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Abstract

Daily light-dark cycles shape the physiology and activity patterns of nearly all organisms. Recent evidence that gut microbial
oscillations synchronise circadian rhythms in host immunity and metabolism indicate that diurnal dynamics is a crucial com-
ponent of microbiome function. However, their prevalence and functional significance are rarely tested in natural populations.
Here we summarize the hallmarks of gut microbiota oscillations and the mechanisms by which they synchronise rhythms in host
immunity and metabolism. We discuss the consequences for diverse biological processes such as host pathogen susceptibility and
seasonal switches in metabolism, and outline how the breakdown of these circadian interactions, for example during senescence
and as a consequence of urbanisation, may affect wildlife infection risk and disease. Lastly, we provide practical guidelines for
the measurement of microbial oscillations in wildlife, highlighting that whilst wild animals are rarely available over a 24-hour
period, characterising even parts of the cycle can be informative. Light-dark cycles are an almost universal environmental
cue and provide a rare opportunity to generalise gut microbial responses across species. An improved understanding of how
microbial rhythms manifest in wildlife is essential to fully comprehend their ecological significance.

Introduction

Circadian rhythms describe the synchronization of multiple biochemical and physiological processes across
a 24-hour cycle, allowing organisms to anticipate and respond to predictable biotic and abiotic conditions
across the day 1. Circadian rhythms are self-sustaining in the absence of environmental cues, yet they
are synchronised (‘entrained’) across multiple facets of physiology and behaviour by environmental cues.
Light cues entrain the master pacemaker located in the brain, yet peripheral clocks in organs and tissues
are largely entrained by non-photic cues such as temperature and feeding schedules 2–5. Collectively, these
cues interact with clock genes to influence 24-hour rhythms in gene expression 6. Whilst food intake was
previously thought to have localised effects on metabolic rhythms 7,8, mounting evidence points towards
feeding being fundamental for orchestrating system-wide physiological homeostasis in innate immune function
and metabolism across the day 3,9–14, even feeding back to influence the master clock 15. The far-reaching
effects of food intake on host circadian rhythms are mediated by the gut microbiota, which periodically
interact with the host to regulate rhythms in both innate immunity and metabolism 10,11,13, and potentially
the gut-brain axis 9. However, despite a long-standing appreciation for the importance of both circadian
rhythms 1,4,16–19 and the gut microbiota 20–25 for mediating host biological, ecological, and evolutionary
processes, their interaction has largely been neglected in the study of natural populations.

Gut microbial communities are highly responsive to dietary and physiological cues, leading to high temporal
variation within and across host individuals over months and years 26–28. Recently, gut microbial dynamics
over the course of a day has become a research focus for experimental studies on model systems. These have
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uncovered strong diurnal oscillations of the gut microbiota 13,14,29–33 and metabolome 7,11, with bacterial
numbers estimated to change 10-fold over the course of each day in laboratory mice 11. Gut microbial
oscillations have been identified in several species in captivity, from birds and mammals to fish 13,31,32,34,
and these oscillations are often strong enough to mask identify effects 29,32,35. Similar findings were recently
demonstrated in a wild population of meerkats 26, which tend to forage in the early morning and again in
the evening (Fig. 1a). Peaks in foraging corresponded with shifts in many microbial taxa, with Clostridium
in particular peaking strongly at dawn and declining in the afternoon (Fig. 1b). These shifts between
sunrise and sunset structured the entire ecological community (Fig. 1c). Whereas time of feeding and diet
largely govern these microbial rhythms36–39, genetically-coded immune regulation by the host is a crucial
contributing factor: mice lacking clock genes have disrupted gut microbial rhythms 40. Together, these
studies suggest that microbial oscillations may be widespread across host species and that they are likely
in response diurnal shifts in food intake and clock-encoded rhythms in host physiology, rather than self-
sustaining circadian rhythms.

Seasonal rhythms in the gut microbiota are known to modulate energy metabolism 41–43, and potentially
pathogen susceptibility 41. Consequently, short-term gut microbial oscillations across the day are likely
equally important to biological function 7,8,45–48. The disruption of gut microbial rhythms, for example
due to jet lag in humans, leads to increased risk of metabolic disease, gut inflammation, and pathogen
susceptibility 12,13,34. Circadian interactions between the gut microbiota and host immunity are of particular
relevance for evolutionary ecologists because pathogens are disproportionally important for mediating host
fitness and evolutionary trajectories in natural populations 49–51, with pathogen defence suggested to be the
principal evolutionary advantage of the gut microbiome 52. Understanding the role of gut microbial rhythms
in mediating host immune and metabolic homeostasis in natural populations would elucidate the functional
importance and adaptive significance of gut microbiome rhythms for individual fitness and, more generally,
wildlife health.

In summary, diurnal oscillations in the gut microbiota are known to be strong, widespread across model
species, and have profound biological functions for the host. As such, it is important for research on host-
microbe interactions in wildlife to account for these daily dynamics. With the aim to encourage the incorpo-
ration of circadian rhythms into wildlife microbiome research, we review hallmarks of gut microbial rhythms
that have been identified across species, describe their molecular mechanisms, and outline how including
microbial rhythms can advance our understanding of microbiota-mediated host-pathogen interactions and
metabolic regulation in natural wildlife populations. Finally, we apply this information to provide recom-
mendations for how to advance our understanding of gut microbial rhythms and their associations with host
physiology and health in wildlife.

2



P
os

te
d

on
A

ut
ho

re
a

23
M

ay
20

22
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
65

24
46

98
.8

62
80

64
4/

v2
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

PC
oA

 A
xi

s 
2

PCoA Axis 1

Morning AfternoonWet season
Dry season

Fo
ra

gi
ng

 ra
te

A
bu

nd
an

ce

Time of day

Clostridia
Bacteroidia
Bacilli

a)

b)

c)

Clostridia 
dominated

Bacilli
dominated

Sunrise Sunset

Figure 1: Conceptual figure representing meerkat foraging schedules and corresponding shifts in the gut
microbiota, based on findings from 26 . a) Meerkats forage mostly in the morning and again before dusk to
avoid the midday heat, although during the cool dry season they can also forage through the entire day; b)
Oscillations in selected taxa, highlighting peaks in Clostridia and Bacteroidia in the morning, and Bacilli in
the afternoon; c) Diurnal shift in many taxa, especially Clostridia, cause community-wide structuring of the
gut microbiota according to time of day, as represented by a PCoA plot.

Hallmarks of gut microbial rhythms

Gut microbial oscillations have been identified in a wide range of species, including humans 34, meerkats
26, mice 13, cows 29,33, fish 31, and chickens 30,32 - even host-associated microbiota of zooplankton undergo
diurnal cycles 53. The proportion of gut members that show oscillating behaviour varies between studies and
species, with the proportion of common taxa being identified as oscillators ranging between ~35% (humans)
and ~80% (meerkats) 12,26,34,54. In industrialized human societies, population-wide gut microbial oscillations
identified from cross-sectional studies appear to be weak 34, and explain only a modest amount of variation
in gut microbiota composition. In other species, diurnal rhythms of the gut microbiota are strong and
dominate over individual identity effects 26,29,32,35, suggesting natural variation in the strength of microbial
oscillations across species.

Nevertheless, there are some similarities in diurnal gut microbial dynamics across the mammalian species
studied thus far. In laboratory mice, the absolute abundance of bacteria inhabiting the mucosal epithelial
layer peaks in the middle of the active phase 11,13,40, with a 10-fold increase in bacterial numbers compared to
the rest phase 11. This pattern is supported by increased number of bacteria in the gut more generally during
the active phase 40. Similar findings were indicated for wild meerkats 26, with bacterial load increasing after
dawn, although dynamics in the rest phase were not measured. In humans, the number of bacterial species
in faecal samples peaks at midday, potentially indicating a similar pattern 34. Importantly, dissections of the
mouse intestine show that faecal microbial rhythms reflect real changes to the composition of the intestinal

3
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microbiota 10,13, and are not simply a product of shedding patterns. Collectively, these findings suggest that
at least some aspects of diurnal dynamics of gut microbes may be partly conserved across mammal species.

Members of Clostridiales undergo some of the strongest and most consistent oscillations in mammals
7,11,35,39,40 and this may also be true for birds 30,32. There is also growing evidence from mice that different
types of gut microbes peak at different times of the day. Some bacteria, termed here mucosal commensals,
colonise the mucosal gut lining, whilst others, termed here luminal bacteria, are mostly found in the gut
lumen. Mucosal commensals are hypothesized to have co-evolved with the host and form a protective layer
against other bacteria between the gut epithelium and the gut lumen. In mice, some mucosal commensals
such as segmented filamentous bacteria (SFBs; order Clostridiales) peak at the start of the active phase and
then commence to decline over the feeding period 11,13. In contrast, many luminal bacteria have low abun-
dances at the start of the active period yet increase after feeding 11,13, presumably due to food availability
driving population increases. However, the identification of oscillating taxa is biased by the fact that most
studies apply relative rather than absolute abundances 40, which can generate misleading results, and by the
difficulty of distinguishing between mucosal and luminal bacteria from metagenomic data.

Molecular mechanisms underpinning circadian host-gut microbe interactions

How and why do gut microbiota oscillations mediate host immunity and metabolism, and what are regulatory
mechanisms that entrain cycles? Food intake introduces both nutrients and food-borne pathogens into the
gut, therefore the upregulation of both metabolism and components of innate immunity during feeding is
crucial for gut function and pathogen defence during this period of acute pathogen exposure 46. Whilst
this field of research is in its infancy, several recent experimental studies on murine models outline some of
the mechanisms underpinning circadian host-gut microbe interactions. These mechanisms generally involve
cyclical interactions between food intake, components of the immune system including antimicrobial peptides
(AMPs) and the antibody secretory Immunoglobulin A (SIgA), and certain mucosal commensals (Fig. 2).
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Figure 2: Summary of the circadian crosstalk between gut microbes and components of the host immune
system, and consequences for host pathogen susceptibility, as characterised in laboratory mice 10,13,55. GM
= Gut microbiota.

During the active phase, when animals are awake and feeding, high densities of diverse gut microbes are
tolerated because they generate crucial metabolites, which are absorbed into the bloodstream via a porous
gut lining (Fig. 2a). Because metabolites are crossing the gut-blood barrier during feeding, the permeable
gut lining is vulnerable to opportunistic bacterial attack. To lower infection risk, most non-commensal
bacteria are kept away from the mucosal layer by allowing only specific mucosal commensals to adhere to the
gut lining 10,13. In mice, this function appears to be largely performed by commensal SFBs. SFBs, as well as
mucosal commensals Bacteroidetes fragilis and Akkermansia muciniphila, are suggested to perform this role
in humans 46. The physical interaction between mucosal commensals and host epithelial cells, in particular
at the start of the active phase 11,13, triggers the mass release of components of innate immunity, including
AMPs 13, that protect the host against a broad range of pathogens during feeding 13, and also feed back to
control gut microbial rhythms 11. Mucosal commensals also trigger the release of major histocompatibility
complex (class II)-mediated cytokines 10, which, whilst part of the adaptive arm of the vertebrate immune
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system, act to modulate the innate immune response 55. Innate immune protection does not last the entire
active phase, but begins to decline in the second half of the active phase 10,13. The reason for this is unclear,
although it may be due to the feeding bouts that typically occur at the start of the active phase in mice 56.

Maintaining a high level of immune control across a 24-hour period is energetically expensive, and excessive
inflammation causes immunopathology 57. Many aspects of innate immunity are therefore downregulated
during the rest phase when the gut lining becomes less permeable and the host is less likely to encounter
pathogens (Fig. 3b). This leads to higher host susceptibility to pathogens during the rest phase 58, with
pathogens such as Salmonella colonising at higher abundances compared to the active phase 16. The down-
regulation of innate immunity in the gut is preceded by the detachment of mucosal commensals from the
mucosal layer via mechanisms which remain unclear to date, thereby triggering a reduction in the number
of cytokines and AMPs secreted into the gut. In the absence of nutrients from food, the gut bacterial popu-
lation declines, and remaining bacteria migrate to the gut epithelium to feed on the mucosal layer, replacing
the protective layer of commensals 11,13 (Fig. 3b). Perhaps to protect the integrity of the epithelial layer
from feeding bacteria, the intestinal mucosal layer thickens during the rest phase 11.

Despite higher infection susceptibility during the rest phase, animals are not altogether undefended. A
key gut antibody, secretory (s)IgA, is upregulated during sleep 59 (Fig 3b). SIgA is secreted by mucosal
membranes and is present across all mammals and bird species 60,61. It acts as bridge between innate and
adaptive immunity, being able to distinguish between gut commensals and non-commensals 62. During the
rest phase, upregulated sIgA neutralises non-commensals and their toxins, which are tolerated during the
active phase. Thus, IgA ensures that any potential pathogens introduced and proliferating during the active
phase are neutralized. Another function of sIgA is to bind to beneficial mucosal commensals and control
their adhesion to the mucosal layer 62,63, and it is therefore a key agent in triggering the circadian cycles of
the gut microbiota at the start to the active phase 59. A peak in sIgA just prior to the start of the active
phase is likely involved in bringing mucosal commensals back to the epithelial layer to begin the circadian
cycle anew, although the exact mechanisms are still unknown. Interestingly, sIgA secretion is controlled
by food intake rather than the master clock, with food intake repressing sIgA levels 59 in order to increase
tolerance to gut bacteria during the active phase.
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Figure 3: Diurnal rhythms and gut geography of the microbiota, host immunity and pathogen abundance across
a) the active phase and b) the rest phase, as characterised in laboratory mice 10,13,55. SFB = Segmented
filamentous bacteria; AMP = Anti-microbial protein.

Interactions between food intake, mucosal commensals, and sIgA together regulate gut microbial oscillations
over the day. However, an additional mechanism that has received less attention is the role of ecological
dynamics in regulating microbial oscillations. An increase in gut microbes post-feeding alter the chemistry of
the gut, increasing CO2 and methane levels and decreasing the pH 29. Changes to gut conditions after rapid
proliferation of microbes post-feeding may be less favourable for many microbes, potentially contributing to
the consequent reduction in the bacterial population late in the active phase despite food still being available
and probably ingested. Changes to gut conditions may therefore reinforce microbial rhythms by ensuring
that they are only triggered once at first food intake after fasting. This pattern is supported by microbial
dynamics in wild meerkats, where bacterial load peaks after dawn foraging, but not in the late afternoon
prior to sunset when meerkats forage a second time 26.

Whilst we focus here on mechanisms underpinning interactions between gut bacteria and the innate immune
system, gut microbial rhythms also trigger molecular cascades that regulate metabolism and hormone pro-
duction across the day 7,9,14,45,48,64. Circadian changes to some bacterial metabolites, such as short-chain
fatty acids (SCFAs) and bile acids, are particularly important for upregulating lipid metabolism and absorp-
tion during the active phase 7,11. The bacterial compounds lipopolysaccharide (LPS) and flagellin, which
are found in the cell walls of gram-negative bacteria, have also been implicated in the diurnal dynamics of
body weight and corticosterone synthesis in mice 48. Notably, these metabolic pathways are mediated by
the host innate immune system, with LPS and flagellin being detected by Toll-like receptors (TLRs) 48,65.
Upon contact with LPS, TLRs initiate the release of α-defensin 66, which increases mucosal defences against
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. ingested bacteria during feeding 67. In addition, the gut microbiota also generate neuro-active metabolites
such as tryptophan and serotonin, therefore oscillations of the gut microbiota may cause circadian rhythms
in neuro-active compounds that can directly communicate with the nervous system and HPA axis, thereby
potentially influencing cognitive processes, stress responses and behaviour 9. However, the link between
microbial oscillations and circadian behaviour remains speculative.

Avenues of future research

A major objective for future investigations on the daily rhythms of the gut microbiome is to quantify their
prevalence and strength across natural populations. Currently, our knowledge on gut microbial oscillations
largely stems from laboratory mice, whilst our understanding of circadian rhythms of wildlife is largely re-
stricted to behaviour 68. To understand the adaptive significance of circadian rhythms and their entrainment
by the gut microbiota, we need to move the study of circadian rhythms to natural populations 69. This is
because feeding times and diet of captive animals generally do not mirror foraging regimes of wild coun-
terparts, and, together with microbial transmission between captive animals and humans, leads to captive
animals having perturbed and ‘humanised’ gut microbiotas 70,71. Furthermore, many complex ecological
processes are difficult or impossible to replicate in captivity. As such, whilst studies on captive animals
can disentangle drivers of circadian rhythms, they may not actually reflect circadian rhythms in nature. A
first step is to simply account for time of day samples were collected in analyses. Below we briefly outline
how integrating gut microbiome and circadian rhythm in wildlife research can advance several outstanding
questions in ecology (Fig. 4).
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Food

UrbanN migration S migrationHibernation

a) Senescence: Circadian rhythms 
dampen in old age. Is this re�ect-
ed in gut microbial rhythms?

b) Susceptibility: Do disrupted gut 
microbial rhythms increase host sus-
ceptibility to pathogens?

f ) Urbanisation: Does arti�cial light 
and pollution in urban areas shift or 
disrupt gut microbial oscillations?

d) Hibernation: How do microbial 
rhythms mediate seasonal switch-
es in metabolism, e.g., during 
hibernation?

e) Migration: Are microbial rhythms 
disrupted or ampli�ed during peri-
ods of intense metabolic activity, e.g., 
migration?

c) Adaptive signi�cance: How do mi-
crobial rhythms manifest in species 
where metabolic and immune require-
ments are uncoupled (e.g. snakes)?

Senescence Resistant Susceptible

Rural

Figure 4: The involvement of food intake and gut microbial oscillations in mediating both metabolism and
innate immunity raises several questions regarding their function across a range of ecological contexts. The
figure visualizes the predicted rhythms of mucosal commensals in the context of: a) senescence; b) pathogen
defence; c) adaptive significance; d) hibernation; e) migration (N = north, S = south); and e) urbanisation.

1) The role of microbial oscillations in animal senescence

Understanding rates of animal senescence is crucial for predicting demographic processes, and the mechanisms
underpinning senescence is an active area of research 72–74. Whilst research on animal senescence has focused
on changes to immunity 75, telomeres 76, stress hormones 77, and gut microbiota composition 24, research
on humans and primates have demonstrated that an additional characteristic of ageing is the dampening of
circadian rhythms 77–79, leading to disrupted sleep-wake cycles and physiology. Changes to gut microbiome
rhythmicity with age are implicated in this process 80–82.
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. The involvement of microbial oscillations in senescence suggests that microbial oscillations should decline
in old age (Fig. 4a), yet this has rarely been tested in either captive or wild settings. In wild meerkats,
there was little evidence for microbial senescence, with old meerkats demonstrating microbial rhythms that
were as strong as younger individuals 26, despite old (and generally dominant) individuals generally losing
body condition 83 and having higher rates of telomere loss 84. However, because only dominant individuals
tend to reach old age in this species, physiological senescence may be mitigated by the benefits of group
living and alpha status, which decrease mortality risk 72. Exploiting systems with high survival rates that
have commonly been used to model senescence and demography, such as seabirds 85,86, may help clarify this
question.

2) Gut microbial rhythms and pathogen defence

In mice, gut microbial oscillations reduce host susceptibility to gut pathogens such as Salmonella during the
active phase by triggering the release of AMPs into the gut 13. Reducing the abundance of mucosal commensal
SFB increases host susceptibility to Salmonella infection and also removes circadian rhythms in susceptibility
13, demonstrating that the rhythmic activity of gut mucosal commensals is a key mechanism governing
microbiome-mediated pathogen defence. Testing for associations between the abundance and rhythmicity
in mucosal commensals and infection status may therefore be a more effective method of uncovering the
link between the gut microbiota and pathogen susceptibility than focusing on overall gut microbial diversity
alone. Arhythmic gut microbial communities have been linked to disease in humans 34, and therefore it might
be expected that individuals with disrupted or dampened gut microbiota rhythms are more susceptible to
infection (Fig. 4b).

Circadian rhythms in animal susceptibility and pathogen reproduction and transmission are well documented
18,87, with hosts and pathogens having coevolved defensive and offensive rhythms, respectively 18. Neverthe-
less, many fundamental questions remain entirely unanswered: Do gut microbial rhythms protect the host
against a broad range of pathogens, or are they only effective for specific gut pathogens? Microbial rhythms
control the release of AMPs, which are effective against a wide range of pathogens including bacteria, fungi
and viruses 88. Thus, it is likely that microbial rhythms protect the host against a broad range of pathogenic
agents entering the gut. However, the gut is not the only entry point of pathogens and it remains unknown
whether microbial rhythms also play a role in pathogen defence more generally.

Even less explored is the connection between gut microbial oscillations and adaptive immunity, which is an
essential pillar of resistance again recurring pathogenic challenges in jawed vertebrates 89. Ample evidence
that adaptive and innate immunity interact to regulate the gut microbiota exist. For example, the co-
expression of MHC class II molecules together with LPS-activated TLR4 enhances the production of AMPs 90.
In addition, gut microbial metabolites influence the expression of the mammalian circadian clock gene Per2
7,91, which is responsible for mounting both innate and adaptive responses to infection 92. The maintenance
of gut microbial homeostasis, which is crucial for effective pathogen defence, might therefore represent a
joint venture of adaptive and innate immunity 93. Still, information on whether gut microbial oscillations
synergise with innate and adaptive immunity are lacking.

3) The adaptive significance of gut microbial oscillations

In which evolutionary contexts do we expect the evolution of gut microbial oscillations, and when would
we expect food intake and the gut microbiome to entrain host immunity? Based on findings from murine
models, one predicts that food intake, metabolic requirement, and pathogen exposure are synchronised to
peak at the start of the active phase (i.e., at dusk for mice). Such correlation between feeding, metabolic
processes and immune activity is expected to be the norm, given that feeding introduces both nutrients and
pathogens to the gut. Hence, hosts appear to have co-opted the gut microbiota to mediate both metabolic
and innate immune function simultaneously.

Conversely, microbiota-independent mechanisms may be expected in species where metabolic requirements
are not circadian, as well as in species where metabolic requirements and pathogen exposure are uncoupled.
For example, ectotherms exhibit circadian rhythms in body temperature and activity 94–96, and have some
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. level of circadian cycles in metabolism 97 and immunity 98,99, but feeding patterns are often not circadian
(e.g. for large reptiles such as snakes and crocodiles that are infrequent feeders). In these cases, does the gut
microbiota undergo diurnal oscillations, and is the entrainment of innate immunity completely independent
of the gut microbiota? Given findings from laboratory mice, one might expect that diurnal rhythms of the
gut microbiota to be strongest after feeding (Fig. 4c). However, evidence from Burmese pythons suggests
that shifts in the post-prandial gut microbiota last for many days 100, although this study did not record
time of day samples were harvested, therefore it is unknown whether feeding shifted microbial rhythms (if
any) as well as composition.

Species where pathogen exposure is not closely correlated with timing of feeding provide an addition example
where mechanisms regulating circadian rhythms in immunity are microbiota-independent. In social or gre-
garious animals, microbiota are often shared 101 and pathogen exposure is high 102–104. Peaks in pathogen
exposure or activation of immunity may therefore not be limited to mealtimes. This raises the question as
to whether social animals have altered circadian rhythms in immune function compared to solitary species,
and whether such adaptations are mediated by the gut microbiota.

Considering microbial rhythms in the context of metabolic and immune requirements throughout the day may
provide a useful framework to predict the strength and the functional role of gut microbial oscillations that
goes beyond light and temperature cycles. Nevertheless, investigating microbial oscillations across latitudes
and in environments with extreme light or temperature conditions (e.g. cave, arctic, or desert animals)
will aid our understanding of the circumstances under which microbial rhythms occur. For example, gut
microbiome rhythms in meerkats may be particular strong due to the arid environment they inhabit 26, which
is characterised by steep temperature differentials between day and night. This extreme fluctuation induces
nightly torpor in small desert mammals 105, and whilst it is unclear whether meerkats undergo a similar
process, it might be expected that extreme temperatures exert metabolic constraints that both influence and
are influenced by the gut microbiota.

4) Interactions between circadian and seasonal rhythms

Many species undergo striking changes in life-history strategies between seasons, with hibernation and long-
distance migration representing two of the most extreme life-history responses to seasonal changes in climate.
Seasonal shifts in gut microbiome composition and function have been well described 43,106–110, but emerging
evidence suggests that changes in function may be mediated via increasing or decreasing the amplitude of
host circadian rhythms 91. In giant pandas, seasonal switching of diet from bamboo leaves to shoots causes
an increase in the bacterial metabolite butyrate in the gut microbiota, and when transferred to mice, this
causes the upregulation of clock gene Per2, which increases lipid production and fat deposition in spring 91.
This study does not measure gut microbial oscillations directly however, and it is unclear whether microbial
rhythms also increase in amplitude during spring. Yet, the findings suggest that seasonal cycling of the gut
microbiota functions via interacting with host circadian rhythms.

In addition to seasonal diet switches, seasonal changes to life history stages that involve metabolic restruc-
turing such as hibernation (Fig. 4d), and migration (Fig. 4e), and even reproduction may also be paired with
changes to the amplitude of their gut microbial rhythms. Shifts in the gut microbiota during hibernation
adaptively lower metabolism and recycle nitrogen 42,44,111, yet it remains unknown how these functional
changes interact with or are mediated by diurnal rhythms. Seasonal switches in strategies may take more
unpredictable and fascinating forms. For instance, the circadian rhythms of some arctic-breeding shorebirds
become uncoupled from environmental cues during breeding due to pressures of incubation and predators,
with social cues becoming the dominant form of entrainment 112. How might such changes be reflected in
the gut microbiome?

5) The effect of urbanisation on gut microbial rhythms

Urbanization is rapidly altering wildlife environments and activity patterns. Medium to large mammals
are becoming more nocturnal to escape human disturbance 113, whereas small mammals that are normally
nocturnal are active around the clock in urban areas 114. Artificial light is causing birds and bats to extend
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. and reduce their activity periods, respectively 115,116, and is also associated with altered physiology and
immune responses 117–119. Urban habitats also offer different diets, with many urban animals becoming
scavengers or being provisioned by humans 120, and are associated with pollution 121 and higher pathogen
diversity 122 than natural habitats. How these shifts in behaviour and exposure to pathogens and pollution
are affecting health for both humans and wildlife via circadian mismatching is an outstanding question of
urgent need of attention 69,123,124, given ongoing and rapid human encroachment into natural habitats.

Urbanised environments offer the rare opportunity to experimentally test the impact of changes to abiotic
(e.g., light, temperature) and biotic (e.g., diet, pathogen pressure) condition on microbial circadian rhythms
compared with wildlife inhabiting natural environments 125. How might the interacting pressures faced
by urban-adapted species affect the gut microbiota, and what are the consequences for wildlife health?
Accumulating evidence from across phylogenetically-diverse species suggests that urbanization generates a
more ‘humanized’ gut microbiota, with a higher proportion of opportunistic pathogens 126–131. Yet, whether
urbanisation is altering microbial rhythms is still unclear. In humans, urbanisation is associated with a loss
of seasonal rhythms in the gut microbiota 106,132, indicating that biological rhythms might be disrupted by
urban lifestyles. Wildlife health may be negatively affected by urbanisation and artificial light if changes to
activity patters (e.g., timing of feeding) or altered diet disrupts gut microbial oscillations (Fig. 4e). Constant
light or dark leads to a loss of microbial rhythms in both chickens 32 and mice 35, and this alteration is at
least in part due to sensory signalling from the brain rather than changes to feeding times 133. Diets high in
fat also dampen microbial rhythms and thereby lead to dysbiosis – an imbalance in the microbiome that has
negative health outcomes 39,134,135. Together, these indicate that urbanisation may alter microbial rhythms
via multiple mechanisms.

Studying gut microbial rhythms in wildlife

Field ecologists face a number of challenges that may have acted to delay the integration of circadian rhythms
into field ecology, such as limited availability of study animals across a 24-hour period. However, as long as
individuals can be sampled over the morning and preferably also the afternoon (e.g. 26), many questions on
microbial oscillations can be tackled. Indeed, the period after the start of the active phase is often when
the largest changes occur and therefore reporting just this part of the diurnal cycle can be informative.
Whilst a longitudinal study design is preferable, the strength of microbial oscillations reported so far suggest
that cross-sectional study designs may also have sufficient statistical power to detect predictable microbial
oscillations. For example, in meerkats, sensitivity analyses that restricted analysis to only 20 (cross-sectional)
samples per hour during daylight hours (total n [?] 240) still detected the same microbial oscillations reported
with the full dataset (total n [?]1100) 26. Notably, a huge array of wildlife gut microbial datasets exists, and
where the time of collection is known, these can be reanalysed to further our understanding of microbial
diurnal rhythms, with comparative studies across species being particularly informative.

A common obstacle in identifying meaningful associations between the gut microbiota and host physiology
is the sheer diversity of gut microbial communities and available physiological markers. Future studies on
non-model organisms may therefore benefit from focusing on the key taxa and physiological markers iden-
tified from experimental studies to date. Findings from mice indicate that mucosal-associated commensals,
in particular SFBs which are found across vertebrates 136, play a fundamental role in mediating physiologi-
cal homeostasis and immunomodulation by attaching to the intestinal epithelium at the start of the active
phase. The identity and oscillations of these specific commensals are therefore likely to be disproportionally
important for identifying associations between the gut microbiota and host physiology in natural popula-
tions. In addition, gut sIgA and AMPs are two facets of immunity that have been strongly implicated in
circadian interactions with the gut microbiota, whilst the microbial metabolites butyrate, flagellin, and LPS
have been implicated in circadian interactions that regulate metabolic signalling pathways and innate immu-
nity. Applying these physiological markers may therefore be particularly suitable for determining whether
mechanisms identified in laboratory systems have broad biological relevance for natural populations.

Conclusions
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. Microbial diurnal rhythms are likely widespread and pivotal for mediating physiological homeostasis and
pathogen defence, yet their study has been neglected in wild populations. Whilst the mechanisms underpin-
ning the circadian crosstalk between the host immune system and the gut microbiota is still an active area of
research, key commensal taxa that rhythmically attach to the host intestinal epithelium play a critical role
in triggering the upregulation of metabolism and at innate immunity the start of the active phase. A future
focus on how gut microbiomes change over the day across host species with diverse biology (e.g., ectotherms,
hibernating animals) and ecology (e.g., social animals, urban wildlife) will advance our understanding of
their function and adaptive significance, and may illuminate the processes underpinning the breakdown of
gut microbiota function during infection, senescence, and global change.
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