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Every mammalian species harbours a gut microbiota, and variation in the gut
microbiotawithinmammalian species canhaveprofoundeffects onhost pheno-
types. In this review, we summarize recent evidence that gut microbiotas have
influenced the course of mammalian adaptation and diversification. Associ-
ations with gut microbiotas have: (i) promoted the diversification of
mammalian species by enabling dietary transitions onto difficult-to-digest
carbon sources and toxic food items; (ii) shaped the evolution of adaptive phe-
notypic plasticity in mammalian species through the amplification of signals
from the external environment and from postnatal developmental processes;
and (iii) generated selection for hostmechanisms, including innate andadaptive
immunemechanisms, to control thegutmicrobiota for thebenefit of host fitness.
The stability of specific gut microbiotas within host species lineages varies sub-
stantially across the mammalian phylogeny, and this variation may alter the
ultimate evolutionary outcomes of relationships with gut microbiotas in differ-
ent mammalian clades. In some mammalian species, including humans,
relationships with host species-specific gut microbiotas appear to have led to
the evolution of host dependence on the gut microbiota for certain functions.
These studies implicate the gut microbiota as a significant environmental
factor and selective agent shaping the adaptive evolution of mammalian diet,
phenotypic plasticity, gastrointestinal morphology and immunity.

This article is part of the theme issue ‘The role of the microbiome in host
evolution’.
1. Introduction
Animals, plants and fungi are colonized bymicrobial communities [1], but in few
places do these communities reach densities approaching those found in the
mammalian gastrointestinal tract. Mammalian guts are colonized by trillions of
microorganisms representing hundreds of species, and bacterial cell counts can
reach levels of 1012 cells ml−1 [2]. The evolutionary radiation of mammalian
species has enabled the assembly of novel combinations of microorganisms into
compositionally diverse gut microbiotas [3–7] and promoted the diversification
of gut microbial lineages, some of which have co-diversified with host species
and populations [8,9]. Today, mammalian guts represent one of the major
reservoirs of microbial biodiversity on Earth [10].

Although every mammalian species harbours a gut microbiota, the conse-
quences of these gut microbiotas for mammalian evolution and diversification
remain largely unexplored. The question is particularly compelling, because
natural history studies have indicated that most mammalian species harbour
compositionally distinct gut microbiotas that reflect the phylogenetic histories
of their hosts [3–7]. Moreover, experimental studies have shown that gut micro-
biotas are in many cases deeply intertwined with mammalian phenotypes
spanning neuroendocrine, immune and metabolic systems [11–13], including
traits related to fitness and adaptive differences between species.

Understanding the consequences of gut microbiotas in mammalian evolution
first requires testable hypotheses regarding the specific modes bywhich they alter
the adaptive landscapes experienced by hosts. The task is complicated by the
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Figure 1. Dietary niche expansions mediated by the gut microbiota. The presence of a gut microbiota during mammalian evolution has had profound effects on
mammalian dietary diversification. As herbivory has evolved multiple times independently throughout mammalian evolution, distantly related mammalian lineages
have converged on gut microbiota compositions required for digesting complex plant polysaccharides (left). Dietary specialization on plants that produce toxic
secondary metabolites, such as koala specialization on eucalyptus and woodrat specialization on creosote, has probably been facilitated by gut microbiota plasticity
(centre). Gut microbiota-mediated metabolism of lactose in adulthood may have potentiated the recent evolution of lactase persistence phenotype in some human
populations (right).
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immense diversity of microbes inhabiting the gut, and the
variability in their identity and abundance over time: the gut
microbiota within a host is likely to comprise both resident
and transient microbes [14], with varying rates of transmission
from other habitats and across generations within the host
species. Nevertheless, recent reviews have proposed several
complementary ways in which associating with a gut micro-
biota might influence the evolution of hosts. Microbiotas may
influence host evolution by: (i) expanding host dietary
niches, thereby altering future host adaptive trajectories
[15,16]; (ii) influencing the evolution of host phenotypic plas-
ticity in response to environmental change and during
development [15–17]; and (iii) generating selection on hosts
for traits that control the host’s microbiota composition in
ways that benefit host fitness [18]. Although these evolutionary
effects have been well established in certain relatively simple
animal–microbe systems, such as insects and bacterial endo-
symbionts [19], their influences on mammalian evolution are
only beginning to be understood.

In this perspective, we critically evaluate the evidence for
influences of the gut microbiota on mammalian evolution
and diversification. Recent studies have provided unprece-
dented insights into how gut microbiotas have enabled the
dietary diversification of mammalian species, including tran-
sitions to novel carbon sources and specialization on specific
food items. In addition, gut microbiotas have shaped the
evolution of mammalian phenotypic plasticity by serving
as amplifiers of signals from the external environment and
developmental processes. These evolutionary effects of the
microbiota appear to have played out rapidly between closely
related mammalian species and populations, and may have
even affected recent human evolution. Similarly, the gutmicro-
biota has contributed to the adaptive diversification of
mammalian gut morphologies designed to harbour beneficial
microorganisms. The gut microbiota probably also favoured
the evolution of innate and adaptive mammalian immune sys-
tems. However, there remains minimal evidence for adaptive
differences between mammalian species in immune-system
traits that serve to control the microbiota for the benefit of
host fitness, and there is a need for experiments capable of test-
ing this hypothesis. Over long evolutionary time periods,
associations between mammalian species and gut microbial
lineages may inevitably lead to dependence of host develop-
ment and function on the gut microbiota, a possibility with
important implications for human health.
2. The diversification of mammalian dietary
niches was enabled by gut microbiota

A major category of benefits that mammalian hosts derive
from the gut microbiota is the expanded metabolic potential
that gut microbial genomes provide relative to their hosts’
genomes. Whereas the typical mammalian genome contains
on the order of 10 000 genes, a typical mammalian gut micro-
biota can contain several million evolutionarily distinct gene
families [20], some of which allow hosts to access foodstuffs
that would be inaccessible otherwise. The functional reper-
toires contained within mammalian gut microbiotas appear
to have enabled the evolution and diversification of herbiv-
ory and chitin-eating, the specialization of mammalian
species and populations on toxic dietary items, and perhaps
even recent dietary transitions in human evolution (figure 1).

The most well-established example of a microbially
provided dietary niche in mammals is herbivory. Plants con-
tain complex polysaccharides that are indigestible by
mammalian enzymes alone, but microorganisms in the gut
can ferment these compounds, generating short-chain fatty
acids and other metabolites that are readily accessible to
their hosts [21]. Gut microbiotas are essential for herbivores.
For example, early experiments in germ-free sheep found
that hosts were unable to live long past weaning off milk
and the transition to a solid diet [22]. Across the mammalian
phylogeny, herbivory has evolved multiple times, and there
has been widespread convergence of the composition and
functional capacity of gut microbiotas between distantly
related species of herbivores [3,4], further suggesting the
adaptive value of these microbiotas. Bacterial lineages
specific to herbivore guts, in general, arose much earlier in
evolutionary history than those specific to carnivores, most
likely before the diversification of vertebrates altogether [5],
suggesting that their presence in the herbivore gut represents
a co-option of pre-existing microbial potential rather than
functionality that arose within the symbiosis. Once initiated,
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though, microbial lineages within herbivore guts, particularly
those associated with the foregut-fermenting cetartiodactyla,
seem to show an especially high degree of conservation
within their hosts [23]. The expansion of dietary niche
afforded by the gut microbiota has had enormous evolution-
ary consequences: diversification rate analyses have revealed
that dietary transitions to herbivory are associated with
accelerated diversification rates in mammalian clades, yield-
ing diversification rates faster than those of any other
mammalian dietary strategy [24]. These observations suggest
that the acquisition and maintenance of a herbivory-
associated microbiota has been a key innovation during
mammalian evolution, comparable in its effects to other
major evolutionary transitions in vertebrates [25].

Within herbivorous mammalian species, the gut micro-
biota also appears to have potentiated the dietary
specialization on plant species containing toxic secondary
metabolites. A clear example comes from thewoodratNeotoma
lepida. Populations of this species have recently diversified and
specialized on different dietary plants, including creosote, juni-
per and mesquite [26], each of which presents its own set of
plant secondary metabolites. For example, creosote produces
a phenolic-rich resin that is toxic to most woodrat populations,
but consumable by woodrats with a history of feeding on
creosote. An elegant series of experiments have demonstrated
that the gut microbiota directly confers tolerance and digest-
ibility of creosote secondary metabolites to woodrat hosts.
Antibiotic treatment reduced woodrat ability to consume
creosote, and transplanting the gut microbiota of woodrats
from a population with a history of feeding on creosote into
woodrats without such history led to improved performance
of the recipient population on creosote [27]. More recently,
further bacterial transplant experiments into germ-free rats
have shown that bacteria from woodrats consuming tannin-
rich diets improve rat performance on tannin-rich diets [28].
These results highlight howplasticity in gutmicrobiota compo-
sition in combination with the vast metabolic repertoire of
microorganisms, particularly bacteria, can enable rapid host
transitions to new dietary niches.

In addition to dietary specialization in woodrats, the gut
microbiota may have facilitated koalas’ dietary specialization
on Eucalyptus. Recent comparisons of the gut microbiotas of
koalas and their sister species wombats have revealed that
koalas harbour higher abundances of bacterial functional path-
ways related to the digestion of plant secondary metabolites
[29]. Moreover, the gut microbiota of koalas specializing
on different Eucalyptus species differs both in identity and pre-
dicted gene content [30], consistent with functional differences
in the microbiome corresponding to phenotypic consequences
for the host. A recent experiment using faecal transplant
inocula indicates that these functional differences can be trans-
ferred between hosts, and may even support the presence of
behavioural feedbacks from the microbiome: naive koalas
ingest more of a novel Eucalyptus species after being inoculated
with gutmicrobes from koalas specialized on it [31]. Therefore,
variation in the gut microbial component of the koala’s biotic
environment alters the potential fitness impacts of another
aspect of its biotic environment, namely the digestibility of
different food species. This results in amodified adaptive land-
scape, and changes the fitness consequences of variation in a
host phenotype: namely, the propensity to consume different
food species. (Indeed, variation in individual preference for
the novel food species was noted in the experiment, which if
heritable would provide a pathway for adaptive evolution
[31].) Together, these results suggest that the koala gut micro-
biota may have enabled koala specialization on Eucalyptus,
and that koala dietary preferences may be influenced by the
gut microbiota.

By altering the host’s adaptive landscape, the microbiota
might also potentiate host adaptation through phenotypes
that ultimately remove reliance on microbial metabolism. The
transition to milk consumption in adulthood in modern
humans may be just such a case. Humans in certain popu-
lations began drinking milk in adulthood at least 6000 years
ago [32], and this dietary transition has driven the rapid adap-
tive evolution of lactase persistence in the gut into adulthood in
multiple human populations through mutations in the LCT
gene [33]. Non-human mammals typically do not consume
milk into adulthood, nor do they continue to express lactase
(the enzyme that digests lactose in milk) in the gut after wean-
ing. However, all mammals, including humans, contain gut
bacteria, such as Bifidobacterium, that are capable of fermenting
lactose, generating products that are accessible to their hosts’
metabolisms. Interestingly, the alleles in the LCT gene respon-
sible for lactase persistence are more significantly associated
with gut microbiota composition than any other loci in the
humangenome [34]. Specifically, lactase persistence LCTalleles
in historically dairy-consuming populations have been associ-
ated with reduced relative abundances of Bifidobacterium,
consistent with reduced lactose availability for Bifidobacterium
in lactase-persistent humans. These observations suggest the
possibility that the presence of populations of Bifidobacterium
(and potentially other lactose-fermenting microorganisms)
in ancestral human populations [9] may have enabled the
initial transition to milk-drinking in adulthood by providing
access to sufficient energy from milk to justify the behavioural
strategy. Under this model, the fitness advantages of milk con-
sumption in adulthood provided by lactose-fermenting gut
microorganisms were further refined through the evolution
of lactase persistence via the LCT gene (figure 2).

However, the association between gut microbiota and
mammalian diet is not always straightforward. If the evol-
ution of lactase persistence in some human populations was
indeed potentiated by the activity of lactose-degrading bac-
teria in the gut, the microbial phenotype only served an
intermediary role, and could in principle be lost once lactase
expression became encoded in the host genome (figure 2b).
Similar processes may help to explain inconsistencies in the
correlation between diet and gut microbiome that have
been observed elsewhere in the mammalian phylogeny. For
example, despite the evidence for extensive convergence in
the gut microbiota of the major groups of leaf-eating herbi-
vores [3,4], the trend is not universal. Panda bears, for
example, host a carnivore-like gut microbiota that does not
appear to efficiently digest a diet composed almost entirely
of bamboo [35]. In primates, leaf-chewing herbivory has
evolved five times, with only subtle evidence of convergent
changes in the gut microbiomes of folivorous groups relative
to their omnivorous relatives [36]. At least two lineages of
folivorous primates do seem to have independently evolved
convergent changes to a duplicated copy of the hosts’ pan-
creatic RNASE1 enzyme, which is thought to be involved in
the use of microbial fermentation products [37]. One possi-
bility is that the lack of gut microbiota response to folivory
in these species has increased the strength of selection for
the adaptive evolution of digestive enzymes.
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Figure 2. Gut microbes as potentiators of host dietary shifts. Graphs depict fitness surfaces, or the fitness outcomes of hosts (vertical axis) as a function of variation
in a host phenotype value (horizontal axis), in this case, the degree of milk consumption as an adult. Presume that acquisition and consumption of milk has
increasing fitness costs to the host, and fitness rewards that plateau at a certain point. Presume also that ability to digest lactose, either through secretion of
endogenous host enzymes or via Bifidobacterium, increases the point at which that fitness reward plateaus. In a background population without adult production
of lactase (LCTwt allele; (a)), a change in phenotype that increased milk acquisition and consumption (Plow→ Phigh) might lead to a fitness decrease in the absence
of Bifidobacterium in the gut, but a fitness increase in its presence. After fixation of the lactase-production allele (LCTmut) in the population (b), the host may no
longer be sensitive to the presence of the lactose-degrading bacterium in the gut. In this way, the evolution of the host diet could be potentiated by gut bacteria,
even without ultimately depending on the bacteria.

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

375:20190597

4

Another example of the complex interplay between the
gut microbiota and the evolution of mammalian diet is myr-
mecophagy (i.e. specialization on ants and termites), which
has evolved multiple times in mammals. This dietary tran-
sition has been associated with the compositional
convergence in the gut microbiota across multiple distinct
mammalian orders [38]. In some cases, this gut microbiota
convergence has proceeded rapidly on an evolutionary
timescale. For example, the gut microbiota of the myrmeco-
phagous aardwolf, a close relative of carnivorous hyenas,
has converged with the gut microbiotas of other myrmeco-
phagous species in fewer than 10 Myr. In most of the
myrmecophagous and otherwise invertebrate-specialized
mammalian lineages, the hosts have also retained functional
versions of most of the five copies of the CHIA chitinase
genes inferred to be present in the genome of the most
recent common ancestor of mammals, perhaps to assist
with the degradation of the chitinous exoskeletons of their
invertebrate prey [39]. By contrast, baleen whales eat a diet
rich in chitinous invertebrates like krill and copepods, but
inherited just a single functional copy of CHIA from the
ancestor they share with their largely herbivorous relatives,
the artiodactyls. Instead, whales may be using a gut micro-
biota that shares some high-level taxonomic similarities
with herbivores to digest chitin in a fermentative process
[40]. Baleen whales, unlike the terrestrial myrmecophages,
have a complex multichambered foregut, itself probably rem-
nant from a distant herbivorous ancestor. Although the
precise metabolic contributions of host and microbial
enzymes to chitin metabolism have yet to be determined
for any of these taxa, it is clear that the particular evolution-
ary path taken by any given mammal lineage is the result of a
complex interplay between the acquisition of metabolically
relevant microbes and adaptation by the host.

In addition to enabling dietary shifts over evolutionary
timescales, the gut microbiota may also aid mammals in
coping with seasonal shifts in the diet that occur within indi-
vidual hosts. For example, brown bears exhibit seasonal shifts
in diet and gut microbiota composition, and transplantation
of the summer-associated bear microbiota into germ-free
mice induced adiposity in the recipient mice, an adaptive
trait in bears before hibernation [41]. These results suggest
that the seasonal compositional shifts in the bear gut micro-
biota provide metabolic benefits to their hosts. The gut
microbiota has also been shown to vary seasonally in other
mammalian species, such as mice [42] and humans [43], in
ways that probably contribute to host metabolic needs in the
context of seasonal dietary shifts. As in cases of mammalian
dietary transitions over evolutionary time, the presence of a
flexible gut microbiota during seasonal changes in diets may
initially reduce selection pressures on hosts. However, by pro-
moting mammalian fitness and enabling host-population
persistence in variable environments, these flexible gut micro-
biotas can alter the future evolutionary trajectories of their
host lineages.
3. Gut microbiotas shape mammalian evolution
of phenotypic plasticity

One way in which biotic and abiotic environmental variables
can affect host fitness is through influences on phenotypic
plasticity and development. The modulation of phenotype
using external cues can help to maximize fitness by matching
organismal function to environmental conditions, but can
also serve as a potential point of maladaptation, as seems
to be happening at a global scale as a result of climate
change [44]. The gut microbiota of mammals, as an important
element of the mammalian biotic environment, is likely to be
a source of similar effects for the host.

Recent evidence suggests that mammalian species have
evolved to use their gut microbiotas as signals to initiate
adaptive phenotypic plasticity in response to changes in the
external environment as well as during key events in post-
natal development. The composition of the mammalian gut
microbiota is highly responsive to environmental variables,
both from its host and from its host’s external environment.
The gut microbiota is also highly complex and multifaceted
in terms of the signals it provides to its host. From the
point of view of mammalian hosts, these features make
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Figure 3. The gut microbiota as an amplifier of environmental signals for adaptive phenotypic plasticity in mammals. (a) An environmental gradient (coloured
triangle) affects hosts (mouse cartoons), which in turn affects the gut microbiota (coloured circles). The shifts in the microbiota induced by host responses to the
environmental gradient feed back to further affect host responses. (b) The combined direct and microbiota-mediated effects of the environmental gradient in (a)
generate a host reaction norm (dashed line) that closely matches the fitness optimal reaction norm (solid line). (c) An environmental gradient (coloured triangle)
affects hosts (mouse cartoons) and their microbiota (coloured circles), but the host does not respond to the shifts in the microbiota. (d ) Under this scenario, the
slope of the host reaction norm (dashed line) is less than the fitness optimal reaction norm (solid line). By serving as a signal amplification mechanism in this way,
the microbiota could speed up adaptation during host transition to a new environmental gradient by allowing natural selection to act on host genetic variation in
both direct and microbiota-mediated host phenotypic responses to the environmental gradient, rather than on direct host phenotypic responses alone. Alternatively,
hosts may come to rely on the microbiota as a signal amplification mechanism through neutral processes, even if the host has previously evolved the optimal
reaction norm through direct responses to the environmental gradient alone. Specifically, genetic drift may lead to the replacement of host direct responses to
the environmental gradient by host responses to shifts in the microbiota caused by the gradient.

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

375:20190597

5

the gut microbiota an excellent candidate transducer and
amplifier of signals from both the external environment and
developmental processes.

There is increasingly abundant experimental evidence
that mammals have evolved to use the gut microbiota as a
cue to initiate adaptive plastic responses to changing con-
ditions in the external environment. For example, mouse
experiments have shown that exposure to cold temperature
caused a shift in the composition of the gut microbiota [45].
This shift was probably not driven by cold temperature
directly, but rather by cold-induced changes to host physi-
ology. Remarkably, transplantation of this cold-associated
microbiota into germ-free house mice at room temperature
induced plastic phenotypic responses in recipient hosts that
are known to be adaptive in the context of cold exposure,
including the browning of white fat. These results strongly
suggest that house mice have evolved to use compositional
shifts in the gut microbiota as cues to promote adaptive plas-
tic responses to cold ambient temperatures. These results
suggest that shifts in the gut microbiota caused by variation
in the external environment may work in combination with
the variation in the external environment itself to drive the
evolution of adaptive plastic responses in mammalian species
(figure 3). Under this view, the compositional plasticity of the
gut microbiota serves as a signal amplification mechanism
during the adaptive evolution of environmentally induced
phenotypic plasticity in mammals.

There is also a growing body of evidence that mammals
have evolved to rely on host species-specific gut microbiotas
for cues during the processes of postnatal development and
function. For example, house mice (Mus musculus domesticus)
colonized with the gut microbiota of rats or humans failed to
develop fully differentiated T cell repertoires compared to
house mice colonized with the gut microbiota of other
house mice [46]. These results suggest that immunological
development in house mice has evolved to integrate aspects
of the house mouse-specific gut microbiota since the diver-
gence of mice from rats. Similarly, germ-free house mice
inoculated with the gut microbiotas of divergent host species
within the genus Mus (i.e. Mus spretus and Mus pahari) dis-
played reduced growth rates, enlarged livers and less
sexually dimorphic body compositions compared to germ-
free house mice inoculated with the endogenous house
mouse gut microbiota [47]. These results suggest that house
mice have adapted to integrate the house mouse-specific
gut microbiota into postnatal development since the diver-
gence of house mice from other members of the genus Mus.
Similarly, the wild mouse gut microbiota has been shown
to promote fitness and improve disease resistance in labora-
tory mice [48] relative to the altered, laboratory-associated
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gut microbiota typically found in laboratory mice. In
addition, Peromyscus polionotus mice inoculated with the gut
microbiotas of different Peromyscus species displayed reduced
digestive efficiency compared to P. polionotus mice inoculated
with their endogenous gut microbiota [49]. This observation
is consistent with the evolutionary integration of the
species-specific gut microbiota into P. polionotus digestive
physiology. Together, these results provide evidence that
mammals adapt to features of their host species-specific gut
microbiotas, suggesting a role for gut microbiota divergence
in the evolutionary divergence of postnatal development
and metabolic processes between closely related mammalian
species.

Recent human studies have also indicated that the gut
microbiota has been evolutionarily integrated into aspects of
human postnatal development. For example, the caesarean sec-
tion has been shown to affect the composition of the gut
microbiota, and babies born by caesarean section tend to receive
less microbial diversity from the mother than babies born vag-
inally [50]. Consistentwith the hypothesis that the development
of the human immune system has evolved to integrate the pres-
ence of a gut microbiota from birth, humans born by caesarean
section also tend to display higher rates of certain autoimmune
diseases, such as asthma, in adulthood [51]. More recent studies
of the effects of caesarean section on human gut microbiota
have provided conflicting evidence regarding the longevity of
caesarean-induced microbiota differences. For example, one
study found that the gut microbiota of caesarean-born babies
is indistinguishable from vaginally born babies a few months
after delivery [52]. Therefore, if lack of specific gut microbial
lineages contributes to the development of autoimmune dis-
eases in adulthood, these contributions may occur during
critical windows of postnatal development.

Humans’ ancient associations with the gut microbiota are
also being disrupted by other modern lifestyle practices, such
as antibiotic use and reduced consumption of dietary fibre.
Both of these environmental factors have been shown to
reduce levels of gut microbiota diversity in laboratory animals
[53] and in captive primates [54]. Lack of dietary fibre, in par-
ticular, has been shown in mice to lead to compounding
losses of gut microbiota diversity over host generations [53],
suggesting that dietary practices of current humans may have
consequences for the gut microbiota of future generations. Con-
sistent with this possibility, humans living in industrialized
societies on average harbour lower levels of gutmicrobial diver-
sity than any other wild-living primate [55,56]. These results
motivate the need for further studies regarding the develop-
mental consequences of the ongoing loss of ancestral gut
microbiota diversity from human populations.
4. The adaptive evolution of mammalian
mechanisms for controlling the gut
microbiota

The gut microbiota may also affect mammalian evolution by
generating selection pressures for host traits that control or
reshape the microbiota for the benefit of host fitness. While
many mammals modulate their external environment through
ecosystem engineering [57], the compartmentalization of
the gut microbiota within the digestive tract gives the host
additional capacity for control. For gut microorganisms that
make key contributions to host fitness, for example, the provi-
sioning of essential nutrients from an otherwise inadequate
diet, selection for host traits that control these microorganisms
should be especially important [18].

Selection for host control of the gutmicrobiota has undoubt-
edly held influence during mammals’ evolutionary past. For
example, multiple herbivorous mammalian lineages have
independently evolved foreguts to house microbiota capable
of digesting complex plant polysaccharides. In addition, the
innate and adaptive immune systems of mammals represent
evolutionary innovations that probably were driven at least in
part by a need to regulate the composition of the gutmicrobiota
in ways that benefit host fitness [58,59]. The immune system
provides means for identifying and eliminating microorgan-
isms with pathogenic qualities while tolerating commensal or
beneficial microorganisms. Experiments have shown that the
absence of immune components from the body can lead to con-
sequences for gut microbiota composition that are deleterious
to hosts. For example, the deletion of Toll-like receptors from
the host genome have been shown to lead to disrupted gut
microbiota composition in mice that alters host energy harvest
and metabolism in ways that are probably maladaptive [60].
Similarly, RAG1−/− mice, which lack adaptive immune
systems, display altered gut microbiota compositions [61].

Despite the elaborate mechanisms that mammalian ances-
tors have evolved to control the gut microbiota, the influences
of selection on hosts for control of the gut microbiota during
the adaptive divergence of mammalian species remain poorly
understood. Immune genes are among the most rapidly evol-
ving protein-coding genes in mammalian genomes [62], but
this pattern has historically been interpreted as evidence of
red-queen coevolutionary dynamics with pathogens. The
degree to which divergence in the gut microbiota between
mammalian species contributes to the genetic divergence in
immune genes has not been established. Continuously adapt-
ing to control the microbiota may be difficult for mammalian
hosts, because microorganisms have the potential to evolve
much more quickly in the context of an evolutionary arms
race (although members of the microbiota must also evolve
to compete with one another; [18]). Moreover, in contrast to
evolving host control of pathogens of large fitness effect, con-
trolling the gut microbiota requires the orchestration of
potentially hundreds of microbial lineages, many of which
are likely to have relatively small effects on host fitness.

One exciting possibility is that changes in the gutmicrobiota
during host evolution have driven adaptive diversification of
genes underlying traits that control the composition of the gut
microbiota. This hypothesis generates predictions that remain
untested to our knowledge. For example, given a mixture of
microorganisms from a host species’ native environment, the
host species when reared germ-free and inoculated with the
mixture should be able to select a set of microorganisms that
have greater beneficial effects on host fitness than would a
random sampling ofmicroorganisms in themixture. The fitness
effects of the gut microbiota sampled from the mixture by the
gnotobiotic host could be assessed by further transplanting
the gut microbiota of the gnotobiotic host into a new germ-
free host. If the expected fitness effects on hosts are observed,
it would suggest that hosts have evolved mechanisms to pro-
mote the growth of beneficial microorganisms, or that hosts
have evolved to integrate whichever microorganisms are most
fit within their guts into aspects of fitness. Differentiating
between these alternatives could be accomplished by editing
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Figure 4. Potential pathways towards evolutionary dependence on a specific gut microbiota. Initial variation in gut microbiota composition within a species,
denoted by coloured capsules (a), may generate differential fitness of lineages within the species in the presence of different food resources, denoted by coloured
moths and acorns (b). Selection to retain ecological benefits of microbial associations may lead to the evolution of adaptive host mechanisms designed to maintain
specific microbiotas, denoted by matching colours of host outlines and capsules (c). As the associations persist over evolutionary time, postnatal developmental
processes may evolve to integrate signals from the specific microbiotas (d ). Alternatively, host-lineage specific gut microbiotas can be evolutionarily integrated
into host development even if the gut microbiotas have no effect on host fitness originally (e,f ). Both pathways (a–d) and (a,e,f ) can lead to deleterious effects
on hosts if the symbiotic associations are disrupted.
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derived alleles in candidate host genes and repeating the exper-
iments: if the genetically modified hosts are no longer able to
select beneficial microorganisms from the microbial mixture,
this result would support that selection for the ability to control
of themicrobiota contributed to the fixation of the alleles within
the host species. With the growing availability of germ-free
mammalian experimental systems, culturomics of gut micro-
organisms [63] and gene-editing approaches, such experiments
are now feasible.
5. Ultimate evolutionary outcomes of
mammalian associations with gut microbiotas

Gut microbiotas provide enormous benefits for mammalian
species: they can enable host transitions to novel dietary
niches and subsequent diversification (figures 1 and 2), they
can act as amplifiers of environmental signals important
for host fitness (figure 3), and they may contribute to the
canalization of host developmental processes. However, gut
microbiotas may also come with long-term evolutionary costs.
One potential cost for animal hosts that has been proposed is
‘evolutionary addiction’ [16,64], wherein hosts become unable
to survive and reproduce, or at least less fit, without the
presence of their symbionts.

The effects of gut microbiotas on mammalian evolution
suggest possible routes by which mammals may become evo-
lutionarily addicted to specific gut microorganisms (figure 4).
First, the presence of a specific gutmicroorganismor gutmicro-
biota composition may enable transition onto a new dietary
niche. Subsequent selection on hosts may lead to the evolution
of host mechanisms that ensure themaintenance of the ecologi-
cally beneficial microorganisms. Further evolution of host
development in the presence of this microbiota may lead to
its integration into host developmental processes and evol-
utionary dependence. Although this process of ecologically
beneficial symbionts leading to host evolutionary dependence
has been previously described in other animal taxa, such as
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sap-feeding insects that rely entirely onmicrobial symbionts for
the generation of essential amino acids [65], whether it occurs
in mammals remains unclear.

Alternatively, the integration of features of the gut micro-
biota into host development could arise even if the features
of the gut microbiota are not ecologically relevant for their
hosts (figure 4e,f ). For example, evidence for the integration
of host species-specific gut microbiota into postnatal develop-
ment has been observed in house mice [46,47], but it is likely
that integration of house mouse-specific gut microbiota into
house mouse development has been based on features of the
gut microbiota that were not originally adaptive for hosts.
Most differences between the gut microbiotas of house mice
and other rodent species were probably neutral or deleterious
when they first arose. However, the features of house mouse
gut microbiotas that underlie the observed developmental
effects have not been identified. Similarly, there is a need to
identify the specific gut microorganisms on which human
development has evolved to rely. The degree to which ‘evol-
utionary addiction’ to the gut microbiota in mammals centres
around members of the microbiota with mutualistic, com-
mensal or pathogenic properties remains an exciting area for
future research.

Although every mammalian species harbours a gut micro-
biota, it is likely that the evolutionary outcomes of associating
with a gut microbiota manifest differently among mammalian
taxa. Recent analyses have shown that mammalian orders dis-
play differential levels of concordance between gut microbiota
composition and host phylogenetic history (i.e. ‘phylosymbio-
sis’) [7,66]. The gut microbiotas of most mammalian orders
show strong evidence of phylogenetic signal, but those of
some orders, such as bats, show only weak associations with
host phylogeny. The absence of a species-specific gut micro-
biota may also free mammalian species from the possibility
of evolutionary dependence on a specific gut microbiota.
Under these conditions, hosts may evolve only to integrate
signals from non-specific or environmental microorganisms
into development, rather than signals from specific microbes
or sets of microbes. Alternatively, hosts may lose developmen-
tal reliance on microorganisms altogether. These hypotheses
motivate the need for manipulative experiments in a wider
diversity of mammalian species with varying degrees of
phylogenetic signal in their gut microbiota.
6. Conclusion
The mammalian gut microbiota contains key aspects of the
hosts’ overall biotic environment, but it is also uniquely suscep-
tible to host influence. Associating with gut microbiotas has
reshaped the adaptive landscape experienced by mammals,
facilitating the diversification of mammalian dietary niches
and leading to the integration of the gut microbiota into host
phenotypic plasticity as an amplifier of signals from the external
environment and internal developmental processes. Similarly,
the gut microbiota has driven the evolution of complex pheno-
types in mammals that serve to control the gut microbiota for
the benefit of host fitness, such as sophisticated gut compart-
ments and immune mechanisms. However, the degree to
which the gut microbiota has contributed to adaptive variation
among the immune systems of mammalian species remains
unclear, and this hypothesis represents an exciting area for
future research. Moreover, many outstanding questions
remain regarding how evolutionary impacts of gut microbiotas
manifest across the mammalian phylogeny, how these evol-
utionary impacts are influenced by and contribute to the
specificity of relationships between hosts and gut microbial
lineages, and whether any mammalian species have overcome
or avoided reliance on gut microbiota for metabolism or signals
to initiate adaptive phenotypic plasticity.
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