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Abstract

While transgenerational plasticity may buffer ectotherms to warming and pesticides
separately, it remains unknown how combined exposure to warming and pesticides in the
parental generation shapes the vulnerability to these stressors in the offspring. We studied the
transgenerational effects of single and combined exposure to warming (4°C increase) and the
pesticide chlorpyrifos on life history traits of the vector mosquito Culex pipiens. Parental
exposure to a single stressor, either warming or the pesticide, had negative effects on the
offspring: both parental exposure to warming and to the pesticide resulted in an overall lower
offspring survival, and a delayed offspring metamorphosis. Parental exposure to a single
stressor did, however, not alter the vulnerability of the offspring to the same stressor in terms
of survival. Parental pesticide exposure resulted in larger offspring when the offspring
experienced the same stressor as the parents. Within both the parental and offspring
generations, warming made the pesticide more toxic in terms of survival. Yet, this synergism
disappeared in the offspring of parents exposed to both stressors simultaneously because in
this condition the pesticide was already more lethal at the lower temperature. Our results
indicate that transgenerational effects will not increase the ability of this vector species to
deal with pesticides in a warming world. Bifactorial transgenerational experiments are crucial
to understand the combined impact of warming and pesticides across generations, hence to

assess the efficacy of vector control in a warming world.

Key words: carry-over effects, global warming, multiple stressors, pollution, synergism,

transgenerational plasticity, vector control
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Introduction

A crucial factor that will determine the outcome of pest control programs in a warming world
is whether vector species will change their tolerance to pesticides and to warming across
generations. While it is well documented that this can happen through rapid evolution (e.g.
Hemingway et al. 2002; Koella et al. 2012; Liu 2015), this is much less studied for the
potentially more rapid non-genetic changes in tolerance due to transgenerational, plastic
effects (Hariprasad and Shetty 2017; Prud’homme et al. 2017). Both mechanisms are linked
as adaptive phenotypic plasticity may buy additional time for adaptation to occur and may
provide a mechanism for adaptation to occur rapidly (Ghalambor et al. 2007; Stoks et al.

2016).

Transgenerational effects occur through non-genetic parental effects, whereby
environmental conditions experienced by the parental generation influence the phenotype of
subsequent generations . Both maternal (e.g. Shama et al. 2014; Storm and Lima 2010) and
paternal effects (e.g. Bonduriansky and Day 2009; Bonduriansky and Head 2007) have been
described. Mechanisms of non-genetic inheritance that alter the phenotypes of offspring
include maternal and paternal provisioning (Curley et al. 2011) such as the transfer of
nutrients from mother to offspring, epigenetic changes (Bonduriansky et al. 2012; Ho and
Burggren 2010; Munday 2014) and gamete plasticity (Jensen et al. 2014).

Transgenerational effects have been described both in response to warming (e.g.
Munday 2014; Salinas and Munch 2012; Shama et al. 2014) and to pesticide exposure (e.g.
Brausch and Salice 2011; Kim et al. 2014) and raise the concern whether we can reliably
predict the biological impact of these stressors based on single-generation experiments (Kim
et al. 2014; Yu et al. 2016). Indeed, transgenerational effects can make offspring both more

(e.g. Polkki et al. 2012; Schultz et al. 2016) or less (e.g. Brausch and Salice 2011; Kim et al.
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2014; Reétegui-Zirena et al. 2017) vulnerable to stressors compared to the parental
generation. The emerging view based on recent empirical studies on warming is that
transgenerational plasticity may buffer the negative effects of warming on ectotherms
(Munday 2014; Shama et al. 2014), yet this may be biased because of methodological
weaknesses in the design of the studies (Kielland et al. 2017).

An important phenomenon when assessing the impact of pesticides in a warming
world is that many pesticides become more toxic under warming (Holmstrup et al. 2010;
Liess et al. 2016; Noyes et al. 2009; Noyes and Lema 2015), making pest control potentially
more efficient. Yet, no studies have explored how combined exposure to warming and
pesticides in the parental generation shapes the vulnerability to these stressors in the
offspring. Such studies are much needed to address key questions relevant for pest control
such as whether the typical synergistic effects between both stressors bridge generations and
if so whether the synergism is modulated when offspring are exposed to the same stressor
combination. More generally, transgenerational experiments typically considered one stressor
and none manipulated two stressors in a full factorial way in both the parental and the
offspring generation limiting our insight in how effects of stressor interactions change across
generations.

We investigated the transgenerational effects of single and combined warming and
pesticide exposure on a vector mosquito where both the parental and the offspring
generations were exposed to both stressors in a full factorial design. We addressed the
following three questions about transgenerational effects: Does parental exposure to warming
and/or to the pesticide affect (Q1) the condition of the offspring (irrespective of stressors
experienced in the offspring generation), (Q2) the ability of the offspring to deal with the
same stressor as their parents, and (Q3) the expected synergism between warming and

pesticide exposure in the offspring.
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As model species, we studied the vector mosquito Culex pipiens biotype molestus
(Forskal, 1775) (hereafter called Culex pipiens). Species of the Culex complex are vectors of
several viruses and pathogens such as West Nile and St. Louis encephalitis viruses, avian
malaria, and filarial worms (Farajollahi et al. 2011). Studying the combined effect of
warming and pesticide exposure is especially relevant in Culex pipiens, the primary vector for
West Nile Virus (WNV), a pathogen of global concern. This is because the invasion and
transmission of WNV is expected to increase with increasing temperature (Kilpatrick et al.
2008; Paz 2015), making it crucial to investigate the efficacy of the pesticide-based control of
its primary vector under warming. Culex pipiens is the most common vector mosquito species
in urban areas in Europe and the USA (Fonseca et al. 2004; Paz 2015), therefore being the
target of many vector control campaigns (Kilpatrick 2011). As pesticide we chose the
organophosphate insecticide chlorpyrifos (CPF), one of the most frequently used pesticides
worldwide in pest control programs including mosquito larvae control (Eaton et al. 2008).
Notably, previous studies on other aquatic insects showed the toxicity of chlorpyrifos to be

magnified under warming (e.g. Dinh Van et al. 2014; Lydy et al. 1999).

Materials and Methods

A laboratory culture of C. pipiens was started from a stock culture at the Helmholtz Centre
for Environmental Research — UFZ, Germany. This stock culture was previously initiated
from field collected egg rafts (see Tran et al. 2016, Appendix 1). The mosquito culture was
housed in a climate-controlled room at 20°C with a photoperiod of 14:10 h light:dark and a
humidity of 70 + 10 %. The culture was acclimated in the laboratory for >10 generations
before starting the experiment. The C. pipiens biotype molestus can lay a single batch of eggs

without a blood meal (Fonseca et al. 2004). We therefore did not provide the adults with a
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blood meal to ensure that all the egg rafts used in both generations were the first clutches of

each female thereby controlling for potential inter-raft changes in egg quality.
Experimental design

To investigate the transgenerational effects of warming and pesticide exposure we carried out
a full factorial experiment for two generations. In the first, parental generation (FO) larvae
were exposed to one of the four treatment combinations (2 temperatures x 2 pesticide
treatments). In the second, offspring generation (F1) larvae produced by each treatment
combination in the first generation were randomly allocated to each of the 4 temperature-by-
pesticide treatment combinations as in the first generation. This resulted in 16 treatment
combinations in the second generation (Figure 1). In each generation mosquitoes were
continuously exposed to the temperature treatment from the egg stage until the adult stage,
while the pesticide exposure occurred during five days in the final larval stage (L4). Based
on the guidelines by WHOPES (2005), we exposed larvae in the L4 stage in groups of 30.
The exposure time was set at five days as at day 6 the first larvae pupated in a pilot
experiment. The two rearing temperatures chosen, 20°C and 24°C, represent the current mean
summer water temperature of ponds where the mosquito culture originates (see Tran et al.
2016, Appendix 1), and the expected mean temperature by 2100 under the 4°C warming

scenario RCP 8.5 (IPCC 2013), respectively.

To select the chlorpyrifos concentration for the exposure experiment, we first ran a
range finding experiment where we tested following range of concentrations: 0 (solvent
control), 0.05, 0.1, 0.15, 0.18, 0.20, 0.23, 0.25, 0.30, and 0.50 pg.L™. The stock solution of
chlorpyrifos (CPF) was prepared in absolute ethanol at a concentration of 500 ug.mL™ and
was stored at 4°C in the dark to avoid degradation. All concentrations, including the solvent

control contained a similar amount of ethanol (0.46 pL.L™). We exposed the larvae for five
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days, with a pulse at day 1 and after 48h at day 3. We applied the second pulse to minimize
differences in CPF concentrations between both temperatures. A nominal concentration of
0.23 pg.L™* CPF was chosen because it induced low (9.4% at 20°C) mortality during the
exposure period, which gave the opportunity to see delayed effects in the second generation
and to identify synergistic interactions with temperature. The measured concentration in the
experimental vials (based on a pooled sample) was 0.27 pg.L™ (quantified using LC-
MS/MS). The recommended application dose of CPF for control of mosquito larvae in open
water bodies is 1.1-2.5 mg.m™ (WHO 2017). If we assume the average depth of the treated
water bodies is ca. 0.5-1 m (matching typical shallow ponds and lakes inhabited by mosquito
larvae), the recommended application dose will result into a pulse concentration in the water
bodies of 1.1-5 pg.L™. In natural water there is an initial rapid decline of CPF, but the
remaining CPF fraction stays long in the water (after 10 days still 3%) (Mazanti et al. 2003).
Hence, applying one single pulse of the recommended dose is expected to result after 5 days

in exposure concentrations similar to the one we here applied.
Experimental procedure

A detailed scheme of the experimental procedure can be found in Figure S1 (Appendix 1). At
the start of the experiment, 108 egg rafts were individually incubated in 200 mL glass vials
filled with 125 mL of dechlorinated tap water in one of two climate-controlled rooms at 20°C
or 24°C. During the larval stage, mosquitoes were fed with a mixture of Supradyn® vitamins
(3%), olvarit® 7 cereal flakes (46%) and wheat germs (51%) (0.313 mg per larva, Tran et al.

2016).

Three days after hatching (when most larvae at both temperatures were in their second
instar), mosquito larvae were placed in the same type of vials in groups of 40. Each initial

vial contained larvae that hatched from a single, unique egg raft. We started with 108 initial
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vials in the parental (FO) generation, and with 432 initial vials in the offspring (F1) generation
(Figure S1). When larvae entered the pesticide exposure period they were transferred to the
same type of vials filled with 125 mL of pesticide or ethanol solvent medium. Mortality prior
to exposure was minor (ca. 3%). In each vial we placed a set of larvae that had moulted to the
L4 stage within the last 24h. To obtain enough synchronized larvae to start the pesticide
exposure, we pooled larvae from three initial vials of the same temperature treatment and
redistributed them to install two exposure vials of 30 larvae (one control exposure vial and
one exposure vial with CPF). This resulted in 18 exposure vials per treatment combination
(total of 72 vials in FO, 288 vials in F1). The groups of three initial vials of the same
temperature treatment that were pooled are referred to as subsets, two subsets of six vials of
the same temperature are named a set (see Figure S1, Appendix 1). From each set we made 2

control exposure vials and 2 CPF exposure vials.

After a 5-day pesticide exposure period (with refreshment of the medium on day
three), all larvae were transferred to vials with clean water until pupation. Pupae were daily
collected and transferred to 30 ml plastic cups filled with 10 ml of clean water. Each cup was
placed in a small insectary (8 x 10 x 15 cm®) to house the mosquitoes after metamorphosis.
To obtain enough eggs, pupae arising from two exposure vials of the no-pesticide control
treatment of the same set were housed in the same no-pesticide control insectary for
oviposition. The same was done for the pupae of the pesticide treatment. This resulted in 9
replicate insectaries per treatment combination, with in total 36 insectaries in FO, and 144
insectaries in F1 (see Figure 1, Appendix 1). Each insectary was provided with a paper filter
soaked in a 6 % glucose solution, which was replaced every other day, for feeding and a

small plastic cup filled with water for oviposition.

To start the F1 generation, we daily checked for new egg rafts and immediately

divided them equally among the two temperature treatments. In total we used 432 egg rafts to
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start the second generation. Each egg raft was hatched individually in a separate vial. After
hatching, the larvae of the F1 generation underwent the same experimental procedure as
described above. From each insectary 12 initial vials were started, a set of six vials at 20°C

and a set of six vials at 24°C (see Figure S1 in Appendix 1).

Response variables

In both generations we scored survival and development time to metamorphosis and size of
the adults at metamorphosis. We scored survival in each vial from the start of the pesticide
exposure period until metamorphosis into the adult stage. In addition, we quantified survival
across the 5-day larval exposure period; this response variable is reported in the
supplementary material in Appendix 2. The development time was calculated for each
surviving larva as the number of days from the start of the L4 stage until adult
metamorphosis. Given the large numbers of mosquitoes emerging synchronously we did not
identify the sex of the animals at this moment. At the end of the experiment we calculated the
sex ratio based on the total number of males and females that emerged per insectary. To
estimate size at metamorphosis we measured the wing length of the adults (Huestis et al.
2011). We daily collected dead adults from each insectary and stored these in eppendorf
tubes. At the end of the experiment, wings of five males and five females per insectary were
photographed using a microscope (SZX 16, Olympus, Japan) connected with a digital camera
(Basler AG, Ahrensburg, Hamburg, Germany) and controlled by the program Streampix
v.3.55.0 (NorPix Inc., Montreal, Quebec, Canada). Wing length was measured as the distance
between the alular notch and the intersection of the radius 3 vein and the outer margin based
on the protocol of Huestis et al. (2011) using the computer program ImagePro Plus v.5.0.0.39
(Media Cybernetics, Bethesda, MD, USA). As the results on sex differences are not the focus

of our study we present them in appendix 3.
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Statistical analyses

All statistical analyses were performed in R v3.4.0 (R Core Team, 2017) with the packages
Ime4 (v1.1-14) (Bates et al. 2015), car (v2.1-5) (Fox and Weisberg 2011), effects (v2.27-2)
(Fox 2003) and Ismeans (v2.26-3) (Lenth 2016). We tested for effects of stressors
(temperature and pesticide) in the parental (FO) and/or in the offspring (F1) generations on
the response variables (survival, sex ratio, development time and size at metamorphosis)
using separate linear mixed models. We did not simplify the models, instead we kept and
report the full models. The significance of the explanatory variables was determined using

Wald chi-square tests.

Survival of each adult was scored as 1 (alive) and 0 (dead). Sex of each adult was
scored as 1 (male) and 0 (female). When analysing effects on survival (to metamorphosis)
and sex ratio in both generations, we used generalized linear mixed models with a binomial
error structure and the logit link function. To take into account groups of larvae were from
the same exposure vial and the experimental procedure (pooling and remixing of larvae) we
added the appropriate random factors to the models. In the parental generation, insectary-FO
(the insectary of adults in the FO generation) nested in the set-FO and set-FO were added to the
model as random factors. In the offspring generation, insectary-F1 nested in set-F1, set-F1
nested in insectary-FO and insectary-FO were included in the model as random factors (see

Appendix 1).

For analysing effects on development time and size at metamorphosis, linear mixed
models were used. For both the development time and size, we added as random factors
insectary-FO nested in set-FO and set-FO when analysing the parental generation, while we
added insectary-F1 nested in set-F1, set-F1 nested in insectary-F0, and insectary-FO when

analysing the offspring generation.
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Results

Within-generation effects of temperature and pesticide exposure in the parental (FO)

generation

In the parental generation, survival to metamorphosis was ca. 86% at 20°C in the solvent
control. Survival was negatively affected by warming and especially by CPF exposure (Table
1, Fig. 2A). Moreover, the effect of CPF was stronger under warming: while the pesticide
reduced survival ca. 8% at 20°C, it reduced survival ca. 20% at 24°C (Temp FO x Pesticide
FO interaction, Table 1, Fig. 2A). The sex ratio was not affected by warming or CPF exposure

or the interaction between the two stressors (Table S1, Fig. S5).

Mosquito larvae emerged ca. 26% (ca. 4.5 days) earlier at 24°C and ca. 12% (ca. 2
days) earlier when exposed to CPF (Table 1, Fig. 2B). There was no interaction between the
temperature and the pesticide treatment (Table 1). Animals reared at 24°C emerged at a
smaller size (Fig. 2C), while the size was not affected by the pesticide treatment or the

interaction between the two stressors (Table 1).

Within- and transgenerational effects of temperature and pesticide exposure in the

offspring (F1) generation

Overall, parental exposure both to warming and to CPF reduced survival in the offspring,
irrespective of the treatment experienced by the offspring (main effects Temp FO and Pest FO,
Table 2, Fig. 3). Also in the offspring generation, both warming and especially exposure to
CPF reduced survival (main effects of Temperature F1 and Pesticide F1, Table 2, Fig. 3). As
in the first generation, the negative effect of CPF was overall stronger under warming (Temp
F1 x Pest F1, Table 2). Yet, this was not the case when the parents had been exposed to CPF

at 24°C: these offspring already showed a strong CPF-induced reduction in survival at 20°C
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(ca. 16%) and no further reduction at 24°C (Temp FO x Pest FO x Temp F1 x Pest F1, Table
2, Fig. 3). For the other three combinations of parental temperature and parental pesticide
treatment the average survival reduction caused by the pesticide was ca. 7% at 20°C and ca.
18% at 24°C (Fig. 3). No significant effects of the stressors or their interactions on the sex

ratio were detected (Table S2, Fig. S6).

As in the parental generation, development time was reduced by ca. 28% (ca. 5 days)
under warming and by ca. 9% (ca. 1.5 days) under CPF exposure (main effects Temperature
F1 and Pesticide F1, Table 2, Fig. 4C&S4). Metamorphosis was also delayed in response to
parental warming (ca. 10%) and parental pesticide exposure (ca. 7%), but only in offspring
that were reared at 20°C (Temp FO x Temp F1 and Pest FO x Temp F1, Table 2). In the
offspring reared at 24°C these percentages were 5% and -0.6%, respectively and non-

significant.

Also in the offspring generation, mosquitoes reared at 24°C emerged at a smaller size
(Table 2, Fig. 5A). To a lesser extent, size was also influenced by the stressors experienced
by the parents. Parents exposed to CPF had ca. 3% larger offspring when offspring were
exposed to CPF compared to only 0.3 % when parents had been exposed to the solvent

control (Pest FO x Pest F1, Table 2, Fig. 5B).

Discussion

The within-generation effects of warming and pesticide exposure were similar for both
generations. Consistent with our expectations that both warming and pesticide exposure are
stressful and interact synergistically, they reduced survival and the lethal effect of
chlorpyrifos was stronger under warming. Transgenerational effects of parental rearing
temperature and pesticide exposure were common and moderately interacted with the effects

of these stressors in the offspring generation. In general, we detected in the offspring costs
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rather than beneficial effects in response to exposure to a stressor in the parental generation.
Notably, joint exposure of the parents to both warming and the pesticide made the offspring
more vulnerable to the pesticide, resulting in the loss of the synergism between warming and

pesticide exposure.

Within-generation effects of temperature and pesticide exposure

In both generations, both warming and chlorpyrifos exposure reduced survival and did so in a
synergistic way. A higher mortality under the here applied mild warming has been observed
in the study species (Ciota et al. 2014; Tran et al. 2016). It confirms the previously reported
pattern of local thermal adaptation given that 20°C corresponds to the mean summer
temperature of the here used mosquito source population (Tran et al. 2016). The increased
toxicity of chlorpyrifos under warming is expected (Noyes et al. 2009) due to the higher
uptake and the accelerated biotransformation of this pesticide to more toxic o-analog
metabolites at higher temperature (Buchwalter et al. 2003; Lydy et al. 1999), combined with
a reduced condition of the mosquitoes under warming. The higher uptake of chlorpyrifos may
have been further increased because of the smaller size under warming (Buchwalter et al.
2002; Rubach et al. 2012). Another explanation could be a lower allocation of resources to
detoxification in larvae reared at 24°C who may have invested more resources in the
accelerated development to escape the stressful environment. Note that we kept the pesticide
concentrations constant at both temperatures while in nature chlorpyrifos may degrade faster
at higher temperatures thereby buffering its higher toxicity under warming (Op de Beeck et
al. 2017). Future studies would therefore benefit from also including a treatment where the

pesticide is allowed to degrade in a temperature-dependent way.

The effects of warming and pesticide exposure carried over to the adult stage, with

larvae reared at the high temperature metamorphosing earlier and at a smaller size, and
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pesticide-exposed animals metamorphosing earlier. Accelerated development resulting in a
smaller size is a well-known response to warming (temperature-size-rule, Atkinson 1994) and
has been reported in Culex mosquitoes, including the study species (Ciota et al. 2014). In
contrast with warming, which strongly accelerated the development with ca. 26% (ca. 4.5
days), pesticide exposure only resulted in a ca. 12% accelerated development (ca. 2 days).
This together with the low exposure concentration and the short exposure duration (5 days)
used in this experiment may explain the lack of a pesticide effect on adult size. An
accelerated development induced by pollutant exposure has also been documented in other

mosquitoes (e.g. Prud’homme et al. 2017).

Transgenerational effects of temperature and pesticide exposure

(Q1) Does parental exposure to warming and/or to a pesticide affect the overall condition of
the offspring (irrespective of stressors in the offspring generation)?

Parental exposure to a single stressor, being warming or the pesticide, had negative effects in
the offspring irrespective of the stressors experienced by the offspring (main effects of
parental warming and parental pesticide exposure in Table 2). Parental exposure either to
warming or to the pesticide resulted in a lower offspring survival and delayed offspring
metamorphosis (the later effect only observed when offspring were reared at the non-stressful
20°C). This suggests that stressed parents produced lower quality offspring, potentially
caused by alteration in egg yolk content (Corrales et al. 2014; Hahn et al 2002) and DNA
damage in the eggs (Guillaume et al. 2016). This transgenerational cost of parental warming
contrasts with the studies reporting adaptive transgenerational effects of warming (e.g.
reviewed in Donelson et al. 2017). Yet, our results are consistent with other findings (both on
vertebrates and invertebrates) that demonstrated negative effect of a higher paternal rearing
temperature on offspring survival (e.g. Guillaume et al. 2016; Shama and Wegner 2014), and

development (Ferrer et al. 2013; Walsh et al. 2014). These differences may be partially
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associated with the magnitude of the warming applied with a smaller gradual increase being
more likely to result in adaptive transgenerational effects (Donelson et al. 2016). Similarly,
sublethal transgenerational costs of exposure to pesticides or other toxicants have been
documented both in invertebrates (e.g. Kimberly and Salice 2015; Schultz et al. 2016; Yu and
Liao 2016) and in vertebrates (e.g. Bhandari et al. 2015). The underlying mechanisms are

unknown but epigenetic processes have been suggested to play a role (Schultz et al. 2016).

(Q2) Does parental exposure to warming and/or to a pesticide affect the ability of the
offspring to deal with the same stressor?

Parental exposure to a single stressor, being warming or the pesticide, did not change the
vulnerability of the offspring when the offspring were exposed to the same stressor in terms
of survival and development time, but did so for size (absence/presence of interactions
between parental exposure and offspring exposure to the same stressor in Table 2). For
warming, this contrasts with recent studies which showed that parental exposure to warming
reduced the negative effects of warming in the offspring (Chakravarti et al. 2016; Donelson et
al. 2016; Salinas and Munch 2012; Shama et al. 2014). Yet, also the opposite pattern has been
observed with maternal exposure to warming resulting in a lower offspring survival under
warming (Guillaume et al. 2016; Shama and Wegner 2014). Again, these differences may be
due to the magnitude of the warming imposed (Donelson et al. 2016). Also for contaminants,
there is mixed evidence in invertebrates: some studies showed parental exposure increasing
the tolerance of the offspring (e.g. Brausch and Salice 2011; Kim et al. 2014; Reategui-Zirena
et al. 2017), while other studies showed the opposite (Polkki et al. 2012; Schultz et al. 2016;

Yu et al. 2016).

Parental pesticide exposure resulted in slightly larger offspring (ca. 3%) when the
offspring were exposed to the pesticide compared to exposed offspring whose parents had not

been exposed to the pesticide. This may suggest the occurrence of transgenerational
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acclimation to pesticide exposure (see Kim et al. 2012, but see Brausch and Salice 2011).
Yet, this could also be the result of the combined survival selection imposed by CPF during
the parental and the offspring generations, thereby selecting only the fittest larvae, in
combination with overcompensatory feeding in offspring exposed to the pesticide whereby
animals aimed to reduce the energetic losses due to toxicant effects (e.g. detoxification or
damage repair). Over-compensatory feeding has been shown to result in increased body size

(Jager et al. 2013).

(Q3) Does parental exposure to warming and/or to a pesticide shape the synergism between
warming and pesticide exposure in the offspring?
A key finding was that the widespread synergism between warming and pesticide exposure
(Liess et al. 2016; Noyes et al. 2009; Noyes and Lema 2015) disappeared in offspring whose
parents had been exposed to the pesticide under warming. This was because the joint
exposure of the parents to both warming and the pesticide made the offspring more
vulnerable to the pesticide. Indeed, the effect of the pesticide on survival was much stronger
at 20°C in the offspring of the parents who had been exposed both to warming and the
pesticide, compared to offspring whose parents had been exposed to neither, or only one of
the stressors. Likely, being exposed to both stressors (CPF at the high temperature), resulted
in parents of a lower quality which in turn negatively affected the offspring quality. This is
the first demonstration that transgenerational effects may determine how stressors will
interact in the offspring generation.

While the synergetic effect between warming and pesticide exposure on survival was
apparent in both the parental and the offspring generation, this synergism was absent in terms
of size and development time. Possibly, the synergistic effect on survival had removed the

weakest larvae.

This article is protected by copyright. All rights reserved.



Conclusions

A first key finding was that offspring from stressed parents (exposed to warming and/or
pesticide exposure) had reduced survival and were not better at dealing with the same
stressors. The associated reassuring take home message is that parental exposure to warming
and/or pesticide does not buffer the offspring of this vector species against these global
change stressors. Our findings contrast with the increasing number of studies indicating that
transgenerational effects have the potential to buffer the effect of rapid environmental
change on the offspring (Munday 2014; Donelson et al. 2017). Parental exposure to warming
is even being considered as a strategy to enhance species resilience to warming (Chakravarti
et al. 2016). Yet, our results are consistent with the general pattern for transgenerational
effects not being beneficial for the offspring (Uller et al. 2013). While adaptive
transgenerational plasticity can facilitate population persistence until long-term genetic
adaptation and may even accelerate adaptive evolution (Diamond and Martin 2016;
Ghalambor et al. 2007), the here observed plasticity is not only maladaptive for the offspring
generation but likely also makes it for the mosquito populations more difficult to develop
resistance to warming and pollution (but see Stoks et al. 2016). This may suggest that under
global warming, CPF-based pest control of this vector species may become more efficient.
The epidemiological implications are less easy to predict and need, amongst others,
consideration of how besides life history also the immune competence and vector capacity of
the mosquitoes changes and how the viruses and pathogens themselves respond to warming
(Kilpatrick et al. 2008; Paz 2015). Moreover, while our results are an important step to
predict climate change effects on vector life-history traits, future studies should also take into
account the effects of daily temperature variation which may also affect vector competence

(Parham et al. 2015).
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A second key finding was that the widespread synergism between warming and
pollutants (Noyes et al. 2009; Moe et al. 2013) was detected in both generations, yet
disappeared in the offspring of parents exposed to both stressors because this made the
pesticide more toxic even in the absence of warming. The associated take home message is
that transgenerational effects may critically modify the presence of synergisms which may
explain why this key synergism at the interface of ecotoxicology and global change biology is
not always detected (e.g. Scheil and Kohler 2009; Talent 2005). This finding is important for
understanding effects of global warming as by 2100 larger temperature fluctuations are to be
expected (IPCC 2013; Wang and Dillon 2014), which may lead to counterintuitive situations

where offspring are sometimes exposed to lower temperatures than their parents.

Together, our results underscore the importance of considering transgenerational
plasticity not only when assessing the impact of warming (e.g. Donelson et al. 2016; Shama
et al. 2014; Veilleux et al. 2015) and of pollutants (e.g. Costa et al. 2014; P6lkki et al. 2012;
Schultz et al. 2016), but also when considering the impact of pollutants in a warming world.
Our results thereby highlight the importance of integrating the emerging views of
multistressor studies (Stoks et al. 2014; Liess et al. 2016) and studies on transgenerational
plasticity (Donelson et al. 2016, Guillaume et al. 2016) to understand the fate of species

under global change.
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Table 1. Effects of temperature and pesticide exposure on survival to metamorphosis, development time and size at emergence of Culex pipiens

mosquitoes in the parental (FO) generation.

Effect Survival Development time Size at emergence
df  Wald ° P df  Wald ° P df  Wald ? P
Temperature FO 1 27.95 <0.001 1 40.52  <0.001 1 113.69 <0.001
Pesticide FO 1 51.93 <0.001 1 35.42 <0.001 1 0.03 0.855
Sex 1 1718.83 <0.001
Temperature FO x Pesticide FO 1 3.87 0.049 1 1.10 0.295 1 0.01 0.932

Significant P values (P < 0.05) are indicated in bold.

Table 2. Effects of temperature and pesticide exposure during the parental (FO) and offspring (F1) generations on survival to metamorphosis,

development time and size at emergence of Culex pipiens mosquitoes in the offspring (F1) generation.

Effect Survival Development time Size at emergence

df  wald ? P df  Wald ? P df  Wald ? P
Temperature FO (Temp FO) 1 10.93  <0.001 1 10.37 0.001 1 2.40 0.122
Pesticide FO (Pest F0) 1 9.73 0.002 1 2.23 0.135 1 0.27 0.603
Temperature F1 (Temp F1) 1 3791 <0.001 1 550.49 <0.001 1 752.62  <0.001
Pesticide F1 (Pest F1) 1 107.34 <0.001 1 50.24 <0.001 1 18.32  <0.001
Sex 1 1109199 <0.001
Temp FO x Pest FO 1 1.65 0.199 1 0.09 0.763 1 2.61 0.106
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Temp FO x Temp F1

Pest FO x Temp F1

Temp FO x Pest F1

Pest FO x Pest F1

Temp F1 x Pest F1

Temp FO x Pest FO x Temp F1

Temp FO x Pest FO x Pest F1

Temp FO x Temp F1 x Pest F1

Pest FO x Temp F1 x Pest F1

Temp FO x Pest FO x Temp F1 x Pest F1

PR RPRRPRRPRRPRRERRER

7.64
0.73
0.18
0.55
6.63
0.03
2.77
0.13
1.14
3.99

0.006
0.393
0.673
0.457
0.010
0.870
0.096
0.717
0.286
0.046

L e e N S e e N

4.20
9.23
1.90
1.42
0.46
0.11
3.54
0.04
0.09
0.08

0.040
0.002
0.168
0.233
0.498
0.743
0.060
0.845
0.761
0.771

PR RRPRRPRRERRRR

2.70
0.06
2.30
6.34
1.53
0.14
2.16
0.06
0.05
0.21

0.100
0.814
0.129
0.012
0.215
0.705
0.142
0.814
0.823
0.644

Significant P values (P < 0.05) are indicated in bold.
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Figure legends

Figure 1. Bifactorial crossed design for testing transgenerational effects of warming and
pesticide exposure on mosquitoes with four treatment combinations in the parental generation
(FO) and sixteen treatment combinations in the offspring generation (F1). CT = solvent

control, CPF = 0.23ug.L ™ chlorpyrifos.

Figure 2. Survival to metamorphosis (A), development time (B) and size at emergence (C) of
C. pipiens mosquitoes in the parental generation as a function of temperature and pesticide
treatments. These response variables are based on 9 replicated insectaries per original
treatment combination. Given are LS-means with 1 SE. The asterisks indicate significant

effects of warming for a given pesticide treatment (* P < 0.05, ** P < 0.01, *** P < 0.001).

Figure 3. Survival to metamorphosis of C. pipiens mosquitoes in the offspring generation as a
function of temperature and pesticide treatments in the parental (FO) and offspring (F1)
generations. Survival is based on 9 replicated insectaries per original treatment combination.
Given are LS-means with 1 SE. The asterisks indicate significant effects of warming for a

given pesticide treatment (* P < 0.05, ** P < 0.01, *** P < 0.001).

Figure 4. Development time of C. pipiens mosquitoes in the offspring generation as a
function of parental rearing temperature and offspring rearing temperature (A), parental
pesticide exposure and offspring rearing temperature (B), and offspring rearing temperature
and offspring pesticide exposure (C). Development times are based on 9 replicated insectaries
per original treatment combination. The asterisks indicate significant effects of warming for a

given temperature/pesticide treatment (* P < 0.05, ** P < 0.01, *** P <0.001).

Figure 5. Offspring size at emergence of C. pipiens mosquitoes as a function of offspring

rearing temperature and offspring pesticide exposure (A), and parental pesticide exposure
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and offspring pesticide exposure (B). Body sizes are based on 9 replicated insectaries per
original treatment combination. Given are LS-means with 1 SE. The asterisks indicate
significant differences between the treatment levels associated with the coupled bars (* P <

0.05, ** P <0.01, *** P < 0.001).
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