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Symbiosis and host responses to heating
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Virtually all organisms are colonized by microbes. Average temperatures are rising
because of global climate change – accompanied by increases in extreme climatic
events andheat shock – and symbioseswithmicrobesmay determine species per-
sistence in the 21st century. Although parasite infection typically reduces host
upper thermal limits, interactions with beneficial microbes can facilitate host adap-
tation to warming. The effects of warming on the ecology and evolution of the
microbial symbionts remain understudied but are important for understanding
how climate changemight affect host health and disease.We present a framework
for untangling the contributions of symbiosis to predictions of host persistence in
the face of global change.

Symbiosis in a warming world
Parasitic and mutualistic symbioses (see Glossary) are widespread in nature. These interactions
can occur when microbes (i.e., bacteria, fungi, and viruses) colonize host organisms and cause
damage or confer advantages to the host. Symbioses between hosts and microbes can exist
along a parasite–mutualist continuum [1]. Mutualists can increase host fitness by providing re-
sources that are lacking in the environment [2], thereby influencing host immune development
and responses [3], or by directly eliminating enemies [4,5]. These benefits can help hosts to
occupy otherwise unsuitable niches [6] and can considerably impact host adaptation to stress
[7–9]. Conversely, parasites (including pathogens) exploit host resources, and in doing so
cause harm. The harm parasites inflict upon hosts, termed virulence, can be wide-ranging
but commonly manifests via increases in host mortality or reductions in fecundity [10–12]. Par-
asites can also impact host responses to abiotic stress, but the magnitude and direction of
these effects can depend on the system and type of stress [13,14]. Host thermal traits are similarly
shaped by symbionts, and these outcomes are particularly pressing to tackle as temperatures es-
calate worldwide.

Managing the impacts of climate change is one of the biggest challenges of the 21st century.
Average temperatures are rising, and an increase in environmental variability is predicted to
escalate extreme climatic events such as heatwaves, causing thermal stress or even heat shock.
Extreme heat has consequences at all levels of biology, including physiology [15], behavior [16],
and evolution [17,18]. Organisms in turn have evolved several ways to respond to heat stress,
from the expression of heat-shock proteins to DNA damage repair systems [19]. Epigenetic
responses to warming can even be passed on to offspring [20,21] and influence the adaptive
potential of subsequent generations.

A key aspect of an organism faced with warming is their thermal safety margin [22–24]. This
margin is the difference between the upper thermal limit of an individual and the maximum
environmental temperature they experience. Thermal safety margins therefore determine the
capacity of an individual to cope with warming temperatures and thermal extremes. How symbionts
mediate the thermal safety margins of individuals will therefore be crucial in determining how popu-
lations will respond in the face of global climate change [25].
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We explore the influence of being in symbiosis with microbes, for better or worse, on host
responses to heating stress (Figure 1) and on the persistence of host populations. We discuss
all microbial symbionts (parasites and mutualists alike) from viruses to fungi in hosts ranging
from microbes to animals and plants.

Symbioses can impair host responses to heat
Parasites can substantially impair the response of their host to heating (Box 1 and Table 1). Infection
can reduce the thermal safety margin of the host [26,27], and reductions of over 2°C are not uncom-
mon [25]. Indeed, infection can alter the thermal performance curve of the host [28]. However, these
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Figure 1. Symbiotic relationships with microbes and consequences for host fitness during heating. Hosts can
be protected from thermal stress in their associations with microbes (outlined in purple) (e.g., Enterobacter spp. on wheat
roots protects plant hosts from warmer temperatures [105]). Alternatively, colonization by microbes can reduce the thermal
tolerance of hosts (outlined in blue) (e.g., dengue virus can impair mosquito vector thermal response [47]). These symbioses
thus have the potential to impact host populations in the context of heating.
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Glossary
Coevolution: reciprocal selection
between interacting species leading to
coadaptations.
Experimental evolution: experimental
approach whereby populations are
evolved under controlled conditions.
Holobiont: a host and its associated
microbes.
Microbiome: the community of micro-
organisms residing in/on a host.
Mutualists: organisms that confer a
reciprocal benefit to their host.
Parasites: organisms that exploit host
resources and cause harm to the host.
Symbiosis: an association between
two dissimilar organisms that have some
degree of physical association, which is
potentially long-lasting, regardless of the
implications for the fitness of either
organism.
Thermal mismatch hypothesis: a
hypothesis which predicts that infection
outcomes will depend on the degree of
mismatch between the thermal perfor-
mance curves of a host and a parasite.
Thermal safety margin: the difference
between the upper thermal limit of an
organism and the maximum environ-
mental temperature.
Upper thermal limit: the maximum
temperature at which an organism can
remain physiologically active, often
measured as CTmax.
Virulence: the reduction in host fitness
caused by a parasite during infection.
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responses are not straightforward. Parasites can differentially impact male and female responses to
warming (Box 1) [29], and such sex-specific effects could have consequences for population growth
and persistence. The response of a host towarming alsowill not depend solely on the direct damage
caused by infection. Immune and heat-shock responses may allow infected hosts to extend their
thermal safety margins or counteract some reduction in heat resistance caused by infection
[30–32]. In addition, there may be tradeoffs between the ability of the host to tolerate

Box 1. Daphnia–parasite interactions under shifting temperatures: a model for studying the intersection between global change and disease
Daphnia crustaceans makes an ideal case study for answering these questions because (i) the impact of changes in average temperatures and warming on infection,
disease outcomes, and pathogen transmission are well studied, (ii) there is natural variation in thermal limits across a vast geographic cline of populations, and (iii) data
are available on the impact of infection on thermal limits (across both genotypes and the sexes).

Daphnia can be infected by various parasites (i.e., the bacterial parasitePasteuria ramosa and the fungal parasiteMetschnikowia bicuspidata; Figure I). Shifts in temperature
are known to alter host susceptibility to infection, the virulence of parasites that establish an infection, and within-host parasite loads [106,107]. Warmer temperatures can
lead to changes in the timing and size of disease epidemics within Daphnia populations [108,109]. Temperature is also key in determining the success of specific parasite
genotypes, and this could have implications for coevolution in changing environments [106]. For M. bicuspidata, warming can increase spore infectivity, but can also in-
crease host exposure via increases in foraging rate, leading to the potential for increased transmission [108,109]. Conversely, hot temperaturesmay also limit parasite trans-
mission and dampen epidemics by decreasing the infectivity of parasite spores during subsequent transmission [110].

Although temperature is important for the outcome of infection and disease dynamics in Daphnia, recent work has shown that parasitism can fundamentally alter Daphnia
thermal performance. Populations display considerable local adaptation in their thermal tolerance, and populations fromwarmer environments aremore resistant to thermal
stress than those from cool environments (Figure IIA) [86]. Infection with P. ramosa can reduce the thermal tolerance of female Daphnia (Figure IIB) [27]. Reductions are of
equal magnitude to the variation seen across the entire geographic range of the species (Figure IIA,B) [25,27].

Finally, sexual dimorphism in thermal tolerance is common across species. However, in Daphnia infected with P. ramosa, female thermal tolerance is disproportionately
impacted by infection (Figure IIC) [29]. This outcome could have serious implications for how host populations respond to changing environments if the sex that is most
impacted by infection is also the one on which population growth is most dependent [25,29].
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Figure I. Daphnia are cyclically
parthenogenic crustaceans. Individuals
reproduce clonal daughters, but also
genetically identical males under
stressful conditions, allowing sex to occur.
Two parasites, Pasteuria ramosa and
Metschnikowia bicuspidate, follow similar
infection patterns: (1) Daphnia hosts pick
up parasite transmission stages during
feeding, (2) parasites able to traverse the
esophagus or gut wall enter the body and
replicate, (3) parasite replication leads
to reduced fecundity and lifespan, (4)
parasite-induced mortality occurs, at which
point transmission stages are released into
the environment to infect another host.
Males and females are both impacted
by infection, but females often represent
a greater resource to parasites and
experience greater virulence [29]. Except
for the ability of these parasites to traverse
host tissues, all stages are sensitive to
temperature change.
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both thermal stress and infection [27]. Such trade-offs could lead to complex and unpredict-
able outcomes for host populations at ecological and evolutionary scales [30].

Parasites can impair host survival by reducing their upper thermal tolerance [25]. Infection may
also interact with thermal stress to alter other important thermally dependent host traits. Recent
work has shown that the thermal limits of fertility may be important for determining how host
populations respond to heating [33,34]. Fertility is an important host trait because it is integral
to population growth, but the thermal limits for fertility are likely much lower than thermal limits of
survival [35]. It is therefore possible that species distributions are tightly regulated by the thermal
limits of fertility, and, under scenarios of global change, many populations may be at greater risk
of extinction than currently predicted by thermal limits of survival [33,34]. Importantly, however,
parasite virulence often results in reductions in host fecundity or fertility [36]. Hotter temperatures
may exaggerate this detrimental impact of infection on host reproductive ability ([37,38], but see
[39]). If widespread, infected host populations may be at greater risk from warming.

The thermal mismatch hypothesis predicts that the degree of mismatch between the thermal
limits or thermal performance of a host and parasite will determine the risk and outcome of infection
[25,40,41]. Cool-adapted hosts faced with warm-adapted parasites are predicted to be at greater
risk to succumbing to infection when their environment becomes warmer and vice versa. The
thermal mismatch hypothesis can explain how susceptible hosts will fair when faced with parasites.
However, by altering the response of the host to thermal stress and shifting the shape of their
thermal performance curve, a parasite may also change the degree of thermal mismatch [25].
This could have substantial consequences: from mediating the outcome of infection to altering dis-
ease dynamics and the distributions of hosts and parasites as thermal environments change [25,30].

The dual stressors of infection and heating might also impact host evolutionary potential [25]. It is
unclear to what extent many populations possess the genetic variation in thermal performance to
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Figure II. Daphnia tolerance to heat stress and the impact of parasitism. All data are from measures of Daphnia magna thermal tolerance (survival time) under
37°C heat shock standardized to a mean of zero to aid comparison across studies. (A) Thermal tolerance of 22 female Daphnia genotypes from across a large
geographic gradient, showing the intraspecific variation in heat tolerance across locally adapted populations (data from Yampolsky et al. [86]). (B) Infection with
Pasteuria ramosa reduces female heat tolerance, which becomes more exaggerated as infection progresses. Shown are two Daphnia genotypes (unbroken and
broken lines) either uninfected (green) or infected (purple) with P. ramosa, displaying genotype-specific variation (data from Hector et al. [27]). (C) Female Daphnia
heat tolerance is more sensitive to P. ramosa infection compared to males, which erases sexual dimorphism (data from Laidlaw et al. [29]).
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permit adaptation to further warming [42–44]. Most studies find that populations are largely
constrained in their capacity to extend their thermal limits, although evidence for the mechanisms
behind these constraints is mixed [42,45]. Stressful environmentsmay hold the key for adaptation
to heating if they promote the expression of cryptic genetic variation for thermal resistance traits
[46]. Whether infection, as a source of host stress, further constrains or promotes genetic varia-
tion for host thermal limits could be crucial in determining whether host populations can adapt to
heating [25].

An important question for human health is how infection with viruses impacts the thermal
performance of vectors. Ware-Gilmore et al. [47] have shown that infection with dengue virus
can reduce the thermal tolerance of its mosquito vector, Aedes aegypti. Huge effort is currently
being focused on finding ways to control the transmission of mosquito-borne human diseases.
One promising area has been to use the bacterial symbiontWolbachia pipientis [48].Wolbachia,
although not a natural symbiont of mosquitoes, has been found to be effective at reducing viral
titers within dengue-infected mosquitoes, hampering ongoing viral transmission [49].
Wolbachia-infected mosquitoes have been released into natural populations [50]. However,
Wolbachia infection can reduce vector thermal tolerance, equal to the effect of dengue virus it-
self and of coinfection [47]. The sensitivity of mosquito thermal limits to these symbioses could
affect the success of virus vector biocontrol programs under future heating.

Symbioses can protect hosts from heat
Impacts of single symbiont species
Host-associated microbes can protect their hosts from a variety of environmental stresses such
as toxins, desiccation, salinity, and temperature [51–53]. Symbionts can increase host tolerance
to high temperatures via different mechanisms, ranging from increasing the expression of host
stress-response genes to producing protective metabolites (Table 2). By increasing host upper
thermal limits, symbionts can improve host population growth and niche expansion. For example,
'fire-associated' fungi (Morchella) have been hypothesized to help cheatgrass (Bromus tectorum)
invade western North America [54]. Such protection can also have an impact beyond the host

Table 1. Examples of parasitic symbionts and their effect on host thermal tolerance
Host Parasite Trait Impact of

infection
Refs

Mosquito
(Aedes aegypti)

Dengue virus Heat-shock survival Decrease [47]

Mosquito
(Aedes aegypti)

Wolbachia symbiont Heat-shock survival Decrease [47]

Daphnia Bacteria
(Pasteuria ramosa)

CTmax Decrease [27]

Daphnia Bacteria
(Pasteuria ramosa)

Heat-shock survival Decrease [27]

Frog
(Litoria spenceri)

Fungus
(Batrachochytrium dendrobatidis)

CTmax Decrease [26]

Crab
(Eurypanopeus depressus)

Rhizocephala
(Loxothylacus panopaei)

Survival Decrease [28]

Marine snail
(Zeacumantus subcarinatus)

Trematode
(Maritrema)

CTmax Increase [118]

Marine snail
(Zeacumantus subcarinatus)

Trematode
(Philophthalmus)

CTmax Decrease [118]

Newt
(Notophthalmus viridescens)

Fungus
(Ichthyophonus)

CTmax Decrease [119]
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and symbiont species. The barley yellow dwarf virus increases the thermal tolerance of its vector, the
bird cherry-oat aphid (Rhopalosiphumpadi), allowing the aphid to occupywarmer regions of the plant
host and escape competition from a larger aphid species [31]. Association with thermal tolerance-
conferring symbionts may mitigate declines in host performance from temperature increases.

Field experiments with pea aphids (Acyrthosiphon pisum) harboring heat-protecting symbionts
have also shown that these hosts have higher population growth rates than hosts lacking these
symbionts, suggesting that adaptation to heat stress may be facilitated by symbionts [55].
Similarly, Caenorhabditis elegans nematodes that harbor Bacillus subtilis bacteria produce
more offspring under heat shock [56]. Ecological impacts can lead to evolutionary changes.
Hosts associated with B. subtilis for 20 generations of heat-shock selection evolved to produce
more offspring than those lacking the protective bacteria [57]. Beneficial symbionts can thus re-
cover some of the fertility/fecundity damages caused by warming. Such experimental evolu-
tion approaches in general can provide a powerful strategy to directly address the role that
protective symbionts have in host adaptation to heat stress, particularly when combined with
ecological and molecular approaches (Box 2).

Impacts of the microbiome community
Hosts can harbor multiple symbiont species simultaneously, forming complex and dynamic
communities that make up the host microbiome [58]. Microbiomes are involved in a wide range
of host functions, from nutritional supplementation to stress resistance [59,60]. The complex eco-
system of the host, its microbiome, and their interactions has been referred to as a holobiont
[61]. Hosts that develop without microbiomes may exhibit a slower development rate, stunted
growth, reduced fecundity, or shorter lifespan [62,63].

Microbiome composition can correlate with host thermal tolerance. The transplantation of
microbiomes from heat-tolerant Drosophila melanogaster improved the ability of recipient flies
to cope with higher temperatures [64]. By contrast, experimentally depleting gut microbiome
diversity was found to reduce tadpole thermal tolerance to both heat and cold, with impacts on
survival under acute heat stress [65]. In coral-related systems, the abundance of particular

Table 2. Examples of symbiont-conferred heat-protection mechanisms
Host Symbiont Mechanism Refs

Coral
(Acropora millepora)

Algae
(Symbiodinium)

Dominance by clade-specific
thermotolerant algae

[120]

Caenorhabditis elegans
nematode

Bacteria
(Lactobacillus gasseri)

Upregulation of oxidative stress
response genes (pathways also
involved in lifespan extension and
immunity)

[121]

Pea aphid
(Acyrthosiphon pisum)

Bacteria
(Serratia symbiotica)

Release of metabolites facilitated by
bacterial cell lysis from heat shock

[74,92]

Tropical panic grass
(Dichanthelium lanuginosum)

Fungus
(Curvularia protuberata),
Curvularia thermal tolerance
virus

Host–fungus interaction confers
thermotolerance to both partners,
which is effectively eliminated in the
absence of the viral symbiont of the
fungus

[122]

Wheat
(Triticum durum)

Bacteria
(Enterobacter)

Upregulation of heat-shock memory
genes

[105]

Whitefly
(Bemisia tabaci)

Bacteria
(Rickettsia)

Induction of stress-response genes at
benign temperatures, priming hosts
for heat stress (even though higher
temperatures reduce symbiont titer)

[75]
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bacterial taxa relates to the host response in short-term heat-stress experiments [66]. These findings
suggest that microbial communities are associated with improved host thermal tolerance, but there is
no common indicator across diverse host species. Thus, in some systems, species interactions inmi-
crobial communities or the functions of the whole microbial community may play a more important
role than individual symbionts in times of heat stress.

Impacts of warming on symbiont evolution and ecology
Parasite virulence evolution
Reduction of host tolerance to heating is an aspect of parasite virulence. The outcome of selection on
virulencewill generally depend on the balance between virulence and transmission [67], both of which
is impacted by many (temperature-sensitive) host and parasite traits [68]. Gradual or mild heating
may increase virulence alongside other epidemiological parameters (i.e., parasite replication, shed-
ding, and host reproduction) which could promote transmission. Under gradual warming, increased
virulencemay be balanced by increased transmission, with no reason to expect selection for reduced
virulence. Alternatively, this type of heating could allow hosts to counteract infection more effectively
via increases in immune activity or thermal acclimation [24,28]. Hosts may also occupy thermal
niches beyond the thermal limits of a pathogen [25,28]. Under rapidly increasing and severe heating,
however, parasite virulence (in terms of reduction in host thermal tolerance) may increase [25], pos-
sibly without parallel changes in host or parasite traits that lead to increased transmission. Traits driv-
ing transmission may not increase under severe heating because of the brief nature of extreme
temperature events or because extreme temperatures harm both host and parasite [69,70].

These scenarios are speculative. We currently do not have any models or clear predictions for
how reductions in host thermal performance caused by infection will impact parasite virulence
evolution. Incorporating parasite-induced alteration of host thermal performance into mechanistic

Box 2. Investigating symbiont-conferred heat-stress protection using a model system
The bacterium Bacillus subtilis can protect the model nematode Caenorhabditis elegans from heat stress. The properties of each organism are well characterized [111]
and interest in the natural habitats of the nematode has increased in recent years [112]. Caenorhabditis species have also been the central focus of evolution studies
from evolutionary genetics to experimental evolution [112,113]. Integrating model systems with established frameworks can thus illuminate how evolutionary processes
and ecological conditions can drive changes at the molecular level and vice versa (Figure I A–C).

Mechanisms of B. subtilis-conferred heat protection

Bacillus subtilis protects C. elegans from heat stress through several processes (Figure IA). Nitric oxide (NO), a compound made by B. subtilis, can extend host
lifespan and improve thermal tolerance when nematodes are heat-shocked at 34°C (standard C. elegans rearing temperatures are in the range 15–25°C) [114].
Similarly, biofilm-forming B. subtilis can increase host longevity and resistance to heat, osmotic, metal, oxidative, and pathogenic stresses [115,116]. Thermal
tolerance is due to expression of heat-shock proteins induced by B. subtilis components, which improve host survival upon subsequent heat shock. However, this
effect appears to be dependent on host age. The bacterium is less effective in conferring increased survival in young adult nematodes compared to older
nematodes [56].

Nematodes, protective symbionts, and the microbiome

Nematodes colonized by B. subtilis gain a significant fitness advantage in terms of fecundity in response to heat stress [56]. Like many other beneficial symbioses,
hosts exhibit a cost in the absence of the stressor [1], and produce fewer offspring on B. subtilis compared to the standard C. elegans laboratory diet, E. coli [56],
demonstrating that the benefit is context-dependent. Although B. subtilis is not associated with C. elegans in nature, the nematodes do harbor a core microbiome
acquired from their environments (Figure IB). One study demonstrated that temperature affected microbiome assembly differently in nematodes than in the soil in
which the microbial community is found, illustrating that the host can have a direct influence on the composition of its microbiome [117]. Future research might
expand on the functional roles of these bacteria to determine whether any are involved in host thermal tolerance, and, conversely, how heat stress affects
microbiome community structure.

Bacillus subtilis facilitates host adaptation to heat

Drawing from the finding that B. subtilis protects nematodes by improving host reproduction following heat shock, a subsequent study addressed whether associating
with B. subtilis promoted host adaptation to heat stress [57] (Figure IC). Nematodes produced significantly more offspring when exposed to non-evolving B. subtilis
under heat stress for 20 generations, compared to in the absence of B. subtilis or heat. This result demonstrated that protective microbes can promote niche expansion
and increase host thermal limits.
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and epidemiological evolutionary models would give us insight into how these processes feed
back onto parasite evolution. Moreover, experimental evolution approaches are perfectly placed
to answer these questions empirically. By passaging parasites through host populations exposed
to warming temperatures and thermal extremes, one could directly test how different types of
thermal variation affect parasite virulence evolution.

Symbiosis breakdown
Heat stress can lead to a breakdown of symbiosis between a host and its mutualistic symbiont, where
the host no longer benefits from association. For example, bacteria that increase pea aphid survival
from parasitoid wasps no longer provide the same level of protection under heat stress [71]. In cnidar-
ian–algae symbioses, heat can affect symbiont uptake aswell as prevent the symbiont from synthesiz-
ing proteins necessary for photosynthesis [72].Many heritable symbionts are heat-sensitive, which can
hinder their transmission to the next host generation, making symbioses unstable under warming [60].

When symbiont loss has devastating effects on host fitness – leading to sterilization or death – it
becomes a thermal 'weak link' and limits host range expansion [60]. For example, planthoppers

(A)

(B)

(C)

Heat-shock proteins

Microbiome
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Figure I. Approaches for tackling protective symbiosis in a heated environment using C. elegans nematodes and B. subtilis bacteria. Findings from
mechanistic perspectives (A) can inform subsequent ecological (B) and evolutionary (C) studies, which can then inform further mechanistic investigation. Abbreviation: Gen,
generation.
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(Nilaparvata lugens) harbor bacterial symbionts that help them to detoxify insecticides. Elevated
temperatures cause declines in symbiont abundance, abolishing any tolerance to insecticides
in the planthoppers [73]. These studies also suggest that the thermal tolerance of symbionts
can have large impacts on host adaptation: symbionts that can thrive under heat stress may be
better at facilitating host adaptation to high temperatures. Alternatively, heat-sensitive symbionts
that decrease in abundance under heat stress may no longer confer hosts with any benefits. How-
ever, low symbiont titers can still be beneficial. This is the case when lysed symbionts provide
metabolites necessary for host survival [74] or when exposure to the symbiont at benign tempera-
tures is sufficient to prime hosts for heat stress [75].

Alterations in microbiome community structure and function
Host microbiomes are regulated by both host-related and environmental factors [76,77]. Host
factors, such as immunity, can be affected by environmental stress, which in turn shapes host–
microbiome interactions [78]. Although studies across host species (from plants to animals,
ectotherms to endotherms, terrestrial to aquatic) have shown that microbiomes can be altered
by temperature [79,80], it is unclear whether microbial alteration is the direct result of temperature,
the physiological response of the host, or both.

Because microbiomes differ across host taxonomy and sampling locations (e.g., plant and animal
microbiomes differ strongly, as well as microbiomes associated with body surface and the diges-
tive tract), general patterns of microbiome diversity and compositional changes under warming are
difficult to identify. Hartman et al. [66] found overall declines in bacterial alpha diversity in heat-
stressed corals, whereas Ahmed et al. [79] found increased diversity and variation. Several studies,
however, have shown parallel trends ofmicrobiome change under warming. For example, warming
destabilized the composition of the lizard (Sceloporus occidentalis) gut microbiome [81], and similar
results were found in a sponge host (Lendenfeldia chondrodes) [80]. These findings support the
hypothesis that unhealthy or dysbiotic hosts havemore variablemicrobial composition than healthy
hosts [82], and that microbiome instability is associated with host heat stress.

Although the taxonomic composition of microbiomes is distinct between diverse hosts, their func-
tional capacity is broadly conserved. Multiple studies show that functional pathways that are
altered by heat stress are mostly related to metabolism. For instance, Tian et al. [83] found that
starch, sucrose, and energy metabolism were the most enriched functions in the intestinal
microbiome of ducks (Anas platyrhynchos) after heat treatment. Ziegler et al. [84] found that several
functions related to carbohydrate metabolism such as fructose transport proteins were enriched in
microbiomes from heat-adapted corals (Acropora hyacinthus). Thus, microbiomes might alleviate
the effects of warming in hosts through functional enrichment of metabolic pathways. Alternatively,
beneficial microbial communities can increase thermotolerance by modulating host physiology. A
selected consortium of bacteria induced upregulation of stress-protection proteins and lipid
biosynthesis in the coralMussismilia hispida, mitigating host cellular damage andmortality following
long-term heat stress [85].

Implications for host species persistence
The implications for species persistence due to the impact of symbiosis on host thermal perfor-
mance will be substantial. Tropical species and populations, for example, are oftenmore resistant
to thermal stress than those from temperature regions, suggesting adaptation to local conditions
[30,48,86]. However, because tropical species and populations already live close to their upper
thermal limits, and therefore have small thermal safety margins [24,26], they could be dispropor-
tionately harmed by infection [25]. In the absence of genetic and phenotypic variation in upper
thermal limits, tropical populations might be under stronger selection to facilitate the colonization
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of beneficial symbionts. The harm caused by infection may nevertheless be compounded by the
likely greater parasite abundance in the tropics [87].

Alternatively, temperate species may instead be most vulnerable from infection and thermal
stress. Models incorporating the thermal performance of parasites predict that warming will
increase parasite prevalence in temperate regions, but decrease it in the tropics [88,89]. Any
geographic shift in parasite prevalence due to global change may give tropical species a reprieve
from the impacts of parasites on their thermal performance. Temperate species may not be so
lucky. Alongside an increase in parasite prevalence, temperate hosts will frequently experience
thermal stress due to an increase in thermal variability, alongside rising average temperatures
[90]. Warmer temperatures may lengthen the season suitable for parasite growth and transmis-
sion in temperate regions [28]. Warmer average temperatures may therefore increase parasite
abundance, prevalence and, potentially, the severity of disease outbreaks. Subsequent infections
will dramatically impair the responses of these hosts to the increasing frequency of thermal stress.

Terrestrial animals may be able to access beneficial thermal niches via behavioral thermoregulation
[91]. When infected hosts seek warmer microclimates, this could nevertheless result in very narrow
thermal safety margins when infection also causes reductions in host thermal tolerance [25].
Aquatic organisms are unlikely to be able to access beneficial thermal niches and may experience
body temperatures closer to their upper thermal limits during extreme heating [91]. The inability to
behaviorally thermoregulate may put some hosts at particular risk from infection and heating.

Hosts that associate with heat-sensitive symbionts may be at increased risk during warming.
However, species persistence will depend on the nature of the association – whether hosts are
obligately dependent on their symbionts or benefit only under specific conditions. Furthermore,
organisms in symbiosis will require more controlled experiments to disentangle the effects of
each member that is present and their interactions with one another. More studies testing the
response of microbiomes to experimental warming (see Outstanding questions) will be necessary
to determine whether microbiomes can help to moderate the impacts of global heating and/or act
as a warning of trouble ahead.

Many species do not currently possess sufficiently high thermal tolerances to cope with ongoing
global change. Adaptation to ongoing heating requires populations to exhibit phenotypic variation
in their thermal tolerance, alongside underlying genetic variation. Worryingly, it is unclear whether
many species possess such variation, and there may be strong constraints because of complex
genetic or physiological tradeoffs. Association withmutualists can impact variation in host thermal
tolerance. For example, closely related symbiont isolates were found to contribute to differential
host fitness in response to heat shock in pea aphids, and the isolate found in the warmest geo-
graphical location conferred the greatest protection [92]. Theoretical models have suggested
that high symbiont variation (at the genetic and community levels) in thermal tolerance may
allow long-term host persistence under warming [93]. However, experimental studies have chal-
lenged the paradigm that symbiotic flexibility enhances host resilience and suggest that symbiont
fidelity rather than flexibility will be favored in future warming [94].

Symbionts are instrumental in shaping phenotypic variation, and the expression of genetic variation,
in host populations. Symbionts likely represent a substantial source of variation for host thermal
performance in natural populations. However, if the detrimental impact of infection on host thermal
tolerance is too great, any promotion of the expression of genetic variation may simply be
overpowered by the reduction in fitness caused by infection and thermal stress. Mutualists and
microbiomes could enhance adaptation to thermal stress if they enable hosts to inhabit otherwise
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unsuitable climates. Reliance on symbionts for thermal resistance could leave hosts maladapted
when symbioses break down.

Concluding remarks and future perspectives
Understanding the impacts of symbioses across themutualist–parasite continuum on the thermal
performance of their hosts is challenging. It is often unclear how harm or benefit are conferred,
and any mechanisms may be both host- and symbiont-specific (species and genotype-level) or
community-specific (see Outstanding questions).

It is possible that heating shapes the relative benefits/harm conferred by symbionts over evolu-
tionary time. Equally uncertain is the impact on host evolution. For host–parasite interactions,
disrupted host responses to heating are likely the result of the interaction between the harm
caused, the energy costs, and physiological responses to infection. The immune systempresents
us with one potentially generalizable mechanism behind how infected hosts respond to heating.
In invertebrates, the immune system and the heat-shock response are part of a more general
stress response which buffers against many biotic and abiotic stressors [30]. Such 'cross-
tolerance' has been found formany sources of stress, reinforcing the idea of an important generalized
stress response in invertebrates [95,96]. Plants also exhibit a large overlap in responses to heat and
infection [97,98]. With shared underlying mechanisms, tradeoffs may occur. Hector et al. [30] found
that tropical populations ofDrosophila, which are adapted to be themost heat-resistant, experienced
reductions in heat tolerance after immune system activation. Other environmental perturbations, such
as anthropogenic disturbance [99] or those facilitating evolution of selfish mutualists [100], may also
affect host adaptation to heating. Investment in responses to these other pressures might further
divert resources from thermotolerance mechanisms. Tradeoffs between resistance to thermal stress
and resistance to other environmental stressors could limit the capacity of populations to cope with
heating at both the ecological and evolutionary scales.

Host responses to extreme temperatures could also feed back onto ongoing coevolution
with parasites. In models of host–parasite coevolution, the fitness of a genotype is fixed across
environments, although warming temperatures can increase host susceptibility and parasite
virulence/growth rate [42,101]. Consequently, during warming, it has been predicted that
there might be stronger selection for host resistance and counter-selection by parasites [60], with
more rapid coevolution taking place. The rate of warming (e.g., heatwave vs. gradual warming), how-
ever, might influence host and parasite evolution differently. Because parasite generation times are
often shorter than those of their hosts, parasite infectivity might evolve more rapidly than host resis-
tance during heatwaves. Coevolution might break down [60]. Whether the degree of thermal stress
alters the speed and stability of host–parasite coevolution, or indeed host–mutualist coevolution,
remains untested. Measuring the temporal changes in symbiosis-related and thermal-related fitness
traits, as well as the underlying molecular processes, will be key to predicting how coevolving rela-
tionships will change in a warming world.

Because mutualistic symbionts and microbiomes can help to improve host thermal performance,
microbiome transplantation might be an effective way to help with faster host adaptation to
warming [102,103]. Microbes have shorter generation times and are often more genetically tracta-
ble, and thus can potentially adapt faster than their hosts, making it feasible to evolve microbiomes
in the laboratory and transplant them to susceptible hosts. This approach is highly applicable to
coral-associated microbes, where selection for heat-tolerant algae and bacteria that can mitigate
oxidative stress and metabolism disruption is part of ongoing efforts to restore bleached corals
[104]. Release of heat resistance-conferring symbionts may be a viable option in general for
species persistence, particularly for organisms such as plants and those with limited behavioral
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Outstanding questions
What is the impact of alteration of host
thermal performance on parasite
evolution? By impairing host thermal
performance, parasites may indirectly
influence their own performance.
Infection induced reductions in host
thermal performance could become
an increasingly important component
of parasite virulence. However, we
currently lack any clear predictions
about how parasite effects on host
thermal performance will feed back
into the evolution of the parasites
themselves.

What are the effects of heating on
the ecology and evolution of host-
protecting microbial symbionts? Heri-
table mutualistic symbionts are crucial
for host fitness, but they are often
unculturable and therefore less ame-
nable to laboratory experiments. In ad-
dition, because of their complexity, little
is known about how heat can impact
on the persistence and function of
microbiomes.

In what case are shifts in the
microbiome a contributor to host
thermal tolerance versus a
consequence of host adaptation/
maladaptation to warming? Although
association studies have discovered
links between microbiomes and host
responses to heat, experimental studies
will be necessary to disentangle cause
and effect in microbiome research with
respect to host health and temperature.
Microbiome transplantation experiments
have begun to fill these gaps.

Does thermal stress alter the stability of
coevolving symbioses? It is unclear
whether heat stress causes parasites
to have a faster relative evolutionary
rate than their hosts. If so, hosts may
be more vulnerable to extinction from
infection and thermal extremes. The
degree to which heat stress can
destabilize mutualist–host interactions is
also unknown, and likely varies among
systems. Symbionts in long-term coevo-
lution with hosts tend to have reduced
genomes, and therefore have limited
capabilities to respond to heat [51].
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modifications to avoid warmer niches. However, whether heat-tolerant mutualists can negatively
affect other aspects of host physiology or cause disruptions to natural ecosystems is not well
studied in many systems.

Going forward, wemust integrate host–microbe interactions into our understanding of species per-
sistence during global heating (see Outstanding questions). The symbiotic microbes colonizing
species at risk may be useful in alleviating heat stress, or alternatively might accelerate species
loss from habitats, with implications for their ecosystems. Models predicting future geographic
range changes may wish to consider the effects that microbes can have on host survival. Ours is
a warming world which is also dominated by microbial life.
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