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Abstract

Mosquitoes are poikilothermic animals with a holometabolous life cycle. Thermal
conditions they experience during development have a great impact on both juvenile and
adult stages. For instance, cold thermal regimes are expected to cause mosquitoes to grow
slower but larger and to live longer and to have a higher fecundity compared to
mosquitoes developing at warmer temperatures. The potential transmission of pathogens
is directly related to developmental speed, adult longevity and fecundity because a faster
development, a longer lifespan and a higher fecundity increase the vector population
density and the number of vectors which have been exposed to pathogens through a blood
meal on an infected host and have become infectious. Despite the known importance of
ambient temperature during the mosquito development, we lack data on the extent of its
impact on both juvenile and adult stages of the mosquito life. Especially in the case of
invasive species, unravelling the relationship between developmental temperature and
the mosquito performance at the various life stages and identifying possible differences
across populations might highlight the most vulnerable life stages for control strategies
and identify the populations with the highest invasion potential in face of current climatic
changes. The Asian tiger mosquito Aedes albopictus is a highly invasive species which
vector health-threatening arboviruses such as Zika, Dengue and Chikungunya and is
currently present in every continent of the World except Antarctica. For this species, we
lack precise information on traits which are highly influenced by developmental
temperature and are also important for pathogen transmission, such as developmental
speed, longevity and fecundity.

Within this context, during my PhD I investigated the effect of different developmental
temperatures on the performance of juvenile stages and their further effects on adults of
Ae. albopictus mosquitoes of a tropical (Foshan, China) and a temperate (Crema, Italy)
origin. Furthermore, I extended my study to the transcriptome, the physiology, thermal
traits and the density of Wolbachia, a thermosensitive bacterium of great importance for
mosquito fitness. The temperatures I decided to investigate include 18°C, which
represents the average daytime temperature registered during spring 2021 in Northern
Italy, 32°C, which was the peak of warm temperatures registered in the summer 2021 in
the same region, and 28°C, which is the standard rearing temperature for Ae. albopictus.
My results show strong strain-specific effects on both fitness and energy reserve in
mosquitoes reared under different thermal regimes, whereas | measured few thermal-
related changes in adult thermal preference and knock-down temperature (i.e. heat
resistance). Overall, the thermal condition of 32°C was the one mostly reducing the
mosquito fitness at the adult level, whereas the temperature of 18°C drastically slowed
down development of early stages. At both 18°C and 32°C I recorded responses linked
to stress (such as cytochrome p450 and heat shock proteins) and the lowest densities of
Wolbachia. 1 further proved that mosquitoes’ wing length and body mass follow the
Bergmann’s rule and found that only the tropical Foshan strain follows developmental



isomorphy, suggesting that depending on their geographical origin different strains might
have different adaptability potential of early life stages in response to climate change.



Abbreviations

CHIKYV = Chikungunya Virus

CI = Cytoplasmic Incompatibility
Cr = Crema

CTmax = Critical Thermal maximum
CTmin = Critical Thermal minimum
d0 = day 0, day of emergence
d12-14 = day12-14

d7 =day 7

DE = differential expression

DENYV = Dengue virus

df = Degrees of Freedom

dpi= day(s) post-infection

DR = developmental rate

EIP = extrinsic incubation period

F = F ratio

FE = Fold enrichment

Fo = Foshan

FPKM = Fragments per kilobase per Million
gDNA = genomic DNA

GO = gene ontology

HR = Hazard Ratio

Hsf = heat-shock factor



Hsp = heat-shock protein

IIT = Incompatible Insect Technique
IPCC = Intergovernmental Panel on Climate Change
KDT = knock-down temperature

LDR = larval developmental rate

LDT = larval developmental time
MAYV = Anti-Mayaro Virus

MS = mean squares

PCA = Principal Component Analysis
PDR = pupal developmental rate

PDT = pupal developmental time
Pmax = maximal performance capacity
gPCR = quantitative polymerase chain reaction
R = Pearson's correlation coefficient
RNAIi = RNA interference

ROS = reactive oxygen species

RT = room temperature

Ta = ambient temperature

Tbr = thermal breadth

Topt = otpimal temperature

Tp = Thermal preference

TPC = Thermal performance curve

Tt = thermotolerance



VBD = vector-born disease

VC = vector capacity

WHO = World Health Organization
WNYV = West Nile Virus

YO0 =year 0

Y2 =year 2

YFV = Yellow Fever Virus
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1.Introduction

1.1 Climate change

During the last half-century, the globe had experienced an unprecedented temperature
increase [1]. In 2021 the Sixth Assessment on climate change of the Intergovernmental
Panel on Climate Change (IPCC) reported the indisputable influence of human activities
on global warming [2]. The anthropogenic increase of global temperature was assessed
to be 1.07°C, calculated as the difference between the average temperatures of 2010-2019
and the baseline period (1850-1900) [3]. The following year, this estimated temperature
increased by 0.18°C [4] and is expected to increase further (+0.25°C) by the next decade
[5]. Predictions for 2021-25 thermal anomalies compared to the baseline period between
1981 and 2010 show enhanced warming at high northern latitudes and the Arctic resulting
in anomalies more than twice as large as the global mean [6] (Figure 1).

Ensemble mean forecast for 2021-2025 Probability of above average
surface temperature surface temperature

-3 -1 0.0 1 3
Anomalies from 1981-2010 ( *C)

Figure 1. Predictions for 2021-25 anomalies relative to 1981-2010. Ensemble mean
for temperature (left); probability of above average for temperature (right) [6].

The Mediterranean basin is considered a climate change hotspot and Italy has shown a
general warming tendency with an increase of about 1.54°C in the average ambient
temperature (Ta) since 1980, together with an increase in the minimum and maximum
temperature extremes [7]. This translates into a net increase of about 14% of the number
of summer days, with also an increase in the number of tropical nights (defined as nights
with a minimum temperature exceeding 20°C) and hot days (defined as days with a
maximum temperature above 35°C) and in the frequency of heat waves [8]. Climate
change also includes extreme weather events such as hot and cold snaps, which occur not
only in winter and summer, but also in spring and fall. Lower than average temperatures
in spring are known to affect survival, behaviour, physiology and reproduction of insects

[9].



1.2 Insects and temperature

Climate change-driven thermal escalation is expected to produce deleterious effects on
many animal species, especially on ectotherms such as reptiles, fish, amphibians and
arthropods, in which body temperature, hence their overall fitness, physiology and
symbiotic relationships, is dependent on Ta [10]. It has become critical to predict the
alterations in ectotherms’ activity and distribution in response to climate change to
prevent extinction of vulnerable species and epidemiological or economic consequences
in case of pathogen vectors or pest species [10-13].

Insects can live within a range of Ta, restricted by the critical thermal limits, which
defines their thermal tolerance. In case of Ta not included in this favourable range, either
above or below the critical thermal limits of a taxon, temperature can hamper insects’
activity and lead to their death [14]. This concern has been mostly associated with tropical
populations, as they are already experiencing conditions close to their upper thermal
limits [10] and would therefore perish with further Ta increases. Nevertheless, since
climate change in tropical areas may increase precipitation and cloud cover, tropical taxa
may be less threatened by global warming than originally predicted [15]. On the other
hand, higher Ta together with a decrease in precipitation and cloud cover are expected to
be a relevant issue for taxa in regions adjoining the tropics [15] and for mid-latitude taxa
[16].

1.2.1 Coping mechanisms in insects

Insects and other ectotherms can cope with unfavourable thermal conditions mainly
through three mechanisms, which are not mutually exclusive [17]:

(1) range shift, namely the movement to new areas characterised by more suitable
thermal regimes. A consequence of range shift is the concurrent presence in the
same area (sympatry) of recently diverged species, which can possibly increase
their interaction and thus hybridisation [18];

(2) phenotypic plasticity, the ability of a genotype to produce varying phenotypes
based on perceived environmental stimuli [19]. Phenotypic plasticity includes a
variety of responses to the surrounding environment and is obtained through
modulation of gene expression of either single genes [20] or of larger parts of the
transcriptome [21-23]. These responses take less time than evolutionary
adaptation to occur and allow the individual to cope with unfavourable
environmental conditions [13], especially when there are genetic constraints to
the evolution of the specific traits or such traits are low or not heritable [22].
There are different types of plastic responses, such as acclimation, dormancy [13]
and change in energy metabolites [24];
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(3) evolutionary adaptation, with genetic shifts driven by selection [25]. Genetic
changes can result in phenotypic changes as the insect population adapts to the
environment across generations [26].

Thermal plasticity (or acclimation) is characterised by reversible changes in
physiological phenotypes because of exposure to new environmental conditions,
occurring in the time range of days to months [27;28]. Through acclimation an organism
can increase its thermal tolerance, for instance by adjusting its body temperature to new
settings [13;29]. Acclimation to higher Ta can occur, for instance, via heat-shock response
[29;30] and through a faster development followed by a smaller size in adults [31;32].
However, thermal tolerance modulation is usually limited at high temperatures (as
reviewed by Couper et al., 2021) [13].

Heat-shock response is an example of phenotypic plasticity in insects, which can occur
within minutes or hours [27]. When experiencing a stress condition, such as a sudden
change in temperature, an infection, hypoxia or osmotic stress, and in the state of
dormancy [33;34], heat-shock proteins (Hsp) have a protective role in insects [35], since
they bind aberrant proteins to obtain the correct refolding, avoid denaturation in
polypeptides or lead to ubiquitin-dependent degradation of those proteins which are
irreversibly damaged [34]. Heat-shock response was discovered in 1962 in Drosophila
melanogaster, whose transcriptional activity increased at 37°C [36]. High temperatures
activate the heat-shock factor (Hsf), a transcriptional factor which induces transcription
of genes coding for Hsp [34]. However, the production of Hsp is expensive and may be
toxic for the cell. Thus, the overexpression of Hsp may represent a poor adaptation to
heat, as suggested in a study of Ware-Gilmore et al. (2022) [37], in which Ae. aegypti
families with higher thermal tolerance showed less expression of Hsp genes than families
with low resistance to heat.

The decrease in size involved in acclimation is due to the high cost of the increased
growth speed, which exploits resources normally used during development [38;39].
Growing at an increased speed can result also in lifespan shortening due to a higher
mitochondrial activity, followed by a higher production of reactive oxygen species (ROS)
and thus oxidative damage in the cell, that ultimately causes organism ageing [32;40].
Furthermore, a shorter lifespan can also be related to a faster telomere shortening due to
oxidative stress. However, this effect needs to be further investigated, since the damage
might be partially recovered by a higher telomerase expression, predicted to take place
at warmer temperatures [41].

Dormancy is among the most important plastic traits that allow overwintering in insects
and consists in the decrease or suppression of the metabolic activity and development
suspension (as reviewed by Diniz et al., 2017) [42]. Dormancy may happen in different
life stages (embryonic, juvenile and adult stages) and can be a response to climatic
signals, such as photoperiod and humidity [42]. Two types of dormancies are known
depending on the triggering signal: diapause and quiescence. In diapause, the main
signals are determined by photoperiodic changes and gradual decreases in thermal
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regimes, as in winter, which trigger endogenous and programmed pathways in the
individual. Quiescence is instead a completely exogenous-dependent phenomenon and
thus, as the signal disappears, the effect ends [43;44].

To cope with thermal variations, insects can utilise energy reserves stored in the fat body,
such as glycogen and lipids, which is represented by 90% of triglycerides [45]. During
flight, dormancy or temperature variations, the organism is in need of energy and thus
the fat body releases metabolites through the haemolymph [45;46]. Glycogen can be
mobilised in response to thermal stress [47] and is used to produce trehalose and sugar
alcohols (polyols) that prevent cellular damage at low temperatures [48] by protecting
membranes and maintain protein stability [49]. Stored lipids are processed and utilised
as cryoprotectants, especially glycerol [50].

1.2.2 Developmental isomorphy

Developmental rate (DR) of ectotherms is known to be highly influenced by Ta, with cool
thermal regimes resulting in low DR and warm thermal regimes in high DR [51].
Considered a general trait shared among ectotherms [52], the hypothesis of
developmental isomorphy states that, if only basic processes (for instance, cell division)
regulate DR, a life stage should not differ in proportion due to temperature variation [53].
Therefore, in ectotherms showing developmental isomorphy there would be constraints
in developmental adaptation to different environments [52]. To test isomorphy, data such
as larval developmental rate (LDR) and pupal developmental rate (PDR) must be
collected in insects reared at different thermal conditions and the ratio between LDR and
PDR calculated. Through regression analyses the equation relative to the resulting line
can be obtained, which includes the slope value (b). A species is isomorphic if the slope
of the ratio LDR/PDR is equal to 0 (b=0). If the slope is either b<0 or b>0 there is a
negative or a positive relation between LDR/PDR and temperature, indicating that
temperature has a different effect on the speed of development of larvae and pupae
(Figure 2).
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Figure 2. Hypothetical developmental rate regressions at different
ambient temperatures. Non-isomorphic and isomorphy cases are
described [53].

Up to date, the majority of studies on insect species support the developmental rate
isomorphy as a general phenomenon [52]. Nevertheless, exceptions to this hypothesis
can be found in literature, for instance Folguera et al. (2010) found a negative (b<0) and
therefore non-isomorphic response in Drosophila buzzatii [53].

1.3 How to study thermal biology in insects?

Thermal biology is defined as “the study of physiological and ecological consequences
of body temperature and of the biophysical, morphological, and behavioural determinants
of organism temperature” [54]. In insects that are vectors for pathogens, we need to
consider that temperature affects not only the vector life history traits, behaviour and
ecology, but also pathogen replication and dissemination rates [55].

The thermal biology of a species can be investigated through a longitudinal approach by
looking at the existence of correlations between phenotypes of a species and its
distribution across ecological gradients (i.e. elevation, latitude and climate) and/or
through common garden experiments whereby a species performance is studied under
specific thermal conditions [56]. Climate change research has recently started
investigating species’ responses to global warming by studying their thermal biology to
predict response to ongoing environmental changes [57-59] and experimental data from
both approaches are currently available only for a handful number of insect species, in
primis Drosophila spp. [60-67].
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The effect of temperature on a specific trait can be established by quantifying that trait at
different Ta and plotting these values in a graph, which is called Thermal Performance
Curve (TPC, shown in Figure 3) [22;64;68-70].

From the TPC, several parameters can be extrapolated, namely:

(1) Optimal Temperature (7Topt): the temperature at which the curve reaches its
maximum (peak);

(2) Maximal Performance Capacity (Pmax): the height of the peak associated
with Topt;

(3) Thermal Breadth (7br): the range of temperatures in which the performance
of a given species is at least 80% of the maximum performance [68];

(4) The Critical Thermal Limits: the Critical Maximum Temperature (CTmax)
and the Critical Minimum Temperature (C7min), temperatures at which the
performance value is equal to zero [22;70].

Figure 3.
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Therefore, a TPC starts from a specific CTmin, increases as temperature becomes
warmer, reaches a Topt, and drops until the CTmax for a given species is reached [10].
TPC parameters may vary across populations of a given species and can be influenced
differently by acclimation [71]. For instance, Thr could increase in size in acclimated
taxa [72] and in general temperate ectotherms are thought to be more plastic and to show
a larger Thr than tropical species, since they experience climates characterised by a larger
Ta range during the year [56;64;73]. However, the origin from either temperate or tropical
regions did not affect Topt or Thr across 22 Drosophila species [64], which suggests that
tropical taxa may have a larger 7hr, due to large daily thermal variations, but smaller
acclimation potential, due to smaller seasonal thermal variations, when compared to
temperate ectotherms [74].
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Furthermore, another important parameter to consider while investigating the effect of Ta
on ectotherms is Thermal Preference (7p), which is the temperature preferred by
individuals of a species. 7p often agrees with the Topt of different performance traits in
a species, such as locomotion and fecundity [75]. However, empirical data show that Topt
can also exceed Tp [76]. In Drosophila Tp is stable, particularly in early life stages,
despite the different species and geographical origins [64].

1.4 Vector-borne diseases

Vector-borne diseases (VBDs) are a class of diseases caused by viruses (such as DENV,
YFV and CHIKYV), bacteria (for instance Xylella and Spiroplasma) or parasites (such as
Plasmodium) transmitted by a vector [77-79]. According to the World Health
Organization (WHO), 80% of the population worldwide is at risk for at least one of these
diseases, which are the cause of 700,000 deaths per year [80]. Mosquitoes, aquatic snails,
ticks, blackflies, tsetse flies, fleas, lice and sandflies are the main vectors of VBDs as
reported by the WHO [80]. The main strategies applied to control VBDs are focused on
vector control, which is so far the most effective at contrasting the spread of VBDs
compared to drugs and vaccines [81]. Vector control strategies aim at reducing or
eliminating the contact between humans and vectors, thus reducing or eliminating
pathogen transmission [81]. However, adults’ insecticide resistance and change in larval
development sites are some of the obstacles for current control strategies [82;83]. Table
1 reports some examples of VBDs and the relative pathogen type vectored by mosquitoes.

A key parameter to investigate VBDs dynamics is vectorial capacity (VC), which
measures the likelihood of a vector to transmit a pathogen. VC is defined by the following
formula:

VC = ma’bp"/~log.p

[13

where “n” is the pathogen's extrinsic incubation period (EIP) in days, “m” is vector
density in relation to humans, “p” is vector survival through one day, “b” is the

transmission rate among exposed vectors and “a” are human biting rates [84].

VC is influenced by intrinsic and extrinsic factors. The first are traits having a genetic
component such as host preference, susceptibility to the infection [85], and vector
competence, i.e. the vector’s intrinsic capacity to support pathogen replication,
dissemination and transmission [86;87]. Among extrinsic factors, Ta has a major impact
on VBDs transmission, because of its effect on both pathogen and vector’s fitness and on
the EIP [88]. Permissive temperatures fall into a specific range, and within this range the
magnitude of the transmission varies [89]. Outside this range, when temperature hinders
the survival, the reproductive capacity, the development or the functionality of the
metabolism of either the vector or the pathogen, transmission does not occur [55].
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Table 1. Incomplete list of mosquito vectors with type of pathogen and disease caused.
WHO[80].

Vector Disease Pathogen
Aedes Chikungunya Virus
Dengue Virus
Lymphatic filariasis Parasite
Rift Valley fever Virus
Yellow fever Virus
Zika Virus
Anopheles Lymphatic filariasis Parasite
Malaria Parasite
Culex Japanese encephalitis Virus
Lymphatic filariasis Parasite
West Nile fever Virus
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1.5 Mosquitoes

Mosquitoes are insects belonging to the Culicidae family (from Latin culex, meaning
“gnat”) [90], order Diptera, and include more than 3,574 species [91] classified into two
subfamilies: Anophelinae and Culicinae [92]. Anophelinae include mosquitoes of the
genus Anopheles, which are an important threat for human health and economy since they
vector malaria parasites [93]. The Culicinae subfamily is divided into 11 tribes [92], and
includes two medically important genera, Culex (tribe Culicini) and 4edes (tribe Aedini)
and the genus Toxorhynchites, previously assigned to the subfamily Toxorhynchitinae
[94]. Insects of the Toxorhynchites genus do not feed on blood, but larvae feed on juvenile
stages of pests, such as other mosquito’s species, and therefore could be used as biological
control agents [95]. The Culex genus includes vector species as the northern house
mosquito Culex pipiens and the southern house mosquito Culex quinquefasciatus, while
the Aedes genus includes the yellow fever mosquito Aedes aegypti and the Asian tiger
mosquito Aedes albopictus [90]. Aedes mosquitoes vector arboviruses (arthropod-borne
viruses), such as Dengue virus (DENV), Chikungunya virus (CHIKV) and yellow fever
virus (YFV) [96].

1.5.1 Aedes albopictus: general characteristics

Aedes albopictus is a holometabolous mosquito, whose development includes four life-
stages, namely: egg, larva (four instars), pupa and adult. The adult body is divided into
head, thorax and abdomen. Adults are medium-sized mosquitoes (ranging from 2 to 10
mm long) and are characterised by the silver scales forming a median longitudinal line
on the thorax and those located on palpus and tarsi. Sexual dimorphism is present, and
males can be recognized due to their smaller size (on average 20% smaller than females),
by their plumose antennae and their mouthpart specialised to feed on nectar (Figure 4).

Figure 4. Ae. albopictus adults of both sexes (A), thorax (B),
abdomen (C) and third leg (D) [97].
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Only females require a blood meal, which is necessary for egg development. Females can
feed on many vertebrates, both cold and warm-blooded animals, such as birds, reptiles,
and amphibians [98], even though the preference is towards mammalian hosts [99].
Usually host-seeking and biting occurs outdoors during the daytime, mainly in the
morning and in the first hours of the evening [99-101]. Almost 100 eggs are laid by a
female at every gonadotropic cycle, for a total number of about 350 eggs laid by a female
on average [102]. Females lay eggs above the waterline and, as the water level reaches
the eggs, the latter hatch during the following 48 hours after soaking. Larvae develop into
pupae passing through four stages - namely first, second, third and fourth instars - while
feeding on microorganisms in the water. After two to three days larvae become pupae,
which is the only life stage without feeding activity. After metamorphosis pupae emerge
into adults, usually within 24 to 48 hours. The longevity of an adult mosquito ranges from
3 to 4 weeks. Aedes mosquitoes’ life cycle usually lasts 15 days from egg to adult, but
the length of every developmental stage varies depending on external environmental
conditions, such as temperature [99].

As previously stated, Aedes mosquitoes are vectors for arboviruses. The life cycle of
these viruses requires a host as a viral reservoir (such as vertebrates) and a vector to be
acquired and then be transmitted to the next host [103]. As shown in Figure 5, mosquito
females acquire viral particles when blood-feeding on an infectious host. In the mosquito
midgut the virus replicates and spreads in the whole body through the mosquito
circulatory system (haemocoel) and, if its dissemination is successful, the arbovirus
reaches the salivary glands, from which it will be transmitted to the next host during the
following blood-meal [104]. The EIP is the time between the acquisition of the viral
particles from an infected host through blood-feeding to the moment in which the virus
reaches the salivary glands and the mosquito becomes able to transmit it. EIP varies in
length according to different factors, such as the viral titer in the host and the
environmental temperature [105]. Aedes albopictus is able to vector many arboviruses,
such as Flaviviridae (WNV, YFV, DENV, ZIKV), Togaviridae (CHIKV, MAYV) and
Bunyaviridae (La Crosse virus) [100;106].
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Figure 5. Acquisition and transmission of arboviruses by a mosquito female [104].

1.5.2 Geographical distribution of Aedes albopictus

Aedes albopictus is a highly invasive species which originated from South-East Asia,
where it represents a zoophilic species found in the tropical forests. From these
environments, Ae. albopictus moved to urban areas, in which conditions for its spreading
were favourable (shelter and host abundance, thus higher chances for blood-feeding). In
fact, urbanisation provides the ecological conditions favouring the increased
developmental speed and survival rate in Ae. albopictus mosquitoes compared to rural
areas [107;108]. The spreading of Ae. albopictus from the native Asian regions to the rest
of the World was fueled by the increased movement of humans and goods, such as used
tyres and the lucky bamboo Dracaena sanderiana [109;110] and its adaptation to new
environments was favoured by its great ecological plasticity [111;112].

Aedes albopictus expansions occurred in two stages: the first stage took place in the early
1900s, when this species reached both Indian and Pacific Oceans’ islands [113]. The
second stage started the 1950s and continued throughout the following decades, when
Ae. albopictus invaded all continents of the World, both tropical and temperate regions,
except for Antarctica [114-116]. The first recordings of Ae. albopictus in Europe occurred
in Albania in 1979 [112]. In 1990 this species was detected in the port of Genoa [117]
from which it spread to all Mediterranean areas [111;118]. In July of 2005, the species
was found in the Netherlands [119] and, according to Oliveira et al. (2021) [120] in the
next three decades around 70% of Europe including British Isles, Ireland and southern
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countries of Scandinavia are expected to become suitable for Ae. albopictus. In the
continental USA Ae. albopictus was recorded in 1985 (Texas), but it was first found at
the end of the 18th century in Hawaii [121;122]. From the colonised North American
states and from Asia Ae. albopictus spread south and reached Brazil in 1986 and Mexico
two years later [123;124]. In Africa its presence was first recorded during the 1980s in
Madagascar island [125] and then in continental Africa: first in Cape Town, South Africa
in 1991 [126] and then in western countries such as Nigeria in 1991 [127], Cameroon in
2000 [128] and Gabon in 2007 [129] and Equatorial Guinea, central Africa, in 2001 [130].
Figure 6 shows the global distribution of 4e. albopictus by integrating data of 2013 [114]
and lastly reported in 2020 [131].

[l native

Bl invasive

Figure 6. Global distribution of Ae. albopictus [114;131]. Regions in red represent the
native home range, in blue are regions that have been invaded (invasive) by this species
and in grey are regions of unknown colonisation.

Due to the changing climate, 4dedes mosquitoes’ distribution is expected to shift both
geographically and seasonally, expanding and decreasing in different regions of the
World [132;133]. Importantly, the different origin of the populations (native or invasive)
could result in different thermal responses within the same species due to the high genetic
variability and the different level of plasticity among different populations [117;134-
137]. Aedes borne diseases will be impacted severely by climate change, with
intensification and expansion of human health threats [138;139], including both the
widespread of Dengue and yellow fever and emerging threats like Chikungunya, Zika,
West Nile, and Japanese encephalitis [133;140-142]. Predicting the climate change effect
on Aedes and Aedes-borne viruses distributions is a key human health concern [143].
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1.5.3 Aedes albopictus and its microbiota, focus on Wolbachia

Most of the microbial taxa are acquired from the environment in which the mosquito
spends each life stage: for Aedes larvae the water of the breeding site is the main source
of microbiota, which is acquired through feeding, whereas there can be bacterial
exchanging among adults and the breeding site water during emergence and egg laying
[144]. Depending on the tissue localisation within the adult mosquito body, the
microbiota composition varies, as shown in Figure 7. In de. albopictus’s salivary glands
Gammaproteobacteria represent the dominant class, whereas this class is equally present
with Alpha- and Betaproteobacteria in the gut. In the reproductive tissue,
Alphaproteobacteria is the class dominating the microbiota of both sexes (97% in females
and 73% in males). See Scolari et al., 2019 for a review [144].

Acetobacter Ochrobactiim Asaia Klebsiglla
Burkholderia Pantoea Bacillus Kluyvera
Cupnavidus Serratia Chryseobacferium Leucobacter
Elizabethkingia Sphingomonas Cupriawidus Pantosa
Escherichia-Shigelia Elizabethkingia Fichia
Salivary Glands Enterobacter Pseuo'pmmas
: Enterococcus Serratia
Escherichia-Shigella  Sphingemonas

Midgut

--- Reproductive Tissues

Acinefobacter (0O/T)
Cupriavidus (T)
Elizabethkingia (Q/T)
Ochrobactrum [O/T)
Pseudomaonas (O/T)
Serratia (T)
Sphingomonas (CQ/T)
Stenothropomonas (OVT)
Wolbachia (QvT)

Figure 7. Localisation of bacterial genera identified in Aedes spp.
mosquitoes in salivary glands, midgut, crop and reproductive tissues
(O for ovaries; T for testes) [144].

The most prevalent bacterium of the Ae. albopictus ovarian microbiota is Wolbachia
pipiens, a maternally inherited endocellular alphaproteobacterium of the order
Rickettsiales [145]. Wolbachia consists of 17 supergroups (A-H) based on molecular
phylogenesis, the host range and type of symbiosis [146]. Supergroups are further divided
into groups according to a reference strain within each group [147]. Wolbachia is found
in around 70% of all insect species [148;149]. Aedes albopictus is superinfected with two
Wolbachia strains, wAlbA and wAIbB, which belong to the supergroups A and B,
respectively [150], whereas de. aegypti is not naturally infected with Wolbachia [151].
Despite the original lack of Wolbachia, transinfections with different strains were
successful in Ae. aegypti [152;153], especially with wMel and wAlbB, which are
established in the field [154-156].
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Wolbachia is not only present in the germline, but also has tropism towards somatic
tissues, as metabolic, digestive, and nervous systems [149;157]. For instance, in Ae.
albopictus, Wolbachia was detected also in the salivary glands and the midgut [157-159],
even if ovaries are the tissues with the highest Wolbachia abundance (94%) [144].

Wolbachia density in insect hosts is known to vary according to season and location
[160], thus it is considered a thermal sensitive bacterium. Studies carried out specifically
in stable transinfected Ae. aegypti mosquitoes have shown that in adults resulting from
larvae that had experienced extreme hot temperatures, the density of some Wolbachia
strains was reduced [160-163]: these findings suggest a decrease of Wolbachia in the
natural populations belonging to hot climates. In a recent study by Mancini et al. (2021)
[160] wAlbB density was measured in heat-challenged and control Ade. aegypti
mosquitoes’ ovaries, resulting in high densities in both groups, suggesting that this might
be a stable Wolbachia strain, even when exposed to thermal stress. Another recent study
from Lau et al. (2020) [164] investigated Wolbachia densities in Ae. aegypti exposed to
low temperatures. Results showed that wA/bB density was reduced at low temperatures
in both males and females. Interestingly, in females wA/bB density increased as they grew
older. These findings suggest that wA/bB is more stable in warm environments and more
sensitive to cold. Nevertheless, the host’s age might rescue its density. Since Wolbachia
density has a huge influence on the host overall fitness, thermal-related changes in density
may be associated with modification in the host-phenotypes, for instance affecting the
maternal transmission of the bacterium itself [149].

As other heritable symbionts, Wolbachia was proved to influence ecologically important
host traits, such as thermal preference. For instance, an investigation carried out on
Drosophila spp infected with different strains of Wolbachia, infection was seen to alter
the host thermal preference towards colder temperatures [149]. Only in the case of
Drosophila mauritiana infected with the Wolbachia B strain wMau, the host preferred a
warmer thermal regime [149]. Another study in D. melanogaster infected with wMel,
wMelCS and wMelPop had a preferred temperature of 23.2°C, 20.6°C and 20.5°C,
respectively, thus shifting towards cold thermal regimes [165]. This effect is suggested
to regulate the bacterial density and maintenance inside the host [149;165]. Up to date,
there is no information relative to Wolbachia modulation of thermal preference in Aedes
mosquitoes.

The most important impact of Wolbachia on the host is at the level of reproduction.
Wolbachia can manipulate the capacity of the host to reproduce through
parthenogenesis, feminization of males, male killing and cytoplasmic incompatibility
(CI) [145]. CI happens when an infected male mates with an uninfected female or when
the two mating individuals harbour incompatible Wolbachia strains, resulting in no
fertile embryo and therefore no viable progeny [166]. Thanks to such manipulations,
Wolbachia increases the relative fitness of its hosts, favouring its spread [160]. Modern
vector control strategies take advantage of CI caused by Wolbachia, such as the
Incompatible Insect Technique (ITT), which is based on the release of incompatible

22



mosquito males in the field [167]. IIT has been already used in Ae. albopictus by
generating a triple-infection with wPip [168].

A fortuitous discovery was made when Ae. aegypti mosquitoes permanently infected with
Wolbachia were generated: wMel infection resulted in reduction of the mosquito vector
competence, blocking transmission of viruses such as DENV [154;169;170]. This
phenotype was further observed when Ae. aegypti mosquitoes stably infected with
wAlbA, wAu and wAlbB were generated [153]. Furthermore, co-infection of ZIKV and
DENYV did not impact the effect of Wolbachia on viral transmission in Ae. aegypti wMel-
infected [171]. A similar investigation was carried out also in Ae. albopictus, naturally
free of wMel, in which infection with this bacterial strain could prevent DENV
transmission [172]. The effect of Wolbachia is not restricted to viruses, but also other
pathogens, for instance Plasmodium [173] and parasitic worms such as the filarial
nematode Brugia pahangi [174]. Despite the intimate relationship between Wolbachia
and its host, the mechanisms through which Wolbachia alters vector competence are still
unclear. Caragata et al. (2019) [171] efficiently outlined the proposed mechanisms of
action of Wolbachia up to date, which constitutes a broad-spectrum host immune system
stimulation: the differential expression of immunity genes, such as those encoding
antimicrobial peptides like cecropin [174], as well as genes related to ROS production
[175], together with RNAi pathway [176;177], and the competition for host resources,
such as cholesterol [178]. Although the mechanisms of Wolbachia-dependent antiviral
activity have not been clarified yet, this phenotype has been used to implement
transmission blocking control strategies worldwide [179].

1.5.4 Effect of temperature on Ae. albopictus

As previously stated, mosquitoes are ectotherms and thus can perform their life activities
within a range of Ta, between their critical minimum and maximum limits. In the specific
case of Ae. albopictus, a study of Delatte et al. (2009) [180] proved that this species is
able to develop and survive within a wide range of Ta, with the immature stages
developing from the minimal temperature of 10.4°C, having 29.7°C as optimal
developmental temperature and reaching full development up to 35°C, temperature at
which no complete development occurred, with a mortality of 91.7% at the pupal stage
[180]. Depending on the origin of Ae. albopictus populations, different thresholds for
development were found [181]. Not only development, but also Ade. albopictus
gonotrophic cycle is affected by temperature. At 30°C the shortest gonotrophic cycle was
recorded for this species, counting of 3.5 days, but females had the highest number of
cycles (3.9) [182].

Furthermore, longevity and egg hatchability were traits investigated at different rearing

temperatures, resulting in a longer lifespan at cold temperatures (15°C) compared to
warm (35°C) and higher hatchability at 20°C (66.9%) compared to 25°C (49.2%) [180].
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However, as for temperature effect on mosquito development, different survival values
arise depending on the geographical origin of Ae. albopictus population studied [180].

Up to date, thermal performance variations at the strain or population level are poorly
investigated [183], especially in Aedes mosquitoes [63]. In general, less information is
available on the impact of Ta on Ae. albopictus than Ae. aegypti (see Reinhold et al., 2018
for a review) [184]. For instance, regarding the flight activity, in Ae. aegypti the Topt,
both in terms of time flown and distance covered, was measured at 21°C [185], whereas
this is not known for Ae. albopictus. Also host-seeking behaviour counts of more research
activities for Ae. aegypti than Ae. albopictus, showing a loss of biting activity at 15°C
[186] and 36°C [187], a peak of activities when females are kept at 28°C [186] and a
faster feeding between 26°C and 35°C [188]. Lastly, in mosquitoes in general, the
magnitude of the effect of temperature on the different life-stages has not been thoroughly
assessed.

It is critical to improve knowledge on thermal biology of this species to build models for
Ae. albopictus population dynamics and distributions in the context of global climate.
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2.Aim of the work

The increase of environmental temperature due to current global warming is not only
favouring the expansion of the distribution range of many insect species, but it is also
changing their phenology. Insect phenology is tightly linked to developmental timing,
which is regulated by Ta. The degree to which effects of developmental temperature
extend across developmental stages and the inter stage relationships have not been
thoroughly quantified in mosquitoes. In my PhD program, I aimed at assessing the impact
of developmental temperature on Ae. albopictus, which is a highly aggressive and
invasive species which moved globally from South-East Asia in the past 60 years. This
mosquito species is of public health relevance since it is the primary vector of arboviruses
in temperate areas of the World. Importantly I addressed this question comparatively in
a native tropical and an invasive temperate strain to understand whether the relationship
between developmental temperature and mosquito biology (in terms of fitness traits,
physiological responses and transcriptome) may differ across geographic populations.
Lastly, I investigated the effect of temperature on the density of the endosymbiont
Wolbachia since it plays a major role in mosquito embryo viability.

Chosen developmental temperatures include 18°C, 28°C and 32°C: 18°C represents the
average daytime temperature registered in northern Italy between April-May 2021 [189],
when mosquitoes started emerging from the winter season; 32°C is the average peak of
heat that occurred in the same region during August 2021 [190], while 28°C is the
standard Ae. albopictus rearing condition [191].
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3. Materials and Methods

3.1 Mosquito strains

In this study I used two Aedes albopictus strains: the tropical Foshan (Fo) and temperate
Crema (Cr) strain. The Fo strain, for which the Ae. albopictus reference genome assembly
has been derived [191;192], was established in the early 1980s from Foshan (China). This
strain has been maintained at the University of Pavia since 2013, as previously described
[193]. The Cr strain was derived from larvae collected in the city of Crema (Italy) in
September 2017. Since establishment, the two strains have been maintained in parallel at
28°C and 70-80% relative humidity, with a light/dark cycle of 12 h. Larvae are reared in
plastic containers at a controlled density to avoid competition for food, which is provided
daily in the form of fish food (Tetra Goldfish Gold Colour). Adults are fed with cotton
soaked in 20% sugar as a carbohydrate source. Adult females are offered commercial
defibrinated mutton blood (Biolife Italiana) using a Hemotek feeding apparatus.

3.2 Thermal regimes, assessment of life-history traits and thermal traits

For both the Fo and Cr strains, a total of twenty-four groups, consisting each of 100 eggs,
were placed in plastic containers (17x6.5x12 c¢m), with 200 ml autoclaved water, and
subjected to different thermal regimes. A set of eight groups of eggs was hatched and
reared until adult emergence at 18°C; a set of eight groups of eggs was hatched and reared
until adult emergence at 32°C; an additional set was kept at standard 28°C. To avoid
confounding effects of humidity and photoperiod cycles, these parameters were
maintained equal across thermal regimes. While in nature mosquitoes are exposed to
fluctuating temperatures, having a constant developmental temperature allows to isolate
the effect of a unique experimental variable and generate baseline data for future, more
complex analyses [194]. In each tray, the number of eggs hatching was checked to assess
the percentage of larvae emerging (egg hatchability rate) and the hatching time, also
larval and pupal viability were measured, together with the developmental time necessary
for each juvenile stage, i.e. larval developmental time (LDT) and pupal developmental
time (PDT). Developmental speed considers the time between egg hatching and adult
emergence. From emerging adults I calculated pupal viability and adults were sexed to
evaluate the sex ratio for each group, calculated as percentage of females. A sample of
30 females was used to determine wing length as a proxy for adult size [195]. The right
wing was dissected and measured from the axial incision to the apical margin, excluding
the fringe of the scales (Appendix 1). Measurements were carried out under the inverted
microscope (Olympus CKX53) using the software cellSens Standard (Olympus). Taking
into account the hyper allometric relationship between wing length and fecundity, I
derived fecundity from my wing length data based on the function In(egg
number)=0.79+1.4*WL [196;197].
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For each thermal regime, I also measured mosquito longevity and assessed their thermal
preference (7p), namely the temperature at which mosquitoes prefer to lay, and heat
resistance as knock-down temperature (KDT), namely the temperature at which the
mosquito ceased to move [198]. Briefly, for each strain, 500 eggs were hatched at 18°C,
28°C or 32°C and adult survival was monitored daily and individually until death. To
measure 7p, 5-9 day-old mosquitoes were collected and isolated by cooling down
individuals on the day of emergence in a 4°C fridge. Mosquitoes were then released at
the centre of a custom-built thermal gradient connected to a cool water bath on one side
and to a warm water bath on the other, as in Reinhold et al. (2022) [199]. These water
baths were set at a specific temperature to create a continuous gradient along the
aluminium plate. The gradient of temperatures between 15.3°C-41.5°C had increments
of 0.79°C+0.285 from one side to the other, with the centre of the gradient having a
temperature of 27.9°C+0.85. After a 5 minutes adaptation time, mosquitoes were
monitored for 30 minutes until they settled on a resting spot corresponding to a specific
temperature, which was defined as the mosquito 7p. A maximum of ten sugar-fed
individuals of the same sex, strain and thermal regime were released on the thermal
gradient each time. A total of eight replicates of ten mosquitoes each were conducted for
sex and strain for mosquitoes reared at each of the tested thermal regimes. KDT was
determined for individual mosquitoes using a custom-made device. Briefly, mosquitoes
were collected as previously described in the 7p experiment set-up. An aluminium plate
with nine wells, each holding a single 5-9 day-old mosquito, was set at 25°C using a
Peltier. Temperature was then increased with increments of 0.5°C/minute, until 50°C was
reached. A camera (Logitech C922 Pro) connected to a computer was placed above the
device to monitor mosquito behaviour and determine mosquito KDT. A total of five
replicates of nine mosquitoes each for sex, strain and thermal regime were run. For these
experiments, mosquitoes were fed exclusively with 20% sugar, to avoid any bias in
longevity, Tp and KDT measurements due to blood feeding and digestion [200-202].

3.3 Colorimetric assay

I used a colorimetry protocol modified after Foray et. al (2012) [203] to assess protein,
glycogen, lipids and triglyceride contents. A total of 50 mosquitoes were processed for
each strain, temperature and sex condition. Mosquitoes were collected and isolated by
cooling down individuals on the day of emergence in a 4°C fridge. Individuals were then
weighed and stored in individual tubes at -70°C until processing. 180 puL of aqueous lysis
buffer (pH 7.4) composed of 100 mM potassium dihydrogen phosphate (Sigma-
Aldrich, #7778-77-0), 1 mM dithiothreitol (Sigma-Aldrich, #3483-12-3), 1 mM
ethylenediaminetetraacetic acid (Sigma-Aldrich, #60-00-4) in water, was added to each
sample which was then grinded using polypropylene pellet pestles (KIMBLE, #749521-
0500) for approximately 30 seconds. The homogenates were vortexed and then
centrifuged at 4°C for 15 minutes at 2000 rpm.
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For the quantification of total proteins, 5 pL of each bovine serum albuminutes (Fisher
Scientific, #9048-46-8) standard (0, 0.2, 0.4, 0.6, 0.8, 1.0 ng/uL) was transferred to a 96-
well borosilicate plate. Then, 2.5 pL of each sample’s supernatant and 2.5 pL of aqueous
lysis buffer were added to the individual wells. 250 pL. of Bradford micro-assay reagent
(Sigma-Aldrich, #B6916) was added to each well and the plate was incubated in the dark
at room temperature for 5 minutes. The plate was then placed in the microplate reader
(Accuris SmartReader 96) and shaken at low speed for 5 seconds within the instrument
and then read at 595 nm. Absorbance values were recorded and used to calculate protein
concentration in mosquito samples. After quantification of protein, the samples were then
divided into two tubes: a stock solution and a glycogen pellet. To accomplish this, 2.5 pL.
of aqueous lysis buffer, 20 puL of sodium sulphate solution (20% sodium sulphate (Sigma-
Aldrich, #7757-82-6) in water), and 1500 pL of chloroform-methanol solution (1:2 ratio
of chloroform (Sigma-Aldrich, #67-66-3) to methanol (Sigma-Aldrich, #67-56-1) were
added into each sample tube. The tubes were vortexed and then centrifuged at 4°C for 15
minutes at 2000 rpm. Following centrifugation, the supernatant was transferred into a
separate 2 mL centrifuge tube and will be referred to as the stock solution. The pellet left
in the original tube was then used for glycogen quantification.

For the quantification of glycogen, the pellet was initially washed with 400 puL of 80%
methanol diluted in water, vortexed, and then centrifuged at 4°C for 5 minutes at 15000
rpm. The supernatant was removed, and the washing step was repeated once more.
Glucose (Sigma-Aldrich, #50-99-7) standards were made by adding 25 upL of each
standard (0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 pg/uL) into individual tubes and allowing the
solvent to fully evaporate (approximately 36 hours at room temperature). After
discarding the supernatant, 1 mL of anthrone solution (0.142% w/v anthrone (Sigma
Aldrich, #90-44-8) in 70% sulfuric acid (Sigma-Aldrich, #7664-93-9) diluted in water)
was added to each sample and standard and then vortexed. The tubes were then incubated
at 90°C for 15 minutes and vortexed halfway through the incubation period. The tubes
were then placed on ice for at least 5 minutes and then 250 pL of each sample and
standard was transferred into a 96-well borosilicate plate. The plate was then read at 625
nm. Absorbance values were recorded and used to calculate glycogen concentration in
mosquito samples.

For the quantification of total lipids, the stock solution of each sample was vortexed and
then 150 pL of each sample was transferred to a 96-well plate. 5 pL of each triolein
(Sigma-Aldrich, #122-32-7) standard (0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 pg/uL) was also
transferred to the plate. The plate was incubated at 90°C until the solvent fully
evaporated. 10 uL. of 98% sulfuric acid was then added to each sample and standard and
the plate was once again incubated at 90°C for two minutes. The plate was then placed
on ice for 5 minutes and 190 pL of vanillin solution (0.120% w/v vanillin (Fisher
Scientific 121-33-5) in 68% orthophosphoric acid (Sigma-Aldrich 7664-38-2) diluted in
water was added to each well. The plate was then shaken at low speed in the plate reader
for 15 minutes and read at 525 nm. Absorbance values were recorded and used to
calculate total lipid concentration in mosquito samples.
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For the quantification of triglycerides, each sample’s stock solution was vortexed and
then 500 pL of stock solution was transferred to a new 2 mL centrifuge tube. Each tube
was incubated at 90°C until the solvent completely evaporated. The tubes were removed
from the heat and 1 mL of chloroform and 200 mg of anhydrous silicic acid (Sigma-
Aldrich 10279-57-9) was added to each tube. The tubes were centrifuged at 4°C for 10
minutes at 2000 rpm. 400 pL of each sample’s supernatant was transferred into individual
wells of a 96-well plate. 5 uL of each triolein standard (0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 ug/ul)
was also transferred to the plate. The plate was incubated at 90°C until the solvent fully
evaporated. 10 pL of 98% sulfuric acid was then added to each sample and standard and
the plate was once again incubated at 90°C for two minutes. The plate was placed on ice
for 5 minutes after the incubation period and 190 pL of vanillin solution was added to
each well. The plate was then shaken slowly in the plate reader for 15 minutes and then
read at 525 nm. Absorbance values were recorded and used to calculate triglyceride
concentration in mosquito samples.

3.4 Water content

I used the protocol described in Benoit et al. (2007) [204] to determine water content in
mosquitoes. Briefly, mosquitoes were collected on the day of their emergence, weighed
at their initial mass, and then placed in a -20°C freezer for 6 hours to be killed. The
samples were then transferred to an incubator (FisherBiotech Hybridization Incubator)
set to 70°C. Daily measurements of each individual’s weight were made until the values
became constant, indicating that there was no more water left in the samples. This final
mass was then used to calculate the percentage of water within each individual.

3.5 Chitin content assay

For both strains, three pools of 15 larvae (4th instar) were generated from eggs hatched
at both 18°C and 28°C to perform a chitin colorimetric assay as described by Lehmann
and White (1975) [205].

Briefly, each pool was weighted and homogenised in 0.5 ml of distilled water using a
pestle. The pestle was then rinsed with an additional 0.5 ml of distilled water. After
centrifugation at 1800g for 15 minutes at room temperature (RT), pellet was resuspended
in 0.4 ml of 3% sodium dodecyl sulfate and incubated at 100 °C for 15 minutes. After
centrifugation for 10 minutes, samples were cooled 10 minutes in ice and again
centrifuged at 1800g for 10 minutes at RT. Pellet was then washed with 0.5 ml water and
centrifuged as before and then resuspended in 0.3 ml of 14 M potassium hydroxide and
incubated at 130°C for 1h. After 5 minutes in ice to cool, 0.8 ml of ice-cold 75% ethanol
were added to each sample. After an incubation of 15 minutes on ice, 30 pl of Celite 545
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suspension were added to each sample. Celite 545 suspension was prepared by adding 1g
of Celite® 545 (Acros organics) to 12.5 ml of 75% ethanol. Samples were then
centrifuged at 1800g for 5 minutes at 4°C and the pellet was washed with 0.5 ml of 40%
cold ethanol, followed by centrifugation at 1800g for 5 minutes at 4°C. Pellet was further
washed with 0.5 ml of distilled water and centrifuged again at 1800g for 5 minutes at 4°C
before being resuspended in 0.5 ml of water. A total of 60 pl of each sample was added
to 20 pl of ammonium sulfamate and vortexed for 5 minutes at RT. 20 pl of freshly
prepared 3-methyl-2-benzothiazolone hydrazone hydrochloride hydrate were further
added to each sample, which were incubated at 100 °C for 5 minutes. After cooling for 5
minutes at RT, 50 ul of 0.83% (w/v) Iron(Ill) chloride hexahydrate was added to each
tube and incubated at RT for 25 minutes. 100ul of each sample was transferred to a well
of a 96-well microplate and absorbance was determined at 650 nm in a Clariostar plate
reader. Absorbance was also measured for chitosan standards of 200 mg/ml, 150 mg/ml,
100 mg/ml, 50 mg/ml, 25 mg/ml, 10 mg/ml and blank samples (water only).

3.6 Transcriptome analyses

I generated three larval pools, each consisting of ten 4th instar larvae randomly collected
from each of the eight trays/thermal regime. For each thermal regime I also collected
females at the day of their emergence for a total of three pools of 10 mosquitoes each.
Larvae and adult females were sampled at the same time of the day. Both adult and larval
samples were homogenised in 50 microliters of Trizol (Life Technologies, Madrid,
Spain) and stored at -80°C until RNA extraction. Total RNA was extracted using the
standard Trizol protocol and re-suspended in 20 ul of nuclease-free water. Total RNA
was sent to Macrogen Europe BV for quality control, TruSeq Stranded mRNA library
preparation and sequencing on Illumina platform. Each library was sequenced pair-end
(2x100bp) at a depth of 30 million reads.

I used the nf-core/rnaseq bioinformatics pipeline (https://nf-co.re/rnaseq), which includes
quality check and trimming of the reads for RNA-seq analysis, using the AalbF2 genome
assembly [191]. Fragments per kilobase of exon per Million mapped reads (FPKM) was
used as a proxy for gene expression [206]. Analysis of gene differential expression (DE)
among conditions was conducted with DeSeq2 in RStudio (2022.02.3) using the function
“DESeqDataSetFromMatrix” [207]. I selected as DE genes, those genes resulting with a
Log2FC value > |2| and a p-value <0.01 from each comparison. I assessed DE genes
between Fo and Cr across the same developmental stages and thermal regime (e.g., Fo
larvae 18°C vs Cr larvae 18°C). For comparisons between strains, genes that were DE
between Fo and Cr at 28°C were not considered to derive the list of DE genes between
strains at both 18°C and 32°C to avoid accounting for strain-specific differences. Relative
fold changes in gene expression between samples were determined as a ratio of each
FPKM; among strain comparisons were always Fo vs Cr unless otherwise stated. To
obtain the Gene Ontology (GO) functional assignment of the 26,843 protein-coding
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genes in Aedes albopictus genome version (AALFPA) and gene enrichment of
differentially expressed genes of AALFPA, the the strategy of Lozada-Chavez et al.,
(2023) [208] was followed. Briefly, a custom annotation database was created (i.e.
org.albopictus.eg.db R package) from merged results with Blast2GO [209] of three
functional approaches: (1) Gene Ontology annotations covering ~63% of the AALFPA-
proteome, as retrieved from VectorBase v55 [210]; (2) a homologs BLAST search of the
AALFPA-proteome against the NCBI Diptera nr database v5; (3) a functional homologs
search with InterProScan v5 [211] against four protein-domain databases: Pfam v33.1
[212], ProSiteProfiles v20.2 [213], SUPERFAMILY v2.0 [214], and TIGRFAM v15.0
[215]. After this, 80% of the AALFPA-proteome was annotated. A GO enrichment
analysis for major GO categories was performed with our in-house org.Aalbopictus.eg.db
and clusterProfiler v4.2.2 [216] to identify functional groups that were enriched in our
sets of DE genes. P-values (p<0.05) obtained with clusterProfiler were corrected for
multiple tests with the Benjamini-Hochberg procedure, and the redundancy of enriched
GO terms for each major GO classification was removed with simplify, both from
clusterProfiler.

3.7 Estimates of Wolbachia density by qPCR

In both Cr and Fo mosquitoes, I determined the presence and density of wAl/b4 and wAlbB
[150]. Briefly, genomic DNA (gDNA) was extracted using the Wizard® Genomic DNA
Purification Kit (Promega) from 16 larvae and 16 ovaries the day of emergence, 7 and
12-14 days post emergence for each thermal regime. Abundance of wA/bA and wAlbB
was assessed in each sample by qPCR using the Ade. albopictus homothorax gene
(AALC636_001297) as reference [160]. PCR reactions were performed in a total volume
of 20 pl, containing 10ul SYBR Green (ThermoFisher), 4 ul of gDNA, 4 ul of H20 and
1 uM of each primer: qwAlbA F (GGGTTGATGTTGAAGGAG) and R
(CACCAGCTTTTACTTGACC); qwAlbB F (AAGGAACCGAAGTTCATG) and R
(AGTTGTGAGTAAAGTCCC); and qHTH F (TGGTCCTATATTGGCGAGCTA) and
R (TCGTTTTTGCAAGAAGGTCA), for wAlbA-wsp, wAIbB-wsp, and Aedes
albopictus homothorax gene (AALC636 001297), respectively [160;217]. The
temperature was cycled at 95°C for 2 minutes, then 40 cycles at 95 °C for 5 s and 60 °C
for 30 s, followed by the melting curve generation.

3.8 Data Analyses

I used Prism 8 (GraphPad) for statistical analyses unless otherwise stated. The
Shapiro-Wilk test was used for assessing normality distribution of data, and

31



parametric (ANOVA) and nonparametric (Kolmogorov-Smirnov, Mann Whitney or
Kruskal-Wallis) tests were selected accordingly. Differences between strains in egg
hatchability rate, egg hatching time, larval viability, larval and pupal developmental
time, developmental speed, wing length, adult sex ratio, and body mass were tested
through two-way ANOVA with Tukey's multiple comparisons test. Pupal viability,
Tp, KDT, energy reserves and Wolbachia density data were analysed within strain
with the Kruskal-Wallis test (followed by Dunn’s multiple comparison test) and
between strain with Mann Whitney test. 7p assay data were further analysed with the
Kolmogorov—Smirnov test. Longevity data were used to extrapolate the median
survival time and the hazard ratio, which is a measure of how rapidly each mosquito
died, with the Mantel-Haenszel method. Comparisons of mosquito longevity were
carried out with the Kaplan-Meier survival analysis, Log-rank (Mantel-Cox) test.
Using the R package ggpubr [218] (R version 4.2.2), I tested Pearson’s correlation on
wing length data and body mass of males and females to investigate the effect of the
different temperatures tested on said strains. I considered significant Pearson’s
correlation with a p-value<0.05 and evaluated as very strong correlations those
analyses resulting in a correlation coefficient (R) between £0.9 and £1, strong between
+0.7 and £0.89, medium 0.4 and +0.69, weak +0.1 and +0.39 and negligible when
below 0.1 [219]. To further quantify the effect of developmental temperature, strain
or sex, and their combinations on studied fitness traits (except for longevity and pupal
viability), I used two-way ANOVA and obtained F-ratio (F) and the relative p-value,
together with the percentage of variation explained by each source. I further used
Principal component analysis (PCA) on life history traits and energy reserves, to
explore the traits most influenced by temperature and strain differences, using the
function “fviz_pca_biplot” from the factoextra package [220] (R version 4.2.2).

For each strain and temperature tested, I also calculated LDR and PDR as inverse of
larval and pupal developmental time (LDT and PDT) and further derived their ratio
(LDR/PDR) to test isomorphy through regression analyses (as previously shown)
[53].

To compare the overall thermal performance of tested strains, I draw a Thermal
Performance Curve (TPC) including data of egg hatchability, egg hatching time, larval
and pupal viability, larval and pupal developmental time, developmental speed, sex
ratio, wing length, body mass and longevity following a previously reported
standardisation procedure of MacLean et al. (2019) [64], in which TPCs were drawn
based on developmental viability, development speed and adult fecundity. Briefly, a
value of 1 is assigned to the highest value for each trait, and the rest of the values are
processed as ratio. Curves were designed using the cubic spline method, setting as
extreme values 10.4 °C, the lowest developmental temperature registered for Ae.
albopictus [180], and the mean KDT resulted from my study (46°C).

Lastly, chitin content data were analysed with the parametric Unpaired t test,
comparing the chitin ratio 28°C/18°C between the two strains.
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4.Results
4.1 Life history traits

For both the native tropical Fo and the invasive temperate Cr strains, eggs were hatched
at 18°C, 28°C and 32°C and mosquito development was followed, including adult
longevity. Appendix 2 reports means and standard deviations for each tested parameter,
including thermal traits and energy reserves. Appendix 3 reports results of ANOVA,
Kruskal-Wallis and Mann Whiteny tests, Appendix 4 shows Mantel-Haenszel tests.
Figure 8 displays life history traits and the relative statistics, both for within and between
strain comparisons; Figure 9 shows longevity results as survival curves, within (9A) and
between strain (9B).

4.1.1 Within strain comparison

In Fo egg hatchability ranged from 52.3% to 81.67% in mosquitoes reared at 18°C or
28°C, respectively; values measured across the three tested developmental temperatures
were not significantly different. The same trend was observed for larval viability, which
ranged from a minimum of 68.8% in mosquitoes reared at 18°C to a maximum of 78.21%
for mosquitoes reared at 28°C, for pupal viability, which had a range from 82.41% at
18°C to 89.52% at 28°C, for sex ratio, which ranged from 44.27% of females in
mosquitoes reared at 32°C to 47.04% of females in mosquitoes reared at 18°C and for
male body mass, which ranged from a minimum of 0.78 mg in mosquitoes reared at 32°C
to a maximum of 0.87 mg in those reared at 18°C. On the contrary, egg hatching time,
larval and pupal developmental time, developmental speed, wing length and female body
mass significantly differed in mosquitoes reared at the different developmental
temperatures tested. Egg hatching time was the longest (14.01 days) in mosquitoes reared
at 18°C and shortest (3.93 days) in mosquitoes reared at 28°C, with differences being
significant between values of mosquitoes reared at 18°C and both 28°C (p-value<0.0001)
and 32°C (4.83 days; p-value<0.0001), but not between 28°C and 32°C. Both larvae and
pupae took the longest to develop when reared at 18°C (17.01 and 4.67 days for larval
and pupal development, respectively), and the shortest at 32°C (5.42 and 1.54 days for
larval and pupal development, respectively); differences were significant for both traits
for mosquitoes reared 18°C in comparison to those reared both at 32°C (p-value<0.0001
for both comparisons) and 28°C (6.75 days for larvae and 1.83 days for pupae; p-
value<0.0001 for both comparisons). Both developmental times were not significantly
different in mosquitoes reared at 28°C and 32°C. Developmental speed of mosquitoes
reared at 18°C was 35.69 days, which decreased significantly to 12.52 and 11.78 days in
mosquitoes reared at 28°C (p-value<0.0001) and 32°C (p value<0.0001), respectively.
Wing length of Fo females reared at 18°C was significantly longer (3.04 mm) compared
to that of mosquitoes reared at 28°C (2.51 mm; p-value <0.0001) and 32°C (2.53 mm; p-
value <0.0001). Fo had a higher fecundity when reared at 18°C (153.67 eggs) compared
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to both 28°C (74.65 eggs; p-value <0.0001) and 32°C (75.62 eggs; p-value<(0.0001),
whereas there was no difference in fecundity in mosquitoes reared at 28°C or 32°C.
Females reared at 28°C had a higher body mass (1.81 mg) than those reared at 32°C (0.98
mg; p-value<0.0001) and 18°C (1.43 mg; p-value=0.0003). Furthermore, both males and
females had a shorter longevity when reared at 32°C (17.58 days for males, 12.72 days
for females) than when reared at both 28°C (25.39 days for males, 26.84 for females; p-
value<0.0001 for both comparisons) and 18°C (23.59 days for males, 24.78 days for
females; p-value <0.0001 for both comparisons). Longevity was further analysed in terms
of Hazard-Ratio (Mantel-Haenszel), calculating the rate of death in each comparison. Fo
males died twice or 3 times faster when reared at 32°C than when reared at 18°C (p-
value<0.0001) or 28°C (p-value<0.0001), respectively. Fo females reared at 32°C died 4
or 5 times faster than those reared at 18°C (p-value<0.0001) or 28°C (p-value<0.0001),
respectively. I also compared body mass and longevity between sexes. As expected,
females had a higher body mass than males at all tested temperatures (p-value<0.0001 in
all comparisons). When comparing male and female longevity in mosquitoes reared at
18°C, 28°C or 32°C, the latter was the only condition in which there was a significant
difference between sexes, with males living longer than females, which died at rate
almost double than that of males (p-value<0.0001).

In Cr mosquitoes, egg hatchability rate and sex ratio were the only traits not significantly
different in mosquitoes reared at the three tested developmental temperatures. Egg
hatchability rate ranged from 51.75% in mosquitoes reared at 32°C to 71.25% in
mosquitoes reared at 28°C. The percentage of females ranged from 31.17% in mosquitoes
reared at 32°C to 42.71% in mosquitoes reared at 18°C. In Cr egg hatching time was
shorter in mosquitoes reared at 28°C (3.44 days) compared to values of mosquitoes reared
at both 18°C (9.77 days; p-value<0.0001) and 32°C (7.74 days; p-value=0.0017).
Differently than in Fo, larval viability was significantly different in Cr mosquitoes reared
at 32°C (47.75%) than both 18°C (70.99%; p-value=0.0002) and 28°C (66.63%; p-
value=0.0034); pupal viability differed across thermal regimes, being lower at 28°C
(87.93%) compared to mosquitoes developing at 32°C (96.51%; p-value=0.0192); male
body mass differed among developmental temperatures, with males emerging from eggs
hatched at 28°C being lighter (0.53 mg) than those from eggs hatched at both 18°C (1.21
mg; p-value<0.0001) and 32°C (1.12 mg; p-value<0.0001). As in Fo, both larval and
pupal developmental time were the longest in mosquitoes reared at 18°C (17.18 and 5.35
days for larval and pupal developmental time, respectively), but the shortest in
mosquitoes reared at 28°C (6.97 and 1.7 days for larval and pupal developmental time,
respectively), with significant differences between values of mosquitoes reared at 18°C
and both 28°C (p-value<0.0001 for both comparisons) and 32°C (7.91 and 1.8 day for
larval and pupal developmental time, respectively; p-value<0.0001 for both
comparisons), but not between 28°C and 32°C. Like Fo, developmental speed, wing
length and female body mass differed in mosquitoes reared at 18°C, 28°C and 32°C.
Mosquitos reared at 28°C had a shorter developmental speed (12.2 days), compared to
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mosquitoes reared at both 18°C (32.3 days; p-value<0.0001) and 32°C (17.46 days; p-
value=0.0007). Females reared at 18°C had longer wings (3.32 mm) compared to those
reared at both 28°C (2.89 mm; p-value<0.0001) and 32°C (2.6 mm; p-value<0.0001).
Also wing length of females reared at 28°C and 32°C showed a significant difference (p-
value<0.0001). Fecundity was higher in females reared at 18°C (232.74 eggs) compared
to values of mosquitoes reared at both 28°C (124.25 eggs; p-value<0.0001) and 32°C
(83.65; p-value<0.0001); differently than Fo, there was a significant difference in
fecundity in mosquitoes reared at 28°C and 32°C (p-value<0.0001). Regarding longevity,
males had a shorter lifespan when reared at 32°C (11.44 days) with respect to males
reared at 18°C (26.64 days; p-value<0.0001) and 28°C (24.51 days; p-value<0.0001); the
comparison in longevity of males reared at 28°C or 18°C showed a significant difference
(p-value=0.0067). Like males, Cr females had a lower longevity value when reared at
32°C (12.19 days) than females reared at both 28°C (31.21 days; p-value<0.0001) and
18°C (36.76 days; p-value<0.0001), and at 28°C females lived less than females reared
at 18°C (p-value<0.0001). Hazard-Ratio (Mantel-Haenszel) analysis of longevity showed
that males died 6 times or 9 times faster when reared at 32°C compared to those kept at
18°C (p-value<0.0001) or 28°C (p-value<0.0001), respectively; males reared at 28°C
died 1.4 times faster than those reared at 18°C (p-value=0.0067). Females reared at 32°C
died 20 times or 12 times faster than those reared at 18°C (p-value<0.0001) or 28°C (p-
value<0.0001), respectively; females reared at 28°C had a mortality rate 1.7 times higher
than those reared at 18°C (p-value <0.0001). I also compared body mass and longevity
between sexes. As expected, females had a higher body mass than males at all tested
temperatures (p-value<0.0001 in all comparisons), as shown for Fo. Contrary to Fo,
longevity was significantly different between sexes at 18°C and 28°C, with males dying
twice and 1.2 times faster than females at 18°C (p-value<0.0001) and 28°C (p-
value<0.0001), respectively.

4.1.2 Among strain comparison

Egg hatchability rate, pupal developmental time and sex ratio were the only traits with
no significant differences between the two strains at any developmental temperature
tested.

In mosquitoes reared at 18°C, significant differences between strains were observed in
1) egg hatching time, with Cr hatching faster than Fo (9.77 and 14.01 days, respectively;
p-value=0.0031); 2) wing length with Cr having larger wings (3.32 mm) than Fo (3.04
mm; p-value <0.0001); 3) fecundity, with Cr having a higher fecundity (232.74 eggs)
compared to Fo (153.67 eggs; p-value<0.0001), 4) body mass of both sexes, with Cr
having heavier males (1.21 mg) and females (2.23 mg) than Fo (0.87 mg and 1.43 mg,
respectively; p-value=0.0001 in males and p-value<0.0001 in females) and 5) female
median longevity, with Cr females living on average 36.76 days and Fo 24.8 and, based
on the Hazard-Ratio, Fo females died 2.8 faster than Cr ones (p-value <0.0001).
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In mosquitoes reared at 28°C, statistically significant differences between strains were
detected in 1) wing length, with Cr females having larger wings (2.89 mm) than Fo ones
(2.51 mm; p-value <0.0001); 2) fecundity, with Cr having more eggs (124.25 eggs) than
Fo (74.65 eggs; p-value<0.0001); 3) body mass of both sexes, with Fo males (0.81 mg)
and females (1.81 mg) being heavier than Cr (0.53 mg and 1.12 mg, respectively for
males and females; p-value<0.0001 for both comparisons) and 4) female longevity, with
Cr mosquitoes living on average 31.2 days and Fo 26.84 days which, based on the
Hazard-Ratio, died 1.4 times faster (p-value=0.0073).

In mosquitoes reared at 32°C, significant differences between strains were observed in
1) larval viability, with Cr having a lower value (47.75%) than to Fo (76.6%; p-value
<0.0001); 2) pupal viability, with Cr (96.51%) giving rise to more adults than Fo
(83.97%; p-value=0.0017); 3) larval developmental time, with Fo (5.42 days) having a
shorter larval developmental time than Cr (7.91 days; p-value=0.0267); 4)
developmental speed, with Cr having a longer developmental speed (17.46 days) than
Fo (11.78 days; p-value=0.0002); 5) female body mass, with Cr being heavier (1.55 mg)
than Fo (0.98 mg; p-value<0.0001) and 6) male longevity, with Cr males living a shorter
life (11.4 days) than Fo ones (17.6 days; p-value<0.0001), dying almost 3 times faster.
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Figure 8. Violin plots showing life history traits in Fo and Cr reared at 18°C (green),
28°C (grey) and 32°C (pink). Traits analysed include egg hatchability rate, egg
hatching time, larval and pupal viability, larval and pupal developmental time,
developmental speed, sex ratio, wing length, fecundity, body mass in males and in
females. Letters (“a” to “d”) refer to statistical comparisons: same letter denotes no
significant difference.
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Figure 9. Longevity data represented as survival curves (A) within strain at 18°C (green), 28°C (grey) and 32°C (pink) and (B)
between Fo (red) and Cr (blue) strains. In both panels, males are placed on the left, females on the right.
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To verify that my life-history traits results were not stochastic and to further validate the
differences that I found, data assessment on egg hatchability rate, larval viability, larval
developmental time and sex ratio was re-performed after 2 years in mosquitoes of the
Fo strain reared at both 28°C and 32°C, and in Cr mosquitoes reared at 28°C. No
statistical difference was observed after a one-way ANOVA in any of the measured traits
in either Fo or Cr, as shown in Figure 10.
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Figure 10. Comparison of life history traits values as estimated in Fo (top) mosquitoes
after a two-year span (YO vs Y2); Data assessment was performed with mosquitoes
reared both at 28°C (grey dots) and 32°C (pink dots). Comparison of fitness trait values
as estimated Cr (bottom) mosquitoes reared at 28°C after a two-year span (Y0 vs Y2).
Mean and standard deviations are reported.

I further draw TPCs for both strains (Figure 11). 7hr did not differ between strains, but
Fo showed a slight shift towards warmer thermal regimes, with a peak at 25.78°C, while
Cr showed a peak at 23.28°C. Among the tested developmental temperatures, both Cr
and Fo performed the best at 28°C. These results suggest an overall similar plasticity in
the two strains, with Cr having a better performance at colder temperatures and Fo at
warmer temperatures.
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Figure 11. Thermal performance curves (TPC) for both Fo (red)
and Cr (blue) strains. Continue lines represent the curves obtained
through life history traits at 18°C, 28°C and 32°C, whereas dotted
lines are derived from said measurements using Prism (GraphPad
8).

4.2 Thermal traits

For each strain and developmental temperature, I also collected 7p and KDT data, which
are shown in Figure 12. Appendix 5 reports Kolmogorov-Smirnov (7p) and Mann
Whiteny and Kruskal-Wallis (7p and KDT) tests results.

4.2.1 Within strain comparison

In Fo mosquitoes males had a stable mean 7p from 25.6°C to 25.94°C across all tested
developmental temperatures. On the contrary, females reared at different developmental
temperatures showed significantly different 7p. Females reared at 28°C preferred cooler
temperatures (24.09°C) on the thermal gradient than mosquitoes reared at 32°C (26.1°C;
p-value=0.0125). No difference in 7p was found in mosquitoes reared at 18°C and either
28°C or 32°C. Tp varied between sexes only in mosquitoes reared at 28°C, with males
preferring on average warmer temperatures than females, both in terms of mean
temperature (p-value=0.0169) and distribution (p-value=0.0303).

Regarding KDT, Fo males reared at 32°C stopped to move at a higher temperature
(45.92°C) than those reared at 18°C (45.31°C; p-value=0.0037) and 28°C (45.21°C; p-
value=0.0127). There was no difference between KDT values of males reared at 28°C
and 18°C. Females reared at 28°C had a lower KDT value (45.5°C) than females reared
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both at 18°C (46.38° C; p-value<0.0001) and 32°C (46.32°C; p-value<0.0001). KDT
varied significantly between sexes only in mosquitoes reared at 18°C, with females
having a mean value of 46.38°C and males 45.31°C (p-value<0.0001).

In Cr both males and females reared at different developmental temperatures showed
significantly different 7p. Cr males reared at 28°C preferred 28.1°C, a value
significantly higher than that chosen by males reared at 18°C (25.48°C; p-value=
0.0170) and 32°C (25.05°C; p-value=0.0043); there were also significant differences in
terms of distribution (28°C vs 18°C p-value=0.0172 and 28°C vs 32°C p-value=0.008).
Females reared at 18°C preferred 26.93°C, a temperature significantly warmer than that
chosen by females reared at 32°C (24.21°C; p-value=0.0139); there was also a
significant difference in terms of distribution with mosquitoes reared 18°C having an
even spread of Tp than those reared at 32°C (p-value=0.0027). As in Fo, Cr males reared
at 28°C preferred a warmer temperature (28.1°C) compared to females (26.31°C), both
in terms of mean temperature and distribution (p-value=0.0292 and p-value=0.0054,
respectively).

Regarding KDT, both males and females of Cr reared at 18°C stopped moving at a
higher temperature (46.1°C and 46.61°C, respectively) than those reared at 28°C
(45.45°C and 46.21°C, respectively; in males p-value=0.0029 and in females p-
value=0.0421). There was no difference in KDT values of mosquitoes reared at 28°C
and 32°C in either male or females. Interestingly, females stopped moving at a higher
temperature than males across all rearing temperatures (at 18°C 46.1°C and 46.61°C, in
males and females, respectively, p-value=0.0068; at 28°C 45.45°C and 46.21°C, in
males and females, respectively, p-value<0.0001; at 32°C 45.68 and KDT=46.59°C, for
males and females, respectively, p-value< 0.0001).

4.2.2 Among strain comparison

Most mosquitoes had a Tp of 25.77°C+6.62, independently of their developmental
temperature, sex and strain.

In males reared at 28°C, I observed strain differences with Cr males having a 7p of
28.1°C, value significantly higher than that of Fo males (25.71°C); differences were
both in terms of distribution (p-value=0.0272) and mean (p-value=0.0198): Cr males
preferred temperatures in the middle of the gradient, whereas Fo males were evenly
distributed. Similarly, when reared at 28°C, Fo females preferred on average colder
temperatures (24.09°C) than Cr females (26.31°C; p-value=0.0455).

When reared at 32°C, Cr females had significantly lower 7p (24.21°C) and that of Fo
(26.1°C; p-value 0.038). This difference extended to the distribution of 7p, with Cr
females being distributed across the low and middle temperatures, while Fo was
showing a peak in the middle of the thermal gradient (p-value=0.0103).
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Regarding KDT, most mosquitoes were knocked down at 46.5°C+1.04, independently
of their developmental temperature, sex and strain. [ observed strain differences in male
mosquitoes reared at 18°C and in females reared at 28°C, with Fo having a lower KDT
than Cr (in males at 18°C Fo=45.31°C and Cr=46.1°C, p-value=0.0004; in females at
28°C Fo=45.5°C and Cr=46.21°C, p-value<0.0001). From these data, the CTmax of Ae.
albopictus was extrapolated: 45.31°C-46.61°C.
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Figure 12. Rain plots showing thermal preference results (7p; on the left) in males
(top) and females (bottom) and violin plots showing knock down temperature results
(KDT; on the right) in males (top) and females (bottom) when reared at 18°C (green),
28°C (green) and 32°C (pink). In violin plots letters (“a” to “c”) refer to statistical
comparisons: same letter denotes no significant difference.
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4.3 Water content and energy reserves

Comparisons of water content, protein, glycogen, total lipids and triglyceride for each
strain and developmental temperature are shown in Figure 13; statistical analyses are
shown in Appendix 6.

4.3.1 Within strain comparison

Fo males had a lower percentage of body water when reared at 32°C (22.97%) compared
to values of those reared at both 28°C (75.94%; p-value<0.0001) and 18°C (78.48%; p-
value<0.0001). In Fo females a lower percentage of water was found in mosquitoes
reared at 32°C (21.49%) compared to both 18°C (77.3%; p value <0.0001) and 28°C
(69.82%; p value<0.0001). Females reared at 28°C had a significantly lower water
content than those reared at 18°C (p-value=0.0012). Males and females had a different
water content only when reared at 28°C, with males having a higher water content than
females (p-value=0.0023).

Fo males and females had their highest protein content when reared at 28°C (80.89 pg/mg
and 69.21 pg/mg for male and females, respectively) and their minimum when reared at
18°C (40.14 ug/mg and 40.85 pg/mg, respectively). In males all comparisons showed
significant differences (28°C vs 18°C p-value <0.0001, 28°C vs 32°C p-value=0.0023
and 18°C vs 32°C p-value=0.0098). In females reared at 18°C the protein content was
lower than that of mosquitoes reared at 28°C (p-value=0.0002) and 32°C (p-
value=0.0044), while there was no significant difference in protein content of mosquitoes
reared at 28°C and 32°C. By comparing the protein content of males vs females, the only
statistically significant difference was recorded in mosquitoes reared at 28°C, with males
having more proteins than females (p-value=0.0328).

Fo males had the highest content of glycogen when reared at 32°C (72.99 pg/mg) and the
lowest when reared at 18°C (29.79 ng/mg); males reared at 18°C had a significantly lower
glycogen content than those reared at 32°C (p-value<0.0001). There was no difference in
glycogen content in females at any temperatures. By comparing the glycogen content of
males vs females, males had a higher content than females both at 28°C (p-value=0.003)
and 32°C (p-value=0.0127).

Both sexes had their lowest total lipid content when reared at 28°C (5.52 pg/mg and 3.2
pg/mg in males and females, respectively), and these values were significantly different
than those recorded in mosquitoes reared at 32°C (in males 8.51 pg/mg, p-value=0.0128;
in females 7.08 pg/mg, p-value<0.0001) and at 18°C in females (7.62 pg/mg, p-
value<0.0001). Comparison of total lipid content between sexes was significant only in
mosquitoes reared at 28°C, with males having more lipids than females (p-
value=0.0001).
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Fo males had no significantly different content of triglyceride when reared at the different
developmental temperatures. In females, triglyceride content was lower when reared at
18°C (4.81 pg/mg) than at 28°C (8.81 pg/mg; p-value=0.0002) and 32°C (7.31 pg/mg;
p-value<0.0001). Furthermore, when I compared males and females, they differed in
triglyceride content at both 18°C (p-value<0.0001) and 32°C (p-value=0.0065), with
males being richer in triglyceride than females. At the control temperature of 28°C, there
was no difference between sexes.

Cr mosquitoes had a lower content of body water when reared at 32°C for both sexes
(22.12% and 27.13% in males and females, respectively) than mosquitoes reared at both
28°C (76.83% and 77.08% in males and females, respectively; p-value<0.0001 for both
comparisons) and 18°C (80.02% and 74.82% in males and females, respectively; p-
value<0.0001 for both comparisons). Furthermore, when reared at 32°C females had
more water than males (p-value=0.0126), whereas there were no sex differences in water
content of mosquitoes reared at 18°C or 28°C.

As in Fo, in Cr both sexes had a higher protein content when reared at 28°C (67.44 pg/mg
and 49.51 pg/mg for males and females, respectively) than 18°C (in males 52.62 pg/mg,
p=0.0108; in females 33.43 pg/mg, p-value= 0.0024); females displayed differences in
protein content also when reared at 18°C and 32°C (46.51 ug/mg; p-value<0.0001).
Males were richer in proteins than females when development occurred at both 18°C (p-
value=0.0014) and 28°C (p-value=0.0044), while there was no difference between sexes
in mosquitoes reared at 32°C.

Cr females had a higher content of glycogen when reared at 28°C (67.31 pg/mg) than
both at 18°C (48.03 png/mg; p value=0.0151), and 32°C (48.79 pg/mg; p-value=0.0104).
No difference was recorded in males and between sexes at any tested temperature.

Similar to Fo, in both sexes of Cr mosquitoes, lowest content of total lipids was observed
in mosquitoes reared at 28°C (5.93 pg/mg and 4.37 pg/mg for males and females,
respectively), with significant differences with respect to mosquitoes reared at 32°C
(11.41 pg/mg and 8.93 pg/mg for males and females respectively; in males p-
value=0.0001, in females p-value<0.0001) and for females also to mosquitoes reared at
18°C (8.38 pg/mg, p-value<0.0001). When reared at 18°C, females had more lipids than
males (p-value=0.0021), the opposite at 28°C (p-value=0.0302).

Like in Fo, content of triglyceride was higher in Cr females reared at 28°C (11.07 pg/mg)
compared to 18°C (5.48 pg/mg; p-value=0.0004), while there was no difference in
triglyceride content of females reared at 28°C and 32°C. When comparing males and
females, at 18°C and 32°C males had more triglyceride than females (p-value<0.0001 for
both comparisons), while at 28°C there was no difference.
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4.3.2 Among strain comparison

Water content in males was comparable between strains at all tested developmental
temperatures, whereas Cr females reared at 28°C (77.08%) and 32°C (27.13%) had a
higher body water content compared to Fo (at 28°C 69.82%, p-value=0.0034; at 32°C
21.49%, p-value=0.0264). Females reared at 18°C showed no difference in water
content between strains.

Protein content significantly differed between females of two strains at all tested
temperatures, with Fo displaying the higher protein concentrations than Cr (at 28°C
Fo=69.21 pg/mg and Cr=49.51 pg/mg, p-value=0.0043; at 18°C Fo =40.850 pg/mg and
Cr= 33.43 pg/mg, p-value=0.0226; at 32°C Fo= 53.63 pg/mg and Cr=46.51 ug/mg, p-
value=0.0318).

Glycogen content significantly differed between the two strains when reared at 18°C with
Fo mosquitoes of both sexes having lower glycogen (29.79 pg/mg and 29.58 ng/mg, in
males and females, respectively) compared to Cr (43 ug/mg and 48.03 pg/mg, for males
and females respectively; p-values=0.0042 in males and p-value=0.0001 in females). In
mosquitoes reared at 32°C and 28°C, differences in glycogen content between strains
were limited to males or females, respectively.

Lipid content significantly differed between the two strains when reared at 32°C with Cr
showing higher concentrations compared to Fo, in both sexes (11.41 pg/mg and
8.51ug/mg, in Cr and Fo males, respectively, p-value=0.0286; 8.93 pg/mg and 7.08
pg/mg, in Cr and Fo females, respectively, p-value=0.0075).

Lastly, analysis of triglyceride content between strains revealed no differences between
strains, at any tested temperatures, neither in males nor in females.
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4.4 Testing the effect of temperature, strain and sex on traits

I used the analysis of variance (ANOVA) to examine the effects of developmental
temperature, strain, sex and their combination on egg hatchability, egg hatching time,
larval viability, larval and pupal developmental time, developmental speed, sex ratio,
wing length and body mass. With this analysis, I was able to assess the percentage of
variation accountable for each source of variation (namely temperature, strain, sex or
their combinations).

My results showed that “temperature” accounted for most of the variation in egg
hatchability rate and egg hatching time, in larval and pupal developmental time, as well
as in developmental speed and wing length. “Strain” and “sex” were the main sources
of variation for sex ratio and body mass, respectively. Lastly, “temperature x strain”
accounted for most of the variation in larval viability, followed by “strain”. For each
trait, Appendix 7 reports all sources of variation considering the relative degrees of
freedom (df), Mean Squares (MS), F ratio (F), p-value and percentage of variation (%
of total variation).

Through Pearson’s correlation, I proved that wing length and body mass follow
Bergmann's rule in both Ade. albopictus strains [31]. I found a negative correlation
between temperature and both wing size and body mass in both sexes, with a strong
relationship between temperature and wing size, moderate between temperature and body
mass in Cr females, and weak between temperature and body mass in males of both
strains and females of Fo (Figure 15). Table 2 reports correlation coefficients (R) and the
relative p-value for each correlation analysis.

I also tested PCA to better understand the effect of temperature on the two strains. For a
better resolution and understanding, I made a PCA on life history traits (Figure 16) and
energy reserves of males (Figure 17) and females (Figure 18), separately.

In the first PCA (Figure 16), the life history traits which accounted for most of the
contribution to the variance were egg hatchability rate, egg hatching time, LDT, PDT,
larval and pupal viability, developmental speed, body mass, wing length and sex ratio.
Longevity of both sexes had a low contribution to the PCA (around 3%). Data of the two
strains of mosquitoes reared at 18°C clustered separately and were also separated from
the rest of the data from mosquitoes reared at 28°C and 32°. Data of mosquitoes reared
at 32°C clustered together in Fo, but not in Cr.

Protein and water content mostly contributed to variation shown in the PCA of males
(Figure 17). Interestingly, in the 3™ quadrant I could appreciate the clustering of both Fo
and Cr strains when reared at 18°C and 28°C due to the water content, whereas between
the 3 and 4™ quadrant there was a clustering of data on triglycerides, total lipids and
glycogen from mosquitoes reared at both 28°C and 32°C. Lastly data on protein content
from mosquitoes reared at 18°C and 28°C clustered in the 4™ quadrant.
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Similar to the results in males, PCA of energy reserves of females (Figure 18) showed
that content of protein and water mostly contributed to the variance of the data. I also
observed data clustering into three groups: in the 2™ quadrant data of mosquitoes reared
at 18°C clustered together independently of the strain due to the effect of protein content;
in the 1 and the 2" quadrants, clustering of data from mosquitoes reared at 28°C and
32°C was driven by content of total lipids, glycogen and triglyceride; in the first quadrant,
data of the water content of mosquitoes reared at 18° and 28°C clustered together.

4.5 Testing isomorphy

I calculated LDR and PDR and their ratio (LDR/PDR) to test the hypothesis of
developmental isomorphy, a generalised rule in ectothermic organisms [52]. Regression
analyses revealed a positive relationship between LDR and temperature in both strains
(Fo b=0.0138 and Cr b=0.006; p-value=0.0314 and p-value<0.0001, respectively). As in
LDR, I found a positive relationship with developmental temperature for PDR (Fo
b=0.003 and Cr b= 0.0027; p-value<0.0001 for both slopes). Comparing the regressions
of the two developmental rates (LDR vs PDR), I saw a significant difference in the slopes
(p-value<0.0001) in Cr, but not in Fo. When LDR and PDR were compared between
strains, both regression analyses resulted in no differences for the slopes nor intercepts.
Regarding the ratio LDR/PDR I found different slopes between the two strains (p-
value=0.0043) and, while in Cr the regression of the LDR/PDR on temperature had a
negative slope (b=-0.005, p-value=0.0029) disproving an isomorphy, in Fo the slope was
not significantly different than 0 (Figure 14, Appendix 8).
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Figure 14. Developmental rate regressions at different ambient temperatures for Fo
(red) and Cr (blue).
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Table 2. Pearson’s correlation results, reporting the traits being analysed, the strain and
the eventual sex, Pearson’s correlation coefficient (R) and the relative p-value.

Trait Strain Sex Pearson’s R p-value
wing length Fo - -0.8210974 <2.2e-16
Cr - -0.8764682 <2.2e-16
body mass Fo Males -0.2603079 0.02953
Cr Males -0.2706239 0.02346
Fo Females -0.2538844 0.0302
Cr Females -0.6209003 2.803e-09
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4.6 Transcriptome analysis

I performed transcriptomic analyses in both 4" instar larval and emerging female
adults of mosquitoes of the Cr and Fo strains reared at 18°C, 28°C and 32°C. 1
identified DE genes between Fo and Cr across the same developmental stage and
thermal regime (either 18°C or 32°C) by filtering out genes that are DE between the
two strains at 28°C, to avoid accounting for strain-specific differences. I also
compared the transcriptome of larvae and adults of the two strains and performed GO
enrichment analysis to obtain a set of temperature-related candidate genes (Appendix
9A for DE genes found at 18°C compared to 28°C and Appendix 9B for DE genes
found at 32°C compared to 28°C).

Overall, mosquitoes reared at 18°C had the highest number of DE genes, with respect
to mosquitoes reared at 32°C, but levels of expression were lower. In larvae reared at
18°C I saw 155 DE genes in Cr and 143 in Fo; in larvae reared at 32°C I saw 39 DE
genes in Cr and 65 in Fo. In adults reared at 18°C I saw 57 DE genes in Cr and 236
DE genes in Fo; in adults reared at 32°C [ saw 26 DE genes in Cr and 33 in Fo (Figure
19).

By comparing the list of DE genes in larvae and adults, I found two genes that in Fo
mosquitoes reared at 18°C were DE in both life stages (AALFPA 044093-
homocysteine S-methyltrasferase and AALFPA_080605-membrane glycoprotein).

The main difference between strains was the opposite differential expression of
several cuticle proteins which, in larvae reared at 18°C, were downregulated in Fo and
upregulated in Cr when compared to larvae reared at 28°C. These results were
subsequently confirmed by GO analysis, which showed an enrichment for structural
constituent of cuticle among upregulated genes in Cr larvae reared at 18°C and
downregulated in Fo (Figure 20, Appendix 10).

Gene ontology enrichment analysis showed more ontology categories in mosquitoes
reared at 18°C than 32°C thermal regime. In both thermal conditions, Cr mosquitoes
had more enrichment hits than Fo. Fo and Cr samples collected from adult individual
reared at 18°C were commonly enriched in genes involved in organonitrogen
compound catabolic process, odorant binding, lipid transporter activity and serine
hydrolase/endopeptidase activities, while larvae at 18°C where commonly enriched
in genes related to extracellular region and chitin binding functions. Fo adult
mosquitoes reared at 18°C had the transcriptome further enriched in genes involved
in the tricarboxylic acid cycle. Cr adults reared at 18°C had the transcriptome further
enriched in genes involved in /ipid transport, while the transcriptome of larvae reared
at 18°C was further enriched in DNA-binding transcription factor activity, RNA
polymerase Il-specific, peptidoglycan muralytic activity, glycosaminoglycan
metabolic process and carboxylic ester hydrolase activity (Figure 20, Appendix 10).
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Lastly, in larvae of both strains reared at 32°C, transcriptome was enriched genes
associated with hydrolase activity on glycosyl bonds/compounds, the same function
was enriched in the transcriptome of Fo adults reared at 32°C with respect to 28°C. In
the transcriptome of adults of Cr and larvae of Fo, there was an enrichment of ATP
hydrolysis activity. The transcriptome of Cr mosquitoes reared at 32°C was further
enriched in UDP-glycosyltransferase activity and carbohydrate metabolic process
(Figure 21, Appendix 10).

I also looked at temperature-related variation in the expression of immunity genes
[191]. Expression of immunity genes was regulated by temperature mostly at the
larval stage, in both strains, with similar functions (i.e. antimicrobial peptides, CLIP
domain-containing serine proteases and fibrinogen-related proteins), but involving
different  genes.  Additionally, toll-like  receptors  (AALFPA 050924,
AALFPA 052084, AALFPA 053911, AALFPA 053911 and AALFPA 063239)
were upregulated (up to 97.86 folds more) in both adult and larvae reared at either
18°C or 32°C compared to 28°C in Cr mosquitoes, whereas in the Fo mosquitoes the
highest differential expression was identified for the antimicrobial peptide defensin-
A (AALFPA 065006), which was 8.87 times upregulated and downregulated in adults
reared at 32°C and 18°C, respectively, when compared to mosquitoes reared at 28°C,
and protein spaetzle 4 (AALFPA 059265), which was downregulated 62.28 and 9.24
times in larvae reared at 32°C or 18°C, respectively. Appendix 11 reports the complete
list of hits found comparing my dataset with immunity genes.
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I further compared DE genes to candidate temperature-associated genes
previously identified in D. melanogaster [221]. 1 found heat shock protein 70
(AALFPA 060102, AALFPA 060249, AALFPA 041794, AALFPA 049001,
AALFPA 067347, AALFPA 068981, AALFPA 051922, AALFPA 041503),
heat shock protein 83 (AALFPA 052248), defensin (AALFPA 065006), two
pickpocket proteins (AALFPA 080544, AALFPA 059066), two fork head-like
(AALFPA 045830, AALFPA 047110) genes and cytochrome p450
(AALFPA 049004, AALFPA 074444, AALFPA 068814, AALFPA 046252,
AALFPA 052377, AALFPA 080403) genes to be consistently modulated by
temperature, in D. melanogaster and Ae. albopictus; modulation in expression
consisted mostly in downregulation at 18 and/or 32°C (Table 3).

Table 3. Drosophila genes related to thermal stress [221] detected in this study.

Function gene ID Regulation strain tem[():,g;ture
AALFPA 060102 Down
AALFPA 060249 Down
AALFPA 041794 Down
= Cr 18 and 32
AALFPA 049001 Down
heat shock protein 70 | AALFPA 067347 Down
AALFPA 068981 Down
AALFPA 051922 Down Cr 32
AALFPA 067347 Down P 3
AALFPA_041503 Down ©
AALFPA 049004 Down Cr 18
AALFPA 074444 Down
coch Pa5O AALFPA 068814 Down 18
cytochrome AALFPA_046252 Down Fo
AALFPA 052377 Down
AALFPA 080403 Down 18 and 32
heat shock protein 83 | AALFPA 052248 Down 18
i Down 18
Defensin AALFPA 065006
- Up 32
. AALFPA 059066 Up Cr 18 and 32
Pickpocket =
AALFPA 080544 Up 18 and 32
AALFPA 045830 U 18
Forkhead = E
AALFPA 047110 Up 18 and 32
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4.7 Chitin quantification

On the basis of my results of Gene Ontology Enrichment, which highlighted an
opposite regulation of the cuticle structure genes, I decided to investigate the content
of chitin of larvae.

Briefly, for both strains three pools of 15 larvae (4th instar) were generated from eggs
hatched at both 18°C and 28°C to perform a chitin colorimetric assay as described by
Lehmann and White (1975) [205]. Starting from known concentrations of chitin, I
draw a standard curve based on the absorbance at 650 nm (Figure 22) and obtain the
formula y=0.0036x+0.0678.
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Figure 22. Chitin standard curve based on known chitin concentrations.

Given this formula, I calculated the amount of chitin present in my larval samples.
Lastly to evaluate the change in chitin concentration from larvae reared at 28°C and
at 18°C, I calculated their ratio.

Based on my results, chitin content was higher in larvae reared at 28°C with respect
to 18°C in both strains and the difference between the two strains was significant (p-
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value=0.0053; Figure 23). This difference may suggest a higher cuticle re-
organization in Cr larvae in cold temperatures compared to Fo.
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Figure 23. Chitin content ratio between larvae reared at
28°C and 18°C in Fo (red) and Cr (blue).

4.8 Wolbachia density

In both strains and across the three tested developmental temperatures, densities of
wAIbA and wAlbB were determined in 4th instar-larvae and in ovaries collected at
the day of emergence (d0), at 7 days post emergence (d7) and between 12 and 14
days post emergence (d12-14), by qPCR. Quantities of Wolbachia were compared
within and between strains among temperatures and developmental stages and
results are shown in Figure 24. Statistical analysis results are reported in Appendix
12.

4.8.1 Within strain comparison

In Fo, the quantity of Wolbachia was significantly different across developmental
temperatures in all developmental stages.

Briefly, in 4th instars larvae there was no difference for wAlbA at any temperature,
whereas larvae reared at 28°C had a higher wA/bB density than those reared at 18°C
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(p-value<0.0001). There was a further difference in wA/bB, with larvae reared at
18°C having a lower density compared to those reared at 32°C (p-value=0.0305).

At d0, ovaries of Fo mosquitoes reared at 32°C had a lower bacterial density for
both wAlbA and wAlbB, compared to mosquitoes reared at 18°C (p-value=0.0222
and p-value<0.0001 for wA/bA and wAlbB, respectively). There was no difference
between 28°C and either 32°C or 18°C.

At d7 the only difference was recorded when wAlbB density was compared between
ovaries of mosquitoes reared at 28°C and 18°C, with mosquitoes reared at 28°C
having ovaries richer in wA/bB than those reared at 18°C (p-value=0.0097).

Finally, at d12-14 the only variation in density was in wA/bB, which was present in
higher abundance in ovaries of mosquitoes reared at 18°C compared to 32°C (p-
value=0.0211).

As in Fo, in Cr the quantity of Wolbachia was significantly different across
developmental temperatures through all developmental stages, except for d12-14.

In 4th instars larvae, wAlbB density was higher in mosquitoes reared at 18°C with
respect to values observed in mosquitoes reared at both 28°C (p-value<0.0001) and
32°C (p-value=0.0013).

At d0, ovaries of Cr reared at 18°C had higher wAlbA and wA[B quantities than those
of mosquitoes reared at 28°C (p-value=0.0006 and p-value<0.0001 for wAlbA and
wAIB, respectively) and at 32°C (p-value=0.001 and p-value=0.0021 for wA/bA4 and
wAIB, respectively).

At d7, mosquitoes reared at 28°C had a higher wAlbA and wAIbB density than those
reared at 32°C (p-value=0.0002 and p-value=0.0001 for wAlbA and wAIB,
respectively). Furthermore, wA/bB was more abundant in ovaries of mosquitoes
reared at 18°C than at 32°C (p-value=0.0032).

Lastly, at d12-14, there was no difference for either Wolbachia strain at any
temperature.

4.8.2 Among strain comparison

Significant differences in the quantity of both Wolbachia strains were found between
Cr and Fo mosquitoes through all life stages.

In larvae, Fo and Cr differed in wA/bA density at all tested temperatures; Cr

mosquitoes always had higher density of wAlbA than Fo (18°C p-value=0.0189,
28°C p-value=0.0256, 32°C p-value=0.0184). wAIlbB density was different in
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mosquitoes of the two strains when reared at 18°C (p-value<0.0001) and 32°C (p-
value=0.0185).

At dO, the ovaries of Fo and Cr differed in wAlbA density when reared at 28°C (p-
value=0.0187) and in wA/bB when reared at 18°C (p-value=0.0014) and 32°C (p-
value=0.0469).

At d7, only wAIbB showed differences in density between strains: ovaries of Cr had
more wAlbB than Fo mosquitos when reared at 18°C (p-value=0.0005), the opposite
when reared at 32°C (p-value=0.0435).

Finally, at 12-14 days ovaries of Fo and Cr varied in both Wolbachia strains density

when reared at 18°C, with Fo being richer than Cr for both wA/bA and wAIbB (p-
value=0.0019 and p-value=0.0003, respectively for wAlbA and wAIbB).
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Figure 24. Dot-plots reporting densities of wAlbA (top) and wAlbB (bottom) detected in Fo and Cr larvae, ovaries collected at
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5. Discussion

In my project I compared the responses of the native Fo strain and the invasive Cr strain,
by exposing them to three different thermal regimes (18°C, 28°C and 32°C). I analysed
life-history traits, thermal traits, energy reserves and transcriptome. Lastly, I evaluated
changes in Wolbachia density in 4" instar larvae and ovaries at different time points post
eclosion.

5.1 Fo and Cr show similar thermal breath, but respond differently to Ta

My results show a clear effect of developmental temperature on key life history traits,
such as egg hatching time, LDT and PDT, developmental speed and wing length.
Moreover, both body mass and wing length had a negative correlation with
developmental temperature, with mosquitoes decreasing in size and mass as ambient
temperature increased indicating that Ae. albopictus follows Bergmann’s rule, which
states that in colder environments organisms are larger, allowing in this way heat
conservation [222].

Temperate insects during the year experience a wider range of temperatures compared to
tropical ones and thus are expected to have a larger thermal breath [56;64;73]. I did not
observe a difference in the overall thermal breath of the two strains, but I saw the Cr
strain having the peak of performance at 23.28°C, while Fo at 25.78°C. In general, fitness
performance decreased in mosquitoes reared at 32°C due to a lower fecundity and shorter
adult longevity. Even though less severe, fitness performance was also reduced in
mosquitoes reared at 18°C, with respect to 28°C, due to the development delay of early
life stages.

Despite the similar thermal breath, the two strains responded differently to the tested
temperatures. When reared at 18°C Cr had a better performance than Fo, due to a faster
hatching, a higher fecundity and an increased female longevity. Furthermore, at 18°C Cr
accumulated more glycogen, which can be used in response to thermal stress to prevent
cellular damage at low Ta [48]. On the other hand, Fo performed better at 32°C, with an
increased larval viability and reduced LDT and developmental speed. These data suggest
that both strains have retained similar levels of plasticity, but also suggest adaptation of
the Cr strain to a temperate climate. These results were further enforced by the fact that
fitness assessment showed no difference when repeated in Cr and Fo after rearing the two
strains in parallel under laboratory conditions for two years.
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5.2 Early stages are threatened mainly by cold developmental temperatures

My analyses show that juvenile stages were mostly affected by the cold thermal regime.
A cold temperature clearly impaired early development, starting from egg hatching time,
LDT and PDT and the overall developmental speed. All these traits lasted significantly
longer at 18°C compared to the other temperatures, showing no differences between 28°
and 32°C in most of the cases. The exceptions were relative to the Cr strain, which was
particularly sensitive to the warm condition: it had a longer hatching time, a lower
developmental speed and a lower larval viability when reared at 32°C than to 28°C. The
successful development of the early stages is a key factor since it accounts for the density
of adult populations. On this note, while comparing the developmental rate of both
strains, I proved the absence of an isomorphic effect of temperature on Cr. This last result
indicates that the juvenile stages of Cr, differently than Fo, might adapt without
evolutionary constraints in response to thermal changes [52].

The severe effect of temperature on the larval stage was further proved in the
transcriptome analysis: larvae had a higher number of DE genes compared to adults,
especially in mosquitoes reared at 18°C. Fo larvae showed to be particularly affected by
temperatures: they showed the greatest number of DE immunity genes when reared at
18°C and 32°C in comparison to 28°C. I also found that genes associated with cuticle
were downregulated in Fo larvae reared at 18°C and upregulated in Cr. The insect cuticle
is known to be a dynamic structure shaped by environmental conditions [223] and
involved in the protection against water loss and mechanical damages [224]. Since chitin
is one of the main components of the cuticle, I decided to investigate the chitin content
in larvae of both strains by comparing the chitin ratio between 4th instar larvae reared at
28°C and 18°C. I saw that the content of chitin was higher in larvae reared at 28°C, with
Cr mosquitoes having a significant higher 28°C/18°C chitin ratio (and therefore a larger
chitin decrease at 18°C) when compared to Fo. This result does not clarify the
relationship between the up-regulation of cuticle-related genes and the quicker
development of Cr larvae at 18°C compared to Fo, but I hypothesise that Cr larvae might
increase the mobility of chitin and other constituent of the cuticle, mitigating the stress
of developing in cold conditions. Further investigations on larval cuticle formation and
organisation at different thermal regimes are needed since this structure might play a
major role in juvenile stages survival and development in the scenario of climate change.

5.3 Adult mosquitoes have developed different strategies to cope with temperature

I compared the list of DE genes identified in Ae. albopictus to the list of genes associated
with temperature in D. melanogaster [221] to evaluate the existence of candidate thermal
genes. My transcriptomic data indicated down-regulation of heat shock proteins
(specifically of heat shock protein 70 and heat shock protein 83) in both Ae. albopictus
strains when mosquitoes were reared both at18°C and 32°C with respect to 28°C. In a
previous study of Ware-Gilmore et al. (2022), Ae. aegypti mosquito families with higher
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thermal tolerance demonstrated less expression for all three Hsp genes than families with
low resistance to heat [37]. The production of heat-shock proteins is in fact highly
expensive for the cell and may cause toxicity at the cellular level [225;226]. Since both
temperate and tropical strains downregulated Hsp, this might suggest that Ae. albopictus
evolved better responses to thermal stress, avoiding the damage caused by the high
concentration of Hsp.

Moreover, | investigated the temperatures at which mosquitoes of both sexes reared at
18°C, 28°C and 32°C preferred to lay (7p). In general, spots around 26°C and 28°C were
the most chosen (10.14% and 8.34%, respectively), and the average 7p ranged from
24.09°C to 28.01°C, with the latter being in accordance with the temperature used as
standard in my research. Our results agree with previous research by Verhulst et al. (2020)
[227], which reported that Ae. aegpyti and Ae. japonicus preferred temperatures colder
than their 7opt when inserted in a thermal gradient. In this study both strains of Ae.
albopictus had a Tp lower than the Topt for this species (29.7°C) [180] despite the
ambient temperature at which they were exposed during their whole development (from
egg to adult). Choosing thermal regimes cooler than the 7opt might be a strategy evolved
in order to avoid the risk of stressful and damaging higher temperatures and to increase
the longevity, while conserving energy [227]. When reared at 28°C, Fo mosquitoes were
found in spots colder than Cr (Fo=25.7°C and Cr=28.1°C and Fo0=24.09°C and
Cr=26.3°C in males and females, respectively) and at 32°C Cr females were more evenly
distributed than Fo, which had a peak in the middle segments of the gradient. This
response shows that mosquitoes of the native strain are more likely to lay at cooler
temperature than those of the temperate strain and therefore might have retained a
stronger behavioural response to avoid excessive warm temperatures.

5.4 Wolbachia density declines at different temperatures depending on the host
strain

Since Wolbachia is considered a thermal sensitive bacterium [160] the possible unbalance
of Wolbachia in females due to exposure to cold and warm temperatures might induce
alterations in CI, which in Ae. albopictus naturally occurs in crosses between wAlbA
mono-infected females and bi-infected males, resulting in non-viable embryos [166]. My
results show that most of the variations of Wolbachia density were related to wA/bB and
the effect of temperature was specific for each mosquito strain. Since the age of
reproductive maturity in Ae. albopictus females starts at 8 days post-emergence [228]
different thermal regimes (either hot or cold temperatures) might cause the most
deleterious effect on reproduction due to the possible alteration of CI in a strain specific
manner: while in Cr after seven days wA/bB density was at its lowest in the warmest
thermal regime, in Fo the coldest temperature was the condition with the lowest amount
of Wolbachia. These results suggest that Cr females are be more likely to be mono-
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infected with wAlbA or harbouring less wA/bB at warm ambient temperatures when they
are seven days old, whereas the native strain females might have a decrease in wAlbB at
cold conditions at the same age, and therefore their mating with bi-infected males would
cause CI. However, studies using diurnal field relevant temperature cycles, and possibly
other ecological parameters, should be considered using different host populations and
Wolbachia variants.

5.5 Implications for Ae. albopictus distribution and disease transmission

While Aedes mosquitoes are expected to shift both in terms of geographical and seasonal
distributions due to climate change [132;133], my results suggest that Ae. albopictus
strains of distinct geographical origin could be affected differently by Ta: the temperate
strain displayed a better vector fitness performance at a lower temperature than the
tropical strain. However, since my study considers only to two strains, further analyses
investigating more strains collected from multiple sites in the same countries (Italy and
China) are needed to confirm the differences emerged between populations of the two
localities.

My results also prove that Italian late-spring and summer conditions have a strong impact
on Ae. albopictus life history traits; late-spring thermal condition might affect mostly
young individuals, while in summer most of the effects could be on adults. The effect of
ambient temperature on longevity of adult females is particularly important since the
transmission of pathogens is directly correlated to the age of its vector [229]. Older
females are more likely to get exposed and subsequently infected. After being infected,
as females grow older, they are more likely to have overcome the EIP and therefore
become infectious.

Moreover, by measuring KDT I could pose the critical thermal maximum (C7Tmax) of Ae.
albopictus in the range between 45.31°C and 46.61°C. These results highlight the
possibility that global warming might impact not only Ae. albopictus further invasion,
but also its persistence in regions currently allowing its presence.

Within the Mediterranean Area, defined as climate change hotspot [230], Italy is currently
experiencing the drastic effects of climate change, with 1499 extreme weather events
being recorded in 2020 alone, almost four times those which occurred in 2010 [231].
Analysing thermal records in the period between 1961 and 2011, a warming trend
resulted for both minimum and maximum temperatures in all year seasons, with summer
having the biggest temperature increase, followed by spring [8]. In this context, my
results suggest that Ae. albopictus vector fitness performance could be higher in spring
than during summer months, if summer Ta exceeds 32°C. Temperature does not influence
only vector fitness, but also its permissiveness to arbovirus. When Ae. albopictus was
tested for vector competence to DENV and CHIKV at 18°C, only CHIKV was seen
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reaching the salivary glands at 7 dpi [232]. When vector competence was tested at 32°C,
both DENV-2 and CHIKYV transmission were seen [233]. These data further suggest the
higher risk of CHIKYV transmission by Ae. albopictus mosquitoes compared to DENV in
Europe but particularly in Italy, especially in cool spring months.
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7. Appendix

Appendix 1. Dissected right wing which was measured from the axial incision to the
apical margin, excluding the fringe of the scales (magnification 20x) as shown by the red
scale.
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Appendix 2. Means, standard deviations and number of individuals in brackets for each life-history trait, thermal trait and energy reserve

tested.
Strains Fo Cr
Temperature

18°C 28°C 32°C 18°C 28°C 32°C
Traits
egg
hattCh;bﬂ‘ty 52.3410.7 81.67+17.17 56.1:424.7 52410.36 71.2549.71 51.75424
rate (%) (700) (600) (800) (800) (800) (800)
iy h‘ﬂgChmg 14.01243.7 3.93+1.06 4.83%1.83 9.77+1.59 3.44+0.73 7.74+1.45
prval viabihey | g 54142 78.21+7.65 76.6+9 70.99+8.8 66.63+7.47 47.7548.12
(%) (366) (193) (449) 416) (326) (414)
Pc}/lpal viability | g5 4141533 89.52+4.54 83.97+10.1 91.66+3.38 87.93+9.63 96.51+3.94
(%0) (224) (133) (294) (251) (205) (165)
larval
?evek(’ipmemal 17.011.62 6.75+1.09 5.42+1.95 17.18+1.31 6.97+0.77 7.91£1.98
ime (days) (259) (149) (351) (274) (223) (170)
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pupal
developmental

fime (days) 4.67+0.86 1.8340.2 1.54+0.71 5.35+0.55 1.70+0.17 1.840.32
(224) (133) (294) (251) (205) (165)
developmental | 55 09,4 12.5041.74 11.78+1.34 30.341.86 12.240.83 17.4642.85
speed (days) (224) (133) (294) 251) (205) (165)
. 47.04£9.17 47.03+10.23 44074774 427149 11 38.39+12.22 31174105
sex ratio (%) (224) (133) (294) 251) (205) (165)
body mass 0.87+0.13 0.814+0.19 0.78+0.1 1.21+0.21 0.53+0.22 1.12+0.28
males (mg) (24) (22) 21) (24) 21) (25)
?gnizlga(sr; : 1.4340.14 1.8140.34 0.9840.16 2034038 1.1240.42 1.5540.25
g (25) (25) (22) (25) (25) (25)
wing length 3.036+0.140 2.5140.15 2.528+0.145 3.320£0.178 2.886+0.183 2.60140.108
(mm) (30) (30) (30) (30) (30) (30)
fecundity
(number of | 153.67+30.35 74.65+16.06 75.62+16.04 232.74+61.04 124.25+36.48 83.65+12.42
eggs) (30 (30) (30) (30) (30 (30
longevity 23.59+14.85 25.39+10.82 17.58+7.72 26.64+4.5 24.5149.64 11.44+6.05
males (days) (223) (134) (126) (150) (169) (126)
longevity 24.78+12.45 26.84+13.05 12.72+8 36.76+16.52 3121+13.20 12.1946.84
females (days) (139) (143) (81) (153) (144) (111)
thermal
preference 25.94+7.13 25.71£5.38 25.6+4.39 25.48+6.68 28.145.27 25.0546
mlaes (°C) (85) (86) (81) (83) (82) 1)
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thermal

lgreflerencfc 25.82+7.51 24.09+7.47 26.1+6.78 26.93+6.99 26.31+7.71 24.21+6.42
emlaes (°C) (30) (84) (79) (88) (80) (80)
knock-down

ten}Perit(‘j“e 45.31%1.09 45.41£0.91 45.92+1.33 46.1+0.96 45.45+0.72 45.68+1.01
males (°C) (42) (47) (42) (43) (43) (47)
knock-down

}empfrat‘ffg 46.38+1.02 45.5+0.8 46.32+0.77 46.61+0.88 46.21%0.56 46.59+1.1
emales (°C) (50) (45) (45) (44) (48) (46)
P“’ltem C";“ent 40.136+ 18.614 | 80.892+33.632 | 56.863+20.285 | 52.625+£32.939 | 67.443£30.990 | 52.353+18.134
males (ug/mg) (35) 37) (44) (42) (43) (40)
protein content

fem/ales 40.850+17.345 | 69.214+40.108 | 53.629+15.698 | 33.435£16.331 | 49.514428.524 | 46.514+13.454
(ng/mg) (40) (40) (36) (43) (43) (40)
glycogen

Con/te“t males | 5978015486 | 51.493:32.121 | 72.993439.542 | 43.001424.414 | 56.579+-36.479 | 45.965+32.823
(ng/mg) (38) (40) (36) (40) (40) (40)
glycogen

content

fem/ales 29.577+20.632 | 30.840+22.365 | 51.225£35.787 | 48.032+23.551 | 67.315+27.452 | 48.787+34.077
(hg/mg) (40) (37) (39) (40) (40 (40)

total lipid

Con/tem males | g 027+5.295 5.52043.152 8.508+4.874 6.897+4.80 5.926 +2.787 11.406+6.458
(ng/mg) (40) (40) (40) (41) (40) (40)
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total lipid

content
females

7.6173.693 3.197+3.066 7.078+3.490 8.38142.429 4.37343.050 8.933+3.574
(ng/mg) (40) (39) (40) (44) (40) (40)
triglyceride
content males | 10.722+6.129 9.360+5.010 11.166+5.908 12.19749.610 | 16.555+17.128 | 14.100+10.386
(ug/mg) (39) (40) (40) (45) (44) (39)
triglyceride
content
females 4.809+2.820 8.812+7.182 7.31142.654 5.484+5.183 11.07110.08 6.594+3.780
(ug/mg) (40) (40) (40) (45) (45) (40)
water content | 7g 48747.674 | 75.939+10.950 | 22.972+12.732 | 80.022+6.465 | 76.829+410.748 | 22.122+9.393
males (%) (24) (22) 1) (24) 21) (25)
watercomtent |- 77 59615015 | 69.82043.335 | 21.488+8.583 | 74.822£5.049 | 77.084£9.313 | 27.128+8.750
females (%) (25) (25) (22) (25) (25) (25)
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Appendix 3. P-values relative to the statistical analysis of egg hatchability rate, egg
hatching time, larval and pupal viability, larval and pupal developmental time,
developmental speed, sex ratio and wing length, fecundity and body mass. A) Within
strain comparison; B) Between strain comparison; C) Between sex comparison of body
mass. Two-way ANOVA with Tukey’ multiple comparison test was used for all traits,
except for pupal viability, which was analysed via Kruskal-Wallis test within strain and
Mann Whitney test between strain.

A) Within strain comparison

Trait Comparison Fo Cr
28 vs 18 ns ns
cgg
hatchability 28 vs 32 ns ns
rate
32vs 18 ns ns
28 vs 18 <0.0001 <0.0001
cgg hatching | 5 35 ns 0.0017
time
32vs 18 <0.0001 ns
28 vs 18 ns ns
larval viability 28 vs 32 ns 0.0034
32 vs 18 ns 0.0002
28 vs 18 ns ns
pupal viability 28 vs 32 ns 0.0192
32vs 18 ns ns
28 vs 18 <0.0001 <0.0001
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larval 28 vs 32 ns ns
developmental
time 32vs 18 <0.0001 <0.0001
28 vs 18 <0.0001 <0.0001
pupal
developmental 28 vs 32 ns ns
time
32 vs 18 <0.0001 <0.0001
28 vs 18 <0.0001 <0.0001
developmental | ¢ | 3, ns 0.0007
speed
32 vs 18 <0.0001 <0.0001
28 vs 18 ns ns
sex ratio 28 vs 32 ns ns
32vs 18 ns ns
28 vs 18 <0.0001 <0.0001
wing length 28 vs 32 ns <0.0001
32 vs 18 <0.0001 <0.0001
28 vs 18 <0.0001 <0.0001
Fecundity 28 vs 32 ns <0.0001
32 vs 18 <0.0001 <0.0001
28 vs 18 ns <0.0001
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28 vs 32 ns <0.0001
body mass
males
32vs 18 ns ns
28 vs 18 0.0003 <0.0001
body mass
28 vs 32 <0.0001 <0.0001
females
32vs 18 <0.0001 <0.0001
B) Between strain comparison
Trait 18°C 28°C 32°C
egg hatchability
rate ns ns ns
egg hatching
time 0.0031 ns ns
larval viability ns ns <0.0001
pupal viability ns ns 0.0017
larval
developmental
time ns ns 0.0267
pupal
developmental
time ns ns ns
developmental
speed ns ns 0.0002
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sex ratio ns ns ns
wing length <0.0001 <0.0001 ns
fecundity <0.0001 <0.0001 ns
body mass males 0.0001 <0.0001 ns

body mass
females

<0.0001 <0.0001 <0.0001

C) Between sex comparison of body mass

Temperature Fo Cr
(°C)
18 <0.0001 <0.0001
28 <0.0001 <0.0001
32 <0.0001 <0.0001
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Appendix 4. Statistical analysis of adult longevity between strains and developmental
temperatures. Hazard ratios and long-rank p-values are reported for each comparison in
brackets. A) Within strain comparison; B) Between strain comparison; C) Between sex
comparison, Hazard Ratio (HR) is reported for males (M) and females (F).

A) Within strain comparison

Foshan Females
Developmental
Temperature 18°C 28°C 32°C
0.2335
18°C - 1.28 (ns) (<0.0001)
0.1984
28°C 0.7811 (ns) - (<0.0001)
5.041
32°C 4.283(<0.0001) (<0.0001) -
Foshan Males
Developmental
Temperature 18°C 28°C 32°C
0.4517
18°C - 0.9592 (ns) (<0.0001)
0.3627
28°C 1.043 (ns) - (<0.0001)
2.214 2.757
32°C (<0.0001) (<0.0001) -
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Crema Females

Developmental
Temperature 18°C 28°C 32°C
0.6036 0.04928
18°C - (<0.0001) (<0.0001)
1.657 0.08267
28°C (<0.0001) - (<0.0001)
20.29 12.10
32°C (<0.0001) (<0.0001) -
Crema Males
Developmental
Temperature 18°C 28°C 32°C
18°C - 0.7200 (0.0067) | 0.1560(<0.0001)
0.1111
28°C 1.389 (0.0067) - (<0.0001)
6.411 9.002
32°C (<0.0001) (<0.0001) -
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B) Between strain comparison

Females Fo vs Cr

Developmental
Temperature Fo Cr
2.822 0.3543
18°C (<0.0001) (<0.0001)
28°C 1.399 (0.0073) |0.7147 (0.0073)
32°C 0.8837 (ns) 1.132 (ns)
Males Fo vs Cr
Developmental
Temperature Fo Cr
18°C 1.183 (ns) 0.8451(ns)
28°C 0.8791(ns) 1.137 (ns)
0.3584
32°C (<0.0001) 2.790 0.0001)
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C) Between sex comparison

Developmental Fo Cr
Temperature
18°C ns HR F: 0.5071
HR M: 1.972
(<0.0001)
28°C ns HR F: 0.8065
HR M: 1.240
(<0.0001)
32°C HR F: 1.741 ns
HR M: 0.5744
(<0.0001)
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Appendix 5. P-values relative to the statistical analysis of thermal preference and knock-
down temperature data analysed within strain (A), between strain (B) and between sex
(C). In all the tables numbers correspond to the statistical test: (1) corresponds to
Kolmogorov-Smirnov test, whether (2) in A is Kruskal-Wallis test, and in B and C Mann
Whitney test.

A) Within strain comparison

Trait comparison Fo Cr
28 vs 18 ns (1,2) 10.0172 (1).0.0170 (2)
thermal preference (male) 28 vs 32 ns (1,2) [0.008 (1), 0.0043 (2)
32vs 18 ns (1,2) |ns(1,2)
28 vs 18 ns (1,2) |ns(1,2)
thermal preference (female) 28 vs 32 10.0125 (1) [ns (1,2)
32vs 18 ns (1,2) 10.0027 (1), 0.0139 (2)
28 vs 18 ns (2) 10.0029 (2)
knock-down temperature (male) | 28 vs 32 |0.0127 (2) [ns (2)
32vs 18 [0.0037 (2) |ns (2)
28vs18 | 000 1041 (2)
)
knOCk-d(();eVrI;;elgperamre 28 vs 32 <o.(g())01 ns (2)
32vs 18 ns(2) [ns(2)
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B) Between strain comparison

Trait 18°C 28°C 32°C
0.0272 (1)
thermal preference (male) ns 0.0198 (2) ns
0.0103 (1)
thermal preference (female) ns 0.0455 (2) -0.038 (2)
knock-down temperature (male) 0.0004 (2) ns ns
knock-down temperature (female) ns <0.0001 (2) ns
C) Between sex comparison
Trait 18°C 28°C 32°C
0.0303(1)
thermal preference (Fo) ns (1,2) 0.0169 (2) ns (1,2)
0.0054 (1)
thremal preference (Cr) ns (1,2) 0.0292 (2) ns (1,2)
knock-down temperature
(Fo) <0.0001 (2) ns (2) ns (2)
knock-down temperature
(Cr) 0.0068 (2) <0.0001 (2) <0.0001 (2)
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Appendix 6. P-values relative to the statistical analysis of water content and energy reserves. A) Within strain comparison with Kruskal-
Wallis test; B) Between strain comparison with Mann Whitney test. C) Comparison between sexes with Mann Whitney test.

A) Within strain comparison

Males Females
reserve type comparison Fo Cr Fo Cr
28 vs 18 ns ns 0.0012 ns
28 vs 32 <0.0001 <0.0001 <0.0001 <0.0001
water content 32vs 18 <0.0001 <0.0001 <0.0001 <0.0001
28 vs 18 <0.0001 0.0108 0.0002 0.0024
28 vs 32 0.0023 ns ns ns
protein content 32 vs 18 0.0098 ns 0.0044 <0.0001
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28 vs 18 ns ns ns 0.0151
28 vs 32 ns ns ns 0.0104

glycogen content 32vs 18 <0.0001 ns ns ns
28 vs 18 ns ns <0.0001 <0.0001
28 vs 32 0.0128 0.0001 <0.0001 <0.0001

total lipids content 32 vs 18 ns 0.0013 ns ns
28 vs 18 ns ns 0.0002 0.0004

28 vs 32 ns ns <0.0001 ns

triglyceride content 32 vs 18 ns ns ns ns
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B) Between strain comparison

Males 18°C 28°C 32°C
water content ns ns ns
protein content ns ns ns
glycogen content 0.0042 ns 0.0035
total lipids content ns ns 0.0286
triglyceride content ns ns ns
Females 18°C 28°C 32°C
water content ns 0.0034 0.0264
protein content 0.0226 0.0043 0.0318
glycogen content 0.0001 0.0001 ns
total lipids content ns ns 0.0075
triglyceride content ns ns ns
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C) Between sex comparison

Foshan 18°C 28°C 32°C
Water content ns 0.0023 ns
Protein content ns 0.0328 ns
Glycogen ns 0.003 0.0127
Total Lipids ns 0.0001 ns
Triglycerides <0.0001 ns 0.0065
Crema 18°C 28°C 32°C
Water content ns ns 0.0126
Protein 0.0014 0.0044 ns
Glycogen ns ns ns
Total Lipids 0.0021 0.0302 ns
Triglycerides <0.0001 ns <0.0001
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Appendix 7. ANOVA analysis. Source of variation, degrees of freedom (df), Mean
Squares (MS), F ratio (F), p-value (p) and percentage of variation (% of total variation)
are reported.

egg hatchability rate

source of SS DF | MS F (DFn, DFd) P value % of
variation total
variation

temperature x | 318.9 2 159.4 F (2,39)=0.5918 P=0.5582 2.392
strain

temperature 2647 2 1324 F (2,39)=4.912 P=0.0125 19.86
strain 19.01 1 19.01 F (1,39)=0.07054 | P=0.7919 0.1426
Residual 10508 39 | 2694
egg hatching time
source of SS DF | MS F (DFn, DFd) P value % of
variation total
variation

temperature x | 99.06 2 49.53 F(2,39)=12.01 P<0.0001 12.98
strain

temperature 510.7 2 255.3 F(2,39)=61.94 P<0.0001 66.91

strain 4.079 1 4.079 F(1,39)=0.9894 | P=0.3260 0.5344

Residual 160.8 39 | 4.122

larval viability

source of SS DF | MS F (DFn, DFd) P value % of
variation total
variation
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temperature x | 1880 2 940 F (2,39)=10.61 P=0.0002 23.38
strain
temperature 859.6 2 429.8 F (2,39)=4.851 P=0.0131 10.69
strain 1806 1 1806 F (1,39)=20.38 P<0.0001 22.45
Residual 3456 39 | 88.6

larval developmental time
source of SS DF | MS F (DFn, DFd) P value % of
variation total

variation

temperature x | 13.64 2 6.821 F (2,39)=2.898 P=0.0671 1.151
strain
temperature 1063 2 531.3 F (2,39)=225.8 P<0.0001 89.63
strain 10.19 1 10.19 F (1,39)=4.332 P=0.0440 0.8598
Residual 91.78 39 | 2353

pupal developmental time
source of SS DF | MS F (DFn, DFd) P value % of
variation total

variation

temperature x | 0.9577 2 0.4788 | F(2,39)=1.661 P=0.2031 0.7849
strain
temperature 106.5 2 53.27 F (2,39)=184.8 P<0.0001 87.31
strain 1.021 1 1.021 F (1,39)=3.543 P=0.0673 0.837
Residual 11.24 39 | 0.2883
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developmental speed

source of SS DF | MS F (DFn, DFd) P value % of
variation total
variation
temperature x | 165.1 2 82.57 F (2,39)=15.28 P<0.0001 3,626
strain
temperature 4182 2 2091 F (2,39)=387.1 P<0.0001 91,82
strain 4.769 1 4.769 F (1,39)=0.8828 P=0.3532 0,1047
Residual 210.7 39 | 5.402
sex ratio
source of SS DF | MS F (DFn, DFd) P value % of
variation total
variation
temperature x | 148.7 2 74.34 F (2,39)=0.7542 | P=0.4771 2.834
strain
temperature 418 2 209 F (2,39)=2.120 P=0.1336 7.967
strain 839.4 1 839.4 F (1,39)=8.515 P=0.0058 16
Residual 3844 39 | 98.57
wing length
source of SS DF | MS F (DFn, DFd) P value % of
variation total
variation
temperature x | 0.7339 2 0.367 F(2,174)=15.76 | P<0.0001 3.667

strain
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temperature 12.52 2 6.261 F (2,174)=268.9 P<0.0001 62.56
strain 2.708 1 2.708 F(1,174)=116.3 P<0.0001 13.53
Residual 4.051 17 ] 0.0232
4 8
body mass
source of SS DF | MS F (DFn, DFd) P value % of
variation total
variation
temperature 8.906 2 4.453 F (2, 288)=50.86 P<0.0001 9.242
sex 33.58 1 33.58 F (1,288)=383.5 P<0.0001 34.85
strain 2.938 1 2.938 F (1, 288)=33.56 P<0.0001 3.049
temperature x | 4.123 2 2.062 F (2, 288)=23.55 P<0.0001 4.279
sex
temperature x | 19.39 2 9.697 F (2,288)=110.8 P<0.0001 20.12
strain
sex X strain 0.2117 1 0.2117 | F(1,288)=2.418 P=0.1210 0.2197
temperature x | 1.999 2 0.9995 | F(2,288)=11.42 P<0.0001 2.074
sex X strain
28 | 0.0875
Residual 25.22 8 5
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Appendix 8. Regression analysis of larval and pupal developmental rate to test
developmental isomorphy. In table 8A the slope (b) is reported for each line with the
reative p-value. On table 8B the p-values relative to the comparison of slopes (b) and
elevations (p-value) within and between strains are reported.

A) Regression analysis

Strain DR b p-value
Fo LDR 0.01376 0.0314
Cr LDR 0.005954 | <0.0001
Fo PDR 0.002975 | <0.0001
Cr PDR 0.002683 | <0.0001

Fo LDR/PDR | 0.002462 ns

Cr LDR/PDR |-0.005419| 0.0029

B) Comparisons

Comparison b (p-value) ele‘:;tll:::) (p-
Fo LDR Fo PDR ns <0.0001
Cr LDR Cr PDR <0.0001 -
Fo LDR Cr LDR ns ns
Fo PDR Cr PDR ns ns
Fo LDR/PDR | Cr LDR/PDR 0.0043 -
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Appendix 9. List of top candidate genes. A) Genes with a value of differential

expression (shown in Log2FC) higher or lower than 5 in mosquitoes reared at 18°C

with respect to mosquitoes reared at standard conditions. B) Genes with a value of
differential expression (shown in Log2FC) higher or lower than 5 in mosquitoes reared
at 32°C with respect to mosquitoes reared at standard conditions.

A) List of top candidate genes at 18°C

Larvae Adults

Gene ID Function Fo Cr Gene ID Function Fo Cr
AALFPA . . AALFPA .

cuticle protein- - serine protease - -
080355 like 10.590 | 2.685 062552 SP24D-like 11.368 | 3.046
AALFPA . AALFPA .

unspecified Inositol -
065121 product -9.826 | 3.119 044453 oxygenase -7.753 | 1.425
AALFPA . . AALFPA

cuticle protein -
062399 16.5-like -9.704 | 2.059 080186 trypsin 3Al-like | -7.216 | 1.824
AALFPA , AALFpA | famesol

larval cuticle dehydrogenase-
074501 protein A2B-like -9.082 | 2.722 065751 like -6.978 | 0.701
AALFPA AALFpA | carbonic

anhydrase 1- -

071917 uncharacterized -9.006 | 2.827 044000 like -6.606 | 1.693
AALFPA . AALFPA

larval cuticle -
044756 protein A2B-like -9.002 | 2.542 067529 uncharacterized -6.558 | 1.692
AALFPA . AALFPA

pupal cuticle -
052150 protein-like -8.676 | 2.810 051416 uncharacterized -6.529 | 1.386
AALFPA | . AALFpA | Gly-rich

cuticle protein secreted -
045746 16.5-like -7.926 | 2.361 063370 | peptide -6.359 | 1.797
AALFPA AALFPA

unspecified unspecified -
067881 product -7.827 | 2.017 060167 product -6.275 1.206
AALFPA AALFPA
079249 uncharacterized -7.766 | 2.148 041080 uncharacterized -6.139 | 2.470
AALFpA | Paternally- AALFPA .

expressed gene 3 unspecified -
055643 protein-like -7.623 | 1.648 041513 product -5.975 | 1.358
AALFPA , AALFpA | Pancreatic

unspecified triacylglycerol -
~ 070917 product -7.520 | 2.426 079107 lipase-like -5.794 1.593
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AALFPA . . AALFPA L
cuticle protein Dynein light
066896 16.5-like -7.298 | 2.027 045141 chain roadblock -5.721 | 0.929
AALFPA
cuticle protein 63- AALFPA -
055471 like -6.950 | 2.415 049482 uncharacterized -5.629 | 2.969
AALFPA | _ AALFpA | famesol
cuticle protein- dehydrogenase- -
_ 056086 | like -6.879 | 2.871 _055005 like -5.527 | 0.642
AALFPA . AALFPA
zinc finger -
044519 | protein 512B-like -6.876 | 1.649 055680 | laminutes Dm0 -5.525 | 1.620
AALFPA . AALFPA | 37 kDa salivary
proline-rich gland allergen -
_ 063605 | protein 4-like -6.863 | 1.524 _ 066967 | Aeda2-like -5.459 | 1.632
AALFPA . . AALFPA
cuticle protein 38- -
_ 073053 like -6.477 | 2.454 _ 054623 uncharacterized -5.419 | 1.059
AALFPA . AALFPA
unspecified -
044846 | product -6.430 | 2.117 072741 Obp56 -5.359 | 1.746
AALFPA . . AALFPA L
cuticle protein- E3 ubiquitin- -
_ 060891 like -6.400 | 2.873 _071576 | protein ligase -5.260 | 1.960
AALFPA AALFPA .
serine protease -
075258 | uncharacterized -6.305 | 2.744 046183 SP24D-like -5.258 | 3.226
AALFPA . . AALFPA
cuticle protein L-xylulose -
067435 21.3-like -6.295 | 1.951 052320 | reductase-like -5.225 | 1.225
AALFPA . . AALFPA
cuticle protein 65- -
049555 like -6.273 | 3.561 _ 075088 | uncharacterized -5.055 | 2.211
AALFPA . . AALFPA
cuticle protein -
052832 16.5-like -6.116 | 2.697 059047 | uncharacterized -5.034 | 5.302
AALFPA AALFPA | Survival motor
cuticle protein- neuron protein- -
062182 like -5.974 | 1.850 042658 like -5.007 | 2.980
Putative
mitochondrial
AALFPA | . AALFpA | fe-s cluster
cuticle protein biosynthesis -
054459 16.5-like -5.923 | 2.159 072393 protein isa2 -1.309 | 8.290
AALFpA | floceulation AALFPA |
protein FLO11- - aminopeptidase -
073284 | like -5.655 | 5.879 044057 | N-like 5.162 | 4.249
unspecified -
AALFPA | product -5.601 | 1.804 AALFPA | uncharacterized 5.305 | 4.251
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051090 073757
AALFPA . . AALFPA .
cuticle protein hexamerin-1.1-
048337 CP14.6-like -5.507 | 2.297 073049 like 5.382 | 6.670
AALFPA . . AALFPA
cuticle protein
077368 16.5-like -5.303 | 2.030 057174 | hexamerin-1.1 5434 | 3.934
AALFPA . . AALFPA
Putative cuticular
073745 protein 62bb -5.285 | 1.682 075990 | trypsin-like 5.450 | 4.825
AALFPA AALFPA .
phospholipase
064564 uncharacterized -5.279 | 1.929 045267 Al VesT1.02 5.590 | 2.807
AALFPA . . AALFPA
cuticle protein 64-
059328 like -5.202 | 5.256 048823 lachesin-like 5.620 | 2.563
AALFPA . AALFPA .
mantle protein- chymotrypsin-
048782 like -5.078 | 1.477 053598 2-like 6.119 | 2.766
AALFPA AALFPA .
- unspecified
070466 uncharacterized -5.066 | 4.062 070269 product 6.162 | 2.077
AALFpA | LM domain- AALFPA
containing protein
079952 | A-like -5.060 | 1.653 069626 | uncharacterized 6.317 | 3.360
AALFPA AALFPA .
unspecified
051922 uncharacterized -5.056 | 2.567 054839 product 6.425 | 4.701
AALFPA AALFPA .
trypsin alpha-3-
077829 | pro-resilin -5.037 | 1.504 045163 like 6.510 | 2.266
AALFpA | leucine-rich - AALFPA
repeat extensin- -
054347 like protein 5 -3.527 | 6.644 066112 trypsin-1-like 6.797 | 3.791
AALFpPA | leucine-rich - AALFPA
repeat extensin- -
075262 like protein 5 -2.689 | 5.537 058409 trypsin-1-like 7.046 | 5.098
AALFPA AALFPA .
- unspecified
041237 uncharacterized -2.372 | 8.625 065448 product 7.467 | 3.888
AALFPA AALFpA | Putative GPI-
- anchored
044172 uncharacterized -2.136 | 7.424 066631 protein pfl2 7.830 | 4.488
AALFPA AALFPA transmembrgne
- protease serine
065443 uncharacterized -1.962 | 6.201 059094 11D-like 7.873 | 4.514
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AALFPA | Zinc .

carboxypeptidase- -
046919 like -1.806 | 5.044
AALEPA unspecified
067970 | product -1.764 | 7.016
AALFPA O-acyltransferase -
049278 like protein-like 0.987 | 5.650

B) List of top candidate genes st 32°C
Larvae Adults

Gene ID | Function Fo Cr Gene ID | Function Fo Cr
AALFP | Ul small AALFP
A nuclear ) A SHC-

ribonucleoprotei 9.627 -9-36 transforming 7.38
072959 | nC 069919 | protein 4-like 4 -7.72

heavy metal-

AALFP | zinc finger and AALFP | associated
A BTB domain- - - A isoprenylated - -

containing 5.83 | 6.03 plant protein 6.94 | 5.33
041193 | protein 24-like 1 2 080800 | 32-like 4 8
AALFP AALFP
A uncharacterized - - A

protein 228 | 5.99 heat shock 7321 464
059841 | F12A10.7-like 5 1 059756 | protein 70 Al
AALFP | Ul small AALFP
A nuclear ) _2 9| s _92 A

ribonucleoprotei ' 6 '1 uncharacterize | 5.15
066268 | nC 069379 | d 6 3.16
AALFP . AALFP
A phenoloxidase- - - A i

;fﬁ;{/:tmg factor | 5 61 313 f3 unspecified 9.55 | 5.28
066686 053309 | product 4 4
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AALFP AALFP
A ) - A small subunit
uncharacterized | 7.69 4.589 ribosomal 505 | 941
063231 070951 | RNA 3 5
AALFP i
A cut}cle protein 556 | 304
5-like )
047351
AALFP i
A uncharacterized 5.30 ! g ?
075119 >
AALFP i
A uncharacterized | 6.13 ! 96 6
041319 >
AALFP | cytadherence i
A high molecular 1.75
. . 5.57
weight protein 5 2
062937 | 1-like
iALFP histidine-rich -
glycoprotein- 5.52 | 2.07
like 3
064909
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Appendix 10. GO enrichment of genes differentially expressed in each strain at either 18°C or 32°C with respect to expression at 28°C;
genes differentially expressed between the two strains at 28 were excluded. Molecular Function/Biological Process/Cellular
Component, GO ID, GO description, adjust p-value (p.adjust), Fold Enrichment (FE) and Regulation are reported for each strain, life
stage and temperature.

Strain | Life Temperature | MF/BP/CC | GO ID Description p-adjust | FE Regulation
stage
Fo adults 18 MF GO:0017171 serine hydrolase activity 0.023 6.668 UP
MF GO0:0005319 lipid transporter activity 0.036 42365 | UP
BP GO:1901565 organonitrogen compound | 0.019 5.981 DOWN

catabolic process

BP GO:0006099 tricarboxylic acid cycle 0.025 26.595 | DOWN
MF G0O:0005549 odorant binding 0.009 6.446 DOWN
32 MF G0:0016798 hydrolase activity, acting on | 0.016 31.471 | UP
glycosyl bonds
MF GO:0016887 | ATP hydrolysis activity 0.0002 | 47.376 | DOWN
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larvae 18 CC GO:0005576 extracellular region 0.008 4.7542 | DOWN
MF G0:0042302 structural constituent of 3.0891e- | 17.278 | DOWN
cuticle 11
MF GO:0008061 chitin binding 0.032 8.7032 | DOWN
32 MF GO0O:0016798 hydrolase activity, acting on | 0.020 14.752 | DOWN
glycosyl bonds
Cr adults 18 BP GO:0006869 lipid transport 0.021 22.004 | UP
MF G0:0004252 serine-type endopeptidase 0.0002 12.457 | UP
activity
MF GO0O:0005319 lipid transporter activity 0.003 75.316 | UP
BP GO:1901565 organonitrogen compound | 0.019 15.807 | DOWN
catabolic process
MF GO:0005549 odorant binding 0.011 14.565 | DOWN
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32 MF GO:0008194 UDP-glycosyltransferase 0.044 89.918 | UP
activity
MF GO:0016887 ATP hydrolysis activity 0.0005 | 40.608 | DOWN
larvae 18 MF GO0:0042302 structural constituent of 6.194e- | 19.198 | UP
cuticle 08
MF G0O:0000981 DNA-binding transcription | 0.013 18.132 | UP
factor activity, RNA
polymerase II-specific
BP G0:0030203 glycosaminoglycan 0.014 69.973 | DOWN
metabolic process
CcC GO:0005576 extracellular region 0.0004 | 9.508 DOWN
MF G0O:0061783 peptidoglycan muralytic 0.0002 | 75.531 | DOWN
activity
MF GO0:0008061 chitin binding 0.0007 13.055 | DOWN
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MF G0:0052689 carboxylic ester hydrolase 0.036 12.440 | DOWN
activity
32 BP GO:0005975 carbohydrate metabolic 0.035 28.678 | UP
process
MF GO0:0004553 | hydrolase activity, 0.039 50.644 | UP

hydrolyzing O-glycosyl
compounds
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Appendix 11. List of immunity genes [191] that were differentially expressed in each strain at either 18°C or 32°C with respect to
expression at 28°C; genes differentially expressed between the two strains at 28°C were excluded. Expression is reported as FC.

Gene stage of
Strain gene_ID family Function DE FC 32°C FC 18°C Regulation

Cr | AALFPA 055424 | SRPN leukocyte elastase inhibitor-like Adult |-3.669236764 | -11.76190632 | down 18
Cr | AALFPA 051777 | CLIP phenoloxidase-activating factor 3-like Adult |-2.709149484 | -4.408873245 | down 18
Cr | AALFPA 046680 | SRPN serpin B11-like Adult | 1.705403355 | -5.29327277 | down 18
Cr | AALFPA 075590 | CLIP cHr domain_conztflliif: g serine protease Adulp | “H28471724 | -2.559088428 | 030
Cr | AALFPA 044164 | CTL lectin subunit alpha-like Adult |-9.028585627 | -2.515368902 | down 32
Cr | AALFPA 041070 | CLIP phenoloxidase-activating factor 3-like Adult | -4.514730904 | -2.651630955 | down 32
Cr | AALFPA 055479 | FREP | microfibril-associated glycoprotein 4-like | Adult ~4.163220583 | 8.664827329 d?lvgnl?éz,
Cr | AALFPA 068519 | FREP | microfibril-associated glycoprotein 4-like | Adult | -2.989242626 | 4.553708683 up 18
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Cr | AALFPA 053911 | TOLL toll-like receptor Tollo Adult | 41.27653608 | 87.9071739 up both
. 8.866981097 | -8.646522384 | P 3%
Fo | AALFPA 065006 | AMP defensin-A Adult down 18
Fo | AALFPA 053911 | TOLL toll-like receptor Tollo Adult | -2.121169633 | 4.158130394 up 18
Cr | AALFPA 064920 | CTL perlucin-like Larvae |-3.906103021 | -21.53482956 | down 18
Cr | AALFPA 048664 | AMP attacin-B-like Larvae | -5.112220274 | 2.707428052 | down 32
Cr | AALFPA 072775 | CLIP serine protease grass-like Larvae | -4.858496737 | -3.136618352 | down 32
Cr | AALFPA 054823 | AMP attacin-B-like Larvae | 18.02940649 1 5.98434355 d(l).lvgnl 22’
Cr | AALFPA 068519 | FREP | microfibril-associated glycoprotein 4-like | Larvae | -2.745406922 | 4.796060973 up 18
Cr | AALFPA 050924 | TOLL toll-like receptor Tollo Larvae | 3.197051535 | 4.644717977 up 18
Cr | AALFPA 052084 | TOLL toll-like receptor Tollo Larvae | 5.871837325 | 7.42361041 up both
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Cr | AALFPA 053911 | TOLL toll-like receptor Tollo Larvae | 55.83899226 | 97.85597241 up both
Cr | AALFPA 063239 | TOLL toll-like receptor Tollo Larvae | 37.94258325 | 37.96889216 up both
Fo | AALFPA 055050 | ML e intraceélﬁgﬁlg?: ée;:[fiﬁzl rnsportet Larvae -2.074192798 | -4.732622994 down 18
Fo | AALFPA 065926 | CLIP uncharacterized LOC109420638 Larvae | 1.936116815 | -6.376876761 | down 18
Fo | AALFPA 058307 | LYS lysozyme-like Larvae | 3.494829322 | -10.34004099 | down 18
Fo | AALFPA 068519 | CLIP | microfibril-associated glycoprotein 4-like | Larvae | -10.70208509 | 3.736040255 | down 32
Fo | AALFPA 057926 | ML e intracellglfoilgllce);tzml rnporet Larvae | 10.03403521 ) -3.252163974 down 32
Fo | AALFPA 067720 | CTL uncharacterized LOC109427308 Larvae | -10.0185374 | -3.234135221 | down 32
Fo | AALFPA 077120 | CTL C-type lectin 37Da-like Larvae | -6.558927827 | 1.890202761 | down 32
Fo | AALFPA 058943 | LYS Lysozyme Larvae | -6.088386727 | 3.861718492 | down 32
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Fo | AALFPA 076898 | SPZ neurotrophin 1 Larvae | -4.967327955 | -3.734849217 | down 32

Fo | AALFPA 044859 | AMP defensin-C Larvae | -4.950176617 | 2.850302422 | down 32

Fo | AALFPA 055479 | FREP | microfibril-associated glycoprotein 4-like | Larvae -7.267504199 | 4.550351522 d(:.l\;nl éz’

Fo | AALFPA 059265 | SPZ protein spaetzle 4 Larvae | -62.27883275 | -9.242736154 | down both
Fo | AALFPA 068846 | CTL uncharacterized LOC109422059 Larvae | -34.81651749 | -11.16537654 | down both
Fo | AALFPA 070769 | PRDX uncharacterized LOC109622683 Larvae | -24.43894327 | -5.525595677 | down both
Fo | AALFPA 062412 | PRDX uncharacterized LOC109398465 Larvae | -16.59503768 | -8.6704688 | down both
Fo | AALFPA 062736 | PRDX Peroxidase Larvae | -9.509701124 | -9.581357012 | down both
Fo | AALFPA 044965 | CASP caspase-1-like Larvae | -8.498746085 | -4.57645343 | down both
Fo | AALFPA 049308 | GALE galectin-8-like Larvae | -8.170645165 | -12.6619702 | down both
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NPC intracellular cholesterol transporter

-5.030145042

-6.24659502

Fo | AALFPA 055241 | ML 2 homolog a-like Larvae down both
NPC intracellular cholesterol transporter

Fo | AALFPA 078160 | ML 2 homolog a-like Larva | 815381164 1-6.077255723 | 4 both

Fo | AALFPA 079815 | CLIP protein masquerade Larvae | -4.510539491 | -4.627650789 | down both

Fo | AALFPA 055449 | PRDX Peroxidase Larvae | -4.460977897 | -9.982215157 | down both

Fo | AALFPA 048664 | AMP attacin-B-like Larvae | -2.986260456 | 4.368406161 up 18
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Appendix 12. Wolbachia relative abundance (QHTH/qwALlDb) statistics. A) Densities and standard deviations; B) Within strain (Kruskal-

Wallis test); C) Between strain (Mann Whitney test); P-values are reported for each comparison

A) Relative abundance

Temperature | Density wAlbA | Density wAlbA | Density wAlbB | Density wAIbB
Stage €O Fo Cr Fo Cr
18 0.0495+0.057 0.110+0.083 0.0243+0.023 0.465+0.329
Larva 28 0.0952+0.090 0.174+0.106 0.142+0.112 0.1168+0.075
32 0.0061+0.020 0.1653+0.263 0.0735+0.057 0.1676+0.135
18 0.468+0.750 1.42+2.262 0.251+0.359 2.05+2.806
ovaries d0 28 1.20+£2.779 0.0012+0.003 0.732+2.077 0.1668+02.525
32 0.0646+0.143 0.0265+0.099 0.0049+0.017 0.4370+1.003
18 2.08+1.006 2.70+1.686 0.640+0.511 2.17+1.449
ovaries d7
28 16.6+14.495 14.1804£10.784 | 3.120+2.554 3.3665+2.457

128




32 6.2391£10.395 | 3.3712+6.9027 | 1.7103:2.0382 | 0.5083:0.589

18 6.57+3.074 3.3742.141 6.04+2.766 | 2.72+2.140
g‘l’;r_ilej 28 20.6£16.747 | 16.5296+17.639 | 630+11.739 | 3.6933+2.832

32 10.9541+13.182 | 12.7021+12.298 | 3.5686+5.416 | 2.7816+2.547
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B) Within strain

Comparison p-value — p-value -
Strain|Stage “O) wAlbA wAlbB
28 vs 18 ns <0.0001
Fo 28 vs 32 ns ns
32vs 18 ns 0.0305
larva
28 vs 18 ns <0.0001
Cr 28 vs 32 ns ns
32vs 18 ns 0.0013
28 vs 18 ns ns
Fo 28 vs 32 ns ns
32vs 18 0.0222 <0.0001
ovaries dO
28 vs 18 0.0006 <0.0001
Cr 28 vs 32 ns ns
32vs 18 0.001 0.0021
28 vs 18 ns 0.0097
Fo ovaries d7 28 vs 32 ns ns
32vs 18 ns ns
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Cr

28 vs 18

ns

ns

28 vs 32

0.0002

0.0001

32vs 18

ns

0.0032

Fo

Cr

ovaries d12-14

28 vs 18

ns

ns

28 vs 32

ns

ns

32vs 18

ns

0.0211

28 vs 18

ns

ns

28 vs 32

ns

ns

32 vs 18

ns

ns
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C) Between strain

Temperature |p-value- |p-value—
Stage ©O) wAlbA wAlbB

18 0.0189 <0.0001

Larva 28 0.0256 ns
32 0.0184 0.0185
18 ns 0.0014

ovaries dO 28 0.0187 ns
32 ns 0.0469
18 ns 0.0005

ovaries d7 28 ns ns
32 ns 0.0435
18 0.0019 0.0003

(()1\1/3r-ile Z 28 ns ns

32 ns ns
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Appendix 13. R scripts

A) Deseq?2 script

B)

library("DESeq2")

library("dplyr")

count <- read.csv('count.csv', header = TRUE, sep =",")
metadata <- read.csv(‘'metadata.csv', header = TRUE, sep =",")
df1 <- mutate if(count, is.numeric, round)

rownames(dfl)<- df1$gene id

df1<- as.matrix(df1[,-1])

df2<- metadata[-1]

rownames(df2)<- metadata$Sample_id

df2[,colnames(df2)]<- lapply(df2[,colnames(df2)], factor)

dds <- DESeqDataSetFromMatrix(countData = df1, colData = df2, design =
~Strain)

ddsDESeq <- DESeq(dds)

res <- results(ddsDESeq)

write.csv(res, "DESeq.csv", row.names=TRUE)

Raincloud plots script for Figure 12, example females

library(ggplot2)

library(ggdist)

gegplot(FEMALES Fo_Cr, aes(females, Tp, fill=females, color=females))+
scale y continuous(n.breaks=9)+

scale x_discrete(expand=c(0,-5))+

stat_halfeye(alpha=0.7, justification=-0.2, adjust=0.4,
position=position_dodge(0.5), width=.9)+

scale color manual(values=c("#99FF99",
"#0CB702","#CCCCCC","#666666", "palevioletred1","violetred3"))+
geom_boxplot(width=0.4, alpha=0.2, position = "identity") +
scale_fill_manual(values=c("#99FF99", "#0CB702","#CCCCCC","#666666",
"palevioletred1","violetred3"))+

geom_dotplot(binaxis="y", dotsize=0.3, stackdir="center") +

theme bw()+

coord flip()+

labs(y= "Thermal gradient (°C)", x = "temperature (°C)")+

—n

theme(legend.position = "none")
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C) Pearson’s correlation test script for Figure 15, example wing length Fo

if(!require(devtools)) install.packages("devtools")
devtools::install github("kassambara/ggpubr")
library("ggpubr")

x<-correlation$temp

y<-correlation$wing_fo

cor.test(X, y, method=c("pearson"))
ggscatter(correlation, x = "temp", y = "wing__ fo",
add = "reg.line", conf.int = TRUE,

cor.coef = TRUE, cor.method = "pearson",

xlab = "temperature", ylab = "wing length (mm)"),
color = "red",

palette = "jco", ylim=c(0,5))

D) PCA script for Figures 16-17-18, example Fig.16

library(factoextra)

library(ggpubr)

library(tidyverse)

table full data <-read.csv("aalbo.traits.table.txt", sep="\t",
comment.char="#", header=TRUE);

table 1<-table full data %>% select(3,4,5,6,7,8,23,24,25);

table 1[is.na(table 1)] <- 0;

pca table 1 <- prcomp(table 1, scale = TRUE);

pdf("pca.1.pdf", width =11, height =9, useDingbats = FALSE )

fviz_pca biplot(pca table 1, obs.scale =1, var.scale =1,

alpha.var ="contrib", col.var = "black", geom="point", addEllipses = FALSE) +
geom_point(aes(shape=factor(table full data$strain),colour=factor(table full
data$temp)), size=6) +

scale color manual(values=c("green3","grey37","violetred3")) +

guides(shape = guide legend(title = "Strain"), colour = guide legend(title =
"Temperature"), alpha = guide legend(title = "PC contribution (%)"))

dev.off()

E) Venn diagram script for Figure 19
if (Irequire(devtools)) install.packages("devtools")
devtools::install _github("yanlinlin82/ggvenn")
library(ggvenn)
Y <- list('cral8' =cral8, 'cra32'=cra32, 'foal8'=foals, 'foa32'=foa32)
ggvenn(Y, fill color = c("#99ff99", "palevioletred1", "#009900", "violetred3"),
stroke size = (.5, set name size = 4)
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F) Ggplot script for Figure 19, examples of adults at 18°C and adults at 32°C

library(tidyverse)
library(ggplot2)
library(tidyverse)
library(ggplot2)

#adults 18
ggplot(data = A18 , aes(x =FoLog2FC, y =CrLog2FC,color
=Regulation,shape=Regulation)) +
geom_point(size=2)+scale shape manual(values=c(16,16,16,3,15,15,17))+
scale color manual(values=c("#000000","#104E8B","#FF0000","#CDCDC1",
"#000000", "#FF0000", "#FFOOCC" ))+ xlab("Foshan") +ylab("Crema")+
geom_hline(yintercept=0,color="white",size=1.2)+
geom_vline(xintercept=0,color="white",size=1.2)

#adults32

ggplot(data = A32 , aes(x =FoLog2FC, y =CrLog2FC,color
=Regulation,shape=Regulation)) +
geom_point(size=2)+scale shape manual(values=c(16,16,16,17,3,15,15,15,17)
)t+scale color manual(values=c("#000000","#104E8B",
"#FF0000","#33CCFF" , "#CDCDC1","#000000", "#104E8B","#FF0000",
"#FFOOCC" ))+ xlab("Foshan") + ylab("Crema" )+
geom_hline(yintercept=0,color="white",size=1.2)+
geom_vline(xintercept=0,color="white",size=1.2)

G) Ggplot for Figures 20 and 21

library(ggplot2)

library(tidyr)

library(scales)

df <- read.table(file="C:\\Users\\...\\...\\tab1.txt', header=TRUE, sep = "\t")
geplot(df, aes(x= Description)) +

geom_bar(aes(y =FE, fill = ONTOLOGY), stat="identity") +

scale fill manual(values=c("#990033", "#FFFF00"))+

labs(y ="FE", fill="Description") +

facet grid(~DEG TYPE) +

coord_flip()
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Appendix 14. NextFlow (nf-core/rnaseq) pipeline

nextflow run nf-core/rnaseq \

--input /mnt/das/users_data/carlassara/nextflow/samples.csv \

--fasta /ngs-
data/share ref/bundle/current/Aedes albopictus/AlbCanu/Nextflow genome/V
ectorBase-55_AalbopictusFoshanFPA_Genome.fasta \

--gff /ngs-
data/share ref/bundle/current/Aedes albopictus/AlbCanu/Nextflow genome/V
ectorBase-55 AalbopictusFoshanFPA.gff\

--outdir /mnt/das/users_data/carlassara/nextflow/ \

-profile singularity \

--pseudo_aligner salmon \

--max_cpus 4\

--max_memory 64.GB | tee
/mnt/das/users_data/carlassara/nextflow/rnaseq_nextflow_pipeline.myJob.LIV
E _REPORT.log
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