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ABSTRACT The intestinal microbiome influences host health, and its responsiveness
to diet and disease is increasingly well studied. However, our understanding of the
factors driving microbiome variation remain limited. Temperature is a core factor that
controls microbial growth, but its impact on the microbiome remains to be fully
explored. Although commonly assumed to be a constant 37°C, normal body tempera-
tures vary across the animal kingdom, while individual body temperature is affected
by multiple factors, including circadian rhythm, age, environmental temperature stress,
and immune activation. Changes in body temperature via hypo- and hyperthermia
have been shown to influence the gut microbiota in a variety of animals, with consist-
ent effects on community diversity and stability. It is known that temperature directly
modulates the growth and virulence of gastrointestinal pathogens; however, the effect
of temperature on gut commensals is not well studied. Further, body temperature can
influence other host factors, such as appetite and immunity, with indirect effects on
the microbiome. In this minireview, we discuss the evidence linking body temperature
and the intestinal microbiome and their implications for microbiome function during
hypothermia, heat stress, and fever.
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Most animals, including humans, harbor complex intestinal microbiota that shape
their metabolism and immune responses. Factors that affect microbial activity,

such as nutrient, oxygen, and pH gradients, are key determinants of microbiome com-
position, function in the gastrointestinal tract, and can therefore indirectly influence
host health; for example, the importance of diet and oxidative stress in microbiome-
host interactions has been reviewed extensively elsewhere (1, 2). However, other fac-
tors known to influence microbial growth have been comparatively neglected in the
microbiome field. Notably, despite the fundamental importance of temperature in con-
trolling microbial growth and activity, relatively little attention has been paid to the
influence of body temperature on the intestinal microbiome.

Although humans and mice maintain an average core body temperature of approx-
imately 37°C, there is significant variation in body temperature across the animal king-
dom (Table 1). Such variation may have implications for the transmission and evolution
of intestinal microbes. Furthermore, fluctuations in an individual’s body temperature
due to changes in environmental temperature, metabolic exertion, or immunological
fevers have the potential to significantly alter the gastrointestinal niche. The body tem-
peratures of ectothermic animals, such as reptiles, amphibians, fish, and insects, are
especially susceptible to environmental fluctuations; intestinal microbiomes in these
animals experience daily and seasonal fluctuations (3). Temperature thus has the
potential to shape microbiome function in such diverse contexts as fever and climate
change. In this minireview, we summarize the existing literature informing the relation-
ship between body temperature and the gut microbiome and point toward interesting
areas for future research.
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MICROBIAL RESPONSES TO TEMPERATURE

The building blocks of life are inherently sensitive to temperature. When it is too
warm, proteins are denatured, nucleic acids lose their base pairing, and plasma mem-
branes become excessively fluid. When it is too cold, everything slows down: enzymes
work inefficiently, nucleic acids form inconvenient secondary structures, and plasma
membranes are stiff. Microbes and other organisms have therefore adapted their cellu-
lar processes to grow within a specific temperature range and to respond to tempera-
ture stress beyond their optima (4).

The heat shock response is a conserved regulatory network found in all branches in life.
Heat shock proteins include chaperones that stabilize and refold denatured proteins, and
ATP-dependent proteases that degrade the misfolded proteins (5, 6). The complementary
cold shock response is characterized by nucleic acid chaperones that prevent the formation
of secondary structures in mRNA (7). Microbes also employ regulatory switches to control
gene expression in response to temperature, thus adapting their activity to their environ-
ment (8, 9). In microbial communities subjected directly to fluctuating environmental tem-
perature, such as coral reefs and compost heaps, temperature is well known to shape suc-
cession dynamics and metabolic activity (10, 11). In corals, environmental temperature
further influences susceptibility to bacterial pathogens (12).

How resilient are intestinal microorganisms to temperature stress? Escherichia coli
and other intestinal Enterobacteriaceae members are thermotolerant; many species in
this family survive well at temperatures both cooler and warmer than those of the typi-
cal endothermic host. Enteropathogenic Yersinia, for example, will continue to grow at
temperatures near 0°C (7), while lab strains of E. coli will grow from approximately 8°C
(13) to 42°C and readily evolve to grow at temperatures up to 48°C or higher (14).
Indeed, members of the Proteobacteria phylum are considered to be functionally flexi-
ble in response to many environmental stresses. Moreover, pathogenic members of
this group, such as Salmonella, Yersinia, Pseudomonas, and pathogenic E. coli, explicitly
respond to host temperature, using it as an environmental cue to upregulate virulence
genes (8, 15, 16). These temperature-responsive genes tend to be even more strongly
upregulated at fever-like temperatures of 42°C than at 37°C (15), and a temperature-re-
sponsive enzyme in P. aeruginosa likewise shows increasing efficiency up to 45°C (16).
Clostridioides difficile, another major human intestinal pathogen, grows equally well at
37°C and 41°C in vitro (17, 18). Together, these observations indicate that intestinal
pathogens both tolerate and exploit host temperature changes.

It is not clear, however, whether resident commensals exhibit the same resilience. A
recent study demonstrated that bumblebee gut commensals varied in their preferred
thermal niches (19), but growth rates beyond 37°C are uncharacterized for the majority
of intestinal bacterial species. Many gut species are notoriously fastidious or not yet cul-
turable and may not be nearly so permissive as pathogens in their growth temperature.

TABLE 1 Diverse body temperature ranges in endotherms

Animal Order Normothermic temp(s) (°C) Hypothermic temp(s) (°C)c Hyperthermic temp(s) (°C)d Reference(s)
Platypus Monotremata 29–33 23, 15 (HI) 35–38 82, 83
Armadillo Cingulata 32–35 ,25 (HI) 36–40 71, 84, 85
Human Primata 35.7–37.3a; 36.2–37.5b ,35 .40

37.9–41 (FE)
73, 86, 87

Mouse Rodentia 36.5–37.2 31–34 38–42; 37.8–39.3 (FE) 26, 56, 61
Rat Rodentia 37.0–38.2 32–36 38.6–39.4 (FE) 56, 88
Bat Chiroptera 35.5–37 #5.8 (HI) 37.4–42 62, 69, 89
Pig Artiodactyla 39.3–39.9 35–38 40.5–41.1 56, 90
Chicken Galliformes 41.1–41.6 #40 41.8–44.9

42.3–43 (FE)
91–94

Red-billed quelea Passeriformes 40–41.8 NA 48–49.1 63
aIndustrial.
bHistoric.
cHI, hibernation; NA, not available.
dFE, fever.
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Indeed, genomic studies of classic intestinal commensals, such as Bifidobacterium spp.,
point to a significant loss of heat shock response genes compared to those of their envi-
ronmental relatives, likely reflecting adaptation to this relatively thermostable niche (20).
At the most extreme end of the spectrum, many obligate intracellular symbionts in
insect species have become extremely thermosensitive due to progressive genomic
reductions during coevolution (21–23). Furthermore, nutrient availability, metabolic
adaptations, and antibiotic resistance can modulate the thermal sensitivity of bacteria (6,
24, 25), and these factors vary meaningfully in a gut environment. Overall, therefore,
temperature has significant potential to affect the growth and activities of intestinal
microbes. Better characterization of the temperature sensitivities of intestinal commen-
sals will be necessary to understand the shifts in microbiota communities upon thermal
stress, as discussed in the following sections.

ENVIRONMENTAL COLD STRESS AND THE INTESTINAL MICROBIOME

A recent body of literature has explored the responsiveness of the mammalian gut
microbiota to cold exposure and host hypothermia. The abundance and diversity of
Lachnospiraceae and the production of short-chain fatty acids (SCFA) increase consistently
in response to decreased body temperature in rodents and humans (26–29). Hypothermic
mice also have better metabolic health and are less susceptible to high-fat-diet-induced
obesity, and these traits can be replicated by fecal-microbiota transplantation into mice
kept at room temperature (28, 30, 31). However, overall alpha diversity decreases in cold-
stressed rodents (26–28, 30) and fish (32), and certain gut species become undetectable,
suggesting that some members of the microbiota are susceptible to cold stress.
Interestingly, selective breeding of fish for cold tolerance led to microbiomes that were
less diverse at baseline and less affected by cold temperature shock, suggesting that selec-
tion for a cold-adapted microbiome can occur over several generations (32).

Remarkably, there is substantial evidence that the microbiota not only responds to
hypothermia but also affects host thermogenesis. During cold stress, mammals pro-
duce body heat primarily through nonshivering thermogenesis, a metabolic process
occurring in brown adipose tissue (33). During nonshivering thermogenesis, the host
mitochondrial protein UCP1 (uncoupling protein 1) uncouples the transport of protons
from the synthesis of ATP, resulting in heat production (33). Mammals that lack a
microbiota (due to germfree conditions or antibiotic treatment) have a cooler body
temperature at baseline and experience worse hypothermia upon cold exposure (26,
34–36). This is likely because the microbiota, when present, improves dietary energy
harvest for thermogenesis (26, 29, 34, 35). Indeed, a similar decrease in body tempera-
ture is seen in fasted animals (26). Increased SCFA production in cold-stressed conven-
tionally raised animals appears to be a result of increased food intake, thus providing
even more fuel for microbial metabolism and ultimately for host thermogenesis (29,
30). Indeed, oral gavage with SCFA, the energy-dense products of bacterial fermenta-
tion, rescues thermoregulation in antibiotic-treated animals (29, 36). When feces were
transplanted from hypothermic to healthy rodents as described above, SCFA produc-
tion and thermoregulatory capacity also improved (26). Although these studies
focused largely on host thermogenesis via UCP1, it is notable that microbial fermenta-
tion of fiber also produces metabolic heat directly. This phenomenon is readily
observed, for example, in compost heaps (11), and fermentation of ruminal contents
produces measurable heat ex vivo (37). Fermentation-derived heat likely contributes to
host temperature flux; it has been estimated that the human gut microbiota produces
60 kcal/h of heat during fermentation or approximately 70% of the total heat produc-
tion of a resting individual (38). Together, therefore, these findings indicate that the
metabolic activity of the microbiota helps to promote host thermogenesis.

ENVIRONMENTAL HEAT STRESS AND THE INTESTINAL MICROBIOME

In contrast to the increased abundance of Firmicutes and SCFA observed during
cold stress in mammals, multiple studies suggest that intestinal Firmicutes decline with
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heat stress (39–42), as does the overall alpha diversity of the gut microbiota. Strikingly,
this decline has been observed across a wide variety of hosts, including both ectother-
mic and endothermic animals (3). Collectively, these data suggest a consistent impact
of body temperature on intestinal Firmicutes, caused either by temperature itself or by
conserved changes in host appetite or metabolism (3). In an elegant study that profiled
the gut microbiota longitudinally over repeated cycles of heat stress in gerbils, both
core body temperature and appetite cycled consistently with ambient temperature; so
too did the abundances of several bacterial species and the production of SCFA (36).
Moreover, a decline in microbiota alpha diversity (the taxonomic diversity or richness
of a community) occurred in gerbils after repeated cycles of heat stress, indicating that
the consequences of heat stress may accumulate over time (36).

Ectothermic animals are particularly sensitive to environmental heat stress; this repre-
sents a major conservation challenge in the face of climate change. Their microbiotas
are also heat sensitive, which may impact host resilience to temperature stress. Intestinal
alpha diversity and Firmicutes abundance decline sharply in lizards and amphibians
exposed to heat stress, as does the temporal stability of the microbiota (39, 41, 43, 44).
Loss of diversity persists months after the heat stress itself (43) and is associated with
decreased digestive efficiency (44). Furthermore, the bacterial symbionts of several
insects collapse entirely under heat stress, with severe consequences for host vitality
(21–23, 45). Importantly, a heat shock gene variant in Buchnera, an obligate intracellular
aphid symbiont, mediated the temperature sensitivity of the entire organism, including
decreased fertility of the aphid during heat stress (23). This suggests that temperature
can directly affect bacterial symbionts with consequences for the host, rather than being
restricted to top-down host effects on the symbiont. Of course, nonintestinal microbial
associations, such as those of corals, are also well documented to be sensitive to temper-
ature increases as a direct result of heat stress (10, 46).

Endothermic animals are also affected by environmental heat stress. Livestock, for
example, experience frequent heat stress under high-intensity farming practices, with
negative consequences on animal health and on agricultural productivity. Cows, pigs,
and chickens kept in hot and crowded conditions exhibit reduced food intake, reduced
growth, increased intestinal permeability, and increased risk of systemic infection (47,
48). Changes in microbiota composition have also been reported in heat-stressed live-
stock, including the aforementioned declines in alpha diversity and Firmicutes abun-
dance (40, 42, 49) and increases in relative abundances of Proteobacteria (50). These
consequences are not limited to cows and chickens; heat stress also increases bacterial
translocation and septic shock risk in humans (51), and hot summer weather is associ-
ated with an increased prevalence of Gram-negative bacterial infections (52–54).
Concerningly, the prevalence and severity of heat stroke are increasing in both human
and animal populations as a result of climate change (55).

IMMUNOLOGICAL HEAT STRESS AND THE INTESTINAL MICROBIOME

In response to infection and innate immune stimulation, most mammals experience
fever: a deliberately increased body temperature (Table 1). During fever, the hypothala-
mus responds to increased prostaglandin levels (an inflammatory lipid mediator
released by stimulated macrophages) by triggering nonshivering thermogenesis in
brown adipose tissue, thus generating metabolic heat via the same basic mechanism
as during hypothermia. Even ectotherms will alter their behavior to seek out warmer
temperatures during infection; indeed, a 1.5 to 5°C increase in body temperature in
response to infection is remarkably prevalent across the animal kingdom (56). The pre-
sumed evolutionary benefit of this increase in core body temperature is to restrict the
activity of pathogenic microbes, either via direct inhibition of microbial growth or via
stimulation of immune responses at warmer temperatures (56). Both experimental and
observational evidence suggests that fever responses do indeed help clear infections
more quickly (56). Before the development of antibiotics, pyrotherapy was even used
in humans to treat symptoms of syphilis (57).
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Curiously, despite the impact of fever on infectious disease, we know little to noth-
ing about what happens to the gut microbiota as a consequence of fever. In general,
the innate inflammatory response is associated with increased levels of intestinal
Proteobacteria and decreased alpha diversity, particularly when inflammation becomes
chronic (2). However, the impact of acute fever responses on the mammalian micro-
biota is relatively unknown. A recent study found that patients infected with severe
acute respiratory syndrome coronavirus 2 (SARS-Cov2) show fever-dependent shifts in
the gut microbiota, including an increase in bacterial heat shock proteins, suggesting
that fever temperatures do impact the human microbiome (58).

Although incapable of producing an internal “fever,” bumblebees use behavioral
approaches, such as wing activity, to maintain high body and hive temperatures. These
high temperatures have been shown to decrease pathogenic infections by directly modu-
lating the activities of both the pathogen and the microbiota (59, 60). The bumblebee
commensal Lactobacillus tolerates higher body temperatures than the parasite Crithidia
bombi; moreover, Lactobacillus has an increased metabolic activity and thus higher antipar-
asitic activity against C. bombi at these high temperatures (60). Warmer bees thus have
more intestinal Lactobacillus organisms and are more protected against infection (59).

Interestingly, the ability of the microbiota itself to increase host body temperature
is observed during heat stress as well as during cold stress; antibiotic-treated mice
maintain cooler body temperatures when hyperthermia is induced by the drug methyl-
enedioxymethamphetamine (also known as ecstasy) (61). These data are consistent
with a role for the microbiota in promoting metabolic heat production, rather than
having a unique thermoregulatory capacity per se.

TEMPERATURE OPTIMA ACROSS THE TREE OF LIFE

Mice and primates share a core body temperature of approximately 37°C and are
the focus of most intestinal microbiome research. However, 37°C is not a constant
across the animal kingdom; in fact, the overall range in normal core body temperatures
is at least 10°C even in endotherms (approximately 30 to 40°C) (Table 1) (4). In flighted
animals, body temperature is moreover more dynamic; during flight versus rest, core
body temperature can increase by several degrees owing to the high metabolic
demands of flying (62). A small African songbird called the red-billed Quelae has a nor-
mal body temperature of 41°C but can survive a toasty 49.1°C during flight-induced
hyperthermia (63). At the opposite end of the spectrum, many animals are capable of
entering torpor or hibernation, during which body temperature can drop to below 5°C
(64). This is associated with marked intestinal and microbiota changes, although the
effect of temperature is difficult to separate from dietary restriction during hibernation
(64). Interestingly, there is also a moderate association in general between body tem-
perature and diet across the phylogenetic tree, with higher cellulose consumption
being generally associated with warmer core body temperatures (4). As noted above,
microbial fermentation of fiber is itself heat producing and can also promote host ther-
mogenesis, which may help to explain this relationship; however, this has not been rig-
orously tested.

Bats and birds show a notable convergence of their intestinal microbiota profiles,
despite being phylogenetically distant and having a diverse range of diets (65). Both
taxonomic groups tend to possess a low overall microbial burden, low alpha diversity,
and a high variability between individuals, as well as having a high relative abundance
of Proteobacteria and potential pathogens (65–67). This association may be driven by
various host factors shared by flighted animals (65); however, body temperature is one
such factor that has not yet been explored. Recently, our lab reported a positive corre-
lation between abundance of the thermophilic archaeon Methanothermobacter and
host body temperature across a range of mammalian and avian hosts (68). Although
this correlation was inseparable from host phylogeny and might therefore be con-
founded by other host properties, it supports the hypothesis that host body tempera-
tures can play a role in shaping gut microbiota composition.
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Notably, many important zoonotic pathogens have reservoirs in bats and birds. It
has been proposed that the high rates of zoonotic viral transmission from bats is
driven by their natural body temperature being closer to the febrile state of humans
(62, 69). Indeed, experimental work suggests that body temperature affects pathogen
transmission; viruses that jump species show a much longer lag time when transferred
to hosts with higher body temperatures and a faster course of infection when trans-
ferred to hosts with lower body temperatures (70). Mycobacterium leprae, the causative
agent of leprosy, also shows a distinctive thermal preference; it naturally circulates in
armadillos, who maintain a relatively cool body temperature of 32 to 35°C, and for this
reason, it preferentially infects human hands and feet due to the lower temperature of
these body extremities (71). As noted above, bats harbor not only high viral loads but
also high intestinal populations of Proteobacteria compared to those in other rodents,
as well as higher levels of predicted pathogenic bacteria (65–67). It is therefore inter-
esting to speculate that the “fever hypothesis,” although traditionally framed around
viral pathogen load, might extend to the abundance of intestinal bacteria.

TEMPERATURE AND TIME

Not only does body temperature vary across host phylogeny, it also fluctuates with
time, even in endothermic hosts. Human body temperature cycles with a person’s
Circadian rhythm and with daily activities, such as eating, exercising, and sleeping (33).
Female body temperature fluctuates according to monthly hormonal cycles (72), and
body temperature changes with age (older individuals tend to have a cooler body tem-
perature and have difficulty conserving heat).

Fascinatingly, core human body temperature has also decreased significantly since
the 19th century, to the extent that 37°C is no longer strictly accurate as the bench-
mark for human body temperature (73). In high-income countries, the average healthy
body temperature is currently closer to 36.5°C (73). Declines in human body tempera-
ture have also been demonstrated to occur rapidly in a hunter-gatherer population
undergoing industrialization (74). This slight but significant decline over time may
reflect substantially reduced burdens of infectious disease and thus reductions in
chronic immune activation (73), as well as diverse other factors, including changes in
ambient temperature, physical activity, and prophylactic antibiotic use (74).

While currently unexplored, it is tempting to speculate that these differences in
body temperature might influence some of the observed changes in microbiota com-
position with age, across populations, and over generational time. The effect of indus-
trialization on “modern” microbiota diversity and the associated rises in metabolic dis-
eases, autoimmunity, and allergy are currently areas of intense research interest (75).
While numerous factors certainly contribute to such large population-level differences,
alterations in core body temperature represent one testable hypothesis.

TEMPERATURE AND EXPERIMENTAL WORK

Temperature is also an important and often-neglected experimental consideration.
Mice, the workhorses of health science research, require an environmental temperature
of approximately 30°C for comfortable thermoneutrality. Humans, while maintaining
the same body temperature, are thermoneutral at a much lower environmental tem-
perature (;24°C). Thus, although the majority of animal facilities operate at “room
temperature,” research mice experience persistent cold stress under these conditions
(76–78). This alteration in thermoregulation influences the basal metabolic rate and is
therefore expected to affect all aspects of experimental results in mice, including
microbiota findings. Notably, immune responses are significantly more robust in mice
housed at warmer temperatures (76). Mice housed at room temperature become hypo-
thermic rather than feverish in response to lipopolysaccharide (LPS) challenge; in con-
trast, mice housed at thermoneutrality exhibit robust fevers and clear infections more
successfully (56, 76). This increased activity of immune responses at warmer tempera-
tures is not unique to mice and has been observed in ectothermic animals (79) as well
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as in human immune cells in vitro (reviewed in reference 56), although there are clearly
limits beyond which hotter temperatures are detrimental (56). Thus, our current knowl-
edge of immune-microbial interactions, being drawn mainly from mice housed in con-
ventional animal facilities, may be biased by a baseline state of cold stress and
immunosuppression.

IS BODY TEMPERATURE SEPARABLE FROM OTHER CONFOUNDERS? CONCLUSIONS
AND CAVEATS

Both hot and cold stresses are associated with a loss of diversity and stability in the
intestinal microbiotas of animals, as would be expected if these microbial communities
are adapted to an optimal temperature. As noted recently (3), it is striking that intestinal
Firmicutes abundances are negatively associated with body temperature, while intestinal
Proteobacteria are positively associated with body temperature across a diverse range of
hosts and contexts. These trends are observed in both ectotherms and endotherms
experiencing temperature stress (3) but also in species with different core body tempera-
tures. On the one hand, this might reflect the altered activity of host metabolism and im-
munity at different temperatures. Notably, since appetite is highly responsive to temper-
ature stress (increasing in hypothermic animals and declining in hyperthermic or
feverish animals) (80), it is difficult to separate the impact of body temperature from the
changes in nutrient availability in the gut. Intestinal permeability and blood flow are also
affected by temperature stress (48, 81); so too are immune responses (76). Intriguingly,
however, flighted animals with a high body temperature show “heat stress” microbiota
features while maintaining robust food intake and dampened inflammatory responses
(65, 69). No study has yet examined the direct responsiveness of mammalian gut
microbes to temperature stress or successfully uncoupled appetite, immunity, and tem-
perature in animals. Further experimental work is therefore needed to clarify the mecha-
nisms driving temperature-microbiota associations.

Although challenging, defining the relationship between body temperature and in-
testinal microbiota would have significant implications for our understanding of micro-
biota perturbations during fever and infectious disease, during climate-induced heat
stress, across experimental studies in mice, and over generational changes in core
human body temperature. Temperature undoubtedly affects the growth and metabo-
lism of all living organisms; the role of body temperature in microbiota function thus
represents a rich research area to be explored.

ACKNOWLEDGMENT
This work was supported by the Max Planck Society.

REFERENCES
1. Sonnenburg JL, Bäckhed F. 2016. Diet—microbiota interactions as modera-

tors of human metabolism. Nature 535:56–64. https://doi.org/10.1038/
nature18846.

2. Tiffany CR, Bäumler AJ. 2019. Dysbiosis: from fiction to function. Am J Phys-
iol Gastrointest Liver Physiol 317:G602–G608. https://doi.org/10.1152/ajpgi
.00230.2019.

3. Sepulveda J, Moeller AH. 2020. The effects of temperature on animal gut
microbiomes. Front Microbiol 11:384. https://doi.org/10.3389/fmicb.2020
.00384.

4. Clarke A. 2017. Principles of thermal ecology: temperature, energy, and
life. Oxford University Press, Oxford, United Kingdom.

5. Obuchowski I, Liberek K. 2020. Small but mighty: a functional look at bac-
terial sHSPs. Cell Stress Chaperones 25:593–600. https://doi.org/10.1007/
s12192-020-01094-0.

6. Biran D, Rotem O, Rosen R, Ron EZ. 2018. Coping with high temperature:
a unique regulation in A. tumefaciens. Curr Top Microbiol Immunol 418:
185–194. https://doi.org/10.1007/82_2018_119.

7. Keto-Timonen R, Hietala N, Palonen E, Hakakorpi A, Lindström M,
Korkeala H. 2016. Cold shock proteins: a minireview with special emphasis
on Csp-family of enteropathogenic Yersinia. Front Microbiol 7:1151.
https://doi.org/10.3389/fmicb.2016.01151.

8. Shahul Hameed UF, Liao C, Radhakrishnan AK, Huser F, Aljedani SS, Zhao X,
Momin AA, Melo FA, Guo X, Brooks C, Li Y, Cui X, Gao X, Ladbury JE,
Jaremko Ł, Jaremko M, Li J, Arold ST. 2019. H-NS uses an autoinhibitory
conformational switch for environment-controlled gene silencing. Nucleic
Acids Res 47:2666–2680. https://doi.org/10.1093/nar/gky1299.

9. Jiang Y, Idikuda V, Chowdhury S, Chanda B. 2020. Activation of the arch-
aeal ion channel MthK is exquisitely regulated by temperature. Elife 9:
e59055. https://doi.org/10.7554/eLife.59055.

10. Lima LFO, Weissman M, Reed M, Papudeshi B, Alker AT, Morris MM,
Edwards RA, de Putron SJ, Vaidya NK, Dinsdale EA. 2020. Modeling of the
coral microbiome: the influence of temperature and microbial network.
mBio 11:e02691-19. https://doi.org/10.1128/mBio.02691-19.

11. Moreno J, López-González JA, Arcos-Nievas MA, Suárez-Estrella F, Jurado
MM, Estrella-González MJ, López MJ. 2021. Revisiting the succession of
microbial populations throughout composting: a matter of thermotoler-
ance. Sci Total Environ 773:145587. https://doi.org/10.1016/j.scitotenv
.2021.145587.

12. Munn CB. 2015. The role of vibrios in diseases of corals. Microbiol Spectr
3:VE-0006-2014. https://doi.org/10.1128/microbiolspec.VE-0006-2014.

13. Shaw MK, Marr AG, Ingraham JL. 1971. Determination of the minimal tem-
perature for growth of Escherichia coli. J Bacteriol 105:683–684. https://
doi.org/10.1128/jb.105.2.683-684.1971.

Minireview

September/October 2021 Volume 6 Issue 5 e00707-21 msystems.asm.org 7

https://doi.org/10.1038/nature18846
https://doi.org/10.1038/nature18846
https://doi.org/10.1152/ajpgi.00230.2019
https://doi.org/10.1152/ajpgi.00230.2019
https://doi.org/10.3389/fmicb.2020.00384
https://doi.org/10.3389/fmicb.2020.00384
https://doi.org/10.1007/s12192-020-01094-0
https://doi.org/10.1007/s12192-020-01094-0
https://doi.org/10.1007/82_2018_119
https://doi.org/10.3389/fmicb.2016.01151
https://doi.org/10.1093/nar/gky1299
https://doi.org/10.7554/eLife.59055
https://doi.org/10.1128/mBio.02691-19
https://doi.org/10.1016/j.scitotenv.2021.145587
https://doi.org/10.1016/j.scitotenv.2021.145587
https://doi.org/10.1128/microbiolspec.VE-0006-2014
https://doi.org/10.1128/jb.105.2.683-684.1971
https://doi.org/10.1128/jb.105.2.683-684.1971
https://msystems.asm.org


14. Rudolph B, Gebendorfer KM, Buchner J, Winter J. 2010. Evolution of Esche-
richia coli for growth at high temperatures. J Biol Chem 285:19029–19034.
https://doi.org/10.1074/jbc.M110.103374.

15. Brewer SM, Twittenhoff C, Kortmann J, Brubaker SW, Honeycutt J, Massis
LM, Pham THM, Narberhaus F, Monack DM. 2021. A Salmonella Typhi RNA
thermosensor regulates virulence factors and innate immune evasion in
response to host temperature. PLoS Pathog 17:e1009345. https://doi.org/
10.1371/journal.ppat.1009345.

16. Almblad H, Randall TE, Liu F, Leblanc K, Groves RA, Kittichotirat W, Winsor
GL, Fournier N, Au E, Groizeleau J, Rich JD, Lou Y, Granton E, Jennings LK,
Singletary LA, Winstone TML, Good NM, Bumgarner RE, Hynes MF, Singh
M, Stietz MS, Brinkman FSL, Kumar A, Brassinga AKC, Parsek MR, Tseng BS,
Lewis IA, Yipp BG, MacCallum JL, Harrison JJ. 2021. Bacterial cyclic digua-
nylate signaling networks sense temperature. 1. Nat Commun 12:
1986–1914. https://doi.org/10.1038/s41467-021-22176-2.

17. Jain S, Graham C, Graham RLJ, McMullan G, Ternan NG. 2011. Quantitative
proteomic analysis of the heat stress response in Clostridium difficile strain
630. J Proteome Res 10:3880–3890. https://doi.org/10.1021/pr200327t.

18. Jain S, Smyth D, O'Hagan BMG, Heap JT, McMullan G, Minton NP, Ternan
NG. 2017. Inactivation of the dnaK gene in Clostridium difficile 630 Derm
yields a temperature-sensitive phenotype and increases biofilm-forming
ability. Sci Rep 7:17522. https://doi.org/10.1038/s41598-017-17583-9.

19. Hammer TJ, Le E, Moran NA. 2021. Thermal niches of specialized gut sym-
bionts: the case of social bees. Proc Biol Sci 288:20201480. https://doi
.org/10.1098/rspb.2020.1480.

20. Ventura M, Canchaya C, Zhang Z, Bernini V, Fitzgerald GF, van Sinderen D.
2006. How high G1C Gram-positive bacteria and in particular bifidobac-
teria cope with heat stress: protein players and regulators. FEMS Micro-
biol Rev 30:734–759. https://doi.org/10.1111/j.1574-6976.2006.00031.x.

21. Fan Y, Wernegreen JJ. 2013. Can’t take the heat: high temperature
depletes bacterial endosymbionts of ants. Microb Ecol 66:727–733.
https://doi.org/10.1007/s00248-013-0264-6.

22. Kikuchi Y, Tada A, Musolin DL, Hari N, Hosokawa T, Fujisaki K, Fukatsu T.
2016. Collapse of insect gut symbiosis under simulated climate change.
mBio 7:e01578-16. https://doi.org/10.1128/mBio.01578-16.

23. Zhang B, Leonard SP, Li Y, Moran NA. 2019. Obligate bacterial endosym-
bionts limit thermal tolerance of insect host species. Proc Natl Acad Sci
U S A 116:24712–24718. https://doi.org/10.1073/pnas.1915307116.

24. Herren CM, Baym M. 2021. Decreased thermal tolerance as a trade-off of
antibiotic resistance. bioRxiv 2021.04.05.438396.

25. Lopatkin AJ, Bening SC, Manson AL, Stokes JM, Kohanski MA, Badran AH,
Earl AM, Cheney NJ, Yang JH, Collins JJ. 2021. Clinically relevant muta-
tions in core metabolic genes confer antibiotic resistance. Science 371:
eaba0862. https://doi.org/10.1126/science.aba0862.

26. Chevalier C, Stojanovi�c O, Colin DJ, Suarez-Zamorano N, Tarallo V, Veyrat-
Durebex C, Rigo D, Fabbiano S, Stevanovi�c A, Hagemann S, Montet X,
Seimbille Y, Zamboni N, Hapfelmeier S, Trajkovski M. 2015. Gut micro-
biota orchestrates energy homeostasis during cold. Cell 163:1360–1374.
https://doi.org/10.1016/j.cell.2015.11.004.

27. Zhang X-Y, Sukhchuluun G, Bo T-B, Chi Q-S, Yang J-J, Chen B, Zhang L,
Wang D-H. 2018. Huddling remodels gut microbiota to reduce energy
requirements in a small mammal species during cold exposure. Micro-
biome 6:126. https://doi.org/10.1186/s40168-018-0509-1.

28. Ziętak M, Kovatcheva-Datchary P, Markiewicz LH, Ståhlman M, Kozak LP,
Bäckhed F. 2016. Altered microbiota contributes to reduced diet-induced
obesity upon cold exposure. Cell Metab 23:1216–1223. https://doi.org/10
.1016/j.cmet.2016.05.001.

29. Li B, Li L, Li M, Lam SM, Wang G, Wu Y, Zhang H, Niu C, Zhang X, Liu X,
Hambly C, Jin W, Shui G, Speakman JR. 2019. Microbiota depletion
impairs thermogenesis of brown adipose tissue and browning of white
adipose tissue. Cell Rep 26:2720–2737.e5. https://doi.org/10.1016/j.celrep
.2019.02.015.

30. Worthmann A, John C, Rühlemann MC, Baguhl M, Heinsen F-A,
Schaltenberg N, Heine M, Schlein C, Evangelakos I, Mineo C, Fischer M,
Dandri M, Kremoser C, Scheja L, Franke A, Shaul PW, Heeren J. 2017. Cold-
induced conversion of cholesterol to bile acids in mice shapes the gut
microbiome and promotes adaptive thermogenesis. Nat Med 23:839–849
. https://doi.org/10.1038/nm.4357.

31. Wen J, Bo T, Zhang X, Wang Z, Wang D. 2020. Thermo-TRPs and gut
microbiota are involved in thermogenesis and energy metabolism during
low temperature exposure of obese mice. J Exp Biol 223:jeb218974.
https://doi.org/10.1242/jeb.218974.

32. Kokou F, Sasson G, Nitzan T, Doron-Faigenboim A, Harpaz S, Cnaani A,
Mizrahi I. 2018. Host genetic selection for cold tolerance shapes

microbiome composition and modulates its response to temperature.
Elife 7:e36398. https://doi.org/10.7554/eLife.36398.

33. Li L, Li B, Li M, Speakman JR. 2019. Switching on the furnace: regulation of
heat production in brown adipose tissue. Mol Aspects Med 68:60–73.
https://doi.org/10.1016/j.mam.2019.07.005.

34. Kluger MJ, Conn CA, Franklin B, Freter R, Abrams GD. 1990. Effect of gastroin-
testinal flora on body temperature of rats and mice. Am J Physiol 258:
R552–557. https://doi.org/10.1152/ajpregu.1990.258.2.R552.

35. Fuller A, Mitchell D. 1999. Oral antibiotics reduce body temperature of
healthy rabbits in a thermoneutral environment. J Basic Clin Physiol Phar-
macol 10:1–13. https://doi.org/10.1515/jbcpp.1999.10.1.1.

36. Khakisahneh S, Zhang X-Y, Nouri Z, Wang D-H. 2020. Gut microbiota and
host thermoregulation in response to ambient temperature fluctuations.
mSystems 5:e00514-20. https://doi.org/10.1128/mSystems.00514-20.

37. Anonymous. 1968. Heat production from fermentation in the rumen of cows.
Nutr Rev 26:221–223. https://doi.org/10.1111/j.1753-4887.1968.tb00927.x.

38. Rosenberg E, Zilber-Rosenberg I. 2016. Do microbiotas warm their hosts?
Gut Microbes 7:283–285. https://doi.org/10.1080/19490976.2016.1182294.

39. Kohl KD, Yahn J. 2016. Effects of environmental temperature on the gut
microbial communities of tadpoles. Environ Microbiol 18:1561–1565.
https://doi.org/10.1111/1462-2920.13255.

40. Zhu L, Liao R, Wu N, Zhu G, Yang C. 2019. Heat stress mediates changes in
fecal microbiome and functional pathways of laying hens. Appl Microbiol
Biotechnol 103:461–472. https://doi.org/10.1007/s00253-018-9465-8.

41. Moeller AH, Ivey K, Cornwall MB, Herr K, Rede J, Taylor EN, Gunderson AR.
2020. The lizard gut microbiome changes with temperature and is associ-
ated with heat tolerance. Appl Environ Microbiol 86:e01181-20. https://
doi.org/10.1128/AEM.01181-20.

42. Tajima K, Nonaka I, Higuchi K, Takusari N, Kurihara M, Takenaka A,
Mitsumori M, Kajikawa H, Aminov RI. 2007. Influence of high temperature
and humidity on rumen bacterial diversity in Holstein heifers. Anaerobe
13:57–64. https://doi.org/10.1016/j.anaerobe.2006.12.001.

43. Bestion E, Jacob S, Zinger L, Di Gesu L, Richard M, White J, Cote J. 2017.
Climate warming reduces gut microbiota diversity in a vertebrate ecto-
therm. Nat Ecol Evol 1:161. https://doi.org/10.1038/s41559-017-0161.

44. Fontaine SS, Novarro AJ, Kohl KD. 2018. Environmental temperature alters
the digestive performance and gut microbiota of a terrestrial amphibian.
J Exp Biol 221:jeb187559. https://doi.org/10.1242/jeb.187559.

45. Roma JS, D'Souza S, Somers PJ, Cabo LF, Farsin R, Aksoy S, Runyen-
Janecky LJ, Weiss BL. 2019. Thermal stress responses of Sodalis glossini-
dius, an indigenous bacterial symbiont of hematophagous tsetse flies.
PLoS Negl Trop Dis 13:e0007464. https://doi.org/10.1371/journal.pntd
.0007464.

46. Gardner SG, Camp EF, Smith DJ, Kahlke T, Osman EO, Gendron G, Hume
BCC, Pogoreutz C, Voolstra CR, Suggett DJ. 2019. Coral microbiome diver-
sity reflects mass coral bleaching susceptibility during the 2016 El Niño
heat wave. Ecol Evol 9:938–956. https://doi.org/10.1002/ece3.4662.

47. Cholewi�nska P, Górniak W, Wojnarowski K. 2021. Impact of selected envi-
ronmental factors on microbiome of the digestive tract of ruminants.
BMC Vet Res 17:25. https://doi.org/10.1186/s12917-021-02742-y.

48. Rostagno MH. 2020. Effects of heat stress on the gut health of poultry. J
Anim Sci 98:skaa090. https://doi.org/10.1093/jas/skaa090.

49. Wang M, Lin X, Jiao H, Uyanga V, Zhao J, Wang X, Li H, Zhou Y, Sun S, Lin
H. 2020. Mild heat stress changes the microbiota diversity in the respira-
tory tract and the cecum of layer-type pullets. Poult Sci 99:7015–7026.
https://doi.org/10.1016/j.psj.2020.09.024.

50. Le Sciellour M, Zemb O, Hochu I, Riquet J, Gilbert H, Giorgi M, Billon Y,
Gourdine J-L, Renaudeau D. 2019. Effect of chronic and acute heat chal-
lenges on fecal microbiota composition, production, and thermoregula-
tion traits in growing pigs. J Anim Sci 97:3845–3858. https://doi.org/10
.1093/jas/skz222.

51. Ogden HB, Child RB, Fallowfield JL, Delves SK, Westwood CS, Layden JD.
2020. The Gastrointestinal exertional heat stroke paradigm: pathophysiol-
ogy, assessment, severity, aetiology and nutritional countermeasures.
Nutrients 12:537. https://doi.org/10.3390/nu12020537.

52. Schwab F, Gastmeier P, Meyer E. 2014. The warmer the weather, the more
Gram-negative bacteria—impact of temperature on clinical isolates in in-
tensive care units. PLoS One 9:e91105. https://doi.org/10.1371/journal
.pone.0091105.

53. Smith BA, Meadows S, Meyers R, Parmley EJ, Fazil A. 2019. Seasonality
and zoonotic foodborne pathogens in Canada: relationships between cli-
mate and Campylobacter, E. coli and Salmonella in meat products. Epide-
miol Infect 147:e190. https://doi.org/10.1017/S0950268819000797.

Minireview

September/October 2021 Volume 6 Issue 5 e00707-21 msystems.asm.org 8

https://doi.org/10.1074/jbc.M110.103374
https://doi.org/10.1371/journal.ppat.1009345
https://doi.org/10.1371/journal.ppat.1009345
https://doi.org/10.1038/s41467-021-22176-2
https://doi.org/10.1021/pr200327t
https://doi.org/10.1038/s41598-017-17583-9
https://doi.org/10.1098/rspb.2020.1480
https://doi.org/10.1098/rspb.2020.1480
https://doi.org/10.1111/j.1574-6976.2006.00031.x
https://doi.org/10.1007/s00248-013-0264-6
https://doi.org/10.1128/mBio.01578-16
https://doi.org/10.1073/pnas.1915307116
https://doi.org/10.1126/science.aba0862
https://doi.org/10.1016/j.cell.2015.11.004
https://doi.org/10.1186/s40168-018-0509-1
https://doi.org/10.1016/j.cmet.2016.05.001
https://doi.org/10.1016/j.cmet.2016.05.001
https://doi.org/10.1016/j.celrep.2019.02.015
https://doi.org/10.1016/j.celrep.2019.02.015
https://doi.org/10.1038/nm.4357
https://doi.org/10.1242/jeb.218974
https://doi.org/10.7554/eLife.36398
https://doi.org/10.1016/j.mam.2019.07.005
https://doi.org/10.1152/ajpregu.1990.258.2.R552
https://doi.org/10.1515/jbcpp.1999.10.1.1
https://doi.org/10.1128/mSystems.00514-20
https://doi.org/10.1111/j.1753-4887.1968.tb00927.x
https://doi.org/10.1080/19490976.2016.1182294
https://doi.org/10.1111/1462-2920.13255
https://doi.org/10.1007/s00253-018-9465-8
https://doi.org/10.1128/AEM.01181-20
https://doi.org/10.1128/AEM.01181-20
https://doi.org/10.1016/j.anaerobe.2006.12.001
https://doi.org/10.1038/s41559-017-0161
https://doi.org/10.1242/jeb.187559
https://doi.org/10.1371/journal.pntd.0007464
https://doi.org/10.1371/journal.pntd.0007464
https://doi.org/10.1002/ece3.4662
https://doi.org/10.1186/s12917-021-02742-y
https://doi.org/10.1093/jas/skaa090
https://doi.org/10.1016/j.psj.2020.09.024
https://doi.org/10.1093/jas/skz222
https://doi.org/10.1093/jas/skz222
https://doi.org/10.3390/nu12020537
https://doi.org/10.1371/journal.pone.0091105
https://doi.org/10.1371/journal.pone.0091105
https://doi.org/10.1017/S0950268819000797
https://msystems.asm.org


54. Kuhn KG, Nygård KM, Guzman-Herrador B, Sunde LS, Rimhanen-Finne R,
Trönnberg L, Jepsen MR, Ruuhela R, Wong WK, Ethelberg S. 2020. Campylo-
bacter infections expected to increase due to climate change in Northern
Europe. Sci Rep 10:13874. https://doi.org/10.1038/s41598-020-70593-y.

55. Kravchenko J, Abernethy AP, Fawzy M, Lyerly HK. 2013. Minimization of
heatwave morbidity and mortality. Am J Prev Med 44:274–282. https://
doi.org/10.1016/j.amepre.2012.11.015.

56. Hasday JD, Fairchild KD, Shanholtz C. 2000. The role of fever in the
infected host. Microbes Infect 2:1891–1904. https://doi.org/10.1016/
s1286-4579(00)01337-x.

57. Whitrow M. 1990. Wagner-Jauregg and fever therapy. Med Hist 34:
294–310. https://doi.org/10.1017/s0025727300052431.

58. Zhou Y, Shi X, Fu W, Xiang F, He X, Yang B, Wang X, Ma W-L. 2021. Gut
microbiota dysbiosis correlates with abnormal immune response in mod-
erate COVID-19 patients with fever. J Inflamm Res 14:2619–2631. https://
doi.org/10.2147/JIR.S311518.

59. Palmer-Young EC, Ngor L, Burciaga Nevarez R, Rothman JA, Raffel TR,
McFrederick QS. 2019. Temperature dependence of parasitic infection
and gut bacterial communities in bumble bees. Environ Microbiol 21:
4706–4723. https://doi.org/10.1111/1462-2920.14805.

60. Palmer-Young EC, Raffel TR, McFrederick QS. 2018. Temperature-medi-
ated inhibition of a bumblebee parasite by an intestinal symbiont. Proc
Biol Sci 285:20182041. https://doi.org/10.1098/rspb.2018.2041.

61. Ridge EA, Pachhain S, Choudhury SR, Bodnar SR, Larsen RA, Phuntumart
V, Sprague JE. 2019. The influence of the host microbiome on 3,4-methyl-
enedioxymethamphetamine (MDMA)-induced hyperthermia and vice
versa. Sci Rep 9:4313. https://doi.org/10.1038/s41598-019-40803-3.

62. O'Shea TJ, Cryan PM, Cunningham AA, Fooks AR, Hayman DTS, Luis AD,
Peel AJ, Plowright RK, Wood JLN. 2014. Bat flight and zoonotic viruses.
Emerg Infect Dis 20:741–745. https://doi.org/10.3201/eid2005.130539.

63. Freeman MT, Czenze ZJ, Schoeman K, McKechnie AE. 2020. Extreme
hyperthermia tolerance in the world’s most abundant wild bird. Sci Rep
10:13098. https://doi.org/10.1038/s41598-020-69997-7.

64. Carey HV, Assadi-Porter FM. 2017. The hibernator microbiome: host-bac-
terial interactions in an extreme nutritional symbiosis. Annu Rev Nutr 37:
477–500. https://doi.org/10.1146/annurev-nutr-071816-064740.

65. Song SJ, Sanders JG, Delsuc F, Metcalf J, Amato K, Taylor MW, Mazel F, Lutz
HL, Winker K, Graves GR, Humphrey G, Gilbert JA, Hackett SJ, White KP, Skeen
HR, Kurtis SM, Withrow J, Braile T, Miller M, McCracken KG, Maley JM, Ezenwa
VO, Williams A, Blanton JM, McKenzie VJ, Knight R. 2020. Comparative analy-
ses of vertebrate gut microbiomes reveal convergence between birds and
bats. mBio 11:e02901-19. https://doi.org/10.1128/mBio.02901-19.

66. Lutz HL, Jackson EW, Webala PW, Babyesiza WS, Kerbis Peterhans JC,
Demos TC, Patterson BD, Gilbert JA. 2019. Ecology and host identity out-
weigh evolutionary history in shaping the bat microbiome. mSystems 4:
e00511-19. https://doi.org/10.1128/mSystems.00511-19.

67. Hird SM, Sánchez C, Carstens BC, Brumfield RT. 2015. Comparative gut
microbiota of 59 neotropical bird species. Front Microbiol 6:1403. https://
doi.org/10.3389/fmicb.2015.01403.

68. Youngblut ND, Reischer GH, Dauser S, Walzer C, Stalder G, Farnleitner AH,
Ley RE. 2020. Strong influence of vertebrate host phylogeny on gut arch-
aeal diversity. bioRxiv https://doi.org/2020.11.10.376293.

69. Irving AT, Ahn M, Goh G, Anderson DE, Wang L-F. 2021. Lessons from the
host defences of bats, a unique viral reservoir. Nature 589:363–370.
https://doi.org/10.1038/s41586-020-03128-0.

70. Mollentze N, Streicker DG, Murcia PR, Hampson K, Biek R. 2020. Virulence
mismatches in index hosts shape the outcomes of cross-species transmis-
sion. Proc Natl Acad Sci U S A 117:28859–28866. https://doi.org/10.1073/
pnas.2006778117.

71. Ploemacher T, Faber WR, Menke H, Rutten V, Pieters T. 2020. Reservoirs
and transmission routes of leprosy: a systematic review. PLoS Negl Trop
Dis 14:e0008276. https://doi.org/10.1371/journal.pntd.0008276.

72. Bull JR, Rowland SP, Scherwitzl EB, Scherwitzl R, Danielsson KG, Harper J.
2019. Real-world menstrual cycle characteristics of more than 600,000
menstrual cycles. NPJ Digit Med 2:83–88. https://doi.org/10.1038/s41746
-019-0152-7.

73. Protsiv M, Ley C, Lankester J, Hastie T, Parsonnet J. 2020. Decreasing
human body temperature in the United States since the industrial revolu-
tion. Elife 9:e49555. https://doi.org/10.7554/eLife.49555.

74. Gurven M, Kraft TS, Alami S, Adrian JC, Linares EC, Cummings D,
Rodriguez DE, Hooper PL, Jaeggi AV, Gutierrez RQ, Suarez IM, Seabright E,
Kaplan H, Stieglitz J, Trumble B. 2020. Rapidly declining body tempera-
ture in a tropical human population. Sci Adv 6:eabc6599. https://doi.org/
10.1126/sciadv.abc6599.

75. Sbihi H, Boutin RC, Cutler C, Suen M, Finlay BB, Turvey SE. 2019. Thinking
bigger: how early-life environmental exposures shape the gut micro-
biome and influence the development of asthma and allergic disease.
Allergy 74:2103–2115. https://doi.org/10.1111/all.13812.

76. Vialard F, Olivier M. 2020. Thermoneutrality and immunity: how does cold
stress affect disease? Front Immunol 11:588387. https://doi.org/10.3389/
fimmu.2020.588387.

77. Fischer AW, Cannon B, Nedergaard J. 2018. Optimal housing temperatures
for mice to mimic the thermal environment of humans: an experimental
study. Mol Metab 7:161–170. https://doi.org/10.1016/j.molmet.2017.10.009.

78. Seeley RJ, MacDougald OA. 2021. Mice as experimental models for
human physiology: when several degrees in housing temperature matter.
Nat Metab 3:443–445. https://doi.org/10.1038/s42255-021-00372-0.

79. Chen H, Liang Y, Han Y, Liu T, Chen S. 2021. Genome-wide analysis of Toll-
like receptors in zebrafish and the effect of rearing temperature on the
receptors in response to stimulated pathogen infection. J Fish Dis 44:
337–349. https://doi.org/10.1111/jfd.13287.

80. Institute of Medicine (US) Committee on Military Nutrition, Marriott BM.
1993. Effects of heat on appetite nutritional needs in hot environments:
applications for military personnel in field operations. National Academ-
ies Press, Washington, DC.

81. Hylander BL, Repasky EA. 2019. Temperature as a modulator of the gut
microbiome: what are the implications and opportunities for thermal medi-
cine? Int J Hyperthermia 36:83–89. https://doi.org/10.1080/02656736.2019
.1647356.

82. Nicol SC. 2017. Energy homeostasis in monotremes. Front Neurosci 11:
195. https://doi.org/10.3389/fnins.2017.00195.

83. Augee ML. 1976. Heat tolerance of monotremes. J Thermal Biology 1:
181–184. https://doi.org/10.1016/0306-4565(76)90011-5.

84. Superina M, Boily P. 2007. Hibernation and daily torpor in an armadillo,
the pichi (Zaedyus pichiy). Comp Biochem Physiol A Mol Integr Physiol
148:893–898. https://doi.org/10.1016/j.cbpa.2007.09.005.

85. Johansen K. 1961. Temperature regulation in the nine-banded armadillo
(Dasypus novemcinctus mexicanus). Physiol Zool 34:126–144. https://doi
.org/10.1086/physzool.34.2.30152689.

86. Obermeyer Z, Samra JK, Mullainathan S. 2017. Individual differences in
normal body temperature: longitudinal big data analysis of patient
records. BMJ 359:j5468. https://doi.org/10.1136/bmj.j5468.

87. Brown DJA, Brugger H, Boyd J, Paal P. 2012. Accidental hypothermia. N
Engl J Med 367:1930-1938. https://doi.org/10.1056/NEJMra1114208.

88. Taylor DK. 2007. Study of two devices used to maintain normothermia in
rats and mice during general anesthesia. J Am Assoc Lab Anim Sci 46:
37–41.

89. Barclay RMR, Jacobs DS, Harding CT, McKechnie AE, McCulloch SD,
Markotter W, Paweska J, Brigham RM. 2017. Thermoregulation by captive
and free-ranging Egyptian rousette bats (Rousettus aegyptiacus) in South
Africa. J Mammal 98:572–578. https://doi.org/10.1093/jmammal/gyw234.

90. Schmitt O, O’Driscoll K. 2020. Use of infrared thermography to noninva-
sively assess neonatal piglet temperature. Transl Anim Sci 5:txaa208.
https://doi.org/10.1093/tas/txaa208.

91. Rozenboim I, Miara L, Wolfenson D. 1998. The thermoregulatory mecha-
nism of melatonin-induced hypothermia in chicken. Am J Physiol 274:
R232–R236. https://doi.org/10.1152/ajpregu.1998.274.1.R232.

92. Lieboldt MA, Frahm J, Halle I, Görs S, Schrader L, Weigend S, Preisinger R,
Metges CC, Breves G, Dänicke S. 2016. Metabolic and clinical response to
Escherichia coli lipopolysaccharide in layer pullets of different genetic
backgrounds supplied with graded dietary L-arginine. Poult Sci 95:
595–611. https://doi.org/10.3382/ps/pev359.

93. Arad Z, Marder J. 1982. Strain differences in heat resistance to acute heat
stress, between the bedouin desert fowl, the white leghorn and their
crossbreeds. Comp Biochem Physiol A Physiol 72:191–193. https://doi
.org/10.1016/0300-9629(82)90031-7.

94. Cândido MGL, Tinôco IFF, Albino LFT, Freitas LCSR, Santos TC, Cecon PR,
Gates RS. 2020. Effects of heat stress on pullet cloacal and body tempera-
ture. Poult Sci 99:2469–2477. https://doi.org/10.1016/j.psj.2019.11.062.

Minireview

September/October 2021 Volume 6 Issue 5 e00707-21 msystems.asm.org 9

https://doi.org/10.1038/s41598-020-70593-y
https://doi.org/10.1016/j.amepre.2012.11.015
https://doi.org/10.1016/j.amepre.2012.11.015
https://doi.org/10.1016/s1286-4579(00)01337-x
https://doi.org/10.1016/s1286-4579(00)01337-x
https://doi.org/10.1017/s0025727300052431
https://doi.org/10.2147/JIR.S311518
https://doi.org/10.2147/JIR.S311518
https://doi.org/10.1111/1462-2920.14805
https://doi.org/10.1098/rspb.2018.2041
https://doi.org/10.1038/s41598-019-40803-3
https://doi.org/10.3201/eid2005.130539
https://doi.org/10.1038/s41598-020-69997-7
https://doi.org/10.1146/annurev-nutr-071816-064740
https://doi.org/10.1128/mBio.02901-19
https://doi.org/10.1128/mSystems.00511-19
https://doi.org/10.3389/fmicb.2015.01403
https://doi.org/10.3389/fmicb.2015.01403
https://doi.org/2020.11.10.376293
https://doi.org/10.1038/s41586-020-03128-0
https://doi.org/10.1073/pnas.2006778117
https://doi.org/10.1073/pnas.2006778117
https://doi.org/10.1371/journal.pntd.0008276
https://doi.org/10.1038/s41746-019-0152-7
https://doi.org/10.1038/s41746-019-0152-7
https://doi.org/10.7554/eLife.49555
https://doi.org/10.1126/sciadv.abc6599
https://doi.org/10.1126/sciadv.abc6599
https://doi.org/10.1111/all.13812
https://doi.org/10.3389/fimmu.2020.588387
https://doi.org/10.3389/fimmu.2020.588387
https://doi.org/10.1016/j.molmet.2017.10.009
https://doi.org/10.1038/s42255-021-00372-0
https://doi.org/10.1111/jfd.13287
https://doi.org/10.1080/02656736.2019.1647356
https://doi.org/10.1080/02656736.2019.1647356
https://doi.org/10.3389/fnins.2017.00195
https://doi.org/10.1016/0306-4565(76)90011-5
https://doi.org/10.1016/j.cbpa.2007.09.005
https://doi.org/10.1086/physzool.34.2.30152689
https://doi.org/10.1086/physzool.34.2.30152689
https://doi.org/10.1136/bmj.j5468
https://doi.org/10.1056/NEJMra1114208
https://doi.org/10.1093/jmammal/gyw234
https://doi.org/10.1093/tas/txaa208
https://doi.org/10.1152/ajpregu.1998.274.1.R232
https://doi.org/10.3382/ps/pev359
https://doi.org/10.1016/0300-9629(82)90031-7
https://doi.org/10.1016/0300-9629(82)90031-7
https://doi.org/10.1016/j.psj.2019.11.062
https://msystems.asm.org

	MICROBIAL RESPONSES TO TEMPERATURE
	ENVIRONMENTAL COLD STRESS AND THE INTESTINAL MICROBIOME
	ENVIRONMENTAL HEAT STRESS AND THE INTESTINAL MICROBIOME
	IMMUNOLOGICAL HEAT STRESS AND THE INTESTINAL MICROBIOME
	TEMPERATURE OPTIMA ACROSS THE TREE OF LIFE
	TEMPERATURE AND TIME
	TEMPERATURE AND EXPERIMENTAL WORK
	IS BODY TEMPERATURE SEPARABLE FROM OTHER CONFOUNDERS? CONCLUSIONS AND CAVEATS
	ACKNOWLEDGMENT
	REFERENCES

