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The call of the wild: using non-model systems to investigate
microbiome–behaviour relationships

On and within most sites across an animal’s body live complex
communities of microorganisms. These microorganisms perform a
variety of important functions for their hosts, including communicating
with the brain, immune system and endocrine axes to mediate
physiological processes and affect individual behaviour. Microbiome
research has primarily focused on the functions of the microbiome
within the gastrointestinal tract (gut microbiome) using biomedically
relevant laboratory species (i.e. model organisms). These studies
have identified important connections between the gut microbiome
and host immune, neuroendocrine and nervous systems, as well as
how these connections, in turn, influence host behaviour and health.
Recently, the field has expanded beyond traditional model systems
as it has become apparent that the microbiome can drive differences
in behaviour and diet, play a fundamental role in host fitness and
influence community-scale dynamics in wild populations. In this
Review, we highlight the value of conducting hypothesis-driven
research in non-model organisms and the benefits of a comparative
approach that assesses patterns across different species or taxa.
Using social behaviour as an intellectual framework, we review the
bidirectional relationship between the gut microbiome and host
behaviour, and identify understudied mechanisms by which these
effects may be mediated.

many physiological systems (e.g. neuroendocrine, immune and
central nervous systems; Garcia-Reyero, 2018; Sylvia and Demas,
2018), and directly affects host fitness (Suzuki, 2017). Because most
of the microbiome is within the gastrointestinal tract (i.e. gut; Wallace
et al., 2011; Williams et al., 2020), the current Review will focus
primarily on the gut microbiome. Investigations into the function of
the microbiome associated with other body sites (e.g. skin, vagina,
oral cavity) are needed, as these may also affect host behaviour (Rojas
et al., 2020; Box 1).
In this Review, we highlight how research on traditional model
systems (see Glossary; e.g. mice, rats) has laid the foundation for our
knowledge of how the gut microbiome interacts with physiological
systems to affect behaviour. We argue that the study of the influence
of the microbiome on behaviour would benefit from a broader
representation of host species that include non-model organisms
(see Glossary). Using social behaviours as a framework, we
describe how the study of the effects of the microbiome on
behaviour can benefit from a comparative approach evaluating host–
microbiome relationships across different species to identify
patterns or unique features. We discuss how the gut microbiome
can affect social behaviour in the context of development,
reproduction, parental care and cooperation. Lastly, we identify
novel mechanisms and environmental factors that could influence
the relationship between the microbiome and social behaviour.

KEY WORDS: Gut microbiome, Social behaviour, Physiological
mechanisms, Neuroendocrine, Host–microbiome, Free-living
animals

Model systems: laying the foundation

ABSTRACT

Introduction: a primer on the microbiome

Within an organism exists a community of living microorganisms
that includes commensal, symbiotic and pathogenic bacteria, fungi
and archaea, and is termed the microbiota. Their genes and the
molecules produced by the microorganisms (e.g. structural elements,
metabolites, phages, viruses) are collectively called the microbiome.
For most animals, the microbiome plays a critical role in survival
(Møller et al., 2009; Williams et al., 2020). Aiding in nutrient
acquisition and digestion (Hooper and Gordon, 2001), influencing
development (Diaz Heijtz et al., 2011; Erny et al., 2015), affecting
host immune system function (Chung et al., 2012; Sylvia and Demas,
2018) and modulating behaviours (Dinan et al., 2015; Sharon et al.,
2010; Brucker and Bordenstein, 2013), the microbiome connects
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Model systems have provided us with a fundamental understanding of
how the gut–brain axis (see Glossary) interacts with the body’s
physiological systems (e.g. neural, endocrine and immune systems)
and affects behaviour (Collins and Bercik, 2014; Cryan and
O’Mahony, 2011). Much of our knowledge of the connections
between the gut microbiome and behaviour comes from studies using
germ-free (GF) mice (see Glossary). Supplementing GF mice with
commensal or pathogenic bacteria reveals how the microbes affect
host behaviour (Sylvia and Demas, 2018). Using other model systems
[e.g. specific pathogen-free (SPF) mice; see Glossary] has shown how
manipulations of the host microbiome can affect behaviour. For
example, antibiotics, which are used to manipulate the gut
microbiome, can have sex-specific effects on the caecal microbiome
and exploratory behaviour (Bercik et al., 2011). Additional studies
using model systems have revealed sex-specific effects of the parental
microbiome on offspring behaviour. For example, antibiotic-induced
alterations of the maternal gut microbiome produce long-lasting
changes in locomotor activity and exploratory behaviour in male
offspring (Tochitani et al., 2016). Studies manipulating parental
diet also provide evidence that the parental microbiome may play a
role in offspring immune function and behaviour (Sylvia and Demas,
2018). For example, parental diets high in omega-3 fatty acids alter the
microbiome of offspring and can affect offspring development (Myles
et al., 2014), which could result in differences in offspring behaviour.
Furthermore, females transplanted with high-fat diet microbiota
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Glossary

Box 1. Beyond the gut

Altruism
Behaviour that benefits another individual that is not closely related to the
individual performing the behaviour and is detrimental to the individual
performing the behaviour (Trivers, 1971).
Catecholamines
Monoamine neurotransmitters such as dopamine, adrenaline and
noradrenaline.
Cooperation/cooperative behaviour
Behaviour that occurs when individuals act in ways that increase the
fitness of others at some cost to themselves (Nowak, 2006).
Cooperative breeding
Breeding system in which subordinates (i.e. ‘helpers’) capable of
reproducing forgo their own reproduction to assist raising offspring
produced by breeders (Cockburn, 1998).
Cytokines
Hormone-like molecules (e.g. interleukins, interferon) produced by the
immune system, either in the periphery or in the central nervous system.
Enterochromaffin cells
Endocrine cells lining the gastrointestinal tract.
Germ-free (GF) mice
Mice that are microbiota deficient from birth and are maintained in a
microbiota-free environment.
Gnotobiotic mice
Mice born and maintained under aseptic conditions and in which only
specific known strains of microbes are present, often introduced by the
researcher.
Gut–brain axis
The bidirectional communication between the brain and the
gastrointestinal tract.
Kin selection
The process by which traits are favoured because of their beneficial
effects on relatives’ survival; relatives may be either offspring (direct
fitness) or non-descendant offspring (indirect fitness) (Griffin and West,
2002).
Lipopolysaccharide (LPS)
A carbohydrate moiety present on the surface of Gram-negative bacteria,
administration of which may be used to induce a sickness response in
the absence of infection.
Non-model organisms
Wild or non-captive species typically not used for biomedical research.
Peyer’s patches
Lymphatic tissue found in the small intestine.
Probiotics
Live microbial organisms supplemented to an individual that may
increase the relative abundance of particular microbial strains.
Pyrogen
A fever-causing agent, typically produced by a bacterium.
Reciprocity
A theory used to explain the evolution of cooperation that highlights the
importance of repeating interactions and the benefits incurred by the
cooperating individual (Trivers, 1971).
Recolonization
Re-establishing either parts of or the complete gut microbiome via methods
such as faecal transfer or probiotic administration; this manipulation
typically occurs in GF mice or individuals whose gut microbiome has been
depleted.
Specific pathogen-free (SPF) mice
Mice raised with a normal functional microbiota, but without a specific list
of pathogens (e.g. Mycoplasma pulmonis) known to affect the health of
mice.
Traditional model systems
Defined here as the laboratory rats and mice most commonly used for
biomedically relevant research.

Animal bodies contain microbial communities that can affect host
physiology, behaviour and fitness (Archie and Theis, 2011; Archie and
Tung, 2015; Vuong et al., 2017). Within individuals, the microbiota is
partitioned across different body sites, and the composition of microbiota
differs at different sites (Hyde et al., 2016; Xavier et al., 2019). Like the
gut microbiome, these other microbiomes are influenced by host
physiology and external factors, and play a critical role in mediating
social behaviour.
The skin is the primary physical barrier between vertebrates and their
environment, and the skin microbiome can influence development,
social behaviour and host health. Amphibian and reptile skin
microbiomes are an important component of the host’s defences
against pathogens (Varga et al., 2018; Hyde et al., 2016), and
manipulations of the skin microbiome of these species may help
prevent population declines (Harris et al., 2009; Kueneman et al.,
2016). The skin microbiome is often affected by changes in the
environment (Douglas et al., 2021; Hyde et al., 2016), which could
have important consequences for host health and physiological
development. In contrast, the skin microbiome of some avian species
is unrelated to their shared environment and diet, indicating individualspecific skin microbiomes in these species (Engel et al., 2018). Host- and
individual-specific microbial communities may communicate critical
information about the host’s phenotype and genotype, and even
promote individual recognition (Rojas et al., 2020). The skin
microbiome can change as a result of changes in host behaviour. For
example, Pratte et al. (2018) showed that the mucus of clownfish
(Amphiprion clarkii), which display a mutualistic relationship with
anemones (Entacmaea quadricolor), changes as a result of
associations with the anemone. This change may be ecologically
important to both the fish–microbiome and the fish–anemone
interactions, specifically helping to sustain the mutualistic relationship.
Another microbiome site that has been investigated is the cloaca. In
birds, reptiles, amphibians and some mammals, the cloaca is the end of
both the digestive and reproductive tracts, meaning cloacal microbial
communities are impacted by both diet and reproductive behaviour
(Kulkarni and Heeb, 2007; Maul et al., 2005). The relative influence of
these two factors on cloacal microbiome diversity requires further study,
as does the effect of the cloacal microbiome on host health, physiology
and reproductive behaviour, as well as the offspring microbiome and
development. The eggshell microbiome may be affected by the maternal
cloacal microbiome or the nesting environment, and this could contribute
to the effects on offspring. For example, in woodlarks (Lullula arborea)
and skylarks (Alauda arvensis), eggshell microbiomes are influenced by
body feathers and female brood patch skin, but not by the maternal gut
microbiome (van Veelen et al., 2018). Whether the cloacal microbiome
influences the egg microbiome and how this affects offspring
colonization requires further study.

produce pups that vocalize less when separated from their mother and
male offspring that differ in exploratory, cognitive and compulsive
behaviour (Bruce-Keller et al., 2017).

Studying the microbiome
Why consider non-model organisms?

Research using model organisms has demonstrated ways in which
the microbiome can modulate behaviour. However, this work
provides only a partial view of the role of the microbiome in natural
functions because traditional model organisms are often not
exposed to natural environmental conditions or lack variation in
traits typically observed in wild populations. For example, a
complete absence of microbiota, as in GF mice, is not found in wild
populations, and GF mice display a variety of abnormalities
associated with the lack of a microbiome (e.g. in the development of
the gut, immune system and brain; Martin et al., 2016).
Additionally, diet, social interactions (or the lack thereof ) and
other environmental conditions (Hird, 2017) associated with
captivity alter the microbiome. For example, captive animals tend
to have gut microbiomes that are depleted or imbalanced compared
with those of their wild counterparts (Clayton et al., 2016; Kohl
2

Journal of Experimental Biology

REVIEW

REVIEW

Journal of Experimental Biology (2021) 224, jeb224485. doi:10.1242/jeb.224485

Diet

N

es
ptid

Gonad
al
h

or

Nervous
system

ons
acti

es

ter

Pho
to

l in

per
iod

cia
So

on

e
ap
on

m

HPA
axis

in
on

p

t
la

Gut
microbiome

Me

e
tid

s

Immune
system

Gu
t

pe

P
a
ren
ta
lc
ar
e

Fig. 1. Graphic model identifying potential
interactions among environmental factors and
physiological systems that can alter the gut
microbiome and thus affect behaviour. The
inner circle represents the ‘core’ physiological
systems regulating microbiome–behaviour
interactions, including immune, neural and
endocrine factors (HPA axis, hypothalamic–
pituitary–adrenal axis), as well as the direct
influence of the gut microbiota itself (i.e. metabolic
by-products). Our hypothetical bird is nested
within a larger environmental context (represented
by the outer circle). Around the outer circle, we
show examples of environmental variables –
ranging from behavioural interactions with
conspecifics to the physical environment – that
might affect the microbiome–behaviour
interaction. Around the perimeter of the inner circle
are additional physiological variables that are less
often considered but that might play an important
role in modulating the effects of environmental
variables on the core physiological systems. In
conjunction with environmental factors, these
molecules serve as ‘environmental input signals’
to the organism. These signals include (but are not
limited to) seasonal/photoperiodic information (via
melatonin and thyroid hormones), ambient
temperature (via thyroid hormones and gonadal
steroids), diet and food intake (via gut peptides
such as leptin, insulin and ghrelin) and social
interactions (via nonapeptides such as oxytocin
and vasopressin, and other hormones).

Kohl et al., 2016) under the conditions in which they evolved. In
addition, using non-model systems allows for comparative studies
across different species or taxa, which provide important opportunities
to assess the evolution of the host–microbiome relationship, determine
large-scale patterns to explain development and behaviour, and
identify unique aspects of the hosts that result in unique functions of
the microbiome. Convergence in host phenotypes can provide natural
experiments, allowing comparisons between species that share similar
traits, but do not share a phylogenetic history. This may reveal
important roles of the host microbiome (Box 2).
To date, approximately 90% of published studies on the host–
microbiome relationship are in mammals (Colston and Jackson,
2016), and many are conducted on lab populations. Although these
studies have provided many important insights, mammals differ
from other taxa in ways that likely influence the host–microbiome
relationship (e.g. Hird, 2017; Greene et al., 2019; Song et al., 2020;
Sullam et al., 2012). The composition and function of the gut
microbiome in other taxa (e.g. birds, fish, amphibians and reptiles)
remains understudied (Hird, 2017; Williams et al., 2020). Below,
we highlight the qualities of non-mammalian species and the
benefits of studying non-model taxa for investigating the interaction
between the microbiome and social behaviour.

at
u

re

Birds
Lessons from non-model organisms

Experiments on non-model populations with naturally occurring
microbiomes provide the natural variation needed to assess the
complexity of host–microbiome relationships (Brooks et al., 2016;

Birds represent an excellent system in which to test hypotheses
about microbiome effects on behaviour. Avian reproductive biology
enables the investigation of the importance of the gut microbiome in
reproduction (e.g. does the offspring microbiome differ in altricial
3
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et al., 2017; McKenzie et al., 2017) as a result of standard diets
(Clayton et al., 2018; Reichelt et al., 2020). Likewise, differences in
temperature, light, season (e.g. Ren et al., 2020) or habitat (e.g.
Watson et al., 2019; Loo et al., 2019; Davidson et al., 2020; San
Juan et al., 2020), which are often minimized in captive studies (e.g.
Arentsen et al., 2015; Neufeld et al., 2011), can have important
effects on the microbiome (Fig. 1; e.g. Bailey et al., 2010) and
behaviour (e.g. foraging innovation; Davidson et al., 2020). Further,
the social organization of organisms in the lab often differs from that
observed in wild populations, which limits the ability to study the
relationship between social interactions and the host microbiome
(Archie and Tung, 2015; Soares et al., 2019). The relationship
between the gut microbiome and behaviour is bidirectional –
behaviour can be influenced by the composition and diversity of the
host’s microbiome, and in turn, an organism’s behaviour can alter
their own and other individuals’ bacterial communities (Archie and
Tung, 2015; Münger et al., 2018) – and is shaped by early
development (e.g. parental care, interactions among siblings) and
continues into adulthood. Therefore, to further investigate (1) this
bidirectional relationship, (2) the role of the gut microbiome in host
evolution (Sylvia and Demas, 2018), and (3) population and
community dynamics (Corl et al., 2020), the field must broaden to
include non-model populations.

REVIEW

Box 2. Comparative studies reveal microbiome function
Convergence in host phenotypes provides natural experiments by which
comparisons between species may reveal important roles of the host
microbiome. Specialized diets (Song et al., 2019) and the ability to fly
(Song et al., 2020) have evolved in multiple lineages across vertebrates,
and the microbiome composition reflects these unique adaptations.
Comparative studies assessing birds and bats reveal evidence for
microbiome convergence (Song et al., 2019, 2020) as a result of
specialized diets and flight that make them more similar to each other
compared with more closely related species. For example, birds and bats
with a haematophagic diet have microbiome compositions that are more
similar to each other than to those of non-haematophagic avian and
mammalian species (Song et al., 2019). Haematophagy presents many
unique nutritional challenges: blood is high in proteins, lipids and salt, but
depleted of essential nutrients such as B vitamins. Digestion of blood can
release toxic levels of iron and urea. These differences in diet correlate with
differences in the microbial taxa found in haematophagic species. For
example, Enterobacteriaceae, Helicobacteraceae and Petostreptococaceae
are present in haematophagic bat species, but absent in samples from
non-haematophagic bat species (Song et al., 2019). Additional evidence of
convergent phylogenetic properties among vampire bats and birds is that
high-level properties of the overall gut community, especially properties
related to function, are similar, as both have a high abundance of the
taxon Peptostreptococcaceae (Song et al., 2019).
Similarly, Song et al. (2020) revealed an association between flight
and loss of microbiome specificity, even among distant species. Bat
microbiomes are more closely related to those of birds than they are to
the microbiomes of other mammals (Song et al., 2020). Bats have a lower
proportion of Bacteroidetes and a higher proportion of Proteobacteria,
which is highly associated with birds and flight. Interestingly, despite
similarities between the microbiomes of birds and bats, the strongest
association between these two groups is their lack of association with a
specific microbiome. Characteristics associated with flight, including
shorter intestinal lengths and content retention times, and differences in
metabolic demands (Song et al., 2020), may explain the lack of
microbiome specificity in these organisms.
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as parental care (Swenson, 1997). There are also well-established
model fish systems that can be studied in the wild and – when
brought into the lab – display behaviours comparable to those of
wild populations. For example, the zebrafish is a model system in
developmental biology for which many behavioural, physiological
and molecular tools have been specifically developed. Studies in
zebrafish have identified a role for sociality in horizontal bacterial
transmission, suggesting that social interactions affect microbial
composition (Burns et al., 2017). Furthermore, zebrafish reared in
the laboratory may have a gut microbiome comparable to that of
animals captured in the wild (Roeselers et al., 2011), which may
make this a preferred captive system in which to test the importance
of natural environmental factors.
Fish also provide a unique opportunity to investigate sex
differences in the composition and diversity of the microbiome and
how the microbiome can influence behaviour in sex-specific ways.
This is because many fish species are sequential hermaphrodites,
beginning life as one sex and changing to the other sex (Gemmell
et al., 2019). Sequential hermaphrodites include species capable of
transitioning from male to female, female to male, or bidirectionally.
These sex changes involve coordinated transformations of many
biological systems and are usually cued by changes in social structure,
or attainment of age or size (Gemmell et al., 2019) – factors that are
also associated with differences in host microbiome composition and
diversity (e.g. Rojas et al., 2020; Whittaker et al., 2016). Males and
females of the same species often differ in the composition or diversity
of their microbiome, which is often attributed to differences in sex
hormones (Zha et al., 2018; Chen et al., 2018). Whether the
microbiome changes as individuals transition has yet to be explored.
Therefore, assessing whether the gut microbiome changes in
conjunction with sex changes, whether the microbiome facilitates or
triggers those changes, or whether shared underlying physiological
mechanisms play a role are important areas for future study.

nestlings versus precocial nestlings), offspring care [e.g. brood
parasitism: Robert and Sorci, 2000; cooperative breeding (see
Glossary): Cockburn, 1998] and sociality (e.g. solitary to
communal living; Downing et al., 2020). Songbirds also represent
an ideal system in which to test how the microbiome interacts with
neural systems to affect behaviour. The neural system regulating
song learning in birds is a model for studying the neural
mechanisms of learning and cognitive plasticity (Brenowitz and
Beecher, 2005). The gut microbiome can affect cognitive
performance and social learning (e.g. Davidson et al., 2018), but
whether this plays a role in avian species is unknown. Variation in
song learning and production affect important aspects of social
behaviour including mate choice (Nowicki and Searcy, 2005),
species recognition (e.g. Soha and Marler, 2000) and the ability to
recognize heterospecific alarm calls (Magrath et al., 2015). To date,
we know very little about how the microbiome influences these
behaviours in avian hosts (Hird, 2017).

Amphibians provide an excellent opportunity to examine the
importance of critical developmental windows on the gut
microbiome–behaviour relationship. Perturbations to the microbiome
during ‘sensitive’ phases of development can have long-term
consequences on behaviour, and the microbiome may mediate such
effects (Sachser et al., 2020). Changes in the microbiota during critical
developmental windows can also alter the trajectory of the gut
microbiome and have long-term consequences on fitness-related traits
(Warne et al., 2019). In amphibians, hatching represents a critical
developmental window for gut microbiome colonization (e.g. Warne
et al., 2017); metamorphosis, another critical developmental stage, is
associated with complex changes in an individual’s morphology,
physiology, behaviour and composition of the gut microbiome (Chai
et al., 2018). For example, during pre-metamorphosis, changes occur
in the stress neuropeptide corticotropin releasing factor and the
hormone leptin (Denver, 2019), both of which are important in
bidirectional gut–brain communication (Holzer, 2016; Rajala et al.,
2014). How these factors interact with the gut microbiome during
metamorphosis to affect adult behaviour is relatively unknown.

Fishes

Teleost fishes provide unique opportunities to advance our
understanding of the links between sociality and the microbiome.
Fish display complex social behaviours [e.g. deception: Bshary
et al., 2002; cooperation (see Glossary): Balshine-Earn et al., 1998]
and can live in complex social networks (e.g. Taborsky, 1994).
Teleost fish are particularly promising for the study of mating
behaviour because they display a variety of mating patterns, as well

Host microbiome and animal social behaviour

The gut microbiome can both influence and be altered by an
individual’s behaviour (Archie and Tung, 2015; Münger et al.,
2018). Investigating the bidirectional relationship between the gut
microbiome and social behaviour is of particular interest given the
range and complexity of social interactions, which can include
physically distant interactions, repeated contact between social
4
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group members and reproductive affiliations (Soares et al., 2019;
Tung et al., 2015; Grieneisen et al., 2017; Antwis et al., 2018). Here,
we focus on the bidirectional relationship between the gut
microbiome and social behaviour in the context of reproduction,
development, parental care and cooperation.
Reproduction

Sexual interactions can be directly and indirectly influenced by the
composition of the gut microbiome. Recent work in Drosophila
melanogaster fruit flies has identified an important role of gut
microbes in determining assortative mating. Individuals prefer to
mate with partners raised on a diet similar to their own, a preference
driven by direct effects of the gut microbiome on fly pheromones,
which in turn influence mating behaviour (Leftwich et al., 2018).
Additionally, the gut microbiome may have sex-specific effects on
the duration of mating behaviour and offspring production
(Morimoto et al., 2017). The gut microbiome may also affect
mating behaviour indirectly via its effects on social avoidance; the
gut microbiome is known to affect social avoidance as
recolonization studies (see Glossary) have ameliorated these
behaviours in mice (Sampson and Mazmanian, 2015). The gut
microbiome may also indirectly influence reproductive behaviour
via individual recognition and communication. For example,
volatile compounds in preen oil in birds serve as a chemical cue,
and signal information about species, sex and breeding condition.
Potential mates are attracted to preen oil odours. In the dark-eyed
junco (Junco hyemalis), symbiotic bacteria may be responsible for
producing behaviourally relevant volatile compounds (Whittaker
et al., 2019), indicating that the microbiome can influence
behaviours important for mate attraction and reproduction.
Sexual interactions also represent direct means by which an
organism’s microbiome can be transferred or influence another
individual’s gut microbiome and other microbial communities
(Box 1). For example, in the Mormon cricket (Anabrus simplex),
mating behaviour affects the structural communities of the gut.
Specifically, the abundance of lactic acid bacteria changes in
response to mating (Smith et al., 2017). In lizards (Zootoca
vivipara), polyandrous females have significantly more diverse
cloacal bacterial communities compared with monandrous females,
suggesting the number of sexual partners can influence females’
cloacal microbiome (White et al., 2011). In birds, sexual contact
between partners also appears to influence the cloacal microbiome
(Kreisinger et al., 2015; Hernandez et al., 2020). For example, in
barn swallows (Hirundo rustica), repeated contact between sexual
partners homogenizes the cloacal microbiome (Kreisinger et al.,
2015); pair members have more similar cloacal microbiomes
(Ambrosini et al., 2019), and females with numerous partners have
more microbial diversity (Levin et al., 2016). Comparative studies
evaluating how different mating strategies (e.g. social monogamy,
genetic monogamy, polygyny, polyandry, lekking, polygynandry)
are influenced by the gut microbiome, how these strategies affect the
transmission of bacterial communities, and whether they affect
microbial communities across the body differently would advance
our knowledge of how these mating strategies evolved and how the
gut microbiome influences reproduction.
Development of social behaviour: maternal versus paternal effects

The maternal influence on offspring phenotype is an important source
of organismal variation (e.g. maternal stress; Seckl and Meaney, 2004;
Duckworth et al., 2015), and it plays a key role in the foundation of the
offspring’s microbiome. In most mammals, offspring are birthed
through the vaginal canal, bacteria from which directly shape the
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microbiome of the offspring (Dominguez-Bello et al., 2010), affecting
offspring behaviour. For example, pregnant mice exposed to
antibiotics produce offspring that exhibit less locomotor activity and
exploration of the perimeter of an unfamiliar field compared with
control offspring (Tochitani et al., 2016). Further, manipulations of
the maternal gut microbiome during pregnancy influence offspring
neurodevelopment, which alters offspring tactile sensitivity in some
somatosensory behavioural tasks, but not in sensorimotor behaviours
(Vuong et al., 2020). The maternal gut microbiome can also mediate
the effects of prenatal stress (Jašarević et al., 2018) and in sex-specific
ways (J.A.C., C.L.W. and G.E.D., unpublished data). For example, in
Siberian hamsters, pregnant females exposed to stress produced
female offspring that were highly aggressive, whereas pregnant
females exposed to stress and antibiotics produced female offspring
that displayed aggression comparable to that of controls (J.A.C.,
C.L.W. and G.E.D., unpublished data).
Less is known about how manipulating the maternal microbiome
affects offspring behaviour in non-mammalian species, highlighting
the need for hypothesis-driven research across taxa. In birds, eggs pass
through the cloaca; whether cloacal microbes can penetrate the
semipermeable barrier of the eggshell to shape the offspring
microbiome or mediate the effects of prenatal conditions is not fully
understood. Thus, in birds, the foundation of the offspring’s
microbiome may be more heavily influenced by maternal behaviour
(e.g. nest building, incubation behaviour and temperature maintenance;
Evans et al., 2017). For example, limited evidence suggests incubation
may promote beneficial bacteria while eliminating pathogenic bacteria
(Shawkey et al., 2009). Chicks may also acquire bacteria through
indirect maternal transmission (e.g. passive uptake from the nesting
environment) and parental care (Chen et al., 2020). Similarly, in fish
and reptiles, parental skin microbiome diversity (Soares et al., 2019),
specifically through skin-to-skin contact with the female, is critical in
establishing the offspring microbiome (Banning et al., 2008).
Questions relating to how the microbiome is established from birth
in non-mammalian species and the cascading effects of the gut–brain
axis on host behaviour would benefit from a comparative approach.
Recent studies have focused on the role of the paternal
microbiome on offspring development and behaviour. Previous
work has shown that paternal presence and condition can have sexspecific effects on the health and behaviour of their offspring (e.g.
Tabbaa et al., 2017; Hellmann et al., 2020). Fathers may directly
transmit information to their partners or offspring through their
microbiome (Rando and Simmons, 2015). For example, Javurek
et al. (2016) revealed that, in some strains, male mice have unique
seminal fluid microbiomes that differ in composition from their gut
microbiomes. Therefore, it is possible that males’ seminal fluid
microbiome could influence offspring development during
embryogenesis, a critical stage during development linked to
postnatal differences in social learning, cognitive development and
memory recall that later can impact social behaviours (Desbonnet et al.,
2014; Davidson et al., 2018). This might occur via many different
mechanisms, described in detail below, and could include changes in
neuronal hyperactivity, serotonergic systems in the hippocampus and
gene expression in the amygdala (Davidson et al., 2018).
Paternal experience could also affect offspring behaviour via changes
in the gut microbiome of offspring. Callaghan et al. (2016) observed
that, in rats, emotional learning – including the retention of aversive
associations – emerges earlier in offspring produced by stress-exposed
fathers. This effect is reversed by the administration of probiotics (see
Glossary) to offspring, suggesting a link between paternal experience,
offspring microbiome and offspring behaviour. The effect of paternal
stress on offspring behaviour has been observed in non-model systems
5
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as well. For example, in three-spined sticklebacks (Gasterosteus
aculeatus), predator-exposed fathers produce sons that differ in how
risk prone they are (Hellmann et al., 2020). Considering whether the
microbiome plays a role in mediating these effects in non-model systems
is an important next step.
Parental care

Parental care behaviours may be affected by the gut microbiome. In
honey bees, differences in the gut microbiome are associated with
different behavioural tasks, including nursing tasks inside the colony,
suggesting maternal care may be mediated partly by the gut microbiome
(Jones et al., 2018). Paternal care may also be influenced by the gut
microbiome. A recent theoretical study suggested that microbes
associated with increased paternal care could be favoured by natural
selection (Gurevich et al., 2020), and may help to explain the
occurrence of paternal care when commonly proposed explanations are
insufficient (e.g. Hamilton, 1964). Whether the gut microbiome
influences parental care and the mechanisms by which this occurs has
yet to be experimentally evaluated. Comparative studies using closely
related species that display different forms of parental care (e.g.
Phodopus sungorus and Phodopus campbelli, which show singleparent and biparental care, respectively) or studies involving species
where parental care sex roles are reversed (e.g. jacanas: Jenni and Betts,
1978; Emlen and Wrege, 2004; tidewater goby, Eucyclogobius
newberryi: Swenson, 1997) provide natural experiments for testing
the role of the gut microbiome in parental care behaviour.
Differences in parental care behaviour have been associated with
differences in hormones (e.g. da Silva Mota et al., 2006; Riedman,
1982) and other behavioural traits (e.g. aggression; Mutzel et al.,
2013), and these relationships may be influenced by the host
microbiome. For example, changes in corticosterone concentrations
are associated with differences in parental care (e.g. Dantzer et al.,
2017). The gut–brain axis is tightly linked with the hypothalamic–
pituitary–adrenal (HPA) axis (Davidson et al., 2018), and
investigating whether the gut microbiome mediates this link
between glucocorticoids and parental care is an important next step.
Differences in parental care are also associated with differences in
other behavioural traits. For example, more aggressive individuals
often contribute less to parental care behaviours (e.g. Kopachena and
Falls, 1993; Mutzel et al., 2013), and aggressive behaviour can be
influenced by the gut microbiome. In dogs, specific groups of bacteria
(e.g. Lactobacillus, Dorea, Blautia, Turicibacter, Bacteroides) have
been used to stratify aggressive and non-aggressive individuals
(Kirchoff et al., 2019). In Siberian hamsters, perturbations of the gut
microbiome result in sex-specific changes in aggressive behaviour
(e.g. Sylvia et al., 2017). These data suggest that the gut microbiome
may affect parental care via its effect on aggression.
Parental care can also alter the foundation of the microbiome in
offspring (e.g. nursing; Hassiotou and Geddes, 2015). In the
maritime earwig (Anisolabis maritima), egg attendance (i.e.
maternal care) significantly affects the bacterial microbiome of the
eggs (Greer et al., 2020), which could result in cascading effects on
offspring behaviour. Variation in maternal care can alter the
expression of genes that influence behaviour, stress responses and
cognition in offspring (Meaney, 2001). Microbes are heritable
through parental care behaviour (e.g. Kulkarni and Heeb, 2007;
Banning et al., 2008), supporting the idea that parental care can
influence offspring microbiome, development and behaviour.
Cooperation

Cooperative behaviour (see Glossary) is observed across taxa – from
bacteria to mammals (West et al., 2007) – and across a variety of

Journal of Experimental Biology (2021) 224, jeb224485. doi:10.1242/jeb.224485

contexts, including foraging and hunting (Boesch, 2002),
displaying to and acquiring mates (Krakauer, 2005; DuVal,
2007), and offspring care (e.g. Koenig and Mumme, 1987;
Cusick et al., 2018). But the evolution of cooperation via natural
selection remains a puzzle (Pennisi, 2005; Barta, 2016; Kingma,
2017). Explanatory theories include kin selection (see Glossary;
Hamilton, 1964) and reciprocity (see Glossary; Trivers, 1971),
which emphasize the importance of interactions among kin and
repeated interactions, respectively. However, cooperation and
altruism (see Glossary) also occur between unrelated individuals,
which cannot be fully explained by these theories (e.g. Kingma,
2017). Recent theoretical work suggests that microbes can facilitate
the evolution of host altruism and that cooperation induced by
microbes can evolve in a wide variety of host populations (LewinEpstein et al., 2017; Lewin-Epstein and Hadany, 2020). In addition,
empirical work on how the gut microbiome influences other social
behaviours related to cooperation provides additional evidence for
its role in mediating cooperation.
Kin selection theory suggests that individuals assisting related
individuals derive indirect fitness benefits. This is a potential
explanation for the evolution of cooperative breeding (Cockburn,
1998). How individuals recognize and differentiate related and nonrelated individuals could be mediated partly by the gut microbiome.
For example, in gopher tortoises (Gopherus polyphemus), the gut
microbiome is partially determined by kinship (Yuan et al., 2015). In
the Japanese termite (Reticulitermes speratus), intestinal bacteria are
colony specific and play an important role in nestmate recognition; in
this species, the administration of antibiotics changes the composition
of the intestinal bacteria and alters nestmate recognition (Matsuura,
2001). Testing whether the gut microbiome plays a role in kin
recognition could provide an explanation for how individuals
recognize relatives to form cooperative breeding groups.
A major challenge in the study of cooperation is understanding
why individuals vary in cooperative behaviour (Komdeur, 2006),
especially when helping occurs among unrelated individuals.
Individual differences in behavioural (Barta, 2016) and physiological
mechanisms (Cusick, 2019) provide alternative explanations for
individual variation in cooperative behaviour. For example, variation
in glucocorticoids has been linked to individual differences in
cooperative contributions (Dantzer et al., 2019, 2017; Raynaud et al.,
2015), cooperative tendency (Cusick, 2019) and other social behaviours
that may affect cooperation (e.g. De Fraipoint et al., 2000; Raulo and
Dantzer, 2018; Anacker et al., 2016). Glucocorticoids can affect the
composition of the gut microbiome (e.g. Noguera et al., 2018), and the
microbiome influences the development of the HPA axis. For example,
the maternal microbiome is related to the offspring HPA axis and there
is evidence for bidirectional communication between the HPA axis
and the gut microbiome (Williams et al., 2020). Hypothesis-driven
studies assessing the role of the microbiome in mediating the
relationship between glucocorticoids and cooperation are especially
important for determining whether glucocorticoids directly or indirectly
affect cooperative behaviour. The gut microbiome may also influence
variation in cooperative behaviour or related behaviours. For example,
Lactobacillus decreases stress-induced and anxiety-like behaviour (e.g.
in mice; Bravo et al., 2011; Sgritta et al., 2019), which could increase
the host’s interactions with other individuals, a necessary component of
cooperation. The composition of the gut microbiome is also associated
with group aggregation (e.g. German cockroach, Blattella germanica;
Wada-Katsumata et al., 2015) and social isolation (Ntranos and
Casaccia, 2018), which may affect whether individuals interact with
conspecifics to form cooperative groups. Additionally, individual
differences in aggressive behaviour may affect whether individuals
6
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form cooperative groups, and differences in aggressive behaviour are
correlated with differences in gut composition (e.g. Canis familiaris;
Kirchoff et al., 2019).
The microbiome may also be an important determinant of the
benefits and costs of cooperation. For example, in cooperatively
breeding species, helpers benefit breeders by caring for offspring (e.g.
Koenig and Walters, 2011; Cusick et al., 2018) and assisting in nest
construction (Leighton and Vander Meiden, 2016) and nest or
offspring defence (e.g. Hellmann and Hamilton, 2014; Cusick et al.,
2021). In some cooperatively breeding species, breeders assisted by
helpers reduce their investment in production and/or care of their
current offspring, potentially conserving resources for future
reproductive efforts (e.g. Russell et al., 2007). Helpers may behave
in ways that affect the microbiome of both breeders and offspring
because they are often in direct contact with both. For example,
helpers can affect offspring growth, development (e.g. Cusick et al.,
2018) and stress physiology (Cusick, 2019). As a result, offspring
raised by groups with helpers may differ in their gut microbiome,
which could have important consequences for their development,
health and behaviour as adults. In some cooperatively breeding
species, the beneficial effects of helpers are difficult to detect, or
‘concealed’ (Russell et al., 2007), making it hard to assess how
selection could favour cooperation. Assessing how the presence of
helpers affects the microbiome of both breeders and offspring could
reveal unexplored ‘concealed’ benefits to cooperation and provide
explanations for why cooperation occurs in some species.
Taxa that share similarities in behavioural traits can also be used to
elucidate the bidirectional relationship between the host microbiome
and cooperative behaviour. For example, eusociality and cooperative
breeding behaviour are observed in many mammalian (e.g. CluttonBrock et al., 2001; Hodge, 2007), avian (Koenig and Walters, 2011;
Woolfenden, 1975) and piscine (e.g. Kasper et al., 2017) species,
making a comparative approach an ideal way to identify the role of the
host microbiome in this behaviour.
Gut–brain–behaviour communication: proximate
mechanisms

A wide variety of physiological mechanisms have been suggested to
explain how the gut microbiome might communicate with the brain
to mediate behaviour (Cryan et al., 2019). Such mechanisms include
input from the vagus nerve, neuroendocrine regulation by the HPA
axis, neurotransmitter or neuropeptide regulation, microbial
byproducts of the gut microbiota and direct influences of the
immune system. Most studies investigating these mechanisms have
been conducted on model systems and focus on behavioural
abnormalities and their relationship with human health. Similar
studies in non-model systems that display natural variations in
behaviour will provide a more comprehensive understanding of the
proximate links between physiological mechanisms and the brain
that affect behaviour. Although space constraints prevent an
exhaustive overview of all the possible mechanisms (for a
comprehensive review, see Cryan et al., 2019), here we highlight
some of the likely critical players. We also provide a brief
introduction to some less well-studied mechanisms that may
regulate gut microbiome–behaviour interactions via influences
from environmental factors (see Fig. 1). Non-model organisms may
be particularly well suited to study the latter given their relatively
robust responsiveness to environmental variables.
The immune system

The ways in which microbes communicate with the brain to
influence behaviour are not completely understood, although the
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immune system may play an important role (Lee and Mazmanian,
2010). The immune system interacts extensively with the nervous
system; microglia and astrocytes, the resident immune cells of the
nervous system, directly modulate central nervous system (CNS)
activity (Vezzani and Viviani, 2015). Furthermore, cytokines (see
Glossary) can indirectly modulate CNS activity via interactions
with the autonomic nervous system and the HPA axis (Bilbo and
Schwarz, 2012). In addition, some cytokines and chemokines can
pass through the blood–brain barrier (BBB) and directly interact
with neurons in the CNS, whereas others, such as interleukin-(IL)-1,
a key pro-inflammatory cytokine and endogenous pyrogen (see
Glossary), can signal through the microvasculature of the BBB,
inducing release of prostaglandins in the CNS, which can alter
neuronal activity (Rivest, 2010). Thus, microbiome-induced
alterations in immune function could mediate effects on brain and
behaviour. Indeed, the microbiome can influence the immune
system locally by affecting lymph nodes within the digestive tract,
while also influencing immune system development in both
the brain and periphery. For example, the development of the
immune system is altered in GF rats: they have fewer, smaller and
often inactive lymph nodes and Peyer’s patches (see Glossary),
which hinders the immune response (Hoshi et al., 1992). Within
the gut, various microbe-associated molecular patterns (MAMPs),
including lipopolysaccharide (LPS; see Glossary), bacterial
lipoprotein and flagellin may also influence immune system
activity. These MAMPs activate different parts of the immune
system, which affects the production of pro-inflammatory cytokines
and can cause changes in physiology and behaviour (reviewed in
Sampson and Mazmanian, 2015). For example, increases in proinflammatory cytokines such as IL1-β and tumour-necrosis factor
(TNF)α mediate sickness behaviour induced by LPS administration
(e.g. Breder et al., 1994). Connections between the gut microbiome
and immune system function have been identified in non-model
systems as well. For example, in the Chinese mitten crab (Eriocheir
sinensis), changes in the composition and diversity of the gut
microbiome are closely associated with the severity of infection
with white spot syndrome virus, an emerging pathogen in the
aquaculture industry (Ding et al., 2017). In honey bees
(A. mellifera), antimicrobial peptides – key components of insect
innate immunity – are strongly upregulated by inoculation with
microbiota, suggesting the microbiota exert a universal immune
effect (Kwong et al., 2017), and may protect against future
infections and survival. Investigating the role of the immune system
in mediating the cross-talk between the brain and the gut
microbiome in non-model organisms and considering potential
contributions of other microbial communities (e.g. the skin
microbiome; Box 1) are exciting areas of further research.
Neurotransmitters and neuropeptides

Many neurotransmitters, such as serotonin (5-hydroxytryptamine,
5-HT), dopamine, noradrenaline (norepinephrine), adrenaline
(epinephrine), gamma-aminobutyric acid (GABA) and acetylcholine,
are produced in the gut, by enterochromaffin cells (see Glossary),
enteric neurons or the gut microbiota (Sampson and Mazmanian,
2015), and may alter physiology and behaviour (Gareau, 2014). For
example, compared with SPF mice, GF mice exhibit decreased
expression of 5-HT receptor 1A (5-HT1A) and increased expression of
brain-derived neurotrophic factor (BDNF) in the hippocampus, which
is associated with greater anxiety-like behaviour (Neufeld et al., 2011).
The decrease in 5-HT1A receptors can affect the activity of serotonergic
neurons. Given that 5-HT1A receptors play a role in regulating anxietylike behaviours (Li et al., 2004; Savitz et al., 2009), the decrease in
7
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5-HT1A receptors might be responsible for the increase in anxiety-like
behaviour in GF mice.
Catecholamines (see Glossary) may also play a role in the crosstalk. For example, inoculating either SPF or gnotobiotic mice (see
Glossary) with a mixture of Clostridium species increases levels of
biologically active dopamine and noradrenaline in the gut.
Conversely, catecholamines are present at lower levels and in
biologically inactive forms in GF mice (Asano et al., 2012). Given
that catecholamines are chemical mediators of a wide range of
critical behaviours, ranging from ingestion, thermoregulation and
reproduction to reward, motivation and memory (Bloom et al.,
1989), alteration of catecholamines via dysregulation of the
microbiome can play an important role in a number of
behavioural disorders.
The gut microbiome is important in maintaining the integrity of
the BBB during development. In GF mice, the permeability of the
BBB is greater during both development and adulthood, suggesting
that particular microbes may facilitate development of the BBB.
This increased permeability of the BBB in GF mice may be caused
by fewer tight junction proteins (Braniste et al., 2014), and could
allow immune cells to enter the CNS and stimulate an inflammatory
response (Moretti et al., 2015). Given the important role of immune
cells – such as microglia – and cytokines in sculpting the developing
nervous system (Thion and Garel, 2017), this could dramatically
alter neural development, producing neurobehavioral alterations in
adulthood.
Additionally, changes in serotonin and its precursors might also
mediate the interaction between the gut microbiome and the brain.
Increased permeability of the BBB during development could allow
5-HT to cross through. Alternatively, given that the amino acid
tryptophan (the precursor of 5-HT) can cross the BBB more readily
– especially if the permeability of the BBB is increased by
alterations in the gut microbiome – increased tryptophan may
increase 5-HT synthesis in the brain (O’Mahony et al., 2015). As 5HT is involved in modulating neural development, increased 5-HT
production could greatly influence physiology and behaviour.
Neuropeptides – including neuropeptide Y (NPY), substance P
(SP) and vasoactive intestinal polypeptide (VIP) – may also be
involved in the cross-talk between the brain, microbiome and
immune system (reviewed in Holzer and Farzi, 2014). These
compounds often function in similar ways, and it is therefore
challenging to clarify their role in this cross-talk. In rats,
intracerebroventricular injections of NPY increase anti-depressive
behaviours, an effect that is partially prevented by NPY receptor
blockade (Ishida et al., 2007). We also know that antibiotic
treatment increases SP expression in the colon, and administering
the probiotic Lactobacillus paracasei normalizes SP expression in
antibiotic-treated mice (Verdu et al., 2006). VIP can protect against
colitis-induced epithelial damage by maintaining the integrity and
distribution of tight junction proteins in the intestinal lining. This
indicates that VIP may be particularly important in the prevention of
diseases related to gut permeability (Conlin et al., 2009). Whether
neuropeptides affect the gut–brain axis in a dose-dependent manner
remains unknown.
The vagus nerve

The vagus nerve serves as the primary neural pathway connecting
the gastrointestinal tract to the brainstem, thus representing the
primary bidirectional neural connection between the brain and the
gut. The vagus nerve provides both sensory and motor innervation
that regulates several key functions, especially homeostatic
functions. Although the vagus nerve does not directly interact
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with the microbiome, it can detect changes in the microbiota via
signals in the form of bacterial metabolites or by-products, or via
enteroendocrine cells in the gut epithelium. A series of studies
employing surgical vagotomy in mice have provided strong
evidence that the vagus nerve mediates at least some of the effects
of microbiome alterations on behaviour. For example, the anxiolytic
effects of either Lactobacillus rhamnosus (Bravo et al., 2011) or
Bifidobacterium longum (Bercik et al., 2011) treatment are reduced
in vagotomized mice. Furthermore, the probiotic Lactobacillus
reuteri increases the central release of oxytocin (Poutahidis et al.,
2013), a nonapeptide implicated in the formation of social bonds in
mammals; vagotomy eliminates this effect (Bercik et al., 2011).
HPA endocrine axis

The HPA axis is one of the primary neuroendocrine systems
involved in the regulation of homeostatic functions (e.g. energy,
reproduction, feeding, immune function, stress responses) in
vertebrates, and thus is a key mediator of neuroendocrine–
microbiome communication. In response to an external stimulus –
for instance, a perceived threat – corticotropin releasing hormone
(CRH) is released by the paraventricular nucleus of the
hypothalamus. CRH acts on the pituitary gland to regulate the
release of adrenocorticotropic hormone (ACTH). ACTH stimulates
the adrenal glands in the periphery to release glucocorticoid
hormones (e.g. corticosterone, cortisol). Regulation of the HPA axis
by the microbiome has been explored in a variety of contexts. For
example, the maternal microbiome, and the timing and progression
of initial colonization, are linked to offspring development and HPA
axis functioning (de Weerth, 2017). How an individual responds to
stress may also be affected by the gut microbiome. In GF mice, the
HPA response is more sensitive to a restraint stressor than in SPF
mice with normal functioning microbiota (Sudo et al., 2004). In
wild red squirrels (Tamiasciurus hudsonicus), bacterial diversity is
lower at higher levels of faecal glucocorticoid metabolites (FGMs)
and, over time, changes in bacterial relative abundance are related to
increases in FGMs, highlighting the link between the HPA axis and
microbial communities (Stothart et al., 2016).
Mounting evidence from laboratory animals suggests there is
bidirectional communication between the gut microbiome and the
HPA axis. However, there is little relevant research in non-model
systems (Williams et al., 2020). How the HPA and the gut
microbiome communicate probably differs across species, partly
because the primary stress hormones vary across taxa. For example,
cortisol is the primary glucocorticoid hormone in most mammals
(including humans) and fish, whereas corticosterone is the primary
glucocorticoid hormone in rodents, birds, amphibians and reptiles
(Baker et al., 2013). The interactions among different hormone axes
and the gut microbiome are also likely to be complex. For instance,
the type of stressor or hormonal manipulation can alter the
composition of the gut microbiota in different ways (Williams
et al., 2020). Additionally, the gut microbial community may help
metabolize steroid hormones and convert steroid precursors (e.g.
dietary cholesterol) into active glucocorticoids (Williams et al.,
2020). Therefore, there are many areas of research to pursue to
discern the relationship between the HPA axis and the gut
microbiome in non-model organisms.
Microbial by-products

As mentioned above, microbial ( particularly bacterial) by-products
and metabolites can affect the brain and behaviour, although there is
very little research on this topic. However, we know that short-chain
fatty acids (SFAs; e.g. acetate, butyrate, propionate) can affect
8
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immune responses and the function of the CNS (Borre et al., 2014a).
SFAs also facilitate the proper development of neurons and glia in
the brain (Borre et al., 2014b); this is particularly true of microglia,
as SFAs also contribute to the maintenance of this cell type. For
example, microglia of GF mice appear immature, but this can be
corrected with SFA treatment (Erny et al., 2015). Thus, microbial
by-products present in the gut may interact with the immune system
and the CNS. Outstanding questions include identifying the source
of these by-products, where they act and how they function to
influence species-typical behaviours.
Considering new physiological and environmental factors

In addition to the more commonly studied mechanisms discussed
above, several physiological variables and environmental factors are
less often considered but are key areas for future research (Fig. 1).
Although these physiological mechanisms do not necessarily
directly modulate interactions between the gut microbiome and
behaviour, they serve as important transducers of environmental
information (e.g. season, food availability, social context), allowing
hosts to modify their physiology and behaviour according to their
individual ecological context.
The pineal gland hormone melatonin and hypothalamic thyroid
converting enzymes (e.g. diododinases) transduce photoperiodic
information that is responsible for modulating behaviours including
aggression (e.g. Munley et al., 2020) and photoperiod-dependent
seasonal responses (e.g. reproduction; Yoshimura et al., 2003).
Photoperiod modulates the gut microbiome and behaviour (Ren
et al., 2020), but the role that melatonin and thyroid hormones play
in this process remains unclear, especially in non-model organisms.
There is also increasing evidence for an effect of environmental
temperature on gut microbial communities (e.g. Fontaine et al.,
2018; Kohl and Yahn, 2016), but our understanding of this
relationship remains limited and may benefit from a comparative
approach. For example, in endotherms, the effect of temperature on
the microbiome may be due to physiological changes caused by
temperature changes (e.g. Chevalier et al., 2015). However, the
temperature of ectotherms can vary widely, and changes in
temperature may have a more direct effect on their microbiomes
(Moeller et al., 2020). Ambient temperature also interacts with
physiological systems, such as gonadal hormones, to affect
behaviour (e.g. Silverin et al., 2008). In addition, temperature is
an important environmental factor affecting sex determination in
many species, and the role of the microbiome in this process
requires further study. Diet and food intake (Box 2) via gut peptides
(Fig. 1) and social interactions via nonapeptides and other hormones
(Fig. 1) are likely to modulate the effects of the microbiome on
social behaviour and have rarely been studied in non-model
organisms.
Conclusions

The microbiome performs a variety of functions for its host, including
coordinating interactions with the brain, immune system and
endocrine axes to mediate physiological processes and affect
individual behaviour. Techniques for sampling and quantifying the
microbiome have become more widely available, more sophisticated
and less costly. Additionally, methodologies for collecting and
preserving samples from wild populations are more readily available
(Hird, 2017). Collectively, these advances make it possible to
investigate the role of the host microbiome in non-model populations.
Current and emerging questions about the role of the microbiome
in mediating social behaviour would benefit greatly from
hypothesis-driven research using a wider range of non-model
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systems. We have identified important areas for future research in
terms of how social behaviour can alter the gut microbiome and how
the microbiome can affect social behaviour, both of which could
play important roles in host fitness and evolution. Further
investigation into how the gut microbiome can influence variation
in social behaviour, especially reproduction, parental care, offspring
development and cooperation, will be important. In addition, we
have identified newer, less-appreciated mechanisms by which the
effects of the microbiome on social behaviour may be mediated,
including mechanisms that are driven in part by environmental
factors. Non-model organisms are particularly well suited for
investigating these mechanisms. Gut microbiome communities
within non-model populations are likely to represent natural
variation of a species or population. In addition, non-model
organisms are exposed to and have evolved under many of the
external factors that may indirectly modulate interactions between
the gut microbiome and behaviour. Finally, future work should
investigate the role of traditionally studied physiological
mechanisms in non-model organisms, which will be critical if we
are to determine whether findings are generalizable across species.
Incorporating microbiome assessments into the study of animal
behaviour adds critical components to the complex network of
biological interactions, generating new ultimate and proximate
questions and potentially providing answers to questions that remain
a biological puzzle in the fields of ecology, behavioural ecology and
evolutionary biology.
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