Impact of heat stress on the fitness outcomes of symbiotic infection
in aphids: a meta-analysis
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Abstract

Beneficial microorganisms shape the evolutionary trajectories of their hosts, facilitating or constraining the
colonization of new ecological niches. One convincing example entails the responses of insect-microbe
associations to rising temperatures. Indeed, the insect resilience to stressful high temperatures depends on
the genetic identity of the obligate symbiont and the presence of heat protective facultative symbionts. With
accumulating empirical evidence, there is a need of integrative studies to draw general patterns about the
thermal sensitivity of insect-microbe associations, from an eco-evolutionary perspective. Focusing on aphid-
bacteria mutualisms, this meta-analysis aims to quantify the context-dependent impacts of symbionts on
host phenotype in benign or stressful heat conditions, across fitness traits, types of heat stress, and symbiont
species. We found that warming lowered the benefits (parasitoid resistance) and costs (development,
fecundity) of infection by facultative symbionts, which was overall mostly beneficial to the aphids under
short-term heat stress (heat shock) rather than extended warming. Heat tolerant genotypes of the obligate
symbiont Buchnera aphidicola and some facultative symbionts (Reckettsia sp., Serratia symbiotica) improved or
maintained aphid fitness under heat stress. As phytophagous insects are central to terrestrial ecosystems,
symbiont-mediated responses to increasing mean temperatures and frequency of heat waves in the context
of climate change are key elements that may have cascading effects on food webs and there is an urgent
need to continue accumulating data on other models. We discuss the implications of these conclusions for
the general understanding of the cost-benefits balance and eco-evolutionary dynamics of insect-microbe
associations faced with climate change.
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Introduction

The ecology and evolution of most insect species are now understood through the lens of their mutualistic
associations with diverse microorganisms (e.g., bacteria, fungi, viruses) (1-3). These beneficial microbes
shape the life histories and the evolutionary trajectories of their hosts, providing opportunities as well as
imposing constraints for colonization of new ecological niches, depending on the nature of the association
and the pace of environmental change. On the one hand, acquisitions of obligate microbial partners involved
in nutritional complementation are envisioned as key evolutionary innovations that enabled several insect
taxa to specialize on unbalanced diets like plant sap and vertebrate blood (4-6). However, these obligate
symbionts underwent severe genome degradation (in terms of size, function and structural dynamic) as a
product of their ancient coevolution history with their hosts, limiting their potential to adapt to rapidly
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changing environmental conditions and the one of their hosts alike, since they are required for insect
successful growth and reproduction (7-9). On the other hand, insects harbor facultative symbionts
responsible for the expression of ecological traits such as plant exploitation and defense against parasitic
enemies (10—12). These symbiont-mediated traits might be adaptive under specific ecological contexts like
those involving harsh biotic or abiotic stress, but infection by facultative symbionts is also known for
inducing fitness costs under more benign environments. Hence, the overall impacts of facultative symbionts
on the fitness and adaptive capacity of their hosts can be viewed as a cost-benefit balance tipping in a costly

or beneficial state in relation with ecological contingency (13—16).

Temperature has been rapidly identified as a key environmental parameter determining the net
fitness consequences of carrying a particular symbiont genotype (for obligate and facultative symbionts) or
species (for facultative symbionts) (for reviews, see 17—20). Indeed, the insect resilience to stressful high
temperatures can be curtailed by a single mutation affecting a gene encoding the production of heat
protective molecules by the obligate symbiont (21, 22), while improved by the presence of some facultative
symbionts bestowing physiological tolerance to heat (23, 24). Conversely, temperature can mediate the
expression of ecological traits displayed by symbiont-infected individuals, such as levels of protection against
parasitoids, thereby affecting the adaptive value of hosting these defensive facultative symbionts in contexts
of high parasitism pressure (25-27). These different lines of evidence raise concern about the short- and
long-term maintenance of symbiotic associations enduring changing thermal conditions, such as increased
mean temperature and frequency of heat events forecasted under climate change (28). Several putative
evolutionary scenarios have been proposed to anticipate the fate of insect-microbe mutualisms in this
climatic context, depending on the potential for symbiotic relationships to maintain sustainable insect
performance and evolutionary capacity under heat stress (7, 19, 29). As empirical evidence has accumulated
over the last two decades, it would be now valuable to draw first general patterns about the thermal
sensitivity of insect-microbe partnerships and their implications for understanding the ecological and

evolutionary trajectories of these mutualistic associations under a changing climate.

Here, we propose a meta-analysis intended to quantify the impacts of microbial symbionts on the
phenotype of their insect hosts under different thermal settings (control permissive zersus stressful heat
conditions). We focused our literature survey on aphid-bacteria associations because the vast majority of
the data about the thermal ecology of insect-microbe alliances were gathered on these biological models,
with a diversity of traits measured, temperature treatments applied, and microbial species identified. This
also enabled to standardize the host background from a taxonomic and biological viewpoint, because insect
lineages have formed very different types of associations with microbial symbionts in terms of symbiont
tissue tropism and degree of mutual dependence (30, 31). Our goal was to provide an integrative, analytical
synthesis allowing to examine the generality and quantify the intensity of the thermal modulation of
symbiont-related alterations of insect phenotype among (i) fitness components (for facultative symbionts),
(i) nature of the heat stress applied through experimental procedures (for facultative symbionts) and (iif)
symbiont species involved (for obligate and facultative symbionts). Indeed, we included studies that
controlled for aphid symbiotic state using natural genetic variation in obligate symbiont (comparing heat
sensitive versus heat tolerant genotypes) and/or natural/artificial infection with different facultative
symbionts (comparing individuals deprived of versus individuals hosting a particular species). This design
allowed testing if the effects of symbiotic infection on aphid fitness differed under various biological and
thermal contexts. Specifically, we wanted to test for the broadening of the assumption that microbial players
should predominantly modulate the ability of their aphid hosts to withstand a heat stress, or conversely, that
temperature should act as an important driver of the expression of traits mediated by endosymbionts.



Material and Methods
1 iterature search

We collected data within a framework that allowed us to evaluate the interplay between the temperature
treatment and the host symbiotic state on the set of aphid traits mentioned below. We searched for
appropriate literature using the following key words in Google Scholar: (“aphid*” AND (symbiont* OR
facultative OR secondary OR obligat*) AND “temperature*” AND (trait* OR fitness OR development OR
growth OR fecundity OR morpholog* OR longevity OR survival OR defens*)), bounded between 1991
and 2020. Indeed, the first historical report of the experimental impacts of temperature on an aphid-
bacterium mutualism comes from the study of Ohtaka and Ishikawa (1991) (32).

Our main inclusion criteria were: (1) data with measures of at least one of the focus traits, reporting
mean, variation (variance, standard error or confidence intervals) and sample size, (i) data with at least two
temperature treatments, including a control (unheated conditions), (iif) data with at least two aphid symbiotic
states, including a control (either an individual hosting a heat sensitive genotype of the obligate symbiont or
an individual not infected by a given facultative symbiont). After an additional manual screening, we
excluded articles which investigated the effect of cold stress (because they were deemed in insufficient
number to be analyzed independently), those which addressed purely microbiological issues without
presenting any data on aphid traits (e.g., transcriptomic or genomic analyses, symbiont transmission patterns
and titres), qualitative review papers, and those which did not present a proper negative control in a crossed-
design experiment required to test for the significance of the interplay (including both a control temperature
treatment and a control symbiotic state).

Following our inclusion criteria, we retrieved data from a total of 18 relevant articles, published
between 2000 and 2020 (list included as a Supplementary Material file). Pairs of datapoints were extracted
manually from (i) text and tables, (ii) raw data made available by the authors of the studies, or (iii) figures by
using WebPlotDigitizer (33). One pair of datapoints corresponded, for a given temperature treatment (either
control permissive or stressful heat conditions), to the mean of the trait value (with variation and sample
size) for both control and infected individuals. We discarded 19 observations (pairs of datapoints) in our
dataset because variation of the mean or sample size could not be accessed. This resulted in a total of 410
pairs of datapoints, including all the data presented in each article. Our dataset included a total of three
aphid species developing on Fabaceae and belonging to two genera: Agyrthosiphon pisum (318 pairs of
datapoints from 14 studies), Aphis fabae (76 pairs of datapoints from 3 studies), and Aphis craccivora (16 pairs
of datapoints from 1 study).

For comparisons among fitness traits and types of heat stress (see the two following subsections
below), we excluded data related to the obligate symbiont (20 pairs of datapoints from 3 studies) and only
retained those pertaining to the facultative symbionts (390 pairs of datapoints from 15 studies) to restrict
the scope of the analyses to a biologically meaningful dataset. Indeed, obligate and facultative symbionts
differ in degree of intimacy and coevolution history with their hosts, as well as regarding the source of
variation in symbiotic state as defined in this meta-analysis (genetic variation versus absence/presence) and
the underlying symbiont-related processes that allow a change in host physiology under heat stress. In
addition, the fitness impacts of genetic variation displayed by the obligate symbiont has not been consistently
studied across the different traits and types of heat stress included in the analyses. Finally, in the case of
studies on facultative symbionts, the obligate bacterium is also always present in the host but not studied as
such, whereas the reverse is not true. For these reasons, it is not relevant to directly compare or regroup the
responses of obligate and facultative bacteria.

Data organization: fitness traits

We focused on aphid phenotypic traits classified into five categories: (i) defense against parasitic wasps
(proportion of hosts surviving after exposure to parasitoids, parasitism rates, or emergence rates of the
parasitoid), (if) development (age to adulthood or duration of reproductive period), (iii) fecundity (total or
daily number of offspring), (iv) morphology (body mass), and (v) survival (overall lifespan for long-term



heat stress, number of days survived or survival rates after treatment for short-term heat stress). Most of
the observations were on defense traits (151 pairs of datapoints from 7 studies), followed by fecundity (124
pairs of datapoints from 11 studies), development (54 pairs of datapoints from 5 studies), survival (47 pairs
of datapoints from 4 studies) and morphology (14 pairs of datapoints from 2 studies).

Data organization: temperature treatments and types of heat stress

We established a distinction between control temperature treatment (encompassing permissive
temperatures, 179 pairs of datapoints) and heat treatment (extending to stressful high temperatures, 211
pairs of datapoints), based on what the authors of each study described in their methods and the thermal
biology of studied aphid species, which usually endure a significant decline of performance at temperatures
2 25°C (34). The highest mean temperature for a control treatment was 22°C (35) (but more generally it
was < 20°C), and the lowest mean temperature for a heat treatment was 21.5°C with maximal daily
temperature reaching 25-30°C (36) (but more generally mean temperature was = 25°C). We then classified
the heat treatments based on the duration of exposure to stressful high temperatures, either long term (ze.,
for at least several days, extending over one or several insect developmental stages, with no return to
favorable conditions before measurements of fitness traits) or short term (Ze., for a few hours with return
to favorable conditions before measurements of fitness traits). We collected 275 pairs of datapoints (from
7 studies) under long-term heat stress procedures and 115 pairs of datapoints (from 8 studies) under short-
term heat stress procedures.

Data organization: symbiotic states and symbiont species

We here included studies focusing on different haplotypes of the obligate bacterial endosymbiont Buchnera
aphidicola representing a form of "symbiotic plasticity" for the insect (presence/absence of an unfavorable
mutation limiting symbiont transcriptional response to heat). To parallel the distinction made for facultative
symbionts, aphids likely to be vulnerable to heat stress due to potentially limited symbiont protection (z.e.,
infected with the mutated heat sensitive genotype of B. aphidicola) were considered as negative control, while
those potentially benefiting from this protection (7.e., bearing the obligate symbiont genotype without the
mutation) were labelled as treatment.

There was a total of five facultative symbiont species identified in our dataset: Fukatsuia symbiotica,
Hamiltonella defensa, Regiella insecticola, Rickettsia sp. and Servatia symbiotica. In case of single infection (Z.e., only
one facultative symbiont involved), host lines deprived of the facultative symbiont (aposymbiotic
individuals) were considered as negative control and infected hosts were considered as treatment. In case of
double infection (F. symbiotica/ H. defensa ot Rickettsia sp./S. symbiotica), individuals infected by only one of
the two symbiont species were considered as negative control and compared with individuals co-infected
with the two symbionts, thus allowing to specifically dissociate the effects of each microbe involved in the
tripartite system. The most studied symbiont species in our dataset was H. defensa (214 pairs of datapoints
from 10 studies), followed by . symbiotica (71 pairs of datapoints from 4 studies), Rickettsia sp. (58 pairs of
datapoints from 2 studies), F. symbiotica (45 pairs of datapoints from 6 studies), B. aphidicola (20 pairs of
datapoints from 3 studies) and R. insecticola (2 paits of datapoints from 1 study).

Statistical analyses

The meta-analysis was conducted in R v4.0.1 (37) and was performed using the metafor package (38)
following, in part, the workflow proposed by Crystal-Ornelas (2020) (39). Data visualization was done using
the package ggp/ot2 and associated libraries (40, 41).

We used Standardized Mean Differences (SMDs, Hedge’s g method) as effect sizes to compare
symbiotic treatments (aphids infected with a heat tolerant genotype of obligate symbiont or a particular
species of facultative symbiont) with control groups (infection with a heat sensitive genotype of obligate
symbiont or absence of facultative symbiont), under either permissive temperatures (control) or heat stress.
SMDs are widely used in ecological meta-analyses because they provide standardized and comparable
measures of effect size among studies with different experimental procedures and scales for trait



measurements. In addition, they are especially useful when sample sizes are small such as in our study,
because they include a correction for variance (39, 42).

Effect sizes significantly different from zero allow to interpret the benefit or disadvantage of
carrying a given symbiont genotype or species at different temperatures. For the interpretation to be correct,
it is necessary to ensure that a negative effect size represents, biologically speaking, a net fitness cost related
with symbiotic infection, and a positive effect size a net fitness benefit. To do this, we multiplied the effect
sizes calculated for the developmental traits by -1, because slowly developing phytophagous insects might
suffer from increased mortality risks due to an extended window of susceptibility to natural enemies (‘slow-
growth-high-mortality hypothesis’ (43)). We used the same data transformation for defense traits, when
what was being measured was the benefit for the parasitoid at the expense of the aphid (e.g, parasitism rates
and parasitoid emergence rates). We considered that the summary Hedge’s g showed a significant effect of
the symbiotic state if the 95% confidence intervals (Cl) did not overlap zero.

We ran the meta-analysis via multivariate linear mixed-effects models, using the identity of each
independent study as a random effect to account for the nonindependence of observations coming from a
same study. We performed five distinct analyses. The first analysis only included the temperature treatment
(two levels: permissive temperatures or heat stress) as a moderator to determine if the overall fitness impacts
of facultative symbionts on their hosts could be modified by the thermal context (N = 15 studies). All the
other analyses incorporated an additional moderator in interaction with the temperature treatment. In the
second analysis, we integrated the fitness traits with five levels: defense, development, fecundity,
morphology, or survival (N = 15 studies). In the third analysis, we integrated the type of heat stress involving
two levels: long term or short term (N = 15 studies). In the fourth analysis, we integrated the symbiont
species studied involving five levels: B. aphidicola, F. symbiotica, H. defensa, Rickettsia sp., ot S. symbiotica (N =
18 studies). We removed the datapoints for R. insecticola from this analysis because of the limited number of
observations available and the lack of replication (one single study involved). In a fifth analysis, we integrated
the number of facultative symbionts hosted involving three levels: none, one, or two (N = 18 studies)
(Supplementary Material, Figure S1).

For each analysis, we tested the linear hypothesis that the estimated Hedge’s g values differed from
zero (package multcomp (44)) and we reported 2 statistics together with p-values. In addition, each analysis
was followed by a Tukey’s post-hoc test with Bonferroni adjustment method (a conservative method to
reduce the risk of false-positive) (package emmeans (45)) to compare values of effect size for permissive
temperatures and heat stress, for each level of the moderator of interest (ze., each trait, type of heat stress,
symbiont species, or number of facultative symbionts). These post-hoc analyses were done on a composite
variable merging the levels of the two moderators included in each model, to avoid any issue regarding
interactions when running the Tukey’s test.

The histogram of the frequency of effect sizes and the funnel plot analysis (Figure S2) showed
relatively symmetrical data, although slightly skewed toward positive effect-size values, with some points
representing a risk of inducing a bias as they fall outside the pseudo 95% CI envelope. Some degree of
asymmetry in the dataset was expected given the relatively small number of studies investigating temperature
effects on symbiont-mediated aphid traits. However, as pointed out by Sterne et al. (40), there are many
possible sources of asymmetry in funnel plots, and it is not necessarily indicating that a publication bias
exists. We obtained four extreme effect size values and high corresponding sampling variances (ze., high
imprecision) for fecundity data extracted from one article (47). We decided to retain these outliers in the
analyses (yi = 314.1,-162.3,-97.3, -75.6; vi = 1826.8, 598.5, 157.9, 92.3, respectively), assuming that no error
was made in the published version of the referenced article, and especially because heterogeneity was already
acknowledged by the random effect included in the models (39, 48). In any case, removing these four values
did not change the biological conclusions drawn from the analyses.



Results

Global effect of temperature on the fitness ountcomes of symbiotic infection

When grouping all traits, types of heat stress and facultative symbiont species, there was a clear global
thermal modulation of the fitness consequences of hosting a facultative symbiont. This interaction is
indicated by a significant difference in effect sizes (quantifying the fitness impacts of symbiotic infection)
between temperature treatments: warming overall increased the adaptive value (fitness gains) of symbiotic
infection for the insect (z = 3.75, p < 0.001). This implies that hosting a facultative symbiont was more
beneficial under heat stress than under permissive temperatures. Indeed, symbiotic infection had a neutral
effect on aphid overall fitness under permissive temperatures (Hedge’s g = -0.06, ¥ = 0.11, p = 0.73), while
it became significantly beneficial under heat stress (Hedge’s ¢ = 0.65, y2 = 11.7, p < 0.001) (Fig. 1).
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Figure 1: Global effect of temperature treatment on the fitness consequences of symbiotic infection (all traits,
types of heat stress, and facultative symbiont species combined). Predicted overall Hedge’s g values (standardized
mean deviation, large circles) and 95% confidence intervals are shown, for control permissive temperatures (T-,
blue) and heat stress (T+, red). A positive effect size value indicates that hosting a given facultative symbiont is
favorable for the host, and a negative value indicates that it is costly. Confidence intervals that overlap zero indicate
a non-significant effect of symbiotic infection on insect fitness. Note that only 60% of the datapoints are shown in
this figure for aesthetic purposes. N = 15 studies, 390 datapoints. Asterisks highlight significant difference in effect
sizes between temperature treatments (*** p < 0.001).

Fitness traits

The impacts of temperature on the fitness outcomes of symbiotic infection were trait-specific, with three
different patterns of response. For defense against parasitoids, warming lowered the fitness benefits
(protection) provided by some facultative symbionts (z = -9.85, p < 0.001). Still, in a parasitism context, a
high fitness advantage remained of carrying the studied protective symbionts (H. defensa and F. symbiotica)
under both permissive temperatures (Hedge’s g = 3.20, 2 = 78.0, p < 0.001) and heat stress (Hedge’s g =
213, y2 = 453, p < 0.001). This suggests that the symbiont-mediated protection towards parasitoids
persisted under different temperature treatments. For development and fecundity, warming shifted the
fitness consequences of symbiotic infection from a costly to a neutral outcome (development: z = 9.93, p
< 0.001; fecundity: z = 16.3, p < 0.001). Under permissive temperatures, aphids infected by facultative
symbionts incurred a prolonged development time (Hedge’s g = -1.31, ¥ = 15.9, p < 0.001) and a reduced
fecundity (Hedge’s g = -1.56, y2 = 22.7, p < 0.001) relative to uninfected individuals. These infection costs
were no longer apparent under heat stress (development: Hedge’s g = -0.24, ¥2 = 0.53, p = 0.47; fecundity:
Hedge’s g = -0.22, > = 0.48, p = 0.49). For morphology (body size) and survival, temperature did not
significantly modulate the fitness consequences of symbiotic infection (morphology: z = 1.54, p = 1.00;



survival: z = 3.10, p = 0.09). Aphids infected by facultative symbionts grew lighter (Hedge’s g = -1.17, x2 =
9.41, p < 0.01 and Hedge’s g = -0.85, 2 = 5.35, p < 0.05, for permissive and heat stress temperatures,
respectively) and died faster (Hedge’s g = -1.25, ¥2 = 14.3, p < 0.001 and Hedge’s g = -0.90, y2 = 7.16, p <
0.01, for permissive and heat stress temperatures, respectively) compared with uninfected individuals (Fig.
2).
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Figure 2: Effect of temperature treatment on the fitness consequences of symbiotic infection for different aphid
traits (all types of heat stress and facultative symbiont species combined). Predicted overall Hedges’g values
(standardized mean deviation, large circles) and 95% confidence intervals are shown, for control permissive
temperatures (blue) and heat stress (red). A positive effect size value indicates that hosting a given facultative
symbiont is favorable for the host, and a negative value indicates that it is costly. Confidence intervals that overlap
zero indicate a non-significant effect of symbiotic infection on insect fitness. Note that only 75% of the datapoints
are shown in this figure for aesthetic purposes. N =7, 5, 11, 2 and 4 studies, for defense, development, fecundity,
morphology and survival, respectively. Asterisks highlight significant difference in effect sizes between
temperature treatments for a given trait, according to Tukey’s post-hoc comparisons (*** p < 0.001, NS = not
significant).

Types of heat stress

The impacts of temperature on the fitness consequences of symbiotic infection varied according to the type
of heat stress applied. Long-term heat treatment did not modulate these outcomes (z = 2.02, p = 0.26),
while short-term heat treatment did (z = 8.14, p < 0.001). Under permissive temperatures, symbiotic
infection had neutral effects on aphid overall fitness indicators in both long-term and short-term heat stress
experimental procedures (long term: Hedge’s g = 0.05, 2 = 0.04, p = 0.84; short term: Hedge’s g = -0.24,
2 = 0.89, p = 0.34). Under heat stress, aphids infected by facultative symbionts benefited from a fitness
advantage relative to their uninfected counterparts, irrespective of the duration of exposure to the heat
treatment (long term: Hedge’s g = 0.65, 2 = 6.42, p < 0.05; short term: Hedge’s g = 0.58, 2 = 5.30, p <
0.05). However, the interaction mentioned above indicates that warming significantly increased the adaptive
value of symbiotic infection only if applied through short-term heat stress (sporadic bout of heat shock)
(Fig. 3).
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Figure 3: Effect of temperature treatment on the fitness consequences of symbiotic infection under different types
of heat stress (all traits and facultative symbiont species combined). Predicted overall Hedges’g values
(standardized mean deviation, large circles) and 95% confidence intervals are shown, for control permissive
temperatures (blue) and heat stress (red). A positive effect size value indicates that hosting a given facultative
symbiont is favorable for the host, and a negative value indicates that it is costly. Confidence intervals that overlap
zero indicate a non-significant effect of symbiotic infection on insect fitness. Note that only 63% of the datapoints
are shown in this figure for aesthetic purposes. N = 7 and 8 studies, for long-term and short-term heat stress
treatments, respectively. Asterisks highlight significant difference in effect sizes between temperature treatments
for a given type of heat stress, according to Tukey’s post-hoc comparisons (*** p < 0.001, NS = not significant).

Symbiont species

The impacts of temperature on the fitness consequences of symbiotic infection were dependent on the
microbial species involved. For the obligate symbiont, warming significantly enhanced the adaptive value of
hosting the heat tolerant genotype of B. aphidicola (z = 3.73, p < 0.01). Insects infected with a heat tolerant
genotype of B. aphidicola performed as well as those infected with a heat sensitive genotype under permissive
temperatures (Hedge’s ¢ = -0.31, 2 = 0.28, p = 0.59), and greatly better under heat stress (Hedge’s g = 2.17,
y2 =127, p < 0.001).

For the facultative symbionts, warming significantly enhanced the adaptive value of hosting the
bacteria Rickettsia sp. (z = 9.88, p < 0.001) and S. symbiotica (z = 15.7, p < 0.001). Harboring Rickettsia sp.
was slightly detrimental to aphids under permissive temperatures, since the Cls of effect size marginally
ovetlap zero (Hedge’s g = -0.76, ¥ = 2.81, p = 0.09), while no fitness consequences related with this
infection were seen under heat stress (Hedge’s g = 0.17, 2 = 0.13, p = 0.72). Symbiotic association with .
symbiotica switched from a slightly detrimental to a slightly ameliorative impact on aphid fitness from
permissive temperatures (Hedge’s g = -0.69, x2 = 2.34, p = 0.13) to heat stress (Hedge’s g = 0.65, ¥ = 2.07,
p = 0.15), respectively, although effect sizes and Cls only indicate trends. Warming did not affect the fitness
outcomes of infection with F. symbiotica (z = 0.42, p = 1.00) and H. defensa (z = -3.19, p = 0.06). Hosting F.
symbiotica remained neutral in terms of aphid fitness under both permissive temperatures (Hedge’s g =-0.21,
2 = 0.50, p = 0.48) and heat stress (Hedge’s g = -0.14, 2 = 0.22, p = 0.64). Individuals infected with H.
defensa exhibited a net fitness advantage relative to their uninfected counterparts under both permissive
temperatures (Hedge’s g = 0.97, x2 = 12.0, p < 0.001) and heat stress (Hedge’s g = 0.68, 2 = 6.10, p < 0.05)
(Fig. 4).
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Figure 4: Effect of temperature treatment on the fitness consequences of symbiotic infection involving different
symbiont species, engaged in either obligate or facultative relationship with their aphid hosts (all traits and types
of heat stress combined). Predicted overall Hedges’g values (standardized mean deviation, large circles) and 95%
confidence intervals are shown, for control permissive temperatures (blue) and heat stress (red). Note that it is not
relevant to directly compare the responses of obligate and facultative symbionts (separated here by a vertical solid
line), as they differ in the processes involved in modulation of host physiology under heat stress and regarding the
source of variation in symbiotic state as defined in this meta-analysis (genetic variation of obligate symbiont versus
absence/presence of facultative symbionts). A positive effect size value indicates that hosting a heat tolerant
genotype of the obligate symbiont or a given facultative symbiont is favorable for the host, and a negative value
indicates that it is costly. Confidence intervals that overlap zero indicate a non-significant effect of symbiotic
infection on insect fitness. Note that only 74% of the datapoints are shown in this figure for aesthetic purposes. N
=3, 6, 10, 2 and 4 studies, for Buchnera aphidicola, Fukatsuia symbiotica, Hamiltonella defensa, Rickettsia sp.
and Serratia symbiotica, respectively. Asterisks highlight significant difference in effect sizes between temperature
treatments for a given symbiont species, according to Tukey’s post-hoc comparisons (*** p < 0.001, ** p < 0.01,
NS = not significant).

Discussion

This meta-analysis sought to quantify the fitness impacts (phenotypic effects) of symbiotic infection on
aphid hosts under permissive temperatures and heat stress. We found that infection by facultative symbionts
benefited the aphids in terms of overall fitness under heat stress or, conversely, that warming increased the
adaptive value of such infection for the insects. However, this general pattern was far from being
generalizable across fitness traits, types of heat stress and symbiont species. Warming lowered the benefits
provided by some facultative symbionts (defense against parasitoids), but limited the costs of symbiotic
infection on insect development and fecundity. Infection by facultative symbionts was mostly beneficial to
the aphids in case of short-term exposure to high temperature spikes rather than prolonged warming. Heat
tolerant genotypes of the obligate symbiont B. aphidicola on the one hand, and the presence of the facultative
symbionts Rickettsia sp. and S. symbiotica on the other, specifically contributed to improve (or at least
maintain) aphid fitness under heat stress. These different findings support the important role played by
some microbes in the response of their hosts to high temperatures, but also highlight subtle trait- and
environment-specific responses that may underlie complex ecological and evolutionary consequences for
insect-microbe associations in a gradually warming climate, which also entails an increased risk of exposure
to sudden thermal shocks.

Several mechanistic explanations can be proposed to account for the trait-specific conclusions
about the interactive effects of temperature and symbiotic infection on host fitness. First, variability could



arise from energetic trade-offs shaping resource allocation between traits (eg., defense and fecundity),
particularly under physiologically constraining conditions such as infection by facultative symbionts and
stress-inducing temperatures (15, 49). Second, life-history traits frequently differ in their thermal
requirement and response to warming (50, 51). Heat sensitive traits are thus likely to be the most responsive
to temperature rise and its potential interaction with symbiotic infection. Third, trait expression can be
modulated by different symbiotic processes in a temperature-dependent fashion. On the one hand, the
direct involvement of protective facultative endosymbionts (especially toxin-producing H. defensa) in aphid
defense against parasitoids should explain the considerable fitness gains provided by symbiotic infection
and their decline under heat stress, since protective symbiosis is weakened at high temperatures (25-27).
However, we stress that the widespread idea that protection against parasitoids fails under heat stress could
be largely overstated, as it remained overall beneficial to the insect even under warmer temperature. On the
other hand, some aphid vital functions (especially development and reproduction) are closely linked to titres
of the obligate symbiont B. aphidicola (24, 52, 53). Our study confirms the costly nature of symbiotic infection
for several aphid fitness traits under permissive temperatures, thereby corroborating the results of a recent
analysis (15). However, under heat stress, symbiotic infection turned neutral for aphid development and
fecundity, which may be explained by the protective role played by some facultative symbionts (F. symbiotica,
S. symbiotica) in shielding populations of B. aphidicola trom heat-related depletion (24, 54), or because heat
stress can trigger greater physiological costs relative to infection by facultative symbionts. Whatever their
mechanistic basis, these trait-specific conclusions illustrate the concept of an environmentally contingent
cost-benefit balance of symbiotic infection and highlight the relevance of multi-trait approaches to get an
integrative picture about how facultative symbionts can shape their host life histories under different thermal
conditions.

The adaptive value of symbiotic infection was also contingent on the nature of the heat stress
applied. Why symbiotic infection turned more advantageous under short-term heat stress can be explained
by the underlying mechanisms of symbiont-mediated protection to heat. Specifically, the heat protection
delivered by facultative symbionts is effective on the short term as it apparently consists of either
maintaining populations of B. aphidicola or facilitating their recovery if aphids readily return to benign
temperatures (24, 54, 55). It might thus be speculated that long-term heat stress treatments (where insects
are held in warm conditions for a prolonged duration without return to cooler environments) could hamper
the efficiency of such protective mechanisms. This could occur if these mechanisms operate once
temperatures shift from stressful to favorable conditions, or if they are triggered by threshold effects related
with temperature fluctuations, as evidenced in the event of repeated exposure to heat shocks leading B.
aphidicola abundances to decline below a value causing aphid sterility (56). The distinction here made between
long- and short-term heat stress is artificial, but it could shed light on the thermal sensitivity of mechanisms
underpinning symbiont-mediated tolerance to high temperatures. The results suggesting how impactful the
temporal dynamic of temperatures is for aphid-symbiont associations should prompt further efforts to
probe into the responses of these systems to patterns of temperature fluctuations hitherto unexplored, both
along temporal (eg, diurnal and seasonal temperature cycles) and spatial axes (e.g., (micro)climatic gradients)
(17, 19, 36). This should be of great relevance for general predictions about the evolutionary fate of insect-
microbe partnerships facing climate change, which will alter both mean temperature and variability around
that mean, this latter thermal parameter having already documented impacts on the outcomes of other kinds
of biotic interactions (57, 58).

When it comes to species-specific conclusions, the important contribution of different genotypes
of B. aphidicola to aphid response to heat stress is not a surprising result, considering the high levels of mutual
dependence between insect fitness and microbe abundance (as explained above). Moreover, studies
compared B. aphidicola genotypes purposely chosen for differing a priori in their thermal sensitivity, because
of a naturally recurring mutation that affects the symbiont transcriptional pathways involved in heat
response (21, 22, 59). Therefore, the prevalence and levels of heat protection mediated by the obligate
symbiont could be overestimated relative to ecologically more relevant contexts (24, 59). The contribution
of obligate endosymbionts to the evolvability of their carriers facing rising temperatures is thought to be
rather minor across different phyla of sap-feeding insects, because of their genomic features limiting their



evolutionary potential, making them the potential “Achilles’ heel” of the interaction (7, 60, 61). Future
studies should consider how natural genetic variability in populations of hosts and their obligate symbionts
structured by temperature variations (along geographical gradients for instance) could modulate the ability
of the partnership to withstand heat stress, through additive or interactive pathways.

Outside of obligate symbiosis, four species of facultative symbionts have been reported to increase
aphid heat tolerance: F. symbiotica, H. defensa, Rickettsia sp. and 8. symbiotica (62). From our quantitative study,
it appears that only infection with Rickettsia sp. and S. symbiotica yielded different fitness impacts under
permissive temperatures and heat stress (although Cls of effect sizes only indicated modest fitness
consequences of symbiotic infection). This could alternatively indicate a direct symbiont involvement in
heat protection, or a temperature-driven reduction of fitness costs incurred with infection. This does not
necessarily imply that our study contradicts the literature, but rather that the net fitness gains of symbiotic
infection under heat stress could not be apparent through the lens of a meta-analysis conducted at the
species level. Plausible explanations to this could involve an insufficient set of independent observations
from the literature, the influence of mechanisms acting at finer levels of biological entity (i.c., interactions
between host and symbiont genotypes) or other environmental factors (whereby levels of heat protection
depend on the intensity of parasitism pressure exerted by parasitoids or the plant species upon which aphids
fed) (35, 63, 64).

Conclusion

Understanding how temperature can modulate the fitness outcomes of symbiotic infection is crucial for
predicting the eco-evolutionary dynamics of mutualism in the era of climate change. It raises the issue of
the condition-dependence of the evolutionary interest for an insect to host a facultative symbiont (cost-
benefit balance of symbiotic infection in various thermal contexts). Our quantitative study confirms the net
global increase in the adaptive value of infection by facultative symbionts under heat stress, thereby pointing
towards a general role of these microorganisms in facilitating their host adaptation to a warming world.
Relationships forged with microbial partners could thus become an additional evolutionary opportunity
exploited by insects to persist under climate change, not only through dynamic of symbiont prevalence
within host populations, but also through genetic innovations generated by rapid symbiont evolution (7, 65,
66). Conclusions will likely depend on the biological model investigated and the coevolutionary history
between the different organisms at play, the aspects of life history measured, and the way we experimentally
mimic climate change through the different thermal treatments applied. In that prospect, combining multi-
trait approaches with realistic projections associated with different scenarios of climate change (e.g, 36, 61)
should constitute a step towards a more integrative picture on symbiont-mediated insect responses to
ongoing climate disturbance. This broadened focus should also expand to other herbivorous insects for
which the thermal sensitivity of the interactions with obligate (heteropterans, psyllids, mealybugs,
planthoppers) and facultative symbionts (whiteflies) is only beginning to be elucidated, while being a
cornerstone of the structure and the functioning of many terrestrial ecosystems.
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Supplementary Material

We subset the dataset by the number of facultative symbionts involved, making a distinction between cases
of non-infection by any known facultative symbiont (20 pairs of datapoints from 3 studies), single infection
(318 pairs of datapoints from 15 studies) or double infection (72 pairs of datapoints from 5 studies).

The impacts of temperature on the fitness consequences of symbiotic infection differed according
to the number of facultative symbionts being involved. In cases where no or one facultative symbiont was
involved in the interaction, warming increased the adaptive value of symbiotic infection (no facultative
symbiont: z = 3.86, p < 0.01; single infection: z = 16.25, p < 0.001). Under permissive temperatures,
harboring a heat tolerant genotype of the obligate bacterium B. aphidicola or one species of facultative
symbiont did not impact aphid fitness (no facultative symbiont: Hedge’s g = -0.31, 2 = 0.34, p = 0.56; one
facultative symbiont: Hedge’s g = -0.25, 2 = 1.30, p = 0.25). Under heat stress, these two infection patterns
significantly benefited the aphids relative to individuals infected with heat sensitive genotype of B. aphidicola
or free from any facultative symbiont, respectively (no facultative symbiont: Hedge’s g = 2.15, 2 = 13.9, p
< 0.001; one facultative symbiont: Hedge’s g = 0.74, x2 = 11.7, p < 0.001). In cases where two facultative
symbionts were involved, warming did not mediate the fitness consequences of symbiotic infection (z = -
0.49, p = 1.00), which remained neutral under both permissive temperatures (Hedge’s g = 0.15, ¥2 = 0.47,
p = 0.49) and heat stress (Hedge’s g = 0.11, 2 = 0.24, p = 0.62) (Fig. S1).
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Figure S1: Effect of temperature treatment on the fitness consequences of symbiotic infection depending on the
number of facultative symbionts being involved in the interaction (infection type: 0 = none, 1 = single infection, 2 =
double infection), all traits, types of heat stress and symbiont species combined. Predicted overall Hedges’g values
(standardized mean deviation, large circles) and 95% confidence intervals are shown, for control permissive
temperatures (blue) and heat stress (red). A positive effect size value indicates that hosting a heat tolerant genotype of
the obligate symbiont (for individuals free from any facultative symbiont) or a given facultative symbiont is favorable
for the host, and a negative value indicates that it is costly. Confidence intervals that overlap zero indicate a non-
significant effect of symbiotic infection on insect fitness. Note that only 68% of the datapoints are shown in this
figure for aesthetic purposes. N = 3, 15, and 5 studies, for no facultative symbiont, single infection and double
infection, respectively. Asterisks highlight significant difference in effect sizes between temperature treatments
for a given infection type, according to Tukey’s post-hoc comparisons (*** p < 0.001, ** p < 0.01, NS = not
significant).



o A :
215 7N
N 4
@ 2 a 3 2
i 2 gy, . o
£ w o 0‘..-"'0’ Kl °
S 10 v 3 )
S T~ . .
T w0 4 O
Iy E
5 b .
35 n
o )
. ©
S
0 = T T T
-60 -30 0 30 60 20 0 20 40

Standardized Mean Differences

Residual Value

Figure S2: Histogram of the frequency of effect sizes (left) and funnel plot analysis with pseudo 95% Cls (right)
when removing four outliers (from Dykstra et al., 2014). The dataset is relatively symmetric, but some points are
out of the 95% CI on the funnel plot, which means they are at higher risk of inducing a bias. Here, the calculated
effect sizes spread over a large range, with some degrees of asymmetry especially in favor to positive values, but
they have very close associated standard errors (the calculated SMDs have relatively little imprecision, and a high
uniformity of imprecisions). When there are few studies, the power of tests for funnel plot asymmetry such as
Eggers’ test is too low to distinguish chance from real asymmetry, so it was impossible to run such tests.
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