and respond to infection [76, 77, 80,
81].

The present study only examined non-blood fed mos-
quitoes, but female anautogenous mosquitoes like A.
gambiae take a blood meal to obtain the nutrients needed
to produce eggs [82]. For humans and other animals,
blood feeding by mosquitoes is consequential because it
can transmit blood-borne pathogens [82]. Based on our
findings, future studies should assess how blood feeding
affects how temperature and aging interact to shape sur-
vival and infection intensity. Blood feeding on a human
or another mammal temporarily raises the temperature
of the mosquito, and this process modifies the immune
system by, for example, increasing the number of hemo-
cytes and affecting the expression of immune genes
[83-85]. Blood feeding also triggers the production of
the eggs that are essential for the next generation, and the
interaction between temperature and aging may result
in trade-offs between survival and reproduction, such as
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terminal investment, reproductive restraint, or reproduc-
tive senescence [86—88].

Conclusions

This study demonstrates that warmer environmental
temperature accelerates aging in mosquitoes, altering
both longevity and infection outcomes. Additionally,
this study disentangles interactive effects between tem-
perature and senescence in poikilothermic ectotherms,
demonstrating that insect models must account for how
environmental factors shape the internal processes of
pollinators, agricultural pests, and disease vectors when
predicting the beneficial and detrimental effects of insect
populations to human survival and wellbeing.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512979-024-00465-w.

Additional file 1: File S1. Data collected during this study.

Additional file 2: Table S1. Cox nonproportional hazards with weighted
estimation statistical information for Figure 3. Table S2 Median survival and
maximum lifespan summary table. Table S3 Cox nonproportional hazards
with weighted estimation (stratified by immune treatment) statistical
information for Figure 4. Table S4 Zero-inflated negative binomial regres-
sion model statistical information for Figure 5.

Additional file 3: Figure S1 The survival of naive mosquitoes declines with
warmer temperature, aging, and their interaction. Figure S2 The survival
of injured mosquitoes declines with warmer temperature. Figure S3 The
survival of infected mosquitoes declines with warmer temperature and

aging.

Acknowledgements

We thank Cole J. Meier and Tania Y. Estévez Lao for useful discussions and
providing comments on this manuscript, and Cole J. Meier for providing the
drawing of the mosquito that is included in Fig 7.

Authors’ contributions

JSB and JFH conceptualized the study and finalized experimental design. JSB
performed the experiments. JSB, LEM, and ATT formally analyzed the data.
JFH supervised the investigation. JSB, ATT, and JFH contributed to writing the
original draft. JSB, LEM, ATT, and JFH contributed to reviewing and editing the
manuscript. All authors read and approved the final manuscript.

Funding

This work was funded by National Science Foundation (NSF) Grant IOS-
1936843 to JFH and NSF Graduate Research Fellowship to LEM. The funders
had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Availability of data and materials

All data generated or analyzed during this study are included in this published
article and its supplementary information files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Page 12 of 14

Competing interests
The authors declare no competing interests.

Received: 3 June 2024 Accepted: 4 September 2024
Published online: 11 September 2024

References

1. Govorushko S. Human-insect interactions. Boca Raton, FL: CRC Press;
2018.

2. Shaw WR, Catteruccia F. Vector biology meets disease control: Using basic
research to fight vector-borne diseases. Nat Microbiol. 2018;4(1):20-34.

3. LefevreT,Vantaux A, Dabire KR, Mouline K, Cohuet A. Non-genetic deter-
minants of mosquito competence for malaria parasites. PLOS Pathog.
2013;9(6):21003365.

4. Villena OC, Ryan SJ, Murdock CC, Johnson LR. Temperature impacts the
environmental suitability for malaria transmission by Anopheles gambiae
and Anopheles stephensi. Ecology. 2022;103(8):e3685.

5. Khezzani B, Baymakova M, Khechekhouche E, Tsachev I. Global warming
and mosquito-borne diseases in Africa: A narrative review. Pan Afr Med J.
2023;44:70.

6. Somé BM, Guissou E, Da DF, Richard Q, Choisy M, Yameogo KB, et al. Mos-
quito ageing modulates the development, virulence and transmission
potential of pathogens. Proc R Soc B. 2014;2024(291):20232097.

7. Hillyer JF, Schmidt SL, Fuchs JF, Boyle JP, Christensen BM. Age-associated
mortality in immune challenged mosquitoes (Aedes aegypti) correlates
with a decrease in haemocyte numbers. Cell Microbiol. 2004;7(1):39-51.

8. Burraco P, Orizaola G, Monaghan P, Metcalfe NB. Climate change and age-
ing in ectotherms. Glob Change Biol. 2020;26(10):5371-81.

9. Mohammed A, Chadee DD. Effects of different temperature regimens on
the development of Aedes aegypti (L.) (Diptera: Culicidae) mosquitoes.
Acta Tropica. 2011;119(1):38-43.

10. Agyekum TP, Botwe PK, Arko-Mensah J, Issah |, Acquah AA, Hogarh JN,
et al. A systematic review of the effects of temperature on Anopheles
mosquito development and survival: Implications for malaria control in a
future warmer climate. Int J Environ Res Public Health. 2021;18(14):7255.

11. Agyekum TP, Arko-Mensah J, Botwe PK, Hogarh JN, Issah |, Dwomoh D,
et al. Effects of elevated temperatures on the growth and development
of adult Anopheles gambiae (s.I.) (Diptera: Culicidae) mosquitoes. J Med
Entomol. 2022;59(4):1413-20.

12. Mordecai EA, Caldwell JM, Grossman MK, Lippi CA, Johnson LR,

Neira M, et al. Thermal biology of mosquito-borne disease. Ecol Lett.
2019;22(10):1690-708.

13. Reiskind MH, Zarrabi AA. Is bigger really bigger? Differential responses to
temperature in measures of body size of the mosquito. Aedes albopictus
JInsect Physiol. 2012;58(7):911-7.

14. Alto BW, Bettinardi D. Temperature and Dengue virus infection in mosqui-
toes: Independent effects on the immature and adult stages. Am J Trop
Med Hyg. 2013;88(3):497-505.

15. Mackay AJ, Yan J, Kim C-H, Barreaux AMG, Stone CM. Larval diet and
temperature alter mosquito immunity and development: Using body size
and developmental traits to track carry-over effects on longevity. Parasit
Vectors. 2023;16(1):434.

16. Michael, Raymond, Melanie. Thermodynamic effects on organismal
performance: Is hotter better? Physiol Biochem Zool. 2010;83(2):197-206.

17. Neven LG. Physiological responses of insects to heat. Postharvest Biol Tec.
2000;21(1):103-11.

18. Barr JS, Estevez-Lao TY, Khalif M, Saksena S, Yarlagadda S, Farah O, et al.
Temperature and age, individually and interactively, shape the size,
weight, and body composition of adult female mosquitoes. J Insect
Physiol. 2023;148:104525.

19. Barreaux AMG, Stone CM, Barreaux P, Koella JC. The relationship between
size and longevity of the malaria vector Anopheles gambiae (s.s.)
depends on the larval environment. Parasit Vectors. 2018;11(1):485.

20. Murdock CC, Paaijmans KP, Bell AS, King JG, Hillyer JF, Read AF, et al. Com-
plex effects of temperature on mosquito immune function. Proc Biol Sci.
2012;279(1741):3357-66.


https://doi.org/10.1186/s12979-024-00465-w
https://doi.org/10.1186/s12979-024-00465-w

Barr et al. Immunity & Ageing

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.
44.
45.

46.

(2024) 21:61

Murdock CC, Moller-Jacobs LL, Thomas MB. Complex environmental
drivers of immunity and resistance in malaria mosquitoes. Proc Biol Sci.
2013;280(1770):20132030.

Muturi EJ, Nyakeriga A, Blackshear M. Temperature-mediated differential
expression of immune and stress-related genes in Aedes aegypti larvae. J
Am Mosq Control Assoc. 2012;28(2):79-83.

Ferguson LV, Adamo SA. From perplexing to predictive: Are we ready

to forecast insect disease susceptibility in a warming world? J Exp Biol.
2023;226(4):jeb244911.

Paaijmans KP, Blanford S, Chan BHK, Thomas MB. Warmer tempera-

tures reduce the vectorial capacity of malaria mosquitoes. Biol Lett.
2012;8(3):465-8.

Styer LM, Carey JR, Wang JL, Scott TW. Mosquitoes do senesce: Depar-
ture from the paradigm of constant mortality. Am J Trop Med Hyg.
2007;76(1):111-7.

Christensen BM, Lafond MM, Christensen LA. Defense reactions of mos-
quitos to filarial worms - effect of host age on the immune-response to
Dirofilaria-immitis microfilariae. J Parasitol. 1986;72(2):212-5.

Ezeakacha NF, Yee DA. The role of temperature in affecting carry-over
effects and larval competition in the globally invasive mosquito Aedes
albopictus. Parasit Vectors. 2019;12(1):123.

Miazgowicz KL, Shocket MS, Ryan SJ, Villena OC, Hall RJ, Owen J, et al. Age
influences the thermal suitability of Plasmodium falciparum transmis-
sion in the Asian malaria vector Anopheles stephensi. Proc R Soc B.
1931;2020(287):20201093.

Smith DL, McKenzie FE. Statics and dynamics of malaria infection in
Anopheles mosquitoes. Malar J. 2004;3(1):13.

Keil G, Cummings E, De Magalhéaes JP. Being cool: How body temperature
influences ageing and longevity. Biogerontology. 2015;16(4):383-97.
Martin LE, Hillyer JF. Higher temperature accelerates the aging-depend-
ent weakening of the melanization immune response in mosquitoes.
PLOS Pathog. 2024;20(1):e1011935.

Hillyer JF, Schmidt SL, Christensen BM. Rapid phagocytosis and melaniza-
tion of bacteria and Plasmodium sporozoites by hemocytes of the
mosquito Aedes aegypti. J Parasitol. 2003;89(1):62-9.

Yan Y, Hillyer JF. Complement-like proteins TEP1, TEP3 and TEP4 are
positive regulators of periostial hemocyte aggregation in the mosquito
Anopheles gambiae. Insect Biochem Mol Biol. 2019;107:1-9.
R-Core-Team. R: A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing; 2022.

Therneau TM, Grambsch PM, SpringerLink. Modeling survival data:
Extending the Cox model. 1st 2000. ed. New York, NY: Springer New York :
Imprint: Springer; 2000.

Dunkler D, Ploner M, Schemper M, Heinze G. Weighted Cox regression
using the R package coxphw. J Stat Softw. 2018;84(2):1-26.

League GP, Estévez-Lao TY, Yan Y, Garcia-Lopez VA, Hillyer JF. Anopheles
gambiae larvae mount stronger immune responses against bacterial
infection than adults: Evidence of adaptive decoupling in mosquitoes.
Parasit Vectors. 2017;10(1):367.

Zeileis A, Kleiber C, Jackman S. Regression models for count data in R. J
Stat Softw. 2008;27(8):1-25.

Karazsia BT, van Dulmen MHM. Regression models for count data: lllustra-
tions using longitudinal predictors of childhood injury. J Pediatr Psychol.
2008;33(10):1076-84.

Loeys T, Moerkerke B, De Smet O, Buysse A. The analysis of zero-inflated
count data: Beyond zero-inflated Poisson regression. Br J Math Stat
Psychol. 2012;65(1):163-80.

Wang Z, Ma S, Wang C-Y. Variable selection for zero-inflated and overdis-
persed data with application to health care demand in Germany. Biom J.
2015;57(5):867-84.

Canty A, Ripley B. boot: Bootstrap R (S-Plus) functions. R package version
1.3-28 ed2021.

Davison AC, Hinkley DV. Bootstrap methods and their applications. Cam-
bridge: Cambridge University Press; 1997.

Lenth RV. emmeans: Estimated marginal means, aka least-squares means.
R package version 1.8.3 ed2022.

Loeb J, Northrop JH. Is there a temperature coefficient for the duration of
life? PNAS USA. 1916;2(8):456-7.

Motor M, Dampc J, Kula-Maximenko M, Zebrowski J, Motor A, Dobler

R, et al. Effects of temperature on lifespan of Drosophila melanogaster

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 13 of 14

from different genetic backgrounds: Links between metabolic rate and
longevity. Insects. 2020;11(8):470.

Michelutti KB, Soares ERP, Squarizi-Antonio D, Piva RC, Suarez YR, Cardoso
CAL, et al. Influence of temperature on survival and cuticular chemical
profile of social wasps. J Therm Biol. 2018;71:221-31.

Visscher SN, Lund R, Whitmore W. Host plant growth temperatures and
insect rearing temperatures influence reproduction and longevity in the
grasshopper, Aulocara elliotti (Orthoptera: Acrididae). Environ Entomol.
1979;8(2):253-8.

How Y-F, Lee C-V. Effects of temperature and humidity on the survival and
water loss of Cimex hemipterus (Hemiptera: Cimicidae). J Med Entomol.
2010;47(6):987-95.

Irlich UM, Terblanche JS, Blackburn TM, Chown SL. Insect rate-tempera-
ture relationships: Environmental variation and the metabolic theory of
ecology. Am Nat. 2009;174(6):819-35.

Lyons CL, Coetzee M, Terblanche JS, Chown SL. Desiccation tolerance as
a function of age, sex, humidity and temperature in adults of the African
malaria vectors Anopheles arabiensis Patton and Anopheles funestus
Giles. J Exp Biol. 2014,217(21):3823-33.

Takken W, Klowden MJ, Chambers GM. Effect of body size on host
seeking and blood meal utilization in Anopheles gambiae sensu stricto
(Diptera : Culicidae): The disadvantage of being small. J Med Entomol.
1998;35(5):639-45.

Ma C-S, Ma G, Pincebourde S. Survive a warming climate: Insect
responses to extreme high temperatures. Annu Rev Entomol.
2021,66(1):163-84.

Vanhandel E. Metabolism of nutrients in the adult mosquito. Mosg News.
1984,44(4):573-9.

Lang CA. The effect of temperature on the growth and chemical compo-
sition of the mosquito. J Insect Physiol. 1963;9(3):279-86.

Brunet-Rossinni AK, Austad SN. Chapter 9 - Senescence in wild popula-
tions of mammals and birds. In: Masoro EJ, Austad SN, editors. Handbook
of the Biology of Aging. 6th ed. Burlington: Academic Press; 2005. p.
243-66.

Dukas R. Mortality rates of honey bees in the wild. Insect Soc.
2008;55(3):252-5.

Rodriguez-Mufioz R, Boonekamp JJ, Liu XP, Skicko |, Haugland Pedersen
S, Fisher DN, et al. Comparing individual and population measures

of senescence across 10 years in a wild insect population. Evol.
2019;73(2):293-302.

Sherratt TN, Hassall C, Laird RA, Thompson DJ, Cordero-Rivera A. A
comparative analysis of senescence in adult damselflies and dragonflies
(Odonata). J Evol Biol. 2011;24(4):810-22.

Ryan SJ, Ben-Horin T, Johnson LR. Malaria control and senescence: The
importance of accounting for the pace and shape of aging in wild mos-
quitoes. Ecosphere. 2015;6(9):1-13.

Carroll J, Sherratt TN. Actuarial senescence in laboratory and field popula-
tions of Lepidoptera. Ecol Entomol. 2017;42(5):675-9.

Promislow DEL, Flatt T, Bonduriansky R. The biology of aging in insects:
From Drosophila to other insects and back. Annu Rev Entomol.
2022,67(1):83-103.

Stanley D. Aging and immunosenescence in invertebrates. Invert Surviv J.
2012;9(1):102-9.

Moreno-Garcia M, Condé R, Bello-Bedoy R, Lanz-Mendoza H. The damage
threshold hypothesis and the immune strategies of insects. Infect Genet
Evol. 2014;24:25-33.

Beldomenico PM, Begon M. Disease spread, susceptibility and infection
intensity: Vicious circles? Trends Ecol Evol. 2010;25(1):21-7.

Murdock CC, Paaijmans KP, Cox-Foster D, Read AF, Thomas MB. Rethinking
vector immunology: The role of environmental temperature in shaping
resistance. Nat Rev Microbiol. 2012;10(12):869-76.

Adelman ZN, Anderson MA, Wiley MR, Murreddu MG, Samuel GH, Moraz-
zani EM, et al. Cooler temperatures destabilize RNA interference and
increase susceptibility of disease vector mosquitoes to viral infection.
PLOS Negl Trop Dis. 2013;7(5):e2239.

Wimalasiri-Yapa B, Barrero RA, Stassen L, Hafner LM, McGraw EA, Pyke AT,
et al. Temperature modulates immune gene expression in mosquitoes
during arbovirus infection. Open Biol. 2021;11(1):200246.

Ferreira PG, Tesla B, Horacio ECA, Nahum LA, Brindley MA, De Oliveira
Mendes TA, et al. Temperature dramatically shapes mosquito gene



Barr et al. Immunity & Ageing (2024) 21:61

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

expression with consequences for mosquito—zika virus interactions. Front
Microbiol. 2020;11:901.

King JG, Hillyer JF. Spatial and temporal in vivo analysis of circulating and
sessile immune cells in mosquitoes: Hemocyte mitosis following infec-
tion. BMC Biol. 2013;11(1):55.

Doran CR, Estevez-Lao TY, Hillyer JF. Mosquito aging modulates the heart
rate and the proportional directionality of heart contractions. J Insect
Physiol. 2017;101:47-56.

King JG, Hillyer JF. Infection-induced interaction between the mosquito
circulatory and immune systems. PLOS Pathog. 2012;8(11):e1003058.
Yan Y, Hillyer JF. The immune and circulatory systems are functionally
integrated across insect evolution. Sci Adv. 2020;6(48):eabb3164.

Tjaden NB, Thomas SM, Fischer D, Beierkuhnlein C. Extrinsic incubation
period of Dengue: Knowledge, backlog, and applications of temperature
dependence. PLOS Negl Trop Dis. 2013;7(6):€2207.

Rohr JR, Cohen JM. Understanding how temperature shifts could impact
infectious disease. PLOS Biol. 2020;18(11):e3000938.

Christiansen-Jucht CD, Parham PE, Saddler A, Koella JC, Basdnez MG.
Larval and adult environmental temperatures influence the adult repro-
ductive traits of Anopheles gambiae s.s. Parasit Vectors. 2015;8(1):456.
Christiansen-Jucht C, Parham PE, Saddler A, Koella JC, Baséfiez MG. Tem-
perature during larval development and adult maintenance influences
the survival of Anopheles gambiae s.s. Parasit Vectors. 2014;7(1):489.

Hug DOH, Kropf A, Amann MO, Koella JC, Verhulst NO. Unexpected
behavioural adaptation of yellow fever mosquitoes in response to high
temperatures. Sci Rep. 2024;14(1):3659.

Chown SL, Terblanche JS. Physiological diversity in insects: Ecological and
evolutionary contexts. Adv In Insect Phys. 2006,33:50-152.

Brown LD, Thompson GA, Hillyer JF. Transstadial transmission of larval
hemocoelic infection negatively affects development and adult female
longevity in the mosquito Anopheles gambiae. J Invertebr Pathol.
2018;151:21-31.

Cooper D, Eleftherianos I. Memory and specificity in the insect immune
system: Current perspectives and future challenges. Front Immunol.
2017,8:539.

Becker N, Petri¢ D, Zgomba M, Boase C, Madon MB, Dahl C, et al. Mos-
quitoes: Identification, Ecology and Control. 3rd ed. Cham, Switzerland:
Springer; 2020. p. 569.

Martinson EO, Chen K, Valzania L, Brown MR, Strand MR. Insulin-like
peptide 3 stimulates hemocytes to proliferate in anautogenous and
facultatively autogenous mosquitoes. J Exp Biol. 2022;225(5);jeb243460.
Bryant WB, Michel K. Blood feeding induces hemocyte proliferation and
activation in the African malaria mosquito. Anopheles gambiae Giles J
Exp Biol. 2013;217(8):1238-45.

Bonizzoni M, Dunn WA, Campbell CL, Olson KE, Dimon MT, Marinotti

O, et al. RNA-seq analyses of blood-induced changes in gene expres-
sion in the mosquito vector species, Aedes aegypti. BMC Genomics.
2011;12(1):82.

Jehan C, Sabarly C, Rigaud T, Moret Y. Late-life reproduction in an insect:
Terminal investment, reproductive restraint or senescence. J Anim Ecol.
2021;90(1):282-97.

Lord JS, Leyland R, Haines LR, Barreaux AMG, Bonsall MB, Torr SJ, et al.
Effects of maternal age and stress on offspring quality in a viviparous fly.
Ecol Lett. 2021;24(10):2113-22.

Barreaux AMG, Higginson AD, Bonsall MB, English S. Incorporating effects
of age on energy dynamics predicts nonlinear maternal allocation pat-
terns in iteroparous animals. Proc R Soc B. 1969;2022(289):20211884.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14



	Warmer environmental temperature accelerates aging in mosquitoes, decreasing longevity and worsening infection outcomes
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Mosquito rearing and colony maintenance
	Mosquito survival: four immune treatments at three temperatures and four ages
	Infection intensity: E. coli infection at three temperatures and four ages; infection at three temperatures
	Infection intensity: E. coli infection at three temperatures and one age; infection at one temperature

	Results
	Mosquito survival declines with injury, bacterial infection, warmer temperature, and aging
	The survival of naïve mosquitoes declines with warmer temperature and aging
	The survival of injured mosquitoes declines with warmer temperature
	The survival of bacterially infected mosquitoes declines with warmer temperature and aging
	Warmer temperature accelerates the aging-dependent increase in E. coli infection intensity
	Temperature shapes bacterial infection intensity by affecting both mosquito and pathogen physiology

	Discussion
	Conclusions
	Acknowledgements
	References


