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BACKGROUND: Increasingly, it is recognized that
the microbes resident in the gastrointestinal
tract can influence brain physiology and be-
havior. Research has shown that the gastro-
intestinal microbiota can signal to the brain
via a diverse set of pathways, including immune
activation, production of microbial metabolites
and peptides, activation of the vagus nerve, and
production of various neurotransmitters and
neuromodulators in the gut itself. Collectively,
this bidirectional pathway is known as the
microbiota-gut-brain axis. In the absence of
a microbiota, germ-free and antibiotic-treated
mice exhibit alterations to several central
physiological processes such as neurotrans-
mitter turnover, neuroinflammation, neuro-
genesis, and neuronal morphology. Perhaps
as a result of these neurological alterations,
the behavior of rodents lacking amicrobiota—
especially social behavior—is remarkably dif-
ferent from that of rodents colonized with
bacteria. Conversely, supplementation of ani-
mals with certain beneficial live bacteria (e.g.,

Bifidobacterium and Lactobacillus) can lead
to notable improvements in social behavior
both in early life and in adulthood. Collect-
ively, these results suggest that microbial
signals are important for healthy neurodevel-
opment and programming of social behaviors
in the brain. Although research on the func-
tional and ecological implications of the gut
microbiota in natural populations is growing,
from an evolutionary perspective it remains
unclear why and when relationships between
microbes and the social brain arose. We pro-
pose that a trans-species analysis may aid in
our understanding of human sociability.

ADVANCES: Sociability comprises a complex
range of interactive behaviors that can be
cooperative, neutral, or antagonistic. Across
the animal kingdom, the level of sociability an
animal displays is variable; some are highly
social (e.g., primates, termites, and honey bees),
living within cooperative communities, where-
as others have a mostly solitary existence (e.g.,

bears). Consequently, although studies on germ-
free and antibiotic-treated animals have yielded
insights into how the microbiota may influence
social behaviors, they are perhaps too reduc-
tionist to fully appreciate the complex rela-
tionship between symbiotic bacteria in the
gastrointestinal tract and host sociability when
considering a broader zoological perspective.
Some social interactions have evolved to fa-

cilitate horizontal trans-
mission of microbiota.
Observations across both
invertebrate and verte-
brate species suggest that
factors such as diet and
immunity generate selec-

tion pressures that drive the relationship be-
tween microbiota and social behavior. Although
microbiota may influence behaviors endoge-
nously through regulation of the gut-brain axis,
some animal species may have evolved to use
symbiotic bacteria exogenously to mediate
communication betweenmembers of the same
species. Hyenas, for example, produce an odor-
ous paste from their scent glands that contains
fermentative bacteria that is suggested to fa-
cilitate social cohesion among conspecifics. This
complex relationship between animals and
microbiota raises the hypothesis thatmicrobes
may have influenced the evolution of the social
brain and behavior as a means to propagate
their own genetic material.

OUTLOOK: Understanding the factors that af-
fect the development and programming of so-
cial behaviors across the animal kingdom is
important not only in terms of rethinking the
evolution of brain physiology and behavior, but
also in terms of providing greater insight into
disorders of the social brain in humans [includ-
ing autism spectrum disorders (ASDs), social
phobia, and schizophrenia]. Evidence for a link
between themicrobiota and these conditions is
growing, and preclinical and emerging clinical
data raise thehypothesis that targeting themicro-
biota through dietary or live biotherapeutic
interventions can improve the associated be-
havioral symptoms in such neurodevelopmen-
tal disorders. Larger clinical trials are required
to confirm the efficacy of such interventions
before they are recognized as a first-line treat-
ment for neurodevelopmental disorders. Al-
though such connections between gut bacteria
and neurodevelopmental disorders are currently
an intriguing area of research, any role for the
microbiota in the evolution of social behaviors in
animals does not supersede other contributing
factors. Rather, it adds an additional perspective
on how these complex behaviors arose.▪
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The relationship between the microbiota-gut-brain axis and social behavior. The bidirectional pathway
between the gut microbiota and the central nervous system, the microbiota-gut-brain axis, influences
various complex aspects of social behavior across the animal kingdom. Some animals have evolved their own
unique relationship with their gut microbiota that may assist them in interacting with conspecifics. The
relationship between the gut microbiota and social behavior may help to explain social deficits observed in
conditions such as autism spectrum disorders (ASDs) and could potentially lead to the development of new
therapies for such conditions.
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Sociability can facilitate mutually beneficial outcomes such as division of labor, cooperative care, and
increased immunity, but sociability can also promote negative outcomes, including aggression and
coercion. Accumulating evidence suggests that symbiotic microorganisms, specifically the microbiota
that reside within the gastrointestinal system, may influence neurodevelopment and programming of
social behaviors across diverse animal species. This relationship between host and microbes hints that
host-microbiota interactions may have influenced the evolution of social behaviors. Indeed, the
gastrointestinal microbiota is used by certain species as a means to facilitate communication among
conspecifics. Further understanding of how microbiota influence the brain in nature may be helpful for
elucidating the causal mechanisms underlying sociability and for generating new therapeutic strategies
for social disorders in humans, such as autism spectrum disorders (ASDs).

I
n 1973, Konrad Lorenz, Niko Tinbergen,
and Karl von Frisch won the Nobel Prize
for their groundbreaking research concern-
ing the genetic origin, development, and
elicitation of social behavior patterns in

mammals. Their work provided a foundation
for assessing the various intrinsic and extrin-
sic factors that affect social behavior. Enor-
mous advances in understanding behavior
have since been made, and social behavior in
particular has grown to be one of the most
intriguing and complex fields in organismal
biology research (Fig. 1).
Social behavior can be defined as a behavior

that is observed only when animals occur in
a group. Some of these behaviors, such as co-
operation, shared risk, empathy, and inter-
dependence, are beneficial; others, such as
conflict, dominance, and coercion, are costly
(1). An understanding of the intrinsic and ex-
trinsic factors that regulate social interactions
is important for unraveling how individuals
and populations thrive, for determining why
some species of animals have evolved to be
more sociable than others, and for elucidat-
ing the underlying etiology of social behavior
disorders (2).
A new appreciation of host-microbe inter-

actions has led to unprecedented focus on the
microbial world in animals, both invertebrates
(e.g., termites, honey bees, wasps) and verte-
brates (birds, hyenas, humans). Pioneering
research has identified influences of the gas-
trointestinal microbiota on health, including

immunity,metabolism, cardiovascular function,
hormonal production and secretion, reproduc-
tion, and longevity (3–5). The microbiota also
seems to play a role in neurodevelopment from
early life to adulthood and influences neurolog-
ical processes such as neurotransmission, neu-
roinflammation, and behavior throughout an
animal’s lifespan (6–9). Microbe-derived signals
may directly or indirectly alter brain function
(10), and because animals evolved in amicrobial
world, these signals may have influenced ani-
mal brains throughout evolution.
Emerging research is now conceptualizing

animals as “holobionts”: dynamic ecosystems,
comprising a host and its associated micro-
organisms, that can vary with time, localiza-
tion, and function (11–13). Collectively, the
host and microbial genomes of a holobiont
are termed a hologenome, and variation in
the hologenome caused by changes in the
host and/or microbes may affect phenotypes
that may be subject to natural selection (11).
In some instances, this conceptualization may
offer an integrative paradigm for explaining
the evolution of social behaviors. Microbes
influence host nervous systems (8) and are
implicated in determining social cues in ani-
mals such as hyenas, mice, and fruitflies (14–16).
Indeed, microbe-induced increases in social
interactions can in principle facilitate the
spread of microbes between hosts (17). Recip-
rocally, social organization and behavior may
influence the microbiota composition within
a group of animals (18). Therefore, the mi-
crobiota and social behavior are intertwined
across the animal kingdom, and this has im-
plications for how host-microbiota relation-
ships may have evolved (12) as well as for the
pathogenesis of human disorders of social
behavior. In this review, we summarize the
proposed mechanisms underlying links be-
tween the gut microbiota and the social brain,
and describe the diversity of such connections

across the animal kingdom. These links may
help to explain why the microbiota is impli-
cated in social disorders and how it can be
targeted to influence brain health.

Mechanisms of microbiota-gut-brain
communication

The concept that gut bacteria may influence
brain physiology and behavior has existed for
a long time. In 1910, the English physician
George Porter Phillips proposed that major
depression could be treated by the admin-
istration of a gelatin-whey formulation con-
taining lactic acid bacteria (19). Currently
evidence is accumulating that many behav-
ioral responses observed across the animal
kingdom might be regulated by the gut mi-
crobiota at various stages of an animal’s life
(Box 1). Within this paradigm, there is a
growing emphasis on elucidating the mech-
anisms by which enteric bacteria communi-
cate with the brain (Fig. 2). Such efforts are
still in their infancy and are heavily focused
on laboratory rodents. Nonetheless, a number
of pathways of communication are particu-
larly relevant to microbial influences on social
behavior. These include activation of the vagus
nerve, the production of microbial metab-
olites such as short-chain fatty acids (SCFAs)
and neurotransmitters, the immune system,
and sensory pathways such as the olfactory
system (8).

Vagus nerve

The vagus nerve represents the main neural
pathway connecting the gastrointestinal tract
to the nucleus of the solitary tract (a cluster
of afferent nerve fibers from the periphery
that projects to regions of the neocortex such
as the hypothalamus) in the brainstem inmam-
mals (20). The nerve does not directly interact
with the gut microbiota, although it may sense
microbial signals through the release of various
bacterial metabolites or through microbiota-
mediatedmodulation of enteroendocrine cells
in the gut epithelium (21). Indeed, vagal affer-
ents have recently been shown to form syn-
aptic connections with enteroendocrine cells
in the gut, which facilitates the communication
of nutritional signals to the brain via gluta-
matergic neurotransmission (22). Vagal nerve
fibers are enriched with receptors such as
5-HT3, Toll-like receptor 4 (TLR4), free fatty
acid receptors (FFARs), and gut peptide recep-
tors; thus, they are ideally placed to transmit
signals from the gut lumen to the brain (21).
There is even preclinical evidence that the
vagus nerve is capable of transporting proteins
from the gut to the brain. For instance, in rats
(Rattus norvegicus), a-synuclein, which forms
aggregates in the brain in Parkinson’s disease,
was localized within the gastrointestinal sys-
tem and transported from the gut to the brain
via axonal transport by neurons contained
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within the vagus nerve (23). Whether this
influences the pathology and neuroinflam-
mation observed in Parkinson’s disease is un-
known. However, there is a growing body of
observational data in humans, from Danish
and Swedish healthcare registries, that dem-
onstrates an association between vagotomy
(the surgical denervation of the vagus nerve)
and a reduced risk for the development of
Parkinson’s disease (24).
Perhaps the most striking observation

regarding the role of the vagus nerve in the
microbiota-gut-brain axis comes from vagotomy
studies in mice (Mus musculus). For instance,
the ability of the bacterium Lactobacillus
rhamnosus JB-1 to modulate anxiety-like
behavior and g-aminobutyric acid (GABA)–
mediated neurotransmission inmice was lost
after vagotomy (25). Similarly, the anxiolytic-
like effects of the bacterium Bifidobacterium
longum NCC3001 were absent in mice that un-
derwent vagotomy (26).Moreover, Lactobacillus
reuteri, a probiotic (live bacteria that when con-
sumed confer health benefits to the host), in-
creased the central expression and secretion of
oxytocin (a hormone that functions in mam-

malian pair-bonding and is implicated in the
neurobiological alterations reported to occur
in ASDs) in mice, which was abrogated after
vagotomy (17, 27). However, not all microbial
signals to the brain aremediated by the vagus
nerve. Anxiety-like behavior in mice induced
by a mild gastrointestinal infection was evi-
dent after vagotomy, which indicates that
other biological pathways (some of which are
known to be influenced by the microbiota)
can mediate the anxiogenic effects of gastro-
intestinal infection (28).

Microbial metabolites

Gut microbiota are capable of producing a
plethora of metabolites such as volatile car-
boxylic acids, esters, neurotransmitters (e.g.,
serotonin), and various fatty acids, some of
which are implicated in influencing brain
physiology and behavior. In vitro studies dem-
onstrated that certain bacteria are capable
of producing neurotransmitters such as nor-
adrenaline, dopamine, and GABA (29–31).
However, whether these gut-derived neuro-
transmitters are capable of reaching the cen-
tral nervous system (CNS) to elicit an effect

on their cognate receptors is unknown and
unlikely considering their short half-lives and
inability to cross the blood-brain barrier. The
gut microbiota has indirectly been shown to
influence serotonergic neurotransmission by
regulating the availability of its precursor,
tryptophan. Circulating tryptophan concentra-
tions were found to be higher in male germ-
freemice compared to controlswithan intestinal
microbiota (32). This corresponded with an
increase in hippocampal serotonin and its
metabolite, 5-hydroxy-indole acetic acid (32).
Whether this has any bearing on the social
deficits observed in these animals is unknown
and requires further investigation.
Gut bacteria produce various SCFA metab-

olites such as butyrate, propionate, acetate, and
valerate. These small molecules can regulate
various physiological functions through their
cognate FFARs. However, they may also me-
diate epigenetic modification through their
histone deacetylase properties. FFARs are ex-
pressed on the vagus nerve, which partially
mediates the effects of SCFAs. SCFAs have
also been shown to influence certain central
physiological processes. For instance, admin-
istration of a mixture of acetate, propionate,
and butyrate was capable of restoring the
morphological deficits of microglia (CNS-
resident immune cells) that are observed in
germ-free mice (33) and reversed the behav-
ioral and physiological effects of chronic stress
in mice (34). Moreover, SCFAs may influence
the production of neurotransmitters in the
brain through regulating the expression of
enzymes involved in their biosynthesis. Ad-
ministration of propionate and butyrate to
PC12 cells (rat neuroblasts that differentiate
into neuron-like cells) in vitro increased the
expression of tyrosine hydroxylase, the rate-
limiting enzyme in noradrenaline and dopa-
mine synthesis (35). However, it is not clear
whether these microbial metabolites are capa-
ble of regulating neurotransmission in vivo.
Indeed, more evidence is needed to determine
the extent to which physiologically relevant
concentrations of SCFAs produced by the gut
microbiota are capable of reaching the brain
because they have short half-lives (25 min to
3 hours). To date, many studies investigating
the effect of exogenous SCFA administration
on brain physiology and behavior typically
use concentrations that far exceed what is
microbially derived (36).

Immune mechanisms

The immune system, by protecting the host
against invading pathogens and internal dam-
age, is fundamental for the survival of all
species. Immunity also serves a critical role
in mediating communication between the gut
microbiota and the brain. The gut microbiota
may influence the immune system locally at
sites such as Peyer’s patches (lymphatic nodules
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Anterior cingulate cortex (ACC)
This brain region functions in the detection and 
valuation of social processes such as interactions 
with dominant males and females in primates, and 
decision-making games in humans.

Prefrontal cortex (PFC)
In humans, this brain region is activated in response 
to various social cognitive tasks such as empathy, 
moral decision making, and judging the mental states 
of others. In rodents, stimulation of excitatory 
neurons abolishes social exploration and preference.

Paraventricular nucleus of the hypothalamus (PVN)
Magnocellular neurons of the PVN produce the 
neuropeptide oxytocin. Oxytocin is secreted to brain 
regions involved in sociability and social cognition, such 
as the ventral tegmental area and PFC. Reduced levels of 
oxytocin are documented in autism.

Ventromedial prefrontal cortex (vmPFC)
Lesions to this part of PFC result in social isolation and 
apathy in humans. The vmPFC is also important in the learning 
of cues that predict social reward. Children with ASD display 
reduced vmPFC activation in response to social reward.

Amygdala (AMG)
Amygdalar volume correlates with the size and complexity of social 
networks in humans. This brain region functions in the analysis of social 
situations. Individuals with autism demonstrate reduced activation of this 
brain region in response to social judgment tasks.

Social interaction

Hipp

ACC
PFC

AMG

PVN

vmPFC

Fig. 1. Social behavior is governed by multiple interconnected limbic brain regions. Preclinical and
clinical imaging studies have helped delineate the neurocircuitry underlying social behavior in humans
and other mammals. Social interaction is governed by several subcortical forebrain structures such as the
prefrontal cortex (PFC), anterior cingulate cortex (ACC), amygdala (AMG), hippocampus (Hipp), and
hypothalamus (paraventricular nucleus, PVN), which form part of an integral interconnected network to
facilitate this complex behavior. Damage or dysfunction to any one of these brain regions can give rise to
perturbations in social behavior. Indeed, the neurobiology of regions such as the AMG and PFC have been
shown to be altered in disorders of the social brain such as autism spectrum disorders (ASDs).
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present in the small intestine that monitor
gastrointestinal bacterial populations) or mes-
enteric lymph nodes. However, bacteria can
also release various immune agonists such as
lipopolysaccharide (LPS) and peptidoglycan
(PGN) into blood circulation, where theymight
gain access to the brain. For example, neurons
in the developing mouse brain express recep-
tors that sense bacterial PGN (37). Germ-free
and antibiotic-treated mice both display a re-
duction in the expression of several of the
receptors that detect PGN in the striatum,
which suggests that gene expression in the
brain might be sensitive to microbiota ma-
nipulation. Moreover, knockdown of one of
these PGN-sensing receptors, PGLYRP2 (PGN
recognition protein 2), resulted in an increase
in sociability in both male and female mice,
indicating that loss of the ability to sense PGN
results in behavioral changes to the host (37).
There is some preclinical evidence to sug-

gest that the gut microbiota may influence
development of the immune system, even in
the CNS. For example, microglia isolated from
the brains of germ-free mice display an imma-

ture phenotype comparedwithmicroglia from
controls (33). Germ-free mouse–derived micro-
glia demonstrated reduced activation in re-
sponse to stimulation with bacterial LPS,
with a concomitant reduction in the level
of pro-inflammatory cytokine production
(33). This observation was replicated after
administration of antibiotics to mice and
microglial functionality was restored in both
scenarios after supplementation with SCFAs,
which further corroborates a role for the gut
microbiota in influencing the development
of the immune system (33). The precise role
that microglia play in social behavior is not
completely understood. However, interference
with microglial-neuronal communication (38)
and depletion of microglia in early life (39)
have both been shown to impair social behav-
ior in both mice and rats.

Olfactory mechanisms

Olfaction, the ability to perceive odors, is fun-
damental to all animal life on Earth. It allows
species to detect food and to sense potential
toxins in the environment, and it also assists

in social interaction. There is growing appre-
ciation for an association between the gut mi-
crobiota and the brain through olfaction across
the animal kingdom, with species such as
hyenas, birds, mongooses, and locusts using
gut microbial by-products such as volatile fatty
acids and esters to mediate communication
(see below). Preliminary evidence suggests that
both enteric and environmental bacteria can
influence olfaction. For example, when the
gut microbiota of Drosophila melanogaster
was manipulated early in life to contain
Lactobacillus species, the fruitflies displayed
an increased olfactory-guided preference
toward Lactobacillus-enriched medium. Sim-
ilarly, D. melanogaster in which Acetobacter
dominated the gut microbiota displayed a
preference toward Acetobacter-enriched me-
dium (40). Such results suggest that the com-
position of the microbiota can influence
olfactory-directed behavior in some animals.
Perhaps the most striking observations

regarding a role for the gut microbiota in
olfaction have arisen in germ-free mice. The
olfactory epithelium of germ-free mice displays
a thinning of the layer of ciliated epithelium
relative to control animals (41). Moreover, ex-
pression of genes linked to olfactory receptor
transduction and xenobiotic metabolism were
all found to be reduced in the absence of
microbiota. These transcriptional changes in
olfactory transduction and metabolism corre-
sponded with alterations in olfactory detection,
with a greater activation of olfactory sensory
neurons of germ-free mice in response to various
odorants (41). Given that mice rely on olfac-
tion to facilitate social interaction, alterations
to the olfactory system in the absence of a
gastrointestinal microbiota may contribute
toward the behavioral deficits observed in
germ-free mice.

Microbiota and social behavior

Sociability varies markedly among animal
taxa and associates with different lifestyle
behaviors (42) (Table 1). Sociability can also
vary over time and within species. For ex-
ample, most bears (Ursidae) are largely non-
social for the majority of their life but highly
social during breeding season. Whether the
gut microbiota influences this spectrum of
sociability in bears, and indeed in most spe-
cies, and how this might act alongside other
causal factors (such as genetics, development,
and environmental factors) (Fig. 3) in the wild, re-
mains very poorly understood. Nonetheless,
evidence suggests that selection pressures over
the course of evolutionary history may have
influenced an association between gut bacte-
ria and social behavior. Although some studies
suggest that the gut microbiota can influence
social behavior, other evidence suggests that
social behavior allows horizontal transmission
of microbes between conspecifics (transfer of
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Box 1. Modeling behavior and microbiota dysregulation.

Germ-free mice are completely devoid of microorganisms in and around their body and are raised in
sterile isolator units to prevent their exposure to various bacteria, viruses, and fungi. In the absence of
a microbiota, germ-free mice displayed deficits in social recognition and social cognition (17, 108, 130).
Post-weaning reconstitution with gut microbiota restored the preference to interact with a conspecific
mouse over an object or an empty chamber, but not the ability to discriminate between an unknown
and a familiar mouse (130). These observations suggest that some facets of social behavior are
amenable to manipulation by the microbiota, whereas others are not. However, in a separate study in
germ-free mice, an increase in sociability and social cognition was observed in the absence of a
gastrointestinal microbiota, contradicting other reports of decreased social behavior (17, 130, 131).
Given that the strain of mouse and the animal supplier were the same between the studies observing a
decrease (130) and an increase (131) in the sociability of germ-free mice, it is difficult to identify any
discernible cause for the contrasting behaviors.

Despite these discrepancies, studies in germ-free mice have yielded insights into how gut bacteria
influence brain physiology and behavior, with the amygdala being a brain region that is sensitive to
microbiota manipulation (8, 25, 132, 133). Transcriptional pathways linked to neuronal activation in the
amygdala were increased in germ-free mice, indicating that the functionality of this brain region is
altered in the absence of a microbiota (133). Furthermore, the expression of microRNAs linked to
anxiety, stress, and the regulation of neurotrophins in the amygdala was affected in these animals and
was somewhat restored after reconstitution with microbiota (133). In addition, the morphology of
neurons within the amygdala of germ-free mice was altered, with an increase observed in the overall
size of the various amygdalar subnuclei (133).

The use of antibiotics to deplete the microbiota has also been a successful strategy in unraveling the
role of the microbiota in social behavior, with deficits observed in rodents after antibiotic administration
from the adolescent period through to adulthood (134). Social recognition and cognition in mice were
also affected after antibiotic administration (135). This effect of antibiotics on social behavior is not
specific to rodents; a mixture of antibiotics also reduced social cohesion in zebrafish (Danio rerio)
(136). Although studies using antibiotics have been beneficial in demonstrating a potential role for the
gut microbiota in regulating social behavior, there are instances when this class of drug can facilitate
sociability. The mechanism by which antibiotic administration modulates social behavior may be dependent
on several variables such as preexisting gastrointestinal inflammation, baseline microbiota composition,
diet, and stress perception. In invertebrate species, antibiotics can also affect cooperative behaviors. For
example, diet-dependent mating of fruitflies (Drosophila melanogaster) was ablated after antibiotic
administration but was subsequently reversed after supplementation with the gut bacterium Lactobacillus
plantarum (137, 138).
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microbiota across members of the same spe-
cies that are not parent-child pairs), whichmay
be evolutionarily beneficial for the microbiota.
Thus, there appears to be a bidirectional rela-
tionship between the microbiota and social
behaviors.
In addition to taking care when interpret-

ing the direction of causality in correlational
studies from the wild, caution is also advised
when studying wild animals under captive
conditions. Moving animals from the wild to

captivity can cause substantial shifts in the
composition of the gut microbiota in many ani-
mals, including bears (43), primates (44, 45),
horses (46), birds (47), and reptiles (48). This
is to be expected, not just because the diets of
wild animals are more diverse and can be
difficult to acquire, but also because they are
likely exposed to a more diverse environmen-
tal microbiota than captive animals. What this
means for our ability to extrapolate findings
from laboratory studies to animals in the

wild, and especially to humans, remains to be
clarified.

Sociability

Social interaction can influence the trans-
mission of microbiota among conspecifics
for many invertebrate species. For example,
transmission of microbiota among termite
(Blattodea) conspecifics can occur through
social events such as coprophagia (consump-
tion of feces) and proctodeal trophallaxis
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Fig. 2. Biological pathways
underlying the regulation
of social behavior by gut
microbiota. There are
numerous pathways through
which the gut microbiota
may influence behavioral
processes such as sociability.
Although additional
unidentified metabolites and
pathways connecting gut
microbiota and the brain may
exist, much focus has been
on the bidirectional commu-
nication mediated via neural
immune and metabolic
routes. Bacterial fermenta-
tion and metabolism in
the gastrointestinal tract lead
to the production of metab-
olites such as neurotrans-
mitters and short-chain fatty
acids (SCFAs). SCFAs may
be indirectly capable of influ-
encing brain physiology and
behavior through binding to
and activating free fatty acid
receptors (FFARs) expressed
on the vagus nerve. Addi-
tionally, their ability to inhibit
histone deacetylases locally
within the gastrointestinal
system may indirectly influ-
ence signaling of various
mediators to the brain.
Vagotomy studies have
provided empirical evidence
that the vagus nerve is an
additional route through
which the microbiota can communicate with the brain. The association between
the gut microbiota and the immune system is another highly explored pathway
through which commensal bacteria can exert their influence on brain physiology
and behavior. Bacterial peptidoglycan expressed on the cell wall of Gram-negative
and Gram-positive bacteria is capable of influencing the development of social
behavior through the activation of specific pathogen recognition receptors, such as
PGLYRP2, expressed in the brain (central nervous system inset). The microbiota
can also influence social interaction through the excretion of metabolites that act
as olfactory pheromones. Trimethylamine secreted in mouse urine can facilitate
social cohesion of mouse conspecifics through the activation of olfactory
receptors (olfactory system inset). Through these various pathways, the gut
microbiota has been shown to modulate multiple central physiological

processes such as neuroinflammation, serotonin turnover, myelination, and
the secretion of the prosocial hormone oxytocin, thereby providing
mechanistic insights into how gut bacteria influence social behavior. After
exposure to a stressor, adrenocorticotropic hormone (ACTH) is released
from the anterior pituitary gland (pituitary gland inset) and stimulates the
release of stress hormone glucocorticoids (cortisol in humans, bears,
ruminants, fish, and some rodents; corticosterone in rats, mice, birds, and
reptiles). Glucocorticoids influence metabolism and mediate immune
activation, among other systemwide effects. Exposure of commensal bacteria to
glucocorticoids has been shown to decrease their relative abundance. Moreover,
under conditions of chronic stress, increased release of glucocorticoids is
associated with a reduction in gut microbiota diversity and richness.

S
S

H2N

O NHHO

O

N
H

H3C
CH3

O

N
H

O

NH2

OHN

O NH2

O

NH

O N

O

N
H

H3C

CH3

O

N
H

O

H2N

S
S

H2N

O NHHO

O

N
H

H3C
CH3

O

N
H

O

NH2

OHN

O NH2

O

NH

O N

O

N
H

H3C

CH3

O

N
H

O

H2N

Short chain 
fatty acids

Peptidoglycan

Free fatty acid 
receptor

Pglyrp2

Tryptophan and 
neurotransmitters

Antibodies

Trimethylamine 
bacterial metabolite

Enteroendocrine cell

Central nervous system

Vagus nerve

Olfactory system

Pituitary gland

Adrenal gland

Cortisol

ACTH

Gut lumen

Submucosal plexus 
and muscle layer

PFC

AMGvmPFC

Microbiota

ENS

Immune cells 

Immune system

Myelinated 
Neuron

Microglia

CRF

Oxytocin

Oxytocin

Glial cell

RESEARCH | REVIEW
on N

ovem
ber 11, 2019

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://science.sciencemag.org/


Sherwin et al., Science 366, eaar2016 (2019) 1 November 2019 5 of 15

Table 1. The relationship between microbiota and social behavior across the animal kingdom. Examining the microbiota composition of social and
nonsocial species reveals that the same bacterial phyla are present in many animal species. However, different species use their associated microbiota in
various ways to facilitate various forms of social interaction. For each animal, gut bacterial phyla are ranked in terms of the most to least abundant. For each
study cited, the microbiota analysis was performed on fecal samples with the exception of the termite and honey bee studies, in which proctodeal segments
were analyzed.

Species Behavior Ranking of dominant
phyla in the microbiota

Relationship between
social behavior and microbiota

Reference

Honey bee
(Apis mellifera)

This eusocial invertebrate species
exists within colonies consisting
of a queen bee along with
worker and soldier bees.
Worker and soldier bees interact
in a cooperative manner to
ensure maintenance and
survival of the colony.

1. Firmicutes
2. Actinobacteria
3. Proteobacteria

Social interaction facilitates
horizontal transmission of
microbiota that confers
immune resistance
against pathogens.

(51)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Desert locust
(Schistocerca
gregaria)

Desert locusts can shift from
solitary to gregarious behavior
depending on the environment
and other factors. During the
gregarious phase, locusts exist
in large swarms, which aids in
protecting them from predators.

Proteobacteria Volatile fatty acids produced
by the proteobacterium
Pantoea agglomerans
facilitate social cohesion
of locust swarms.

(66, 140)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Firebrat
(Thermobia
domestica)

Although they lack any known form
of long-distance communication,
firebrats gather around
conspecific feces and former
firebrat shelters. Moreover, these
insects are capable of locating
mates in their environment,
presumably through
odor detection.

1. Proteobacteria
2. Firmicutes

The bacterium Enterobacter
cloacae present in the feces
of firebrats mediates
aggregation of conspecifics.
The aggregation leads to
the horizontal transmission
of microbiota.

(67, 68)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Termite
(Mastotermes
darwiniensis)

Termites are an eusocial insect
species existing within a colony
of multiple queens along with
soldier and worker termites.
Worker termites undertake
the most work in the colony,
cooperating in food storage
as well as brood and
nest maintenance.

1. Spirochaetes
2. Bacteroidetes
3. Firmicutes

Social interaction facilitates
the horizontal transmission
of microbiota that aids in
food digestion.

(62, 63)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Zebrafish
(Danio rerio)

This species of fish aggregates into
large groups, known as shoals.
They can also exhibit aggression
toward conspecifics, which
typically arises as a result of
territoriality. These fish can
exhibit anxiety-like behavior when
under threat from other animals.

1. Fusobacteria
2. Proteobacteria
3. Firmicutes

Modulation of the microbiota
has been shown to influence
shoaling behavior of zebrafish.
Antibiotic treatment reduces
shoaling behavior. Conversely,
probiotic supplementation
can increase shoaling behavior.

(136, 141)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Zebra finch
(Taeniopygia
guttata)

The zebra finch is a social species
that typically forms monogamous
pair bonds during mating season.
These birds tend to forage in
groups for food rather than
individually.

1. Firmicutes
2. Proteobacteria

Zebra finches have been shown
to transmit bacteria through
allogrooming that results
in colonization of the
gastrointestinal tract.

(142, 143)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

continued on next page
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Species Behavior Ranking of dominant
phyla in the microbiota

Relationship between
social behavior and microbiota

Reference

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Mouse (Mus
musculus)

Rodents such as mice are social
animals that prefer to exist
within groups. Mice react
aversely to social isolation,
which is considered a stressor on
the animal. Mice participate
in cooperative behaviors such
as grooming and play.

1. Firmicutes
2. Bacteroidetes
3. Proteobacteria
4. Actinobacteria

1. The microbial metabolite
trimethylamine is excreted
in the urine of mice and acts
as a chemoattractant toward
mouse conspecifics and a
repellent of predators
such as rats.

2. Mouse models of autism
display microbiota alterations
in addition to deficits in
social behavior.

3. Germ-free and antibiotic-
treated mice display
deficits in social behavior
that can be partly restored
after reconstitution
with microbiota.

(15, 17, 109,
130, 134)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Hyena (Hyaena
hyaena)

Hyenas live in large social
communities called clans.
Females are typically the
dominant sex in these
communities and can dominate
males and subordinate females.
Social cognition is quite
developed in hyenas, with
animals capable of recognizing
individual conspecifics and
even distant relatives.

1. Firmicutes
2. Actinobacteria
3. Bacteroidetes
4. Fusobacteria

Fermentative bacteria in the
scent glands produce volatile
fatty acids that facilitate
specific odors for social
recognition among hyena
conspecifics.

(14)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Meerkats
(Suricata
suricatta)

Meerkats are social animals
existing within groups of up to
30 conspecifics. They engage in
cooperative behaviors such as
grooming and teaching of young
to forage for food; females
protect offspring of the
dominant members of the group.

1. Firmicutes
2. Bacteroidetes
3. Proteobacteria
4. Actinobacteria
5. Fusobacteria

The anal gland of the meerkat
contains volatile chemicals
that correlate with the
presence of various bacterial
species. Genes related to
lipid metabolism are expressed
at higher amounts in the anal
pouch of dominant males
compared to subordinates,
which may enhance
communication.

(71)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Koala
(Phascolarctos
cinereus)

Koalas are typically asocial, with
females and males existing in
separate territories until
breeding season. Although koalas
tend to avoid aggressive
interactions, antagonistic
behaviors can occur, especially
when one male occupies the
territory of another male.

1. Bacteroidetes
2. Firmicutes

At weaning, the mother produces
a liquid form of feces, called
pap, which the offspring (joey)
ingests. This pap contains a
microbiota that aids in the
digestion of eucalyptus, the
primary food of the koala.

(144)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Gorilla (Gorilla
gorilla)

This great ape species exists within
communities typically comprising
an alpha male, several females,
and offspring. Multiple-male
troops also exist. Gorillas engage
in social behaviors such as
grooming and playing.

1. Firmicutes
2. Proteobacteria
3. Bacteroidetes

Less social gorillas have a
reduced risk of contracting
the Ebola-Zaire virus. The
composition of the gorilla gut
microbiota can be influenced
by interactions with gorilla
conspecifics and sympatry
with other ape species.

(61, 145)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

continued on next page
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(transfer of food, fluid, or nutrients from the
rectum of one animal to themouth of another)
(49). Similarly, honey bees (Apis mellifera)
acquire gut microbiota after adult emergence
from the pupa via social interaction with
worker bees (50). Social interaction also facili-
tated the acquisition of a homogeneous gut
microbiota phylotype among various species
of honey bees, in contrast to solitary bees that
harbor a more diverse microbiota containing
bacteria associated with the environment as
well as potentially pathogenic genera (such
asWolbachia) (51). The presence of bacterial
genera such as Bifidobacterium and Lacto-
bacillus in the gut microbiota of social bees
can promote the production of SCFAs, which
may serve important biological roles in nutri-
tional provision during periods when food is
scarce (51). Indeed, supplementation of honey
bees with a combination of Bifidobacterium
and Lactobacillus increased eusocial coopera-
tive behaviors observed as enhanced hive work
output (52).
Most studies of invertebrate and vertebrate

microbiota to date have used low-resolution
16S DNA sequencing. Therefore, it is prema-
ture to identify any association betweenmicro-
biota composition in an animal and its social
proclivities at a strain or functional level. In
the future, higher sequencing resolution and
functional output provided by a shotgun
metagenomic approach may allow the field
to address such associations in greater detail
by identifying bacterial strains and their pre-
dicted metabolic by-products influenced by
social interactions.
Social interaction can shape the microbiota

of many primate species via the horizontal

transfer of bacteria. For instance, kissing in
humans (Homo sapiens) facilitates the transfer
of oralmicrobiota (53). Indeed,married couples
have greater gutmicrobial diversity and species
richness than individuals living alone, which
may aid in understanding the health benefits of
marriage compared to solitary living (54, 55).
Long-term cohabitation results in the con-
vergence of human gut microbiota that is
evident even at a strain level. However, the
directionality and routes of transmission of
microbiota are largely unknown because of the
difficulty in providing evidence for such factors
in a species with complex social intricacies (55).
Intriguingly, female humans exhibit increased
microbiome similarity with members of their
households and spouses compared with males
who live in the samehousehold,which suggests
that sexmay be an important determinant in the
transmission of gut microbiota in humans (55).
In primates, the weaning of infant rhesus

monkeys (Macaca mulatta) into social groups
leads to a convergence of gut microbial com-
munity structure, with changes observed in
Prevotella, Blautia, and Ruminococcus taxa
(56). Among baboon (Simia hamadryas) con-
specifics, social behaviors such as grooming
result in the convergence of core gut microbial
taxa (57). Moreover, it appears that position
within a social network, and not just social
behavior itself, is an important correlate in
shared gut microbial composition for some
species, such as the red-bellied lemur (Eulemur
rubriventer) (58). In a separate study on le-
murs, the density of grooming networks was
shown to correlate with microbiota homo-
geneity, with more gregarious members of a
social group harboring a more diverse micro-

biota presumably through increased groom-
ing behavior and scent marking (59). Social
interaction may also influence gut bacterial di-
versity and species richness within and across
generations of chimpanzees (60).
Although sociability can lead to microbiota

transmission between animals of the same spe-
cies, some evidence suggests that transmission
between different species can also occur. For
example, primate species in the same geo-
graphic area sharemore similar gutmicrobiota
than the same species living in geographic iso-
lation. This highlights the potential impact of
the environment onhorizontalmicrobial trans-
mission and differentiation of gut microbiota
between species (61). Consequently, social in-
teraction may enable the preservation of gut
microbial diversity across large periods of time,
whichmay have important implications for the
evolution and ecology of a particular species’
microbiota.
Although variation in gut microbiota seems

to covary with sociability across some species,
this is not always the case. For example, both
honey bees and termites are colonial andhighly
social, but they have markedly different micro-
biotas. Honey bees harbor a rather simple
microbiota consisting of six to nine bacterial
phylotypes, with Bifidobacterium (Actino-
bacteria) and Lactobacillus (Firmicutes) as
the predominant genera (49, 51). By contrast,
the termite microbiota consists of hundreds of
bacterial species, predominantly characterized
by the Spirochaetes phylum,with the Firmicutes
and Bacteroidetes phyla also present (62, 63).
Indeed, many of the bacterial species identified
in the gut microbiota of the termite are en-
demic to the host species, with diet likely to be
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Species Behavior Ranking of dominant
phyla in the microbiota

Relationship between
social behavior and microbiota

Reference

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Chimpanzee (Pan
troglodytes)

Primates exhibit highly social
behavior within large communities.
Chimpanzees participate in
cooperative behaviors such as
grooming and play.

1. Proteobacteria
2. Firmicutes
3. Bacteroidetes

Social interaction among
conspecifics results in the
horizontal transmission
of microbiota, resulting in
the preservation of microbial
diversity across generations.

(61, 146)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Humans (Homo
sapiens)

Humans are highly social animals
existing within large and
complex social communities.
Social interaction in humans
consists of a wide variety of
intricate languages, values,
rituals, and cultures. Humans
interact on a daily basis
to facilitate work, education,
and rearing of offspring.

1. Firmicutes
2. Bacteroidetes
3. Actinobacteria
4. Proteobacteria

1. Humans occupying the same
environment share similar
gut microbiota characteristics
relative to those who do not.

2. Kissing can facilitate the
horizontal transmission of
microbiota from one
individual to another.

3. Alterations to the composition
of the gut microbiota have
been documented in
individuals with deficits in
sociability such as autism
spectrum disorder.

(53, 100, 147)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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an influential factor in shaping differences
in microbiota composition (62, 64, 65). Thus,
divergent evolutionary processes caused by
distinct selective pressures could be at play,
pointing to the need for considering phylo-
genetic influences when searching for micro-
bial signatures of sociability.

Communication

For some invertebrate species, the gut micro-
biota can facilitate communication between
conspecifics. In the gut of the desert locust
(Schistocerca gregaria), the bacteriumPantoea
agglomerans is responsible for the production
of guaiacol, a volatile organic compound that
serves as one of the main constituents in the
locust swarming pheromone (66). Firebrats
(Thermobia domestica; wingless hexapod in-
sects) are known to aggregate with conspecifics
in response to the presence of the bacterium
Enterobacter cloacae found in their feces (67).
Moreover, the aggregation of firebrats by this
species of Enterobacter facilitates the horizon-
tal transmission of this symbiont among con-
specifics, thereby ensuring its survival and
propagation in the host population (68). Vol-
atile carboxylic acids produced by the gut

microbiota of the cockroach species Blattella
germanica mediate the aggregation of con-
specifics (69). This was demonstrated through
the inoculation of germ-free cockroaches with
a cocktail of commensal bacterial species
(Enterococcus avium, Weissella cibaria, Pseu-
domonas japonica, Pseudomonas monteilii,
Acinetobacter pittii, Acinetobacter sp.), which
resulted in the attraction of nymphs to their
feces (69). The roles of the microbiota in me-
diating social communication in invertebrates
is not limited to enteric bacteria; for example,
certain gut fungi species in the bark beetle
Dendroctonus ponderosae can also produce
cohesion pheromones (70).
The microbiota may also assist in facilitating

communication for some vertebrate species.
For example, the microbial metabolite tri-
methylamine, a waste by-product of dietary
choline metabolism by gut commensal bacteria,
is expelled in the urine of numerous species.
Remarkably, trimethylamine excreted in the
urine of laboratory-raised male mice acts as
a chemoattractant for other conspecifics (15).
Moreover, the bacterial metabolite acts as a
chemorepellent to rats, which are a natural
predator to mice (15). Knockdown of TAAR5

(trace amine associated receptor 5) in mice
abolished the prosocial properties of trimethyl-
amine, thereby supporting a causal link be-
tween the gutmicrobiota and social interaction.
There is also emerging evidence of this

phenomenon occurring in wild animals, al-
though the inability to control for various
confounding variables makes causality diffi-
cult to ascertain. For example, hyenas (from
the family Hyaenidae) produce a paste from
their scent glands that contains fermentative
bacteria such as Clostridium, which synthesize
volatile fatty acids (14). The strong odor asso-
ciated with these volatile fatty acids supports
the premise that hyena paste is used as a
marker of territory or even social cohesion
(14). Interestingly, comparisons between the
volatile fatty acid profiles from the spotted
hyena (Crocuta crocuta) and striped hyena
(Hyaena hyaena) reveals marked differences,
with a greater degree of variation in the highly
social spotted hyena’s paste compared to that
of the less social striped hyena (14). Thus, the
more diverse microbial-produced fatty acid
profile produced by the spotted hyena may
facilitate more complex interactions. Similar
to the observations in hyenas, the anal pouch
of wild meerkats (Suricata suricatta) contains
bacterial genera such as Corynebacterium,
Anaerococcus, and Porphyromonas (71). Bac-
terial genes encoding for lipid biogenesis were
more prevalent in the anal pouch of dominant
males compared with females and subordi-
nates (71), pointing to the possibility that
volatile lipids of microbial origin play a role in
the olfactory communication of status within
meerkat groups.
The microbiota of some species may func-

tion in the discrimination of conspecifics. For
example, the uropygial gland of birds, which
functions primarily to provide anoily substance
for waterproofing feathers, is also considered to
be the main odor source in this taxa; this oil
harbors a unique microbiota containing fer-
mentative bacteria that produce a wide array
of volatile fatty acids, hydrocarbons, and esters
(47, 72). Although for a long time itwas thought
that most species of birds rely primarily on
vocal communication, smell is increasingly
realized to play a role. The mixture of vola-
tile fatty acids and other chemicals allows
birds such as starlings (Sturnus unicolor) to
discriminate between the sexes. In addition,
horses (Equus ferus caballus) are capable
of distinguishing between conspecifics ac-
cording to the smell of their feces, which is
microbial in origin (46). Moreover, the anal
gland of the Indian mongoose (Herpestes
auropunctatus) produces volatile chemicals
as a by-product of bacterial metabolism that
facilitates conspecific recognition (73). Con-
sequently, the microbiota may be an impor-
tantmechanismof social recognition formany
animals.
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Fig. 3. The social brain is influenced by multiple biological and environmental factors. Social behavior
is governed by multiple interconnected brain regions such as the hypothalamus, amygdala, cingulate cortex,
and prefrontal cortex that are influenced by multiple extrinsic and intrinsic factors such as sex, genetic
and epigenetic mechanisms, and the environment. Each of these factors may influence social behavior
directly. However, they may also act in combination with one another to shape such behaviors. For instance,
host genetics can influence the composition of the host gastrointestinal microbiota, thereby influencing
the relative contribution of enteric bacteria toward social behavior. Moreover, extrinsic factors such as diet,
psychotropic medication and environment can also affect the composition of the microbiota to indirectly
modify behavior (17, 116, 132, 139, 148, 149). PFC, prefrontal cortex; vmPFC, ventromedial prefrontal cortex;
ACC, anterior cingulate cortex; AMG, amygdala; PVN, paraventricular nucleus of the hypothalamus.
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Table 2. Clinical and preclinical studies of microbiota-based interventions for the treatment of social behavior deficits. ASD, autism spectrum
disorder; ATEC, Autism Treatment Evaluation Checklist; CFU, colony-forming units; PBS, phosphate-buffered saline; FOS, fructo-oligosaccharide; GABA,
g-aminobutyric acid; GOS, galacto-oligosaccharide; poly(I:C), polyinosinic:polycytidylic acid; Shank3, SH3 and multiple ankyrin repeat domains 3.

Subjects Intervention Behavioral outcomes Biological outcomes Reference

Clinical studies
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

17 ASD subjects (4 to 16 years of age) Daily oral Lactobacillus
plantarum WCFS1 (4 ×
1010 CFU per capsule)
administration for
12 weeks

Anxiety and antisocial mea-
sures improved after probiotic
supplementation, as assessed by
the standardized developmental
behavioral checklist

Increased relative abundance of
Lactobacillus species and a
decrease in Clostridium cluster
XIVa in fecal samples

(113)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

30 ASD subjects (19 boys and 11 girls;
5 to 9 years of age); 30 age- and
gender-matched controls from
ASD participants’ families

Daily oral L. rhamnosus,
L. acidophilus, and
Bifidobacterium longum
(500 × 106 CFU per
sachet) for 3 months

Sociability, speech and
language communication,
and sensory awareness
improved after treatment,
as assessed by the
ATEC checklist

Probiotic treatment improved
gastrointestinal symptoms
(abdominal pain, flatulence,
constipation, etc.)

(114)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

18 ASD subjects (7 to 17 years of age);
20 age- and gender-matched
neurotypical controls

Oral dose of standard
human microbiota
cocktail (2.5 × 1012 CFU
for 2 days followed by
2.5 × 109 CFU
maintenance dose
for 8 weeks)

Sociability, communication,
and hyperactivity scores
improved after treatment, as
assessed by the Childhood
Autism Rating Scale and
Parent Global Impressions
III scale

Gastrointestinal symptoms (i.e.,
constipation, abdominal pain,
etc.) improved by 80%
according to the Gastrointestinal
Symptom Rating Scale

(115)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

26 ASD subjects (4 to 11 years of age) Oral dose of 1.8 g of
Bimuno-GOS (B-GOS) or
maltodextrin for
6 weeks combined with a
gluten and casein
exclusion diet

Antisocial behavior
improved after treatment, as
assessed by the ATEC
checklist and the Autism
Spectrum Quotient

Exclusionary diet improved
gastrointestinal symptoms (i.e.,
abdominal pain); B-GOS
consumption increased the
relative abundance of B. longum
in fecal samples and reduced
urinary arachidonic acid

(128)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

13 male ASD subjects (10 to
12 years of age)

Oral dose of 1.5 g of
omega-3 fatty acids
(eicosapentanoic acid and
docosahexanoic acid) per
day for 6 weeks

Hyperactive behavior
improved after treatment, as
assessed by the Aberrant
Behavior Checklist

No measurements included in study (124)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

24 ASD subjects (3 to 8 years of age) Oral dose of 1.3 g of
omega-3 fatty acids
(eicosapentanoic acid and
docosahexanoic acid) for
12 weeks

Nonsignificant improvement
in hyperactive behavior,
as assessed by the
Aberrant Behavior
Checklist

Decreases in percentages of
monosaturated and omega-9
fatty acids in blood plasma
after treatment

(125)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

Preclinical studies
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

Male C57BL/6N mice from mothers
administered either saline vehicle or
poly(I:C) 20 mg/kg (induces in utero
inflammation; environmental model of
ASD) via the intraperitoneal cavity on
gestational day 12.5; aged 6 weeks
at the beginning of behavioral testing

1 × 1010 CFU of
Bacteroides fragilis
NCTC 9343 or vehicle
was administered in
sugar-free applesauce
over standard rodent
chow

Improvement in anxiety-
like and stereotyped
behaviors after probiotic
treatment; treatment also
improved ultrasonic
vocalizations; sociability
was unaffected by treatment

Treatment with B. fragilis
ameliorated heightened
intestinal permeability,
intestinal inflammation,
and alterations to the
intestinal microbiota

(109)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

Male C57BL6/J mice from mothers fed a
high-fat diet (60% fat consistency;
environmental model of ASD) before
and during pregnancy until weaning of
offspring were used for experimentation;
mice were aged 7 to 12 weeks at the
beginning of behavioral testing

1 × 108 CFU of L. reuteri
MM4-1A or a PBS
vehicle was administered
in drinking water and
changed daily

Treatment with L. reuteri
improved deficits in social
behavior; anxiety or
stereotyped behaviors were
unaffected by treatment

Treatment with L. reuteri
increased hypothalamic
oxytocin expression

(17)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

continued on next page
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Social immunity

Group living offers a wide range of potential
benefits, but it also comes with many costs,
including increased exposure to infectious
agents. Social gorillas, for example, are thought
to be more susceptible to acquiring the Ebola-
Zaire virus than solitary ones (74). Moreover,
blood parasite levels increase with sociability
among bird species (75). This increased threat
of exposure to infectious agents with socia-
bility is counterbalanced by increased micro-
biota diversity (18, 54). This allows the immune
system to function in cooperation with the
microbiota to protect against harmful micro-
organisms (76, 77). Immunity and host response
to invading pathogens may also have an impact
on themicrobial underpinnings of social behav-
ior, given that the immune system serves as a
conduit between enteric commensal bacteria
and the CNS through a variety of immune
signaling mechanisms [reviewed in (78)]. For
example, many species of birds invest consid-
erable periods of time in cooperative mainte-
nance behaviors, such as allogrooming (social
grooming between members of the same spe-
cies) (79), thus increasing the endoparasitic
load within the gastrointestinal system (80).
Intriguingly, colonization of the gut of some
species of animals with helminths (parasitic
worms) can confer increased microbial diver-
sity while also beneficially modulating host
immunity through their anti-inflammatory
properties (81, 82). In such instances, social

behaviors (e.g., allogrooming) may be benefi-
cial to the host and the intestinal microbiota
because they improve microbial diversity and
prevent the growth of pathogenic bacteria, po-
tentially leading to improved overall fitness.
Similar to that observed in vertebrates, the

host immune response of some invertebrates
also appears to be an important selection pres-
sure in promoting social behavior. For example,
the acquisition of microbiota through social
interaction is vital in protecting bumble bees
(Bombus terrestris) against the highly viru-
lent parasite Crithidia bombi (83). Moreover,
antimicrobial compounds produced by euso-
cial bees (those that live in colonies), such as
Trigona carbonaria, are orders of magnitude
more effective than those produced by the
asocial bee species Amegilla asserta (84). As
bee colony size increases, so does genetic re-
latedness and antimicrobial strength among
eusocial species. With increases in group sizes
and genetic relatedness, increased prevalence
and susceptibility to microbial pathogens like-
ly acted as a selection pressure to drive the
evolution of stronger antimicrobial activity
in bees (84). Additionally, social immunity
among ant species is an important defensive
behavior that ensures the survival of individ-
ual members within the insect society. Garden
ants (Lasius neglectus) have been shown to
selectively groom broods that were infected
with the fungusMetarhizium brunneumwhile
also producing a formic acid–based chemical

disinfectant that inhibits the growth of fungal
spores on the broods (85). A carbohydrate-rich
diet increased social immunity among garden
ants while also reducing worker ant mortal-
ity rates when the colony was infected with
Metarhizium, indicating that modulation of
microbiota through diet can further improve
this behavior (86).

Diet and stress

The positive effects of sociability on animal
behavior are typically accompanied by a wide
range of negative effects, including stress.
Stress is an evolutionary adaption to protect
animals in danger bymediating a fight-or-flight
response. In the short term, stress responses
are beneficial because they aid the survival of
the animal. However, long-term exposure to
stress can be detrimental to both physiolog-
ical and behavioral health. The perception
of stress is instigated not only in response
to dangers in the environment but also after
certain social interactions. By elevating glu-
cocorticoid hormones, social stress can even
affect the gut microbiota, observed as a re-
duction in the diversity of enteric bacteria, in
addition to the many other physiological ef-
fects of stress (87, 88). In the North American
barn swallow (Hirundo rustica erythrogaster),
for example, increased social interaction be-
tween the sexes during the mating season is
associated with higher corticosterone levels and
reduced gut microbial diversity (89). Moreover,
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Subjects Intervention Behavioral outcomes Biological outcomes Reference
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

Male C57BL/6J mice aged 7 weeks at the
beginning of behavioral testing

FOS and GOS were
administered separately
or in combination in
drinking water at a dose
of 0.3 to 0.4 g per mouse
per day

A combination of GOS and
FOS reversed chronic social
stress–induced deficits in
social interaction, anxiety,
and cognition

A combination of GOS
and FOS protected gut
microbiota composition
against exposure to
chronic stress; the
combination of both
prebiotics reduced
circulating corticosterone
and attenuated stress-
induced pro-inflammatory
cytokine production

(88)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

Male and female Shank3 (ASD risk gene;
genetic model of ASD) knockout and
wild-type mice aged 8 to 11 weeks at
the beginning of behavioral testing

1 × 109 CFU of L. reuteri
MM4-1A or a PBS
vehicle was administered
via oral gavage twice a
week for 3 weeks

Treatment with L. reuteri
improved deficits in social
behavior in male but not
female Shank3 knockout
mice; L. reuteri also
reduced stereotyped
behaviors

Treatment with L. reuteri
increased the expression
of GABAA receptor subunits
in the prefrontal cortex and
hippocampus in both male
and female Shank3 mice;
oxytocin expression in the
hypothalamus was also
increased after treatment

(107)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

Male Shank3 knockout (genetic model
of ASD), oxytocin receptor knockout,
germ-free, BTBR, and C57BL/6J mice
exposed to in utero valproic acid
(teratogenic drug; environmental
model of ASD) on gestational day 12.5

1 × 108 CFU of L. reuteri
MM4-1A or a PBS
vehicle was administered
in drinking water and
changed daily

Treatment with L. reuteri
improved deficits in social
behavior in all animal
models of ASD tested

Treatment with L. reuteri
increased hypothalamic
expression of oxytocin
in all animal models tested

(108)

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .
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chronic exposure to social stress in mice also
leads to a reduction in gut microbiota diver-
sity (88). With decreases in the availability
of salmon, densities of the normally asocial
black bear (Ursus americanus) increase, which
correlates with an elevation in circulating
cortisol. An increase in social stress among
black bears is likely to have deleterious ef-
fects on their microbiota through a reduction
in nutritional intake, thereby affecting gut
microbial diversity. Social stress–induced re-
ductions in nutritional intake may have de-
trimental effects on bears during hibernation
periods, for which the microbiota plays an
important role in regulating lipid, bile acid,
and glucose metabolism (90).
Social stress can lead to a decline in health

and fertility and increase susceptibility to
disease, thereby compromising the overall fit-
ness of a species (91). In the case of carnivorous
animals such as bears, solitary behaviormay be
beneficial to the gut microbiota because it
promotes sufficient nutritional intake while
minimizing cortisol levels, which has been
shown to reduce gut bacterial diversity in other
species (88). Although social interactions may
be harmful to the gut microbiota through in-
creased exposure to stress, they can also be
beneficial. The balance between the beneficial
and detrimental effects of social interaction
on the gut microbiota appears to be largely
relationship-dependent. However, environ-
mental factors (i.e., availability of food) may
also play a critical role.
Herbivorous or carnivorous diets and their

subsequent effect on the composition of the
gut microbiota may also have influenced the
evolution of social behaviors in some species.
In herbivores, the presence of microbes is
vital for the digestion of plant-derived die-
tary components such as cellulose and hemi-
cellulose (92). Such a diverse diet could have
hypothetically driven the evolution of social
interactions to facilitate the horizontal trans-
fer of specialized microbiota among conspe-
cifics to aid digestion (92, 93). Although such
a hypothesis may be difficult to assess in
higher animals such as mammals, and is
probably modest given the importance of
other better-known selection pressures (such
as predation, immune response to pathogens,
or sexual competition), there is some evi-
dence in invertebrate species to suggest that
diet may have facilitated the acquisition of
social behavior.
The cockroach (Periplaneta americana)

harbors intracellular symbionts in addition
to a gut microbial community, whereas the
closely related but more social termite species
contains only gastrointestinal microbiota (94).
One particular nongastrointestinal bacterial
symbiont, Blattabacterium, serves an impor-
tant role in nutrient provision for the cock-
roach by synthesizing vitamins and amino

acids through nitrogen fixation (95). Interest-
ingly, this species of bacteria is either completely
absent or has undergone genome shrinkage in
termites (94), the functional loss of which is
thought to be compensated for by having a
diverse hindgut microbiota facilitated by the
evolution of social behavior and greater trans-
mission of microbiota among conspecifics
(95). In support of this idea, the absence of
Blattabacterium may have led to the evolu-
tion of social behaviors in termites to facili-
tate the reliable transmission of microbiota
among conspecifics to enable the digestion of
a complex lignocellulose diet (95). In support
of this idea, limited transmission of micro-
biota has been observed among cockroach
conspecifics,whichharbor a gutmicrobiota com-
munity dominated by Bacteroides, Paludibacter,
andParabacteroides species (49, 95). Conversely,
the microbiota of the more social Mastotermes
darwiniensis and Heterotermes aureus ter-
mite species is characterized by a high degree
of homogeneity among conspecifics, suggest-
ing horizontal transmission, with bacterial
genera including Tannerella, Clostridium,
Treponema, and Rikenellaceae being most
abundant (49, 95). Consequently, in some
instances, selection of a social phenotype
may allow for the preservation of certain
host-environmental interactions (i.e., nutrient
provision via microbiota) not only across con-
specifics but across generations.

Social disorders

Given the complex, sometimes bidirectional
effects of the microbiota and the social brain
across the animal kingdom, it is perhaps not
surprising that evidence for an important role
of the microbiota in disorders of sociability
in humans is accumulating. Deficits in social
behaviormanifest in several neuropsychiatric
conditions such as ASDs, schizophrenia, so-
cial anxiety, and depression, with patients
either incapable of interacting with others
or withdrawing from social interaction (8).
Because social interaction can be such a vital
component of human mental health, altered
behaviormayhavedeleterious effects on overall
fitness and mortality (96). Interestingly, sev-
eral preclinical and clinical studies docu-
mented perturbations in the gastrointestinal
microbiota (including reductions in bacterial
diversity and reduced abundance of benefi-
cial bacteria) among individuals with these
neuropsychiatric disorders, and dysregulation
may be linked with the behavioral symptoms
observed (17, 88, 97–99). Analysis of the fecal
microbiota of children with ASDs, for example,
reveals profound alterations in microbial diver-
sity, with losses in key bacterial taxa (such as
Bifidobacterium) along with the presence of
harmful strains within genera frequently as-
sociated with pathology, such as Clostridium
and Desulfovibrio (100–102).

Clostridium perfringens strains isolated from
the microbiota of children with ASDs were
found to express the gene encoding b2 toxin,
cpb2, to a greater extent than the same strain
isolated from the microbiota of neurotypical
children (102). This toxin is associated with
various gastrointestinal diseases, which may
help to explain the comorbid gastrointestinal
symptoms (such as bloating, constipation, acid
reflux, and diarrhea) that are frequently ob-
served in ASD individuals. However, the eti-
ology of this perturbedmicrobiota in ASDs is
currently unknown and most likely reflects
several biological, genetic, and environmental
factors (100, 103). For example, the mode of
childbirth (vaginally or Caesarean section) and
its influence on the vertical transmission of
microbiota from mother to offspring may af-
fect neurodevelopment. However, epidemiol-
ogy studies vary, with some studies showing a
modest relationship between mode of deliv-
ery and incidence of ASDs, psychosis, and at-
tention deficit–hyperactivity disorder (ADHD)
and others finding no relationship. In a study
of ~2.7 million individuals, birth via Caesarean
section was associated with a modest ~20%
increase in the relative risk of an ASD diag-
nosis. However, this effect was not evident
when a sub-analysis of sibling controls was
added, implying that underlying familial fac-
tors such as genetics may be contributing
(104). Nonetheless, more work is needed to
understand whether there are long-term con-
sequences of early-life microbiota disturbances
for the social brain.
Diet confounds the interpretation of micro-

biota data from children with ASDs because
many of them exhibit a stereotyped (persist-
ent, repetitive, and inflexible) behavior pat-
tern in their dietary intake and may avoid
certain food types that benefit the micro-
biota. For example, prebiotics, such as inulin-
rich foods, are indigestible dietary components
metabolized by the gutmicrobiota that promote
the growth of beneficial bacteria including
the genera Bifidobacterium and Lactobacillus.
Indeed, one clinical study observed that a
large increase in the abundance of the genus
Cyanobacterium in the fecal microbiota of
several children with ASDs was anecdotally
predicted by their dietary intake of chia seeds
(100). Thus, the reported alterations to the
composition of the microbiota of autistic in-
dividuals may simply be due to the absence
of sufficient nutrient intake. Moreover, some
psychotropic medications (such as the anti-
psychotic drug olanzapine) can negatively alter
the microbiota composition, which represents
an additional considerationwhen investigating
links to microbiota in certain psychiatric con-
ditions (105). Consequently, there is variable
evidence of alterations to the microbiota in
individuals with ASDs, with no consistent mi-
crobial signature that is representative of the
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neurodevelopmental disorder. Despite this
limitation, the clinical findings currently
demonstrate that the microbiota is affected
in conditions such as ASDs, and future studies
with more patients (for statistical power) and
appropriate controls may provide greater in-
sights into any causative role for gutmicrobiota
in such disorders.

Targeting the microbiota

Associations between microbiota and social
disorders suggest that targeting the microbiota
could ameliorate deficits in social behavior.
Microbiota-based strategies have demonstrated
the potential to alter social behavior in various
preclinical models, with some preliminary evi-
dence suggesting effects in humans (Table 2).
Such strategies may have broad implications
not only for the treatment of social brain dis-
orders in humans, but also for the rest of the
animal kingdom in terms of potentially reduc-
ing stress while in captivity, aiding in mating
programs, and enhancing survival in the wild.

Probiotics

Although perturbations to themicrobiota often
negatively influence social behavior, modu-
lation of gut bacteria through probiotic ad-
ministration can have a beneficial effect. For
example, mice derived from mothers on a
high-fat diet have an altered microbiota com-
position (with notable reductions in several
Lactobacillus species) and display a reduced
ability to discriminate between a conspecific
and an empty chamber, as well as a reduced
ability to discriminate between a familiar
and an unknown conspecific. These social
deficits can be reversed after treatment with
Lactobacillus reuteri (17), an effect that is
linked to increased CNS expression of the
prosocial hormone oxytocin, in the paraven-
tricular nucleus of the hypothalamus and its
secretion into blood circulation (17, 106). Adult
administration of Lactobacillus reuteri has
been shown to improve social behavioral def-
icits in an oxytocin-dependent manner in
multiple animal models of ASD [including
in utero valproic acid exposure, the BTBR
mouse model of ASD, oxytocin receptor knock-
out mouse, and genetic knockdown of the
autism candidate gene Shank3 (SH3 and
multiple ankyrin repeat domains 3) in mice],
further validating its preclinical efficacy and
potential mechanism of action (17, 107, 108).
Other bacterial strains, such as Bacteroides

fragilis, have efficacy in improving certain
ASD-associated behaviors in the maternal
immune activation mouse model of ASD (109).
Interestingly, Bacteroides fragilis had little
impact on social recognition or social cogni-
tive processes in mice, demonstrating that the
impact of microbiota on specific social behav-
iors may be strain-specific. Although Bacte-
roides fragilis is a commensal gut bacterium

and influences human health through mod-
ulation of host immune responses and gas-
trointestinal development (from infancy to
adulthood), it is also an opportunistic patho-
gen and is associated with an increased risk
for gastrointestinal cancer and inflammatory
bowel disease (110, 111). Consequently, despite
its efficacy in improving ASD-associated be-
havior in mice, the status of Bacteroides fragilis
as a probiotic is hindered by its potential patho-
genic effects.
Taken together, these preclinical observations

must be interpreted with caution. Lactobacillus
species have previously been effective in im-
proving behavior preclinically in mice while
having no observable effect when tested in
healthy humans (25, 112), possibly because
the microbiota of a mouse differs consider-
ably from that of a human. Consequently,
the efficacy of probiotics to modify behavior
established in preclinical studies of mice may
not always align with clinical observations.
Moreover, although there has been consider-
able development in assessing the efficacy of
probiotics to ameliorate ASD-related behav-
ior in preclinical models, clinical data are
currently limited. In a small double-blind,
randomized, placebo-controlled trial, the
probiotic Lactobacillus plantarum WCSF1
was found to improve antisocial and anxiety
behavior in children with ASDs, as assessed
by parental rating of the standardized devel-
opmental behavioral checklist (113). However,
the dropout rates from this study were quite
high, which likely affected the statistical power
of the results (113). In an open-label study, ASD
behavior, as assessed by the autism treatment
evaluation checklist, was improved in 30 chil-
dren with ASDs after treatment with a probiotic
cocktail comprising Bifidobacterium longum,
Lactobacillus acidophilus, and Lactobacillus
rhamnosus for 3 months (114). In a separate
open-label study, children with ASDs treated
with a standardized human microbiota cock-
tail displayed improvement in some of the
associated behavioral and gastrointestinal
symptoms (115). Although these clinical obser-
vations are promising, theymust be interpreted
with caution, especially considering that open-
label investigations have a high risk of both
selection and performance bias.

Diet and prebiotics

Dietary composition may also influence social
behaviors through modulating the gut micro-
biota (116). Diets rich in sources of omega-3
polyunsaturated fatty acids (e.g., certain spe-
cies of fish, walnuts, and soybeans) beneficially
modulated gut microbial composition by in-
creasing the relative abundance of beneficial
bacteria such as Bifidobacterium and Lacto-
bacillus species while also improving social
interaction in rats, mice, and guinea pigs
(Cavia porcellus) (117–120). Conversely, early-

life dietary deficiency of omega-3 fatty acids
led to deficits in social recognition in mice,
highlighting the importance of diet in facili-
tating normal brain neurodevelopment and
behavior (120). The mechanism by which
omega-3 fatty acids modulate social behav-
iors has not been fully elucidated, and the
relative contribution of their effects onmicro-
biota versus host cellular oxidative stress and
inflammation remain unclear (121–123). More-
over, it is unknown whether any of the poten-
tial beneficial effects of omega-3 fatty acids
reported in small open-label clinical trials are
due to their effects on themicrobiota (124, 125).
Diets can affect other aspects of social be-

havior. For example, a diet rich in fat and low
in carbohydrates decreased aggression and
promoted non-agonistic interactions in pigs
(from the family Suidae) and nonhuman pri-
mates (126, 127). Prebiotics also promote
social behavior in some instances. The pre-
biotics galacto-oligosaccharide (GOS) and
fructo-oligosaccharide (FOS) increased social
interaction in chronically stressedmice, which
was associated with alterations in gut micro-
biota composition and metabolite production
(88). Specifically, ingestion of a FOS and GOS
combination increased the relative abundance
of the key bacterial genera Akkermansia and
Bacteroides while also reducing the presence
of potentially pathogenic genera such as
Desulfovibrio (88). These changes were also
associated with alterations in microbial me-
tabolism, with increased cecal concentrations
of acetate and propionate, a concomitant re-
duction in butyrate levels, and a reduction in
circulating tryptophan concentrations (88).
More recently, a combination of a gluten- and
casein-free diet with the prebiotic Bimuno-
GOS (B-GOS) resulted in an improvement in
gastrointestinal and social behavior symptoms
in a pilot study of children with ASDs, which
was associated with an increase in the abun-
dance of Bifidobacterium longum in fecal
samples (128). However, the study did not
investigate whether the increase in the abun-
dance of this strain had any bearing on the
behavioral changes observed. Although these
small-scale clinical studies are certainly promis-
ing, interpreting their clinical importance is
limited by their small sample size and experi-
mental design.Appropriate statistically powered
and double-blinded clinical studies are required
to fully elucidate the clinical efficacy of any
potential intervention for treating disorders
of the social brain.

Conclusions and future perspectives

Many theories have been proposed to account
for how behaviors such as sociability evolved
andwhy animals exhibit these behaviors along
a spectrum. For instance, the social brain theory
posits that some animals, such as primates,
evolved larger brains due to the cognitive
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demands of social behavior (129). However,
researchers of the social brain and other
hypotheses rarely consider that microbial
input may have facilitated, at least in some
lineages, the evolution of sociability. Social
behavior is a possible means to ensure the
transmission of microbial symbionts from
one animal to another, both within gener-
ations (horizontal transfer) and across gen-
erations (vertical transfer), to the benefit of the
host animal and the microbes. This holobiont-
level hypothesis is substantiated by evidence
documenting how changes in gut microbiota
composition can affect social behavior in lab-
oratory animals and in some cases wild ani-
mals. Additionally, sociability can affect the
microbiota both positively and negatively.
Consequently, the impact of the microbiota
on sociability and its neurobiological under-
pinnings has potentially enormous implications
for ecology, evolution, and human biology.
This association betweenmicrobiota and the
CNS provides a biological framework to elu-
cidate how complex behavioral patterns rang-
ing fromeusociability to asocial behaviorsmay
have evolved across the animal kingdom.More-
over, it raises important considerations about
the impact of certain lifestyle choices [such as
diet, medication use (e.g., antibiotics), and
relationships] on human health, while also
helping to provide a greater understanding
of the neurobiology underlying certain neu-
ropsychiatric conditions and the potential
development of future therapies. Although
most attention has focused on the role of the
gut microbiota, other host-microbiota inter-
actions in different tissues (such as oral, skin,
birth canal, etc.) may also contribute to social
behaviors, and so it is important to examine
the entire holobiont.
Expandingmicrobiome-sequencing analyses

across the animal kingdom remains a major
challenge but will allow for greater insight into
how social behavior interacts with microbial
symbionts within and across diverse ecosys-
tems. It will also be important to identify com-
monalities in the mechanisms through which
microbiota are transferred from one animal
to another, so as to provide an evolutionary
hologenomic framework explaining how sym-
biotic bacteria contribute to the spectrum of
social behaviors observed throughout nature.
Moreover, a greater emphasis is needed to
establish causation through elucidating the
functional pathways by which bacteria affect
behaviors. To date, there has been an over-
reliance on correlative associations between
gut bacteria and behavior. If we are to ascertain
how gut bacteria influence behaviors such as
sociability, we must approach future studies
with causal functionality as the primary objec-
tive. Finally, there is ample evidence that social
behavior affects the composition of the micro-
biota, but the functional consequences of this

on the social brain have yet to be elucidated.
Such findings will provide insights into the
evolution of social behavior and will also ex-
pand our understanding of disorders of the
social brain.
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