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Abstract

Animals with close social relationships often have similar microbiomes.
These socially structured microbiomes can arise through multiple mecha-
nisms that are often difficult to disentangle, including transmission between
social partners or via socially structured, shared environments. Here, we
review evidence for socially structured microbiomes and propose meth-
ods to differentiate the mechanisms that give rise to them. We discuss
the evolutionary implications of these mechanisms for both hosts and
their microbiomes, including the possibility that social transmission selects
for host-specialized microbiomes. We conclude by identifying outstanding
questions related to social microbiomes and their implications for social
evolution. We identify new or underutilized approaches like longitudinal
study designs, strain-sharing analysis, and culture-based characterization to
address these outstanding questions.
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INTRODUCTION

Group living has evolved many times in animals, resulting in diverse social structures that range
fromfluid, inconsistent associations to tightly knit, highly organized societies (Wheeler 1934,Prox
& Farine 2020). This behavioral diversity emerges from the evolutionary costs and benefits that
individuals experience when living with others (Kummer 1978, Silk 2007, Krausz 2013). For in-
stance, group-living organisms often benefit from improved predator detection, diluted predation
risk, and increased foraging efficiency (Wrangham 1980, Delm 1990). However, group living can
also impose significant costs on individuals, such as increased local competition for resources and
exposure to infectious disease.

Recent studies suggest that social group living is also closely intertwined with the structure,
function, and composition of host-associated microbiomes. These patterns arise from the many
behaviors that bring group-living animals into close contact, including foraging together, living
in communal nests or territories, sharing resources, and caring for young. Given the important
roles that microbiomes play in host development, metabolism, and immunity (Sampson &
Mazmanian 2015, Xue et al. 2020), these findings suggest that the relationship between sociality
and the microbiome may be another important consideration in understanding social evolution.
For example, socially mediated microbial exposures could be costly if they serve as a route for
pathogen transmission, or they may be beneficial if they provide a reservoir allowing hosts’
microbiomes to be recolonized from social partners after a disturbance. Socially mediated expo-
sure to bacteria can also become an intrinsic component of sociality itself if it evolves to confer
information about individual, group, or species identity that is used by animal hosts (Albone
& Perry 1976, Lombardo 2008). Understanding the causes and consequences of social effects
on microbiome composition and function is therefore important to understanding the overall
calculus of group living. It may also help to identify novel mechanisms underlying the social
determinants of health and evolutionary fitness in humans and other social animals (Amato et al.
2021).

Here, we review the state of knowledge about socially structured microbiomes in animals,
including their evolutionary consequences for both hosts and their microbes. We begin by sum-
marizing the evidence that animal microbiomes are shaped by the social structure and/or social
behavior of their hosts. We then discuss the mechanisms that may explain socially structured
microbiomes. While multiple mechanisms likely contribute, including environmental exposures
that are also socially structured (e.g., diet, home range), many studies assume that the primary
mechanism is transmission between conspecifics during social interaction [see recent reviews by
Robinson et al. (2018), Kuthyar et al. (2019), and Sarkar et al. (2020)]. We therefore take a crit-
ical look at the available data and suggest standards of evidence that researchers should use to
conclude whether social transmission is indeed responsible. We then discuss possible ecological
and evolutionary consequences of social effects on microbiomes, including how these conse-
quences depend on themechanism(s) that lead to social structuring.Finally,we outline outstanding
research directions for studies of the social microbiome.

We note that while microbial influences on the brain and nervous system are also of interest
for understanding the evolution of social behavior, we do not consider them here. Instead, we
refer readers to excellent recent reviews on this topic (Vuong et al. 2017, Johnson & Foster 2018,
Davidson et al. 2020).We also do not discuss potential genetic contributions to socially structured
microbiomes, as the current evidence suggests that the explanatory power of this mechanism is
likely to be limited: Social structuring occurs in many species that do not live with kin (DeCandia
et al. 2021, Grieves et al. 2023), and the heritability of host-associated microbiome communities
tends to be low (Grieneisen et al. 2021).
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SOCIAL AND ENVIRONMENTAL DRIVERS OF MICROBIOME
COMPOSITION

From Scent Glands to Sequencing: The Emergence of Evidence for Social
Structuring of the Microbiome

The idea that social behavior may shape and/or be shaped by the microbiome is not new. Nearly
50 years ago, spurred by the observation that mongooses distinguish conspecifics based on scent,
Gorman (1976) proposed that microbes make important contributions to mammalian olfactory
communication. In support of this possibility, subsequent work suggested that bacteria-derived
volatile compounds generate chemical signals important in scent marking. For example, in a field
experiment, foxes were more likely to visit anal sac secretions from other foxes if the secretions
had first been incubated anaerobically to encourage bacterial fermentation (Albone et al. 1978).
Shared, microbially mediated scent profiles may also aid in group recognition (Brown 1979). This
idea has attracted resurgent interest, as well as new supporting evidence, in the modern era of
microbiome sequencing (Theis et al. 2013, Carthey et al. 2018,Whittaker et al. 2019), though few
studies clearly link the compounds in a scent profile to the bacteria that may produce them (see
Whittaker et al. 2019).

Another early hypothesis proposed that, because bacteria inhabiting animal intestinal tracts
must adapt to tolerate the conditions provided by their hosts (e.g., anaerobic conditions, body
temperature), they may eventually lose their ability to live in other environments (Troyer 1984).
Such a change would in turn limit the ability of hosts to acquire well-adapted commensal bacteria
from the outside environment, increasing the importance of social transmission for both partners.
Consistent with this hypothesis, early work showed that newborn calves reared apart from their
mothers were missing certain gut bacterial species that typify normal cattle guts (Hungate 1966).
While Troyer’s original theory focused on the digestive and metabolic function of host-associated
microbes, it was later extended to other microbial services, such as protection against pathogens
(Lombardo 2008).

Together, the ideas originally proposed by Gorman and Troyer generate several key predic-
tions. First, if animals acquire microbes by interacting with conspecifics, then animals that interact
frequently should have more similar microbiomes than those that do not. Second, this increased
similarity should be enriched for microbial taxa that have limited abilities to survive in nonhost
environments, and potentially for taxa that provide services to their hosts.Third,microbial species
with limited abilities to survive in nonhost environments should experience selection for traits that
enhance their dispersal between hosts, compared to either generalist microbes that persist equally
well within hosts or in the environment or primarily free-living microbes.

Historically, these predictions have been difficult to test because of the low throughput and
taxonomic bias inherent in microbial culture-based approaches. In the mid-2000s, the advent of
high-throughput sequencing-based profiling of the microbiome transformed this picture, first via
the 454 Life Sciences’ pyrosequencer and then via Solexa/Illumina sequencing. In one of the first
sequencing-based tests of the hypothesis that social group–specific signatures are embedded in
animal microbiomes, Theis and colleagues (Theis et al. 2012) showed that hyenas from the same
clan harbored more similar bacterial communities in their anal scent pouches than hyenas from
different clans. Social group–specific signatures were also identified in the anal pouch microbiome
of wild meerkats. Notably, these signatures could not be readily explained by either geographic
distance between groups or the microbiomes of their sand burrows (Leclaire et al. 2014).

Today, substantial evidence supports a link between social group membership, social interac-
tions, and microbiome composition, across a wide range of social animal species (although biased
toward social insects and mammals) (Figure 1a, Supplemental Table 1). By characterizing
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Figure 1 (Figure appears on preceding page)

Socially structured microbiomes across animal species. (a) Cladogram depicting animal species in which microbiome variation has been
studied in the context of social group, colony, or household membership and/or social interactions within groups. Colored bars in the
inner ring indicate whether the study subjects were captive or wild, while colored bars in the outer ring represent the body site(s) tested.
Animal icons in black represent positive evidence for socially structured microbiomes, while icons in gray indicate that no effect of
sociality was found. (b) Organization of studies in wild populations based on whether the study compared microbiome composition
across discrete social groups, across social relationships within social groups, or both. For those studies in which both levels of analysis
were conducted, we show the results in the right-hand table. The relative strength of between-group and within-group effects within
studies is estimated when possible (i.e., if these effects were analyzed using comparable statistical tests or because one effect consistently
rose to statistical significance while the other reached significance only in certain conditions or sampling periods). Cladograms were
generated using TimeTree 5, a database of species divergence times compiled from molecular estimates (Kumar et al. 2022). Animal
silhouettes were acquired from the Phylopic database using the R package rphylopic (Gearty & Jones 2023). Full references for all
studies depicted in this figure are available in Supplemental Table 1.

microbiome taxonomic composition, typically using 16S rRNA gene sequencing, these studies
show that microbiome composition can differ both between social groups (e.g., Moeller et al.
2016, Trosvik et al. 2018, Grosser et al. 2019, Engel et al. 2020, DeCandia et al. 2021) and
within social groups, based on the frequency or intensity of social interactions between group
members (e.g., Amato et al. 2017, Perofsky et al. 2017, Goodfellow et al. 2019, Raulo et al. 2021).
Most such research on socially structured microbiomes centers on the gut, possibly reflecting
the ease of noninvasive microbiome profiling via fecal samples and/or the bias of the broader
microbiome field toward the gut (Abdill et al. 2022). However, evidence for social structuring
of host-associated microbiomes has also been identified for the skin microbiome and the oral
cavity, suggesting that it is a more widespread phenomenon (Brito et al. 2019, Grosser et al. 2019,
DeCandia et al. 2021, Musciotto et al. 2023, Valles-Colomer et al. 2023).

The largest body of evidence for social structuring of microbiome composition focuses on
differences between social groups in host species that form discrete, stable social units. At least
24 studies of wild animal populations to date, across 20 different species, show that members of
the same social group have more similar microbiomes than members of different social groups
(Figure 1b). A smaller set of studies has quantified the association between social relationships
(e.g., frequency of grooming or patterns of proximity) and microbiome similarity within groups.
Research in the latter category tends to find stronger effects of social groupmembership onmicro-
biome composition than social relationships within groups. This observation may reflect the fact
that several processes contribute to creating group-specific microbiota, including higher trans-
mission among group members, spatially differentiated home ranges, and coordinated feeding
behaviors within groups (see the section titled Paths to Socially Structured Microbiomes). One
exception is the black-and-white colobus monkey, where gut microbiome communities are ex-
plained by the strength of ties in a proximity-based network but are not strongly differentiated
between groups (Wikberg et al. 2020). This pattern may arise from the fact that affiliative be-
haviors in this species sometimes occur between members of different groups (Wikberg et al.
2020).

Paths to Socially Structured Microbiomes

Together, the studies summarized above indicate that social structuring of animal microbiomes,
especially the gut microbiome, is common in obligately social animals. They therefore raise
important questions about the pathways and processes through which these patterns arise.
Several nonmutually exclusive mechanisms may be responsible (Figure 2), and these mechanisms
may be differentially important in different systems. Below, we summarize the evidence for
three key mechanisms: (a) correlations between environmental sources of microbes, especially
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Figure 2

Three mechanisms that contribute to socially structured microbiomes. Social structure in microbiome composition can arise (a) when
social partners inhabit similar environments that drive the acquisition of similar microbes and/or create conditions that select for
similar microbial communities; (b) when social partners indirectly transmit microbial strains through an environmental intermediate; or
(c) when social partners directly transmit microbes through close physical interactions. Social structuring in some bacteria may arise
from multiple processes: For instance, some bacterial taxa may be transmitted via both indirect and direct host-to-host transmission.
Images were created using BioRender.com.

diet, and social structure; (b) indirect transmission between social partners via environmental
intermediates, such as shared nesting spaces; and (c) direct transmission from host to host via
physical contact, including from parent to offspring. We argue that, although many studies
assume that evidence for social structure is evidence for direct social transmission (Kuthyar et al.
2019, Zhang et al. 2022, Wanelik et al. 2023), researchers should consider all possible pathways
in studies that cannot exclude them via study design (i.e., most studies in natural populations).

Differentiating between, and characterizing the relative importance of, these processes is im-
portant because they have implications for host and microbe evolution. First, distinguishing
socially mediated transmission (mechanisms 2 and 3 above) from correlations between environ-
mental sources of microbes and host social structure (mechanism 1) is essential for making the
case that socially structured microbiomes are an adaptive benefit of group living. Second, in-
herent to mechanisms 2 and 3 is the assumption that the microbe recently resided in another
host and experienced selective pressures to adapt to host environments. Finally, pathways shaping
socially structured microbiomes are important for predicting the evolution of host traits that in-
fluence microbial sharing between conspecifics (e.g., the presence of bacteriocyte cells; behaviors
like trophallaxis, egg surface smearing, or nursing in mammals).

Mechanism 1: Shared diets or environments among social partners. Animals that share the
same environment are exposed to similar microbes from those environments, including bacteria
whose primary habitats are soil, water, or air. Indeed, soil type is the dominant driver of between-
population variation in baboon gut microbiota, with stronger effects than vegetation type or host
genetic ancestry (Grieneisen et al. 2019). Importantly, one of the most frequently identified fac-
tors driving microbiome compositional variation, both within and across animal species, is host
diet (Muegge et al. 2011, Kartzinel et al. 2019, Youngblut et al. 2019, De Jonge et al. 2022). Diet
can shape both the microbial species that animals are exposed to and the chemical resources avail-
able in their bodies, which affect microbiome composition via environmental selection. Dietary
effects on the microbiome are most commonly implicated in the gut but have also been reported
in oral and skin microbial communities (Adler et al. 2016, Ross et al. 2019). As social foraging,
territoriality, and resource sharing are important in many animal societies, correlations between
group membership, diet, and foraging environment provide a simple explanation for social effects
on microbiome composition that does not require social transmission.
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The importance of diet- and foraging-related explanations depends on the extent to which
sociality is linked to feeding behavior, which varies substantially across species. Large carnivores
such as lions, wolves, and hyenas have evolved coordinated hunting behaviors that allow them to
overcome prey or guard their kills more efficiently than they could alone (Lamprecht 1981). Sim-
ilarly, territoriality allows many species of primates to defend and monopolize patchily distributed
resources such as fruits, which they exploit jointly during group foraging (Wrangham 1980). For
example, in Grauer’s gorillas, microbiome variation among social groups is thought to stem from
altitude-related differences in available food resources, with higher plant diversity available to
groups in lower altitudes than those in higher altitudes (Michel et al. 2022). In contrast, European
badgers live in social groups but forage independently and have individualized diets, suggesting
that their social-group-specific scent gland secretions arise through other processes (Robertson
et al. 2015, Noonan et al. 2019).

Correlations between social relationships and the environment—even in the absence of social
transmission—can also occur within social groups.When animals inhabit a highly heterogeneous
landscape, social groups are likely to encounter different food, water, soil or other substrates, and
airborne microbes even within their territories. Differences in spatial tolerance of group mates
can also indirectly translate to differences in environmental exposures, and in turn, differences
in microbiome composition. This explanation may contribute to the observation that, in east-
ern chimpanzees, animals found together more often in foraging parties (chimpanzees exhibit a
fission–fusion social structure in which daily foraging is often conducted in small subgroups) also
exhibit more similar gut microbiomes (Moeller et al. 2016). Even within populations, the degree
of group cohesion and rates of social subgrouping vary depending on factors like food availabil-
ity, seasonality, and local predator density (Kamilar & Baden 2014). In addition to variation in
landscape heterogeneity itself, these differences may contribute to fluctuations in the strength of
socially structured microbiomes. For example, social signatures weaken in several primate species
during drought periods (Moeller et al. 2016, Springer et al. 2017, Orkin et al. 2019), when an-
imals may be forced to search more widely for food. Food sharing between social partners, as
well as stealing and begging behaviors, can also facilitate microbial sharing as a byproduct of food
exchange (Seeley 1983, Jaeggi & Van Schaik 2011).

If shared environments contribute substantially to social structure in microbiome composi-
tion, then several predictions follow. First, animals that forage closely within social groups should
exhibit the most distinct microbiome composition between groups, especially in the gut and es-
pecially when territories vary considerably in the food resources they contain. Species with little
territoriality, in environments where food resources are highly spatially homogeneous, should have
the least. To our knowledge, this prediction remains untested.

Second, controlling for diet and/or shared space use should attenuate the signature of so-
cial structure. For example, diet explains part of the effect of social group membership on gut
microbiome composition in wild baboons (Tung et al. 2015). In contrast, social effects on the
gut microbiome do not attenuate when controlling for diet in colobus monkeys (Wikberg et al.
2020). Notably, estimates of dietary contributions to microbiome composition are likely conser-
vative, given the difficulty of collecting high-quality diet data in natural populations. Very few
studies measure both the amount and identity of food types consumed, and food items are often
aggregated into broader categories. This challenge may be partly overcome by the use of diet
metabarcoding in fecal samples where researchers have also characterized microbiome compo-
sition (Kartzinel et al. 2019). The potential explanatory power of diet should be considered in
studies of the social microbiome whenever possible.

A third prediction, if shared diets are the primary mechanism for socially structured micro-
biomes, is that the microbial species that are most commonly shared among social partners should
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show considerable overlap with the microbial species that are most responsive to diet. Musciotto
et al. (2023) tested this prediction in the oral microbiomes of Agta hunter-gatherers. They iden-
tified 36 bacterial genera that were enriched among close partners in the social network and
41 genera that were associated with either a meat-based or a rice-based diet. An association with
social interaction did not predict an association with diet in this data set, suggesting that dietary
similarity and social proximity affect distinct microbial communities.

Finally, social partners with similar diets are expected to harbor taxonomically similar mi-
crobiomes but not necessarily the same strains. Analyzing microbiome data at increasingly finer
levels of resolution should therefore weaken the evidence for socially structured microbiomes.
Interestingly, Valles-Colomer et al. (2023) found stronger signatures of cohabitation on the hu-
man gut and oral microbiomes at the strain level than at the species level. Likewise, reanalysis
of a shotgun metagenomic data set from baboons reveals that social partners harbor not only
more shared species than nonpartners but also more closely related strains (see the section titled
Strain-Level Insights into the SocialMicrobiome: An Initial Case Study in Baboons).Together, the
evidence therefore suggests that shared environments are an important contributor to the social
microbiome but do not entirely account for observations of social structure in host microbiomes.

Mechanisms 2 and 3: Indirect and direct transmission.Unlike environmental correlations
with social structure, social transmission mechanisms are distinguished by the transfer of bacteria
from one host-associated microbiota to another. Social transmission can occur directly from other
hosts (direct transmission) (Figure 2c) or via environmental intermediaries (indirect transmission)
(Figure 2b). However, these routes do not reflect a strict dichotomy and are not mutually exclu-
sive: many host-associated bacteria may colonize hosts through both indirect and direct modes of
transmission (Wierz et al. 2021). Microbial transmission strategies therefore vary along a contin-
uous axis from low (e.g., primarily directly transmitted microbes) to high amounts of time spent
in the external environment (e.g., indirectly transmitted microbes that spend much of their lives
in the environment rather than in the host) (Ganesan et al. 2022).

In direct transmission, microbes are transferred between social partners via intimate physi-
cal contact (e.g., nursing, sexual intercourse, and other close physical contact, as well as vertical
transmission during gestation, parturition, or hatching), without an environmental intermediate.
For example, certain bacteria found in both the gut microbiomes of infants and their mothers are
also detected in breast milk, suggesting nursing as a mechanism of direct bacterial transmission
from mothers to infants (Allert et al. 2024). Theory predicts that direct transmission should ex-
ert strong selective pressure on microbes to adapt to the host environment (Obeng et al. 2021). If
thosemicrobes evolve to provide benefits for hosts (e.g., nutrient breakdown or pathogen defense),
hosts should in turn experience selection to acquire and transmit these emergent symbionts. Di-
rect transmission is therefore predicted to be especially common in cases of close host–microbe
coevolution (Koskella & Bergelson 2020).

Expected evolutionary trajectories are less clear in cases of indirect transmission, in which
host-associated microbes spend a portion of their life cycle outside of their host [i.e., pursue
biphasic lifestyles (Obeng et al. 2021)]. Indirect transmission occurs when hosts deposit microbes
on environmental surfaces or in water, and these microbes are subsequently acquired by another
host using the same substrate. When social partners are more likely to use the same substrate
than nonpartners (e.g., shared nests or dens, water sources, sites of scent mark deposition),
socially structured microbiomes arise. If the relative amount of time spent on or in hosts versus
in the external environment is high, the selective pressures and adaptive consequences of indirect
transmission may approach those of direct transmission. However, if indirectly transmitted
microbes spend the vast majority of their lives in the environment, they are less likely to be host
adapted (and hosts are less likely to have evolved to maintain and/or transmit them). They may
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also exhibit traits consistent with survival on environmental substrates. For example, in support
of the importance of indirect transmission in humans, bacterial strains shared across households
(Valles-Colomer et al. 2023) or across wide geographic ranges (Hildebrand et al. 2021) were more
likely be aerotolerant, spore forming, and/or resistant to sanitizers and disinfectants—all traits
associated with persistence on surfaces.

Standards of Evidence for Social Transmission of Host-Associated Microbiomes

Perhaps because of the interesting implications of social transmission for social evolution and
disease risk in hosts, many studies that report socially structured microbiomes assume that trans-
mission among group members is responsible (e.g., Moeller et al. 2016, Perofsky et al. 2017,
Brito et al. 2019). However, social transmission—especially indirect transmission—is difficult to
disentangle from the alternative explanation: correlations between host social behaviors and en-
vironments. Without longitudinal, strain-resolution profiling that captures bacterial movement
between hosts, the observation that microbiome communities are socially structured is not by it-
self sufficient evidence to exclude other mechanisms.Nevertheless, three lines of evidence support
the idea that social transmission contributes to host microbiome assembly.

First, a number of social microbiome studies have found persistent social structuring even after
statistically controlling for diet (Tung et al. 2015, Goodfellow et al. 2019, Musciotto et al. 2023)
and habitat use or spatial proximity (Leclaire et al. 2014, Tung et al. 2015, Lucas et al. 2017, Raulo
et al. 2021). For instance, Raulo et al. (2023) compared the explanatory power of social networks,
spatial networks (overlap in home ranges), and habitat similarity (vegetation available within home
ranges) on gut microbiome composition in wild mice. In this population, social networks were ap-
proximately eight times as predictive as either space use or habitat similarity. A limitation of this
approach is that inference of social transmission is based on the absence of substantial signal for
other potential explanations, as opposed to positive evidence in favor of movement between hosts.
Noise in estimates of diet, home range, or other measures can therefore have the inadvertent
effect of increasing confidence in social transmission. Additionally, it is nearly impossible to guar-
antee that all relevant environmental variance has been taken into account. With these caveats in
mind, estimates for the strength of social structuring often remain fairly similar when including
or excluding controls for other environmental factors (Amato et al. 2017, Wikberg et al. 2020).

Second, experimental studies that manipulate social group composition provide more direct
evidence for social transmission. These experiments allow researchers to hold diet, temperature,
and other housing conditions constant, thereby controlling for correlations between the environ-
ment and social behavior. If social transmission occurs in these settings, then cohoused individuals
should have more similar microbiomes than separately housed individuals, and individuals that
move into the same housing unit should have more similar microbiomes after cohousing than
before. Such patterns have been reported in captive groups of rhesus macaques, goats, pigs, and
vampire bats (Amaral et al. 2017, Yarlagadda et al. 2021, Zhang et al. 2022; but for an exception
in naked mole rats, see Fitzpatrick et al. 2022). For example, the gut microbiomes of wild-caught
vampire bats from different colonies convergedwhen housed together in captivity.Within the cap-
tive colony, social proximity further predicted gut microbiome similarity (Yarlagadda et al. 2021).
Experimental studies can also directly exclude the possibility that social structuring of the mi-
crobiome is due to genetic confounding. Indeed, even in genetically uniform inbred mouse lines,
cohoused mice converge to more similar gut microbiomes (McCafferty et al. 2013).

Third, recent studies in humans have employed strain-level population genomics to assess mi-
crobial strain similarity.This approach requires shotgunmetagenomic sequencing data rather than
16S rRNAgene profiling.Compared tomicrobial species,which are definedmore inclusively [e.g.,
94–97% average nucleotide identity (Olm et al. 2021)], strains are much more narrowly defined.
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For example, the current generation of strain-calling pipelines can differentiate between strains
that exhibit 99.97–99.999% average nucleotide identity (Olm et al. 2021). Strain-level analyses in
humans have shown that mother–infant pairs, members of the same household, members of the
same village, and close friends are more likely to share strains than pairs with weaker social rela-
tionships (Ferretti et al. 2018, Brito et al. 2019, Pullman et al. 2023, Valles-Colomer et al. 2023).
These observations increase confidence in the importance of social transmission. While similar
diets or environments can produce socially structured microbiomes at the species or genus level,
social partners are thought to be less likely to share strains unless direct or indirect transmission is
involved (although other mechanisms remain possible). Analogous studies have not yet been done
on natural populations of other social animals (but see the section titled Strain-Level Insights
into the Social Microbiome: An Initial Case Study in Baboons), although metagenomic data sets
and better reference data sets for microbial genomes are increasingly available even for nonmodel
species (Hu et al. 2022). As such resources develop, we anticipate that strain-level analysis will
increasingly become standard in studies of social transmission.

Strain-Level Insights into the Social Microbiome: An Initial Case Study
in Baboons

Social partners with similar diets or environments might harbor microbiomes that appear similar
at broad taxonomic levels—or even at the level of species—but are not based on transmission be-
tween individuals.Differentiatingmicrobiomes that appear similar at broad taxonomic levels from
microbiomes that have experienced transmission requires strain-resolved analyses ofmetagenomic
data. Such analyses have already been employed in human microbiome research to understand
vertical transmission between mothers and offspring, investigate the persistence of strains within
hosts, test for strain sharing between hosts, and study selection on gut-associated bacteria
(Ferretti et al. 2018, Chen & Garud 2022, Valles-Colomer et al. 2023). However, the potential of
strain-resolved data for studying the social microbiome is untapped in natural animal populations.

As a test case,we reanalyzed a shotgunmetagenomic dataset generated from fecal samples from
48 wild baboons living in two social groups (Tung et al. 2015). We began by using MetaPhlAn
v3 (Beghini et al. 2021), a metagenomic profiling tool, to test whether microbiome community
composition reflects social group membership. Replicating a key finding of the original study, we
found that baboons living in the same social group have more gut microbiome species in common
with baboons from their own group than with baboons from the other social group (Figure 3a).

To investigate strain-level sharing, we then used StrainPhlAn (Beghini et al. 2021) to build
phylogenies of closely related strains. Baboons in the same social group also shared more strains
than those in different groups (Figure 3b). Importantly, elevated rates of strain sharing within
social groups were not simply a byproduct of species-level similarity. Conditional on the pres-
ence of a bacterial species in both social groups, strains from baboons living together in the same
group were often more closely related than strains shared between baboons from different groups
(Figure 3c). Hence, strain-level analysis can provide more granular information than analyses of
community composition or species sharing alone. As we demonstrate here, existing metagenomic
data sets can also be reanalyzed to test for this signal, given suitably curated reference genomes.

When and Where is Social Transmission Expected?

In sum, studies across many species support social structuring of the microbiome, and social
transmission appears to sometimes be responsible. Yet why and how social and environmental
transmission varies across host species, microbial species, and host body sites remains an open
question—but one that lends itself to several key predictions.
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Figure 3

Microbiome species and strain sharing in the baboon gut. (a) Shotgun metagenomic data were reanalyzed from fecal samples collected
from 48 wild baboons living in southern Kenya (Tung et al. 2015). Fecal samples were collected opportunistically during an ∼1-month
span, preserved in 95% ethanol immediately after deposition, and sequenced on an Illumina HiSeq 2500. Bacterial species sharing was
estimated by mapping reads against clade-specific markers in the MetaPhlAn v3 database. Bacterial species were considered shared by a
pair of individuals if they were detected at any abundance (∗∗∗ indicates p < 0.001). (b) Bacterial strain sharing was estimated by using
StrainPhlAn v3 to construct species-specific phylogenies of all bacterial species that were present in four or more individuals. Following
(Ferretti et al. 2018), bacteria were considered the same strain if the normalized branch length in a phylogeny of all strains from their
species was less than 0.1. Significance was assessed based on permutation-based analysis of variance (∗∗∗ indicates p < 0.001 in both
cases). (c) For the subset of species found in both social groups (n = 120), we compared the genetic distances between strains from
baboons in different groups to the phylogenetic distances between strains present in baboons in in the same group. The phylogenetic
distance between each pair of strains was based on the normalized branch length in a phylogenetic tree constructed for all strains of that
species. For 37 species, strains were more genetically similar across groups than within groups (left side of distribution); for 83 species,
strains were more genetically similar within groups than across groups (right side of distribution), in support of social transmission
(binomial test, p < 0.001).
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First, if social behaviors transmit microbes among hosts, then social structuring in the mi-
crobiome should be strongest for species that form tight-knit social groups that remain stable
throughout individual lifetimes and/or across generations. In contrast, species that form loose
subgroups within larger populations may exhibit weaker effects of sociality [e.g., gelada baboons
(Trosvik et al. 2018)], as would species in which social associations are transient or individuals
frequently disperse among groups [e.g., Verreaux’s sifakas (Perofsky et al. 2021)]. Within social
groups, signatures of social relationships should be strongest in species with physically intimate
social interactions, particularly those that involve directly ingesting bodily fluids of conspecifics
[e.g., via trophallaxis, coprophagy, or nursing (Blyton et al. 2022,Kay et al. 2023)].While these hy-
potheses have not yet been tested in a comparative framework, the rapid expansion of microbiome
data sets should soon make this work possible.

Second, Troyer’s hypothesis suggests that social microbiome transmission should be most crit-
ical for bacterial species that are highly specialized to the temperature, pH, or oxygen composition
of the host habitat that they occupy, as well as species with limited persistence or mobility in the
environment (Troyer 1984). Experimental tests for adaptation to the host environment (e.g., via
competitive fitness assays) are still forthcoming, but preliminary support for this hypothesis comes
from studies that show enrichment for anaerobic and non-spore-forming species among socially
structured taxa (Tung et al. 2015, Nayfach et al. 2016, Raulo et al. 2023). Notably, one study has
reported the opposite. In a study of people from different households, socially shared taxa were
more likely to be aerotolerant and spore-forming (Valles-Colomer et al. 2023). This finding indi-
cates that transmission across households may be more likely to be indirect (e.g., through shared
surfaces). If so, support for this hypothesis may depend on the relative importance of direct versus
indirect transmission, as well as the scale at which social relationships are measured.

Finally, social transmission is likely to be most frequent for body sites that are physically in-
volved in social interactions. For example, the oral microbiomes of human couples converge
immediately after kissing (Kort et al. 2014), and the skin microbiomes of roller derby teams (a
high-contact sport) converge immediately following a match (Meadow et al. 2013). In the long-
term, however, body sites that are open to the environment (e.g., skin surfaces) may experience
high rates of dispersal from other environmental sources that overwhelm the signature of social
relationships. In contrast, in closed host body sites with temperature, oxygen, or pH conditions
distinct from the surrounding environment, such as the gut, social transmission may be one of
the only ways to obtain specialized microbes that cannot survive outside the host. Colonization
from general environmental sources may therefore be more limited. If so, both signals of social
structure and evidence for social transmission are expected to be greater for these sites. Only a
few studies so far have compared social structuring among body sites to test these predictions, and
results thus far have been inconclusive. For example, while the closed gut microbiome was more
differentiated among wolf packs than the more open skin microbiome (DeCandia et al. 2021), so-
cial structuring of the human gut microbiome was higher than that of the oral microbiome in one
study (Brito et al. 2019) but lower in another (Valles-Colomer et al. 2023). Further comparisons
are therefore needed to evaluate whether a general pattern exists, and strain-level analysis may be
particularly informative about the degree to which host body sites are indeed open or closed to
environmental sources.

RELEVANCE OF SOCIAL TRANSMISSION TO HOSTS

If social interactions significantly contribute to microbial exposure and/or transmission, the pat-
tern of social relationships within host species and differences in social structure between species
will in turn influence the composition and function of their microbiomes.Metacommunity theory,
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Figure 4

Relevance of host social structure to microbiome diversity and stability. (a) Characteristics of individual microbiomes that may be
affected by host social organization include intraindividual diversity (alpha diversity), microbiome recovery from perturbations, and
interindividual variation (beta diversity). (b) Examples of real-world social networks that vary in structure from bottlenose dolphins
(Lusseau et al. 2003), ground squirrels (Smith et al. 2018), golden-crowned sparrows (Arnberg et al. 2015), forked fungus beetles
(Formica et al. 2017), and rhesus macaques (Massen & Sterck 2013). Panel b created from data curated by the Animal Social Network
Repository (Sah et al. 2019).

which has long been used to understand the ecology of local communities in a shared landscape
(Wilson 1992), provides a useful framework for understanding this process.When applied to host-
associated microbiomes,metacommunity theory represents each host as the local community, and
social interactions between hosts facilitate the dispersal of microbes from host to host (Walter &
Ley 2011, Miller et al. 2018, Sarkar et al. 2020). While a metacommunity perspective is not the
only approach to understanding structured patterns of exposure or transmission (Brito & Alm
2016), it provides several useful predictions (Figure 4a).

One common prediction from metacommunity models is that local diversity (here referring
to microbiome diversity within a single host, or alpha diversity) is highest at intermediate levels
of dispersal (Cadotte 2006, Venail et al. 2008). The reasoning here is that at low dispersal rates,
organisms have few opportunities to reach all communities. At the other end of the spectrum, high
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dispersal rates can overwhelm local ecological processes and homogenize the metacommunity
(Mouquet &Loreau 2002).This nonmonotonic relationshipmay explain why studies variably find
positive, negative, or no relationships between individual social connectedness and microbiome
alpha diversity (Burns et al. 2017, Perofsky et al. 2017, Raulo et al. 2018, Raulo et al. 2021,Murillo
et al. 2022, Pfau et al. 2023).This relationship can vary from positive to negative even using similar
social relationship metrics among closely related species, possibly suggesting that these studies are
sampling different parts of the same distribution of dispersal rates (Perofsky et al. 2017,Raulo et al.
2018).

Metacommunity models also predict that patches that experience local extinction are likely to
be recolonized from neighboring patches (Borthagaray et al. 2015). In the context of the micro-
biome, this prediction suggests that individuals whose microbiomes are disturbed (for example, by
antibiotics or disease) will be recolonized from the microbiomes of their social partners or group
mates—a prediction that is fundamental to the idea that social partners serve as microbial reser-
voirs for one another, a potential benefit of social transmission (Moeller et al. 2016). Consistent
with this hypothesis, the gut microbiomes of cohoused mice recover faster from antibiotic treat-
ment than those of individually housed mice (Reese et al. 2018, Ng et al. 2019). Interestingly, no
such support is found after experimental antibiotic treatment in cohabiting humans (Xue et al.
2023). This result, along with contrasts in predicted lifestyles for socially structured bacteria [en-
riched for aerotolerant, spore-forming bacteria in humans but anaerobic, non-spore-forming taxa
in several other social mammals (Tung et al. 2015, Raulo et al. 2023, Valles-Colomer et al. 2023)],
may indicate that the causes and consequences of socially structuredmicrobiomes in humans differ
from those in other animals.

A third prediction from metacommunity theory is that increased rates of dispersal lead to
reduced heterogeneity among local communities (i.e., reduced beta diversity) (Mouquet &
Loreau 2002). If so, social groups in which members interact more often (i.e., those with higher
network density) should have more homogeneous microbiomes. Although relatively few studies
have directly tested this idea, the results are often consistent with this prediction. For example, the
gut microbiomes of chimpanzees were more homogeneous during seasons in which they spent
more time together (Moeller et al. 2016). Similarly, groups of Verreaux’s sifakas that were more
socially connected had more homogeneous microbiomes than groups that were loosely connected
(Perofsky et al. 2017). We note that, by itself, network density may not fully capture how social
structure influences host microbiomes: In models of disease spread, for example, greater social
network modularity (i.e., subgroups that disproportionately interact among themselves) tends
to slow disease spread through social networks regardless of their density (Rozins et al. 2018,
Evans et al. 2021). Whether modularity has similar consequences for social structuring of the
microbiome is not yet known, as microbiomes are populated by many semisubstitutable species
(Vieira-Silva et al. 2016),whereas disease transmissionmodels typically consider a single infectious
agent. The functional redundancy present within microbiomes may make higher-order network
structure less important than in the case of disease transmission. While these predictions remain
untested, the abundant variation in both network density and modularity in nature (Figure 4b)
lays the groundwork for such comparisons.

Most evidence that socially structured microbiomes influence host phenotypes has focused
on consequences for microbiome composition. However, experimental studies have also directly
examined the consequences of the social microbiome for host fitness. For example, in a cohous-
ing study of zebrafish, placing wild-type and immune-deficient zebrafish together in the same
tank promoted interhost dispersal of gut microbes among fish, which in turn reduced the life
spans of the wild-type fish (Burns et al. 2017). Similarly, cohousing mice on unrestricted diets
with calorie-restricted mice shifted the gut microbiomes and metabolisms of both groups toward
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an intermediate phenotype (Griffin et al. 2017). And in a now-classic study of bumble bees, co-
prophagy among nest mates was shown to be crucial for facilitating transmission of microbes that
protect against the trypanosome parasite Crithidia bombi, which severely compromises colony fit-
ness in infected bees (Koch & Schmid-Hempel 2011). Notably, socially structured microbes also
have the potential to elevate disease spread. In a human hunter-gatherer population, for example,
socially structured taxa in the oral microbiome were enriched for predicted pathogens (Musciotto
et al. 2023). How hosts respond to potentially competing selection pressures of sharing benefi-
cial microbiota without transmitting pathogens is largely unexplored, though behaviors such as
avoiding sick group-mates may help to tip the balance toward the former (Lombardo 2008).

RELEVANCE OF SOCIAL TRANSMISSION TO HOST-ASSOCIATED
MICROBES

Understanding how transmission mode impacts microbial evolution has received considerable
attention for bacterial pathogens (Ebert & Herre 1996, Cornell et al. 2003, Mideo et al. 2008).
Relatively less attention has been paid to how social structuring and/or transmission influence
the evolution of microbes in host-associated microbiomes more broadly, including beneficial taxa,
commensals, and opportunistic pathogens (Garcia & Gerardo 2014, Obeng et al. 2021). How-
ever,Troyer’s original argument proposed that social transmission emerges from selective pressure
on both the hosts and their associated microbes, particularly through adaptation to the host
environment (Troyer 1984). Recent arguments that social transmission facilitates host–microbe
codiversification rest on similar ideas (Moeller et al. 2023).

Socially mediated direct and indirect transmission are likely to have different evolutionary con-
sequences for microbes than alternative dispersal routes, such as obligate vertical transmission or
colonization from the external environment (Table 1; see the sidebar titled Microbial Adapta-
tions for Socially Mediated Transmission). Indeed, in several respects, social transmission (a form
of horizontal transmission structured by social relationships) represents a middle ground between
vertical and environmental transmission. Compared to microbes seeded from the environment
or from other host species, microbes that depend on specific host behaviors for transmission are
likely those that do not survive well in other environments. In addition, because socially trans-
mitted microbes spend a greater portion of their life cycle within hosts, they should be better
adapted to the selective environment of a new host when they arrive. These selection pressures
may include the new host’s immune system; other bacteria that live in the host’s microbiome (both
cooperators and competitors); and the physical properties of the new host, such as nutrient avail-
ability, temperature, and pH (Rawls et al. 2006, Parker et al. 2021). At the other end of the
transmission spectrum, compared to vertically transmitted microbes, socially transmitted mi-
crobes may have more opportunities for dispersal, as social interactions are more frequent than
reproductive events in many social animal species. Generalist microbial species that lead biphasic
lifestyles (found in both host-associated and nonhost settings) have the most opportunities for
dispersal (Chrostek et al. 2017, Wierz et al. 2021) but must contend with more heterogeneous
selective pressures.

Social transmission also influences opportunities to interact with other microbial strains
and species, which in turn affects rates of horizontal gene transfer and the strength of Muller’s
ratchet [i.e., the accumulation of linked deleterious mutations when genomes cannot recom-
bine, which ultimately reduces organismal fitness (Muller 1964)]. Compared to symbiotes with
obligate vertical transmission—especially those transmitted via specialized bacteriocytes or
bacteriomes—socially transmitted microbes typically live in diverse microbial communities with
many opportunities for horizontal gene transfer (Russell et al. 2020). Consequently, they should
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Table 1 Consequences of different pathways through which animal microbes colonize their hosts, including social
transmission

Microbial
characteristic

Microbial transmission pathway
Obligate vertical transmission
from host parents to offspring

Social transmission (direct or
indirect)

Obligate transmission from the
external environment

Degree of
specialization to
host

■ Microbe is well adapted to the
host immune system and
physiology and often provides an
important function to the host
[e.g., digestion, pathogen defense
(Onchuru et al. 2018)].

■ Microbe is adapted to the host to
some degree, depending on the
proportion of its life cycle and/or
evolutionary history spent in the
host environment.

■ Microbe is least likely to be well
adapted to the host environment
(Lou et al. 2021).

Transmission
opportunities

■ Microbe is completely
dependent on the host for
transmission.

■ Transmission is constrained to
host offspring.

■ Microbe has no opportunity to
colonize new host species.

■ Microbe depends on host
species for transmission.

■ For hosts with frequent social
interactions, microbe has many
opportunities to colonize new
hosts of the same species.

■ Microbe has few opportunities
to colonize new host species.

■ Microbe does not depend on
the host for transmission.

■ Microbe has opportunities to
colonize many individual hosts
and/or species, as well as
environmental niches.

Community
context

■ Microbe is often transmitted in
a low-diversity community.

■ In body sites where
communities become more
complex over time, microbe
experiences a low-diversity
community during the host’s
early life (Koga et al. 2012).

■ Microbe is typically transmitted
in and lives in a higher-diversity
community compared to
vertically transmitted microbes.

■ Microbe is typically transmitted
in and lives in high-diversity
communities (Skelton et al.
2017).

Muller’s ratchet &
opportunities for
horizontal gene
transfer

■ Microbe may experience Muller’s
ratchet with few opportunities
for horizontal gene transfer from
different strains or species.

■ Microbe does not experience
Muller’s ratchet; microbe has
many opportunities for
horizontal gene transfer.

■ Microbe does not experience
Muller’s ratchet; microbe has
many opportunities for
horizontal gene transfer.

Gene loss ■ Microbe may experience gene
loss if many essential functions
are provided by the host (Morris
et al. 2012).

■ Gene loss may occur depending
on the degree of host
dependence.

■ Microbe maintains genome
content over evolutionary time
(Rodríguez-Gijón et al. 2022).

Differences in transmission mode predict different consequences for the microbes. Here we compare the predicted consequences of social transmission
(center) to both obligate vertical transmission (left) and obligate transmission from the external environment (right).

have ample opportunity to mix and exchange genetic material with members of their own or
other species, making them less vulnerable to Muller’s ratchet. Socially transmitted microbes may
also be less likely to experience the substantial reductions in genome size that typify vertically
transmitted symbionts, when some of their essential functions transition to the host or other
members of the microbiome (McCutcheon & Moran 2012, Fisher et al. 2017, Salem et al. 2017).
Microbes that disperse via direct transmission may lose or reduce some functions, such as aero-
tolerance or the capacity for spore formation. However, the gradient between direct and indirect
social transmission is likely relevant here, as indirectly transmitted microbes must maintain the
ability to cope with selective pressures in the external environments. Their increased habitat
diversity may also predict higher levels of genetic diversity and, as a result, greater evolutionary
potential in the face of different selective pressures (Oliver et al. 2010, Fisher et al. 2017).
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MICROBIAL ADAPTATIONS FOR SOCIALLY MEDIATED TRANSMISSION

Socially transmitted bacteria must overcome a series of challenges to successfully move from one host to another
(Obeng et al. 2021, Ganesan et al. 2022). Establishing contact with another host may require traveling within
their current host to body sites and/or into bodily secretions (e.g., saliva, feces, scent marks) that are likely to
be involved in interactions with other host individuals. Further, some socially transmitted microbes spend time
outside the host (e.g., in nests, hives, soil, water), which can require motility as well as site-specific adaptations. For
example, Robinson et al. (2018) artificially selected Aeromonas veronii to specialize in the zebrafish gut by repeatedly
inoculating flasks with bacteria and propagating only those bacteria that successfully colonized the fish gut. After
22 rounds of inoculation and harvest, the bacterial populations evolved increased motility through media, in turn
increasing the efficiency with which they colonized new zebrafish hosts.

Adaptation to the host environment may also be accompanied by the loss of functions associated with life outside
of a host (Merhej et al. 2009). For instance, an analysis of 1,358 genomes in the phylum Firmicutes revealed that loss
of sporulation-related genes in lineages isolated frommammalian guts was associated with several features linked to
host adaptation, such as genome reduction and specialized metabolic capabilities (Browne et al. 2021). Consistent
with these patterns, several studies of socially structured microbiomes find that socially structured bacteria are less
likely to have genes for spore formation and oxygen tolerance (Tung et al. 2015,Nayfach et al. 2016,Valles-Colomer
et al. 2023).

Together, these predictions suggest that social transmission may be a favorable dispersal strat-
egy for microbes that colonize social group-living hosts. Specifically, social transmission has the
potential to overcome some of the constraints of obligate vertical transmission while maintain-
ing the benefits of close coevolution with and preadaptation to a host. Indeed, the considerable
costs of vertical transmission may be one reason why vertical transmission has been surprisingly
rare in complex microbiome communities (Webster et al. 2010, Koch et al. 2013), while socially
structured microbial species appear to be more common.

CONCLUSIONS AND FUTURE DIRECTIONS

Since Gorman and Troyer (Gorman 1976, Troyer 1984) proposed their original hypotheses
about the social microbiome, considerable progress has been made toward understanding the
connections between host social behavior and host–microbiome coevolution. Socially structured
microbiomes are now a well-documented phenomenon across a broad range of host species.
Further, host social structure is predicted to have important consequences for the evolutionary
dynamics of the microbiome, especially if microbes depend on social interactions for dispersal.
While studies of the social microbiome support a role for social transmission in natural popu-
lations, the evidence for transmission typically remains indirect. Consequently, much remains to
be discovered about the degree to which social microbiomes arise from shared environments or
transmission, as well as the relative roles of direct and indirect transmission via host environ-
ments. Differentiating these pathways is essential to learn how these processes influence host and
microbial evolution.

Strain-resolved metagenomic sequencing has already begun to increase the resolution of so-
cial microbiome research. Several computational workflows are available that can profile bacterial
strains from metagenomic reads, such as StrainPhlAn, inStrain, and SameStr (Truong et al. 2017,
Olm et al. 2021, Podlesny et al. 2022). These approaches can be used to test whether the mi-
crobiomes of social partners are similar only in taxonomic composition or whether they also
share recently diverged genetic lineages (see the section titled Strain-Level Insights into the Social
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Microbiome: An Initial Case Study in Baboons).A promising future approach is to integrate strain-
resolved sequencing with longitudinal sampling designs to track microbial strains through animal
social networks. This approach will help to distinguish social transmission from other drivers of
social structure in microbiomes. One limitation of current methods, however, is that some strain
profiling tools (e.g., StrainPhlAn) can evaluate strain sharing only for the dominant strain of each
species. If newly acquired strains often arrive low in abundance, microdiversity-aware approaches
may be necessary to detect transmission events (Olm et al. 2021).

Recent research on the social microbiome has expanded the taxonomy of hosts that show
socially structured microbiomes but still focuses primarily on the gut. The specific oxygen and
temperature conditions of the gut, as well as its limited exposure to microbes from the outside
world, suggest that dispersal and social structuring patterns in the gut may not be representative
of other body sites. It is less clear whether social structuring is common in body sites such as
the skin, which likely experience high influxes of microbes from the environment. Only a few
studies have measured social structuring in multiple body sites simultaneously, and a consensus
has not yet emerged (Brito et al. 2019, DeCandia et al. 2021, Valles-Colomer et al. 2023). Stud-
ies of the social microbiome may also benefit from broadening to nonsocial species to facilitate
direct comparisons of microbiome composition. For example, compared to social bees, the gut
microbiomes of solitary bees seem to be more variable in composition and largely shaped by the
external environment (Kapheim et al. 2021). Whether and how these differences in acquisition
routes have shaped social evolution across species remains untested.

Many questions also remain about the types of social relationships that are most important
to explaining microbiome diversity. These questions are of interest both at the individual host
level—for instance, is microbiome diversity maximized by engaging in strong relationships with
a few partners or weak relationships with many partners?—and at the level of social groups—
for instance, does social network density homogenize group-level microbiota? So far, studies of
the social microbiome tend to use the data at hand, which often capture composite measures of
both the quantity and quality of an individual’s social relationships (Burns et al. 2017, Perofsky
et al. 2017, Raulo et al. 2018, Murillo et al. 2022, Pfau et al. 2023). Given the importance of both
individual and group-level measures of social relationships in social animals, understanding how
these processes contribute to structuring the microbiome is an important gap to fill. Advances
in biologging and remote-sensing technologies may help facilitate this work by increasing the
throughput of data collection. For example, Raulo et al. (2021) used radio-frequency identification
systems to simultaneously collect high-throughput spatial data from wood mice and construct
coassociation networks, allowing them to estimate the relative contributions of spatial and social
networks to gut microbiome composition over a 1-year period.

In addition, understanding whether, when, and how social microbiome structuring affects host
or microbial evolution is a major outstanding question in studies of the social microbiome. If
social transmission has played an important role in social evolution, it must have fitness con-
sequences. Experimental studies in captive animals are currently the main source of insight into
how these consequences may arise [i.e., as part of social recognition or parasite defense (Koch et al.
2013, Vernier et al. 2020)]. However, evolutionary change necessarily occurs in natural popula-
tions, where experimental manipulation is often more limited, but many reports of social structure
and/or putative social transmission motivate additional attention. Developing functional assays
in either alternative hosts or in culture is a promising future direction to test whether socially
transmitted taxa are indeed better adapted to host conditions, provide metabolic services or im-
mune protection to the host, and/or outcompete nonsocially transmitted species. For example,
microbiome transplants in germ-free house mice revealed a competitive advantage for native gut
bacterial species compared to gut bacteria from other mouse species (Sprockett et al. 2023).
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In conclusion, while group living clearly shapes microbiome composition across much of the
animal kingdom, the causes and evolutionary consequences of socially structured microbiome
variation remain an exciting, but largely unexplored, research frontier. Recent methodological
advances in sequencing technology, computational analysis of microbiome data, and behavioral
monitoring of wild animal populations are poised to provide new insights into these questions,
which in turn will be central for our understanding of social evolution itself.
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