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Thermal biology of invasive Aedes mosquitoes in the 
context of climate change 
Chloé Lahondère1,2,3,4,5 and Mariangela Bonizzoni6   

The increasing incidence of arboviral diseases in tropical 
endemic areas and their emergence in new temperate countries 
is one of the most important challenges that Public Health 
agencies are currently facing. Because mosquitoes are 
poikilotherms, shifts in temperature influence physiological 
functions besides egg viability. These traits impact not only 
vector density, but also their interaction with their hosts and 
arboviruses. As such the relationship among mosquitoes, 
arboviral diseases and temperature is complex. Here, we 
summarize current knowledge on the thermal biology of Aedes 
invasive mosquitoes, highlighting differences among species. 
We also emphasize the need to expand knowledge on the 
variability in thermal sensitivity across populations within a 
species, especially in light of climate change that encompasses 
increase not only in mean environmental temperature but also 
in the frequency of hot and cold snaps. Finally, we suggest a 
novel experimental approach to investigate the molecular 
architecture of thermal adaptation in mosquitoes. 
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Introduction 
Aedes spp. mosquitoes transmit viruses responsible for 
human diseases such as dengue, chikungunya, Zika, and 

yellow fever, adversely affecting millions of people each 
year [1]. Despite substantial efforts to prevent the 
spread of arboviral diseases, our current vector control 
methods are challenged by the rise of insecticide re-
sistance in adults and changes in the choice larval de-
velopment sites, from small containers and vernal pools 
to underground and other cryptic habitats [2,3]. Mos-
quitoes are poikilotherms, thus environmental tem-
perature (Ta) directly affects their overall physiology, 
fitness, and seasonal activity [4]. Additionally, with 
global climate change, the increase in average Ta favors 
the geographic expansion of important mosquito vectors, 
thereby increasing the risk of disease outbreaks [2,5–7]. 
Climate change is a strong selective force, known to 
cause behavioral and physiological adaptations in Dro-
sophila flies and other insects. Additionally, several traits 
associated with thermal adaptation (see Table 1), such as 
critical thermal limits, metabolic rate and body size, were 
shown to be genetically inherited and subjected to ge-
netic adaptation over microevolutionary timescales  
[8–11]. Despite the direct impact on mosquito re-
productive success, population dynamics, and, by ex-
tension, on public health, mechanisms underlying 
thermal adaptation remain poorly understood in disease 
vector mosquitoes, both phenotypically and genetically. 

Here, we review and discuss the current knowledge on 
Aedes mosquito thermal biology in comparison to la-
boratory and field studies conducted in other dipterans, 
primarily Drosophila spp. We focus on two of the most 
invasive species in the world and major vectors of pa-
thogens, Aedes aegypti and Aedes albopictus, as well as 
species that have more recently invaded Europe and the 
US, Aedes japonicus and Aedes koreicus. Aedes japonicus and 
Ae. koreicus are raising concerns because of their rapid 
spread and ability to vector both arboviruses and 
Dirofilaria immitis [12] (Figure 1). Aedes japonicus is found 
mostly in rural habitats, whereas Ae. koreicus is an an-
thropophilic species mostly associated with urban set-
tings; both species are cold tolerant and overwinter as 
eggs. Aedes japonicus and Ae. koreicus are adapted to 
higher altitude than Ae. albopictus, thus increasing areas 
at risk for Aedes-borne diseases [13,14]. Insights on the 
impact of Ta on life-history traits of both species have 
been highlighted as a way to assess their likelihood of 
invading new areas in Europe [15]. Phenotypic traits, 
however, have not been thoroughly studied and/or 
linked to genotypes yet and modeling remains the main 
tool to estimate future distributions [16,17]. 
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Table 1 

Definition of concepts and factors in thermal biology. These traits can be affected by many biotic factors including, but not limited to, the 
insects’ age, physiological and reproductive status.    

Traits Definition  

(Tp) Resting temperature chosen by an organism when provided with a range of temperatures 
(Tt) Ability to cope with high and/or low temperatures. (Tt) can be genetically inherited or acquired after exposures to high/low 

temperatures. 
Thermal adaptation Ability to cope with prolonged exposures to high/low temperatures without physiological or behavioral stress. 
Thermal sensitivity Degree to which an organism responds to changing environmental temperatures and how it affects thermal performance. 
Thermal performance Range of temperatures within which a given behavioral or physiological trait can occur with a critical minimum (CTmin) 

and maximum (CTmax) temperature beyond which the performance becomes impossible (i.e. defining the tolerance 
range) and the temperature at which the performance is considered optimal (Topt). 

(Modified after [16,30]).   

Figure 1  

Current Opinion in Insect Science

Current global distribution of Aedes aegypti, Aedes albopictus, Aedes japonicus, and Aedes koreicus. Rare occurrences have not been represented for 
clarity. 
Sources: European Centre for Disease Prevention and Control and European Food Safety Authority; Center for Disease Control and Prevention;  
[4,22,71–74].   
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Physiological and behavioral traits associated 
with thermal adaptation 
In mosquitoes, Ta impacts larval developmental time, 
adult longevity, body size, egg hatchability and overall 
population dynamics, as reviewed in Reinhold et al. [4]. 
Moreover, Ta can also affect the replication and dis-
semination of arboviruses within the vector’s body  
[18–20] and alter the composition of the microbiota  
[21–23], resulting in a feedback effect on mosquito be-
havior, physiology, and pathogen transmission [24,25]. 
Finally, metabolic rates are sensitive to body tempera-
ture and, as temperature alters metabolism and energy 
budgets, it can impact the ability of a species to cope 
with changing climatic conditions [26]. Insects facing 
rapid changes in Ta use several physiological and beha-
vioral strategies to avoid the risk of thermal stress and 
associated cellular damages including behavioral ther-
moregulation and the synthesis of heat shock proteins  
[27–29]. However, prolonged exposure to high or low Ta 
can lead to profound and lasting behavioral and phy-
siological changes allowing species (or populations) to 
develop, survive and reproduce under otherwise un-
favorable conditions (i.e. thermal adaptation) [16,30] (see  
Table 1). The existence of climatic adaptation has been 
shown by the identification of a range of physiological 
and behavioral responses/phenotypes, which are corre-
lated with the geographic distribution of a species across 
ecological gradients (e.g. elevation, latitude, and cli-
mate) [31–33]. 

Thermotolerance (Tt) and thermopreference (Tp) can 
vary significantly between different mosquito species [6]. 
For example, Aedes canadensis, which develops in snow- 
melt (vernal) pools in early Spring, and Ae. japonicus are 
considered cold tolerant [13]. In the latter species, Tp is 
shifted towards cooler temperatures in comparison to 
tropical species such as Ae. aegypti [34] where adults show 
a lower Tt for high temperature [13]. Interestingly, Culex 
spp. Tp also greatly varies between species and while 
some species such as Culex quinquefasciatus exhibits lower 
Tp, others including Culex tarsalis and Culex territans have 
a much higher Tp which may be linked to Ta in these 
species’ native habitat and host preference [35]. Aedes 
aegypti is native of sub-Saharan Africa and does not have 
the ability to overwinter in temperate areas such as the 
Northern US, except for one population in Washington 
DC, which uses underground-warmer-niches to avoid 
cold stress [36] (Figure 1). Additionally, one study 
showed that Ae. aegypti eggs can survive low and sub-zero 
temperatures for a short time period, suggesting the 
ability to rapidly acclimatize to new conditions [37]. The 
globally invasive Ae. albopictus is native to tropical South 
East Asia, it is overall considered more cold-resistant and 
exhibits an overall higher ecological plasticity than Ae. 
aegypti. Temperate populations of Ae. albopictus undergo 
photoperiod diapause and overwinter as eggs, suggesting 

extensive physiological adaptations to cooler climates. 
The physiological and molecular mechanisms of photo-
periodic diapause have been extensively studied in this 
species [38,39], providing an understanding of the fac-
tors influencing the onset of the mosquito season in 
Spring. However, global climate change includes not 
only an increase in average Ta, but also in the frequency 
of extreme weather events such as heat waves and/or 
cold snaps. These climatic events may occur out of 
season and thus be disjoint from changes in day length, 
one of the main cues initiating diapause. We argue that 
in light of climate change, a precise quantification of 
thermal traits such as the egg freezing point, the adult 
critical upper and lower thermal limits (CTmax and 
CTmin) and the adult Tp, which could influence over-
wintering, and/or ability to overcome cold/hot snaps will 
be crucial to better understand the mechanisms under-
lying the invasive success of Aedes mosquitoes. 

In contrast to differences in thermal sensitivity across 
species, variations within mosquito species (i.e. at the 
strain/population level) remain understudied [40], in 
particular in Aedes spp. Experimental evidence from 
other insect species supports the hypothesis that popu-
lation-level differences in Tt and thermal performance 
exist in relation to the species distribution range. For 
example, in Drosophila melanogaster heat tolerance is 
lower in temperate populations compared with tropical 
ones [41] and temperate populations also have a shorter 
recovery time after a chill coma than tropical ones  
[42,43]. In the mosquito Culex tarsalis, differences in 
CTmax (see Table 1) between populations positively 
correlate with maximum temperatures at native sites  
[44]. Moreover, populations from high-altitude/cooler 
sites have significantly higher metabolic rates compared 
to populations from warmer sites, which is due to 
thermal compensation in organisms living in cold cli-
mates [44]. In Wyeomyia smithii, effects of latitude and 
season on Tt have been demonstrated [45]. Indeed, po-
pulations from northern regions have a higher cold Tt 
compared to populations from the south but no differ-
ence in heat Tt has been found [45]. In Ae. albopictus, 
strains from northern Asia and North America have 
higher overwintering survival rates than those from tro-
pical Asia and Brazil [46]. The same study showed that 
none of the tested Ae. aegypti strains survived over-
wintering under northern US climatic conditions, high-
lighting the contrast between these two species. 
Conversely, inhibition of egg hatching in response to a 
short-day photoperiod has been noted in a strain of Ae. 
aegypti. This highlights the behavioral and physiological 
plasticity of certain strains in response to changes of 
abiotic factors, which could lead to the expansion of this 
species to colder climates [47]. Importantly, as differ-
ences in DENV-2 virus development have been found 
between populations of Ae. aegypti, it is critical to 
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consider Ta as a potential factor influencing infection 
rates which can have consequences on the magnitude of 
outbreaks [7,18]. 

Identification of the mechanisms for physiological and 
behavior shifts observed in Aedes populations will be 
critical for accessing the potential impact of climate 
change on these factors. Drosophila spp., which has been 
extensively studied provided a framework for future 
studies with Aedes populations including the genetics of 
thermal adaptation described in the following section. 

Genetics of thermal adaptation 
Evaluating thermal adaptation requires the quantification 
and understanding of both specific phenotypic characters 
directly related to temperature (i.e. egg freezing point, 
CTmax and CTmin, and Tp) and fitness and metabolic 
features such as longevity, body size, expression of heat 
shock proteins and enzyme kinetics, which can all be 
affected by Ta. Moreover, each of these traits may be 
polygenic, even in the absence of a continuous, normally 
distributed phenotype within a population, and epige-
netic changes or transcriptomic/phenotypic plasticity (i.e. 
the ability of a genotype to change its expression/phe-
notype when environment changes) may contribute in 
shaping adaptive responses to current increase in Ta. To 
predict how mosquitoes respond to climate change, we 
first need to identify the phenotypic traits that could be 
mostly controlled by Ta, such as Tt (e.g. CTmax and CTmin) 
and Tp, and the methodologies to quantify these traits [6], 
and then to mechanistically understand the effects of 
genetic and environmental variation on these traits. A 
powerful methodology to disentangle genetic variation 
from plasticity, test plastici whether thermal-related traits 
are genetically inherited and if adaptive genetic changes 
occur has recently emerged from studies in Drosophila 
spp. [8,32,48–50]. This approach, often referred to as 
‘evolve and re-sequence [E&R], includes the combina-
tion of omics techniques (e.g. whole-genome sequencing 
[WGS] and RNA-seq) to samples from common-garden 
experiments (i.e. comparison of genetically distinct 
strains/populations which are maintained under identical 
environmental conditions) [51]. RNA-seq and WGS ap-
proaches generate lists of either differentially expressed 
genes or genomic regions harboring ‘evolved/selected’ 
variants. These lists will include regulatory regions con-
trolling gene expression besides coding sequences be-
cause thermal adaptation is a complex trait, which is 
expected to be governed by genes working in inter-
connected regulatory networks [52]. Because of this cel-
lular intricacy with core genes affecting and being 
affected by secondary genes, where ‘core’ and ‘secondary’ 
refer to the respective contribution on the phenotype, 
genome-wide analyses are prone to false positives [52]. 
Despite this complexity, a meta-analysis of 28 studies on 
thermal-adaptation in Drosophila spp., using both RNA- 

seq and WGS-based, highlighted concordance on the 
gene ontologies, such as oxidoreductase, glutathione 
metabolism enzymes, heme-binding proteins, peptidase, 
cytoskeleton-related proteins, and enzymes involved in 
the metabolisms of fatty acids and chitin [53]. These data 
suggest that thermal adaptation in Drosophila spp. is 
mediated by numerous genes, each with a limited effect; 
alternatively, genetic redundancy could also explain 
convergence in functions with different lists of genetic 
elements [53]. Concordance on gene ontologies allows 
pinpointing to candidate orthologous groups for func-
tional validation. Using this approach, it was recently 
demonstrated that exposure to high temperatures results 
in adaptive evolution of key dopamine synthesis and 
transport genes, and of one gene regulating their ex-
pression (i.e. Hr38), in Drosophila simulans [54]. Omics 
approaches could also be applied to ad hoc collected nat-
ural samples and, albeit still controversial, similar gene 
expression profiles could be observed between natural 
and laboratory-evolved Dr. melanogaster populations sug-
gesting that garden experiments can mimic natural evo-
lution [50,51]. In Drosophila spp., genetic adaptation to 
climate can be rapid, within 60–100 generations of po-
pulations exposed to a novel temperature regime, with 
also examples of fluctuating selection between favorable 
alleles during either hot or cold seasons [49,50]. Ad-
ditionally, after exposure to a high-temperature regime for 
100 generations, a different expressional profile was ob-
served in Dr. simulans males versus females, with most 
differences being observed in highly expressed genes of 
the fat body, involved in lipid metabolism, that were 
overexpressed in males and downregulated in females, 
suggesting that the two sexes have different requirements 
when exposed to novel temperature conditions [50]. In-
vestigating these phenomena (i.e. inheritance of thermal- 
related traits, evolutionary adaptation, and sex differ-
ences) is paramount in Aedes spp. mosquitoes given their 
invasiveness and the different role of males and females 
in arboviral disease transmission. Evolutionary adaptive 
genetic changes in response to increase in Ta are plau-
sible in Aedes mosquitoes given their short generation 
times, large populations and their dependency on Ta to 
regulate activity and physiology [6]. Supporting a genetic 
contribution to thermal adaptation in mosquitoes, chro-
mosomal inversions that correlate with latitudinal or ar-
idity clines have already been identified in Anopheles 
gambiae [55,56]. Additionally, we compared phenotypic 
differences in fitness (i.e. fecundity and wing-length, a 
proxy for body size) and thermal traits between tropical 
and temperate strains of Ae. albopictus and identified sig-
nificant differences in body size, fecundity, and nutrient 
levels (Carlassara, unpublished). These results in both 
invasive temperate and native tropical strains support a 
correlation with the climatic conditions of the strain na-
tive range and could indicate either a polygenic in-
heritance and/or extensive plasticity for Ae. albopictus 
thermal adaptation. 

4 Vectors and medical and veterinary entomology  

www.sciencedirect.com Current Opinion in Insect Science 51( 2022) 100920 



Conclusion and knowledge gaps 
Because mosquitoes are ectotherms, Ta directly affects 
their physiology, fitness, seasonal activity, and, ulti-
mately, their adaptability to new environments. 
Moreover, experimental evidence is accumulating across 
a broad range of insect species on physiological, beha-
vioral, and genetic-based adaptive responses caused by 
global climate change. Despite its direct impact on 
mosquito biology, thermal adaptation remains poorly 
understood in disease vector mosquitoes, both pheno-
typically and genetically. Overall, a better understanding 
of how Ta affects Aedes spp. biology and of the potential 
heritability of Ta associated traits is critical to identify 
key factors contributing to their invasive success and 
may lead to innovative strategies of population control. 

In Drosophila, the E&R approach has been shown useful 
to understand the molecular mechanisms underlying 
thermal adaptation by allowing us to observe, in a con-
trolled environment and through evolutionary times, 
changes at multiple levels (i.e. physiological, behavioral, 
and genetic). To avoid biases and be able to disentangle 
the multiple factors contributing to thermal adaptation, 
evolution experiments are often set up with established 
insect colonies instead of freshly collected specimens, of 
which the genetic background, the time of introduction 
and origin may be unknown. Validation of results from E 
&R studies based on laboratory-adapted strains using 
wild populations will further lead to a more refined un-
derstanding of the species thermal adaptation dynamics 
as adaptation to laboratory conditions may reduce ge-
netic variation and lead to changes in behavior and 
physiology [57]. E&R studies can also be associated with 
strain crosses to identify whether observed correlations 
between thermal-related traits, such as Tp and Tt, are due 
to genetic correlations (i.e. thermal traits controlled by 
linked genetic regions) or correlated selection across 
strains/populations [58]. 

In conclusion, studying how mosquitoes are responding 
to global warming can provide more accurate data to 
implement in models of their future distribution and 
could lead to the identification of novel targets for po-
pulation control. 

Declaration of Competing Interest 

The authors declare that they have no known competing 
financial interests or personal relationships that could 
have appeared to influence the work reported in this 
paper. 

Acknowledgements 
CL was supported by the Department of Biochemistry, The Fralin Life 
Science Institute, and The Global Change Center at Virginia Tech. 
Funding was also provided to CL by the USDA National Institute of Food 
and Agriculture HATCH project VA-160160 and the National Science 

Foundation under Grant IOS-2114127. Funding was provided to MB by the 
Human Frontier Science Program Research Grant (RGP0007/2017), the 
Italian Ministry of Education, University and Research FARE-MIUR 
project R1623HZAH5 and the European Research Council Consolidator 
Grant (ERC-CoG 682394) under the European Union’s Horizon 2020 
Programme. The Department of Biology and Biotechnology 'L. 
Spallanzani' also received financial support from the Italian Ministry of 
Education, University and Research (MIUR) through the Dipartimenti 
d′Eccellenza Program (2018–2022). Funding sources had no role in study 
design; in the collection, analysis, and interpretation of data; in the writing 
of this review; and in the decision to submit the manuscript. Figure 1 was 
created with Biorender.com. 

References and recommended reading 
Papers of particular interest, published within the period of review, have 
been highlighted as:  

•• of special interest  
•• of outstanding interest  

1. World Health Organization: World Health Statistics 2018: 
Monitoring Health for the Sustainable Development Goals; 
2018. 

2. Kraemer MU, Reiner RC, Brady OJ, Messina JP, Gilbert M, Pigott 
DM, Yi D, Johnson K, Earl L, Carvalho RG, et al.: Past and future 
spread of the arbovirus vectors Aedes aegypti and Aedes 
albopictus. Nat Microbiol 2019, 4:854-863. 

3.
•

Chadee DD, Martinez R: Aedes aegypti (L.) in Latin American and 
Caribbean region: with growing evidence for vector adaptation 
to climate change? Acta Trop 2016, 156:137-143. 

This reference shows climatic-driven adaptation to breeding in under-
ground sites in Aedes aegypti populations from Latin America and the 
Caribbean. 

4. Reinhold JM, Lazzari CR, Lahondère C: Effects of the 
environmental temperature on Aedes aegypti and Aedes 
albopictus mosquitoes: a review. Insects 2018, 9:158. 

5. Kamal M, Kenawy MA, Rady MH, Khaled AS, Samy AM: Mapping 
the global potential distributions of two arboviral vectors Aedes 
aegypti and Ae. albopictus under changing climate. PLoS One 
2018, 13:e0210122. 

6.
••

Couper LI, Farner JE, Caldwell JM, Childs ML, Harris MJ, Kirk DG, 
Nova N, Shocket M, Skinner EB, Uricchio LH, Exposito-Alonso M, 
Mordecai EA: How will mosquitoes adapt to climate warming? 
Elife 2021, 10:e69630. 

Comprehensive review highlighting the ecological and biological factors 
influencing mosquito response to climate warming. 

7. Mordecai EA, Caldwell JM, Grossman MK, Lippi CA, Johnson LR, 
Neira M, Rohr JR, Ryan SJ, Savage V, Shocket MS, Sippy R, 
Stewart Ibarra AM, Thomas MB, Villena O: Thermal biology of 
mosquito-borne disease. Ecol Lett 2019, 22:1690-1708. 

8. Logan ML, Cox RM, Calsbeek R: Natural selection on thermal 
performance in a novel thermal environment. Proc Natl Acad Sci 
USA 2014, 111:14165-14169. 

9. Merilä J, Hendry AP: Climate change, adaptation, and 
phenotypic plasticity: the problem and the evidence. Evol Appl 
2014, 7:1-14. 

10. Logan ML, Cox CL: Genetic constraints, transcriptome 
plasticity, and the evolutionary response to climate change. 
Front Genet 2020, 11:1088. 

11. Jenkins NL, Hoffmann AA: Genetic and maternal variation for 
heat resistance in Drosophila from the field. Genetics 1994, 
137:783-789. 

12. Montarsi F, Ciocchetta S, Devine G, Ravagnan S, Mutinelli F, di 
Frangipane Regalbono A, Otranto D, Capelli G: Development of 
Dirofilaria immitis within the mosquito Aedes (Finlaya) 
koreicus, a new invasive species for Europe. Parasit Vectors 
2015, 8:177. 

13. Kaufman MG, Fonseca DM: Invasion biology of Aedes japonicus 
japonicus (Diptera: Culicidae). Ann Rev Entomol 2014, 59:31-49. 

Aedes mosquitoes and climate change Lahondère and Bonizzoni 5 

www.sciencedirect.com Current Opinion in Insect Science 51( 2022) 100920 

http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref1
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref1
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref1
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref1
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref2
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref2
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref2
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref3
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref3
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref3
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref4
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref4
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref4
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref4
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref5
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref5
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref5
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref5
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref6
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref6
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref6
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref6
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref7
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref7
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref7
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref8
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref8
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref8
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref9
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref9
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref9
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref10
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref10
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref10
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref11
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref11
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref11
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref11
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref11
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref12
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref12


14. Marcantonio M, Metz M, Baldacchino F, Arnoldi D, Montarsi F, 
Capelli G, Carlin S, Neteler M, Rizzoli A: First assessment of 
potential distribution and dispersal capacity of the emerging 
invasive mosquito Aedes koreicus in Northeast Italy. Parasit 
Vectors 2016, 9:63. 

15. Marini G, Arnoldi D, Baldacchino F, Capelli G, Guzzetta G, Merler S, 
Montarsi F, Rizzoli A, Rosà R: First report of the influence of 
temperature on the bionomics and population dynamics of 
Aedes koreicus, a new invasive alien species in Europe. Parasit 
Vectors 2019, 12:1-12. 

16. Angilletta Jr MJ: Thermal adaptation: a theoretical and empirical 
synthesis. Oxford Scholarship Online; 2009. 

17. Reuss F, Wieser A, Niamir A, Bálint M, Kuch U, Pfenninger M, 
Muller R: Thermal experiments with the Asian bush mosquito 
(Aedes japonicus japonicus) (Diptera: Culicidae) and 
implications for its distribution in Germany. Parasit Vectors 
2018, 11:81. 

18. Murdock CC, Blanford S, Luckhart S, Thomas MB: Ambient 
temperature and dietary supplementation interact to shape 
mosquito vector competence for malaria. J Insect Physiol 2014, 
67:37-44. 

19. Gloria-Soria A, Armstrong PM, Powell JR, Turner PE: Infection rate 
of Aedes aegypti mosquitoes with dengue virus depends on the 
interaction between temperature and mosquito genotype. Proc 
R Soc B 2017, 284:20171506. 

20. Souza-Neto JA, Powell JR, Bonizzoni M: Aedes aegypti vector 
competence studies: a review. Infect Genet Evol 2019, 
67:191-209. 

21. Bordenstein SR, Bordenstein SR: Temperature affects the 
tripartite interactions between bacteriophage WO, Wolbachia, 
and cytoplasmic incompatibility. PLoS One 2011, 6:e29106. 

22. Ross PA, Axford JK, Yang Q, Staunton KM, Ritchie SA, Richardson 
KM, Hoffmann AA: Heatwaves cause fluctuations in w Mel 
Wolbachia densities and frequencies in Aedes aegypti. PLoS 
Negl Trop Dis 2020, 14:e0007958. 

23. Onyango GM, Bialosuknia MS, Payne FA, Mathias N, Ciota TA, 
Kramer DL: Increase in temperature enriches heat tolerant taxa 
in Aedes aegypti midguts. Sci Rep 2020, 10:1-12. 

24. Yixin HY, Carrasco AM, Dong Y, Sgrò CM, McGraw EA: The effect 
of temperature on Wolbachia-mediated dengue virus blocking 
in Aedes aegypti. Am J Trop Med Hyg 2016, 94:812. 

25. Hague MT, Caldwell CN, Cooper BS: Pervasive effects of 
Wolbachia on host temperature preference. Mbio 2020, 
11:e01768-20. 

26. Dillon ME, Wang G, Huey RB: Global metabolic impacts of recent 
climate warming. Nature 2010, 467:704-706. 

27. Benoit JB, Lopez-Martinez G, Patrick KR, Phillips ZP, Krause TB, 
Denlinger DL: Drinking a hot blood meal elicits a protective heat 
shock response in mosquitoes. Proc Natl Acad Sci USA 2011, 
108:8026-8029. 

28. Lahondère C, Lazzari CR: Mosquitoes cool down during blood 
feeding to avoid overheating. Curr Biol 2012, 22:40-45. 

29. Benoit JB, Lazzari CR, Denlinger DL, Lahondère C: 
Thermoprotective adaptations are critical for arthropods 
feeding on warm-blooded hosts. Curr Opin Insect Sci 2019, 
34:7-11. 

30. Huey RB, Stevenson RD: Integrating thermal physiology and 
ecology of ectotherms: a discussion of approaches. Am Zool 
1979, 19:357-366. 

31. Rashkovetsky KA, Iliadi K, Nevo E: Drosophila flies in “Evolution 
Canyon” as a model for incipient speciation. Proc Natl Acad Sci 
USA 2006, 103:18184-18189. 

32. Sørensen JG, Nielsen MM, Loeschcke V: Gene expression profile 
analysis of Drosophila melanogaster selected for resistance to 
environmental stressors. J Evol Biol 2007, 20:1624-1636. 

33. Kellermann V, Overgaard J, Hoffmann AA, Fløjgaard C, Svenning 
JC, Loeschcke V: Upper thermal limits of Drosophila are linked 

to species distributions and strongly constrained 
phylogenetically. Proc Natl Acad Sci USA 2012, 
109:16228-16233. 

34. Verhulst NO, Brendle A, Blanckenhorn WU, Mathis A: Thermal 
preferences of subtropical Aedes aegypti and temperate Ae. 
japonicus mosquitoes. J Therm Biol 2020, 91:102637. 

35. Reinhold JM, Chndrasegaran K, Oker H, Crespo JE, Vinauger C, 
Lahondère C: Species-specificity in thermopreference and CO2- 
gated heat seeking in Culex mosquitoes. Insects 2022, 13:92. 

36. Lima A, Lovin DD, Hickner PV, Severson DW: Evidence for an 
overwintering population of Aedes aegypti in Capitol Hill 
neighborhood, Washington, DC. Am J Trop Med 2016, 94:231. 

37. Kramer IM, Kreß A, Klingelhöfer D, Scherer C, Phuyal P, Kuch U, 
Ahrens B, Groneberg DA, Dhimal M, Müller R: Does winter cold 
really limit the dengue vector Aedes aegypti in Europe? Parasit 
Vectors 2020, 13:1-13. 

38. Armbruster PA: Photoperiodic diapause and the establishment 
of Aedes albopictus (Diptera: Culicidae) in North America. J 
Med Entomol 2016, 53:1013-1023. 

39. Boyle JH, Rastas P, Huang X, Garner AG, Vythilingam I, Armbruster 
PA: A linkage-based genome assembly for the mosquito Aedes 
albopictus and identification of chromosomal regions affecting 
diapause. Insects 2021, 12:167. 

40. Sinclair BJ, Williams CM, Terblanche JS: Variation in thermal 
performance among insect populations. Physiol Biochem 2012, 
85:594-606. 

41. Sgro CM, Overgaard J, Kristensen TN, Mitchell KA, Cockerell FE, 
Hoffmann AA: A comprehensive assessment of geographic 
variation in heat tolerance and hardening capacity in 
populations of Drosophila melanogaster from eastern 
Australia. J Evol Biol 2010, 23:2484-2493. 

42. Gibert P, Moreteau B, Pétavy G, Karan D, David JR: Chill‐coma 
tolerance, a major climatic adaptation among Drosophila 
species. Evolution 2001, 55:1063-1068. 

43. Gibert P, Huey RB: Chill-coma temperature in Drosophila: 
effects of developmental temperature, latitude, and phylogeny. 
Physiol Biochem Zool 2001, 74:429-434. 

44. Vorhees AS, Gray EM, Bradley TJ: Thermal resistance and 
performance correlate with climate in populations of a 
widespread mosquito. Physiol Biochem Zool 2013, 86:73-81. 

45. Ragland GJ, Kingsolver JG: Evolution of thermotolerance in 
seasonal environments: the effects of annual temperature 
variation and life‐history timing in Wyeomyia smithii. Evol: Int J 
Org Evol 2008, 62:1345-1357. 

46.
•

Hawley WA, Pumpuni CB, Brady RH, Craig GB Jr.: Overwintering 
survival of Aedes albopictus (Diptera: Culicidae) eggs in 
Indiana. J Med Entomol 1989, 26:122-129. 

One of the few studies focusing on overwintering between both tropical 
and temperate Aedes strains, from Asia and the Americas. 

47. Fisher S, De Maio MS, Di Battista CM, Montini P, Loetti V, Campos 
RE: Adaptations to temperate climates: evidence of 
photoperiodic-induced embryonic dormancy in Aedes aegypti 
in South America. J Insect Physiol 2019, 117:103887. 

48.
••

Barghi N, Tobler R, Nolte V, Jakšić AM, Mallard F, Otte KA, Dolezal 
M, Taus T, Kofler R, Schlötterer C: Genetic redundancy fuels 
polygenic adaptation in Drosophila. PLoS Biol 2019, 
17:e3000128(48). 

This study shows that genetic redundancy (more genotypes for one 
phenotype) contribute to thermal adaptation, a polygenic trait, in 
Drosophila. 

49. Mallard F, Nolte V, Tobler R, Kapun M, Schlötterer C: A simple 
genetic basis of adaptation to a novel thermal environment 
results in complex metabolic rewiring in Drosophila. Genome 
Biol 2018, 19:1-15. 

50. Hsu SK, Jakšić AM, Nolte V, Lirakis M, Kofler R, Barghi N, Versace 
E, Schlötterer C: Rapid sex-specific adaptation to high 
temperature in Drosophila. eLife 2020, 9:e53237. 

6 Vectors and medical and veterinary entomology  

www.sciencedirect.com Current Opinion in Insect Science 51( 2022) 100920 

http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref13
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref13
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref13
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref13
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref13
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref14
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref14
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref14
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref14
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref14
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref15
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref15
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref15
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref15
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref15
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref16
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref16
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref16
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref16
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref17
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref17
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref17
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref17
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref18
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref18
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref18
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref19
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref19
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref19
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref20
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref20
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref20
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref20
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref21
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref21
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref21
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref22
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref22
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref22
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref23
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref23
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref23
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref24
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref24
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref25
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref25
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref25
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref25
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref26
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref26
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref27
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref27
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref27
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref27
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref28
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref28
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref28
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref29
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref29
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref29
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref30
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref30
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref30
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref31
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref31
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref31
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref31
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref31
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref32
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref32
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref32
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref33
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref33
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref33
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref34
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref34
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref34
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref35
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref35
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref35
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref35
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref36
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref36
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref36
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref37
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref37
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref37
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref37
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref38
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref38
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref38
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref39
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref39
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref39
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref39
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref39
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref40
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref40
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref40
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref41
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref41
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref41
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref42
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref42
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref42
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref43
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref43
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref43
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref43
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref44
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref44
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref44
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref45
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref45
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref45
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref45
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref46
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref46
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref46
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref46
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref47
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref47
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref47
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref47
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref48
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref48
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref48


51. Schlötterer C, Kofler R, Versace E, Tobler R, Franssen SU: 
Combining experimental evolution with next-generation 
sequencing: a powerful tool to study adaptation from standing 
genetic variation. Heredity 2015, 114:431-440. 

52. Boyle EA, Li YI, Pritchard JK: An expanded view of complex 
traits: from polygenic to omnigenic. Cell 2017, 169:1177-1186. 

53.
••

Herrmann M, Yampolsky LY: False and true positives in 
arthropod thermal adaptation candidate gene lists. Genetica 
2021, 149:143-153. 

This study compares results from 28 Drosophila studies using omics 
approaches to identify ‘true positive’ candidate-thermal related genetic 
elements. 

54.
•

Jakšić AM, Karner J, Nolte V, Hsu SK, Barghi N, Mallard F, Otte KA, 
Svečnjak L, Senti K, Schlötterer C: Neuronal function and 
dopamine signaling evolve at high temperature in Drosophila. 
Mol Biol Evol 2020, 37:2630-2640. 

Authors provide functional validation of genes with temperature-regu-
lated evolution in expression and correlated temperature-related 
changes in behavior. 

55. Coluzzi M, Sabatini A, Petrarca V, Di Deco MA: Chromosomal 
differentiation and adaptation to human environments in the 
Anopheles gambiae complex. Trans R Soc Trop Med Hyg 1979, 
73:483-497 (51). 

56.
•

Rocca KA, Gray EM, Costantini C, Besansky NJ: 2La 
chromosomal inversion enhances thermal tolerance of 
Anopheles gambiae larvae. Malar J 2009, 8:1-7. 

A genomic feature (inversion) is correlated with thermal tolerance. 

57. Hoffmann AA, Ross PA: Rates and patterns of laboratory 
adaptation in (mostly) insects. J Econ Entomol 2018, 
111:501-509. 

58.
•

Dolgova O, Rego C, Calabria G, Balanya J, Pascual M, Rezende EL, 
Santos M: Genetic constraints for thermal coadaptation in 
Drosophila subobscura. BMC Evol Biol 2010, 10:5454. 

This study shows that observed phenotypic correlations in thermal traits 
may be due not to genetic correlation within populations, but to corre-
lated selection on populations.  

Aedes mosquitoes and climate change Lahondère and Bonizzoni 7 

www.sciencedirect.com Current Opinion in Insect Science 51( 2022) 100920 

http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref49
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref49
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref49
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref49
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref50
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref50
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref51
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref51
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref51
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref52
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref52
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref52
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref52
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref53
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref53
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref53
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref53
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref54
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref54
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref54
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref55
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref55
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref55
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref56
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref56
http://refhub.elsevier.com/S2214-5745(22)00055-4/sbref56

	Thermal biology of invasive Aedes mosquitoes in the context of climate change
	Introduction
	Physiological and behavioral traits associated with thermal adaptation
	Genetics of thermal adaptation
	Conclusion and knowledge gaps
	Declaration of Competing Interest
	Acknowledgements
	References and recommended reading




