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To survive, plants and animals must continually defend against pathogenic
microbes that would invade and disrupt their tissues. Yet they do not attempt
to extirpate all microbes. Instead, they tolerate and even encourage the growth
of commensal microbes, which compete with pathogens for resources and via
direct inhibition.We argue that hosts have evolved to cooperatewith commen-
sals in order to enhance the pathogen resistance this competition provides.
We briefly describe competition between commensals and pathogens within
the host, consider how natural selection might favour hosts that tilt this com-
petition in favour of commensals, and describe examples of extant host traits
that may serve this purpose. Finally, we consider ways that this cooperative
immunitymay have facilitated the adaptive evolution of non-pathogen-related
host traits. On the basis of these observations, we argue that pathogen resist-
ance vies with other commensal-provided benefits for being the principal
evolutionary advantage provided by the microbiome to host lineages across
the tree of life.

This article is part of the theme issue ‘The role of the microbiome in host
evolution’.
1. Introduction
Multicellular life evolved and is continually reborn into a world of microbes.
To these diverse microbial creatures, multicellular hosts are another potential
source of food and shelter to compete over. To the host these microbes range
from harmless features of the environment, to new tools for extracting resources,
to bringers of destruction. A typical microbiome is largely composed of commen-
salmicrobes that growandpersist on hosts in a relatively benign fashion. Formost
of these commensals, a plant or animal host is simply a hospitable growing
environment, protected from certain environmental stresses and containing
high nutrient concentrations near their surface owing to nutrient acquisition
and excretion activities. However, nutrient concentrations are higher still within
the host’s tissues, making the host effectively a weakly protected nutrient cache
[1]. As a result, other microbial taxa have evolved pathogenic lifestyles based
on breaking into these caches, rapidly consuming what they can, and moving
on to the next host. A single human may encounter thousands of pathogenic
microbes in its lifetime [2], and before the rise of modern medicine pathogens
caused roughly half of human deaths [3]. Although such estimates are lacking
for other species, there is no doubt that pathogens ultimately cause a large fraction
of mortality and lost fecundity in wild plants and animals. To survive, multicel-
lular life has evolved a vast array of costly defence mechanisms. But despite the
dangers, it cannot simply shut itself off from the microbial world.

Plant and animal hosts face competing constraints of needing to constantly
exchange nutrients and waste with the environment and needing protection
from the microbes in the environment that would exploit them. A host can
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Figure 1. Competition between commensal and pathogenic microbes affects the survival and evolution of their hosts. (a,b) All plants and animals encounter
pathogenic microbes (pictured here as red flagellated bacilli), which seek to damage the host’s epithelial and other protective tissues in order to extract the nutrients
within, and commensal microbes (yellow non-flagellated bacilli), which can live on hosts while causing minimal damage. Commensals restrict the nutrients (orange
hexagons) and physical access to vulnerable host tissues available to pathogens and also directly harm pathogens with secretion systems and other microbial
weapons. (c,d) Under strong pathogen pressure, hosts that acquire and maintain commensal microbiomes that are more effective at resisting a broad range of
pathogens will tend to survive and leave more offspring than their competitors.
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physically contain microbes to some extent, but cannot com-
pletely isolate itself from the environment and still grow and
survive. Hosts must have semi-porous surfaces and openings
where matter and microbes can enter. Host defence mechan-
isms such as production of antimicrobial compounds,
programmed death in infected cells, and activation of innate
and adaptive immune responses are effective deterrents
against many pathogens, but bear heavy costs in the form of
self-inflicted tissue damage and diversion of resources from
normal homeostasis and growth processes [4–7].

Meanwhile the microbes within a host constrain each other
through competition. Themanymicrobial specieswithin a host
compete with each other for space and nutrients, directly inhi-
bit each other through the secretion of toxic chemicals into the
environment or directly into competing cells, and indirectly
inhibit each other through their shared viral predators and
the immune systems of their hosts [8–11]. To colonize a host
with an established microbiome, new entrants must survive
this fierce competition from the existing community [12–14].

From the confluence of constraints on hosts and microbes
emerges a potentially profitable strategy for the host: rather
than attempting to shut out all microbes, leverage the pres-
ence of commensal microbes for pathogen defence. For a
pathogen invading a host microbiome, competition from
commensals is expected to reduce the pathogen’s ability to
survive and grow within the community and restrict physical
access to vulnerable host tissues (figure 1a,b). Thus, hosts gain
pathogen resistance from commensals simply as a by-product
of microbial competition. Host traits that differentially favour
the growth of commensals over pathogens can further
increase the fraction of invading pathogens that will be
outcompeted by the microbiome’s residents. By reducing
the rate of new infections, these traits can confer strong fitness
benefits to the host (figure 1c,d ). Such traits may be more
evolutionarily accessible and/or less costly than suppress-
ing microbial colonization entirely, and could reduce the
resources expended and costs accrued by intense host-based
pathogen defence. In the remainder of this article, we explore
theoretical arguments and empirical evidence that hosts have
evolved to make commensals a key part of pathogen defence.
We also consider ways that pathogen resistance provided
by commensals may have facilitated the adaptive evolution
of other (non-pathogen-related) host traits. On the basis of
these observations, we argue that the pathogen resistance
vies with other commensal-provided benefits for being
the principal evolutionary advantage provided by the
microbiome to host lineages across the tree of life.
2. Pathogens compete with commensals to
inhabit the host

All microbes require nutrients and a hospitable space to
survive and reproduce. The relative abilities of various species
to compete for these limited resources determines which ones
are able to colonize and persist in an ecosystem. This compe-
tition has led to the evolution of a vast array of competitive
phenotypes among microbes, i.e. adaptations that enhance a
microbe’s ability to outcompete others. The outcome of compe-
tition within a host is also influenced by factors external to the
microbes (though often under host control), such as resource
availability and the presence of enemies such as predators
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and the host immune system. Here we briefly review how the
competition between commensals and pathogens helps deter-
mine the outcome of a pathogen encounter with a host and
its microbiome.

Exploitative competition refers to the indirect negative impact
species have on themselves and each other through the con-
sumption of commonly used resources [9,15]. Pathogens and
commensals both require carbohydrates, minerals and other
nutrients to grow. Inmany examples across plants and animals,
consumption of these nutrients by commensals has been found
to limit the growth of pathogens [13,16–23]. Commensals
adhere and grow to cover host surfaces, limiting space for
pathogens to find purchase [13,24]. Many adaptations to
enhance a species’ resource-exploitation ability are available
to both commensals and pathogens, such as the formation of
biofilms to secure space [13,24] and the secretion of sidero-
phores to scavenge iron [13,25,26]. In addition, pathogens
have evolved methods to access resources that are unavailable
to commensals as they involve directly harming the host. For
example, many plant and animal pathogens carry enzymes to
degrade host cell walls [27,28], and the gut pathogen Salmonella
Typhimurium uses molecules produced by a deliberately
triggered inflammatory response for its own respiration [29].

Exploitative competition from commensals can help
determine whether a pathogen successfully infects the host.
A pathogen infection in an established microbiome resembles
the growth of an invasive species as traditionally studied by
ecologists [30]. As such, we can use community ecology
theory as applied to biological invasions to consider the
outcome of a pathogen encounter [31]. A single commensal
species will tend to increase in population density until it has
decreased resources to the pointwhere it is just able tomaintain
its current density. Pathogens that are better able to exploit the
available resources than the commensal, by maintaining posi-
tive growth where the commensal cannot, can invade the
community, albeit with a reduced growth rate relative to in
an uninhabited community. Other pathogens will be unable
to have positive growth on the remaining resources and thus
be effectively resisted. A diverse community can more com-
pletely use the resources in a given environment and thus
may resist more invaders [31,32]. However, the sheer diversity
of pathogens coupledwith their ability to use virulent resource-
acquisition strategies means exploitative competition from
commensals is unlikely to provide perfect pathogen resistance.

Interference competition refers to direct negative interactions
within and between species via behaviours that interfere with
the others’ ability to survive and grow. Microbes engage in
both active and passive forms of interference. Microbes
commonly carry weapons to kill their competitors, such as
systems to secrete toxins into the environment or directly into
opponent cells and carrying prophage that can trigger viral
epidemics [11,33]. Othermethods of active interference include
secreting molecules that disrupt competitors’ biofilms or
cell-to-cell communication [34,35]. These mechanisms are fre-
quently found employed by commensals against pathogens
[13,34,35], but notably are also in wide use by pathogens [11].
More passive interference can arise as a side-effect of a
microbe’s resource acquisition strategy. For example, commen-
sal Lactobacillus species in the humanvagina produce lactic acid
as a by-product of glycogen metabolism; the resulting acidity
inhibits non-Lactobacillus species, including several pathogens
[36,37]. Biofilm formation also interferes with the ability for
other microbes to access nutrients. In the mammalian large
intestine, for example, commensals biofilms in the outer
mucus layer deny competitors access to nutrients in the
inner mucus layer and physically separate pathogens from
the vulnerable host tissues beneath [13].

Interference can alter the outcome of competition by allow-
ing a competitor to overcome a relative disadvantage in
resource exploitation ability [15,38]. The harm received from
interference mechanisms typically increases with the popu-
lation density of the harming species [8,38], putting resident
commensals at an inherent advantage over rare pathogenic
invaders. But spatial structure enhances the effectiveness of
interference from rare invaders, and self-replicating phage-
based weapons can be effective when used by a rare invader
even in awell-mixed environment [8]. Disruption of the micro-
biome (e.g. due to antibiotic treatment) can temporarily abate
commensal interference and resource consumption, allowing
an otherwise resisted pathogen to invade and subsequently
use its own interference mechanisms to prevent the return of
the commensal community. Such dynamics are important dri-
vers of the human microbiome-related diseases of C. difficile
infection [39] and bacterial vaginosis [40].

Macroecologists recognized that natural enemies such as
predators and parasites create an additional pathway for nega-
tive feedbacks between species. Apparent competition [41,42]
arises when the increase in a focal species drives an increase in
the enemy, which in turn causes increased direct harm to that
species and any others that share the enemy. Perhaps the most
natural analogy to the microbial world would place bacterio-
phage in the role of the enemy, and indeed phage are
increasingly recognized as an important regulator of human
microbiomes through this mechanism [10,43–45]. But the natu-
ral enemy of host-associated microbes most pertinent for
pathogen resistance is probably the host immune system [46,47].

The species that triggers an immune response may ulti-
mately benefit, if the direct harm it receives is outweighed by
the indirect benefit of killing off its competitors. The standard
model of immune defence is that a pathogen activates an
immune response that kills said pathogen. But a host
immune response to one microbe can harm all microbes in
the affected tissue region and even cause a systemic immune
response [35,47–49]. Several mammalian pathogens suppress
commensal competition by triggering immune responses that
they are more resistant to than their competitors [8,50,51].
The reverse has also been observed in a plant system and an
animal system, where the pathogen resistance apparently con-
ferred by a commensal was found to be at least partly driven by
the commensal’s triggering a host immune response that pri-
marily harmed that pathogen [48,52]. It also appears to be
common among plants and animals for the presence of com-
mensals to ‘prime’ the immune system into an alert state that
responds more rapidly and severely when a pathogen is
encountered [35,49]. Commensals can also prompt changes
in physical barriers, such as increased mucus production in
themammalian large intestines [53] or increased leaf toughness
in plants [48], that penalize microbes that seek to violate host
tissues more than those content to inhabit their outer surfaces.
3. Natural selection favours hosts that cooperate
with commensals to resist pathogens

To infect a host, the pathogen must overcome both the host’s
innate defences and competition from commensals. Thus
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Figure 2. A conceptual model of selection for cooperative immunity. Hosts encounter random pathogens with varied innate infectivities, which we represent by a
distribution of exponential growth rate across pathogens. Encountered pathogens with positive growth rates successfully infect the host and those with negative
growth rates are resisted. Host fitness increases when the fraction of unresisted pathogen encounters (dark red area under the curve) is reduced. Each row illustrates
a different host defence strategy, illustrated by the arrow diagrams, in which red arrows denote direct harm and blue arrows denote direct help between host (H),
commensal (C) and pathogen (P). Grey arrows indicate the shift in the peak of the distribution of pathogen growth rates from baseline caused by the given strategy.
Row 1: As a baseline, we consider a host that is colonized by commensals that compete with its pathogens. Row 2: A host strategy that harms commensals and
pathogens equally reduces the competition experienced by pathogens and so has a limited net impact on pathogen growth rates. Row 3: Selectively harming
pathogens maintains competition from commensals and so provides a greater reduction in pathogen growth rates than harming all microbes. Row 4: Additionally
helping commensals increases the competition from commensals and thus further decreases pathogen growth rates. The host may also have a fixed set of baseline
antimicrobial defences common to all strategies, which we do not represent in the arrow diagrams.
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pathogen resistance is ultimately a joint property of the host
and its microbiome. We argue that natural selection favours
hosts that cooperate with commensals to resist pathogens
by directly facilitating commensal growth and by limiting the
collateral damage commensals receive from the host’s own
anti-pathogen defences.

Innate host defences are unable to resist all relevant patho-
gens. Hosts use physical barriers and a variety of more
sophisticated means for killing microbes; however, pathogens
are diverse and evolving targets and most defence mechan-
isms also carry a heavy cost to the host. Mechanisms to
contain, kill or expel microbes trade off with the host’s needs
for self-maintenance, growth and reproduction. Each individ-
ual defence mechanism will also face diminishing returns in
the fraction of additional pathogens resisted per unit cost
because the pathogens that are not yet resistedwill be enriched
in behaviours or phenotypes that inherently withstand the
given defence. Hosts can to some extent overcome diminishing
returns in one mechanism by using multiple defences. But it is
apparent that in practice the optimal level of defence is both
extremely costly and far below perfect resistance [4–7,54].
Thus innovations that increase defencewhile escaping existing
trade-offs can provide substantial net benefits, even if they
bear their own substantial costs.

One such innovation is to leverage the competition against
pathogens from the commensal microbiome. Commensals are
expected to decrease the initial growth rate of an invading
pathogen through exploitation and interference competition,
independent of the host. As a result, the mere presence of
commensals can decrease the fraction of pathogens that are
able to successfully infect the host. But commensals are also
at the mercy of the host’s defences. A host defence that kills
commensals indirectly benefits pathogens by removing their
competitors. This is true for constitutive host defences (such
as constitutive production of antimicrobial peptides) and facul-
tative host defences (such as an inflammatory response in
animals or induced systemic immunity in plants)—even if
the facultative defence is triggered by the pathogen. Thus,
pathogen growth rate is minimized by innate defences that
kill pathogens while leaving commensals unharmed. Host
mechanisms that facilitate commensal growth can further
decrease pathogen growth rates as those commensals provide
increased interference or are able to further consume resources
particularly limiting to pathogens.

Whether and how hosts ultimately use commensals is the
outcome of population-level selection on host genotypes.
Figure 2 describes a conceptual model for how pathogen
pressure might select for hosts to tolerate and even encourage
colonization by commensals. We consider a host that encoun-
ters pathogens throughout its lifetime and consider the
fitness of the host to be inversely proportional to the expected
fraction of these encounters that successfully lead to an infec-
tion (the dark red area under the curves in figure 2). For
simplicity, we suppose the ability for pathogens to infect
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the host and the ability for the host and its microbiome to
resist them can be quantified by one-dimensional numbers.
The outcome of invasion by a pathogen is then determined
by whether its intrinsic ability to establish within the host
environment is greater than the combined resistance of the
microbiome and innate host defences.

We take as our starting point a host with a baseline level
of innate defences that harbours a commensal microbiome
capable of resisting a non-negligible fraction of pathogens
that the host encounters (figure 2, row 1). We consider this
a reasonable default given the impracticality of completely
eliminating commensals and the likelihood that any micro-
biome provides at least some resistance. In this context, a
new host trait that harms all microbes can improve pathogen
resistance, but not as much as would be naively expected
because such a trait will also reduce the competitive resist-
ance provided by commensals (figure 2, row 2). A host trait
that can be targeted to harm pathogens and not commensals
will offer a great improvement to pathogen defence since the
commensal competition is maintained (figure 2, row 3).
Finally, a host trait that can be targeted to increase commen-
sal colonization or select for commensals particularly good at
excluding pathogens can also improve pathogen resistance,
even in the absence of any direct suppression of pathogens
by the host (figure 2, row 4). This simple model makes
clear how host defence traits that modulate the commensal
microbiome can translate into fewer infections and thus
increased host fitness, allowing them to spread through the
population by natural selection.

Drawing on others who remarked on cooperative relation-
ship between commensals and host immune systems [13,35],
we use the term cooperative immunity to refer to this evolutionary
strategy in which the host helps commensals in order to
increase its own pathogen resistance. Importantly, the above
argument for the evolution of cooperative immunity does not
require anyongoing evolution (or co-evolution) of the commen-
sal microbes with the host. Resistance provided by commensals
arises from adaptations in those lineages for competing with
other microbes, not for the benefit of their host.

Whether cooperative immunity is expected to evolve ulti-
mately depends on at least two additional factors. First, there
must be heritable variation in host traits that regulate compe-
tition between commensals and pathogens for selection to act
upon. We discuss evidence and examples of such traits next.
Second, the benefit to resistance must exceed the costs of
employing a cooperative immunity strategy. Beyond the ener-
getic and developmental costs of any specific mechanism,
encouraging or tolerating commensals can cost the host nutri-
ents [55] and can leave the host more vulnerable prior to
developing a fully formed microbiome or following a stress
that disturbs the microbiome. However, we argue these draw-
backs will often bemore than overcome by the potential fitness
benefit of even a small increase in resistance given the
significant impact microbial pathogens have on most hosts.
4. Host traits can influence microbial
competition in favour of commensals
over pathogens

Microbial competition within a host plays out in an environ-
ment over which the host has much control, and that it can
modify in ways that could influence microbial interactions
towards favourable (to it) competitive outcomes.
(a) Regulation of available resources
To maximize pathogen resistance, it might seem that hosts
should minimize the nutrients that support microbial
growth in their immediate exterior. In fact they seem to do
the opposite. Plants secrete 5–25% of their photosynthetically
fixed carbon into the surrounding soil as mucilage, where it is
consumed by microbes [56–58]. Humans feed the great mass
of bacteria in their large intestine with non-host-digestible
polysaccharides as well as carbohydrates secreted by host
epithelial cells into intestinal mucus [53,59]. Mammal and
bird skin contains glands that harbour commensal microbes
and secrete lipids they can consume [60,61].

Microbial provisioning by hosts has several non-mutually
exclusive explanations. Plant mucilage can lubricate roots
and stabilize soil [56], and animal consumption of non-
digestible polysaccharides can be a side-effect of eating
plants for their digestible components. Mucilage and mucus
secretions can also serve as a direct antimicrobial defence;
both contain antimicrobial peptides and can increase in the
presence of pathogens [56,62]. But it is clear that plant root
secretions, and dietary and secreted nutrients of mammals,
substantially increase the total microbial density in the rhizo-
sphere and gut and can significantly influence its species
composition relative to the environment [56,57,63,64].
Hosts obtain large direct benefits from these microbes in the
form of nitrogen fixation from bacteria and mineral
uptake from fungi in plants [65] and the conversion of plant
polysaccharides into host-digestible nutrients in animals
[53,59,66]. We argue that an additional function of microbial
provisioning in these and other tissues is to encourage a
commensal microbiome that can successfully outcompete
pathogenic invaders.

The general provisioning of energy resources would seem
to encourage the growth of commensals and pathogens
alike. However, hosts can obtain a favourable outcome if
commensals get first access to these resources, as then the
commensals can establish a dense population that sub-
sequently inhibits pathogens by physically occupying host
surfaces, engaging in interference, and consuming other lim-
iting nutrients as described above. In many hosts, physical
contact or proximity can help to spread commensals quickly
from already colonized hosts to newly provisioned host
environments. In animals, specialized behaviours [67–69]
can ensure that provisioned surfaces and compartments
are immediately colonized by commensals early in life. In
addition, nutrient secretions may favour non-pathogenic
microbes if the ability to exploit nutrients external to host tis-
sues trades off with pathogenic phenotypes for invading or
disrupting host tissues.

To some extent, hosts can also direct nutrients specifically to
commensal species. For example, chemical modifications of
secreted carbohydrates in roots and intestinal epithelium can
also allow hosts to partially control which species are able to
consume them [53,56,58]. One example is the oligosaccharides
secreted in human breast milk that support the growth of
Bifidobacteria [70]. Hosts can also locally adjust resources in
response to detecting specific microbes or microbial activity,
providing nutrients in response to commensals and restricting
them in response to pathogens [28,62].
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(b) Preferentially harming pathogens
Hosts directly harm microbes by producing antimicrobial
peptides or toxins and (in animals) destroying microbes with
specialized immune cells. A variety of factors influence
which microbes are affected by these antimicrobial defences,
which hosts use to preferentially harm pathogens. By targeting
defences at pathogens, hosts limit costly immune responses
and avoid killing microbes that provide nutrients or other
direct benefits. Yet a perhaps greater benefit is to maintain
and enhance the competitive resistance provided by commen-
sals. Killing microbes indiscriminately would decrease the
density of the commensal microbiome and thus the degree of
inhibition exerted on invaders (figure 2). Harming only patho-
gens maintains and adds to the inhibition from commensals to
broaden the range of resisted pathogens. Two general host
strategies for targeting antimicrobial activity are to distinguish
between pathogenic and commensal species and to distinguish
between the damaging and non-damaging behaviours
exhibited by said species [58].

Hosts have some ability to direct their harm by distin-
guishing between commensal and pathogen species. The
antimicrobial peptides (AMPs) produced by plant and
animal hosts vary in their effects on microbial species. The
distinct constitutive AMP profiles of closely related Hydra
species were found to be capable of selecting for distinct
microbiotas [71]. All hosts have the ability to detect microbial
cells by using pattern-recognition receptors (PRRs) to recog-
nize specific molecules on microbes’ surfaces, known as
microbial-associated molecular patterns (MAMPs), which
trigger an innate immune response. Some plant PRRs recog-
nize specific secretion systems that are more prevalent among
pathogens [72]. Most PRRs recognize molecules that evolve
slowly and are found in commensals and pathogens, but
even these PRRs can have some species specificity; for
example, the flagellin of the grapevine endophyte Burkhol-
deria phytofirmans is recognized differently from that of two
grapevine pathogens [72].

Amore robust anduniversal strategy is to punish pathogenic
behaviour rather than pathogen species [58]. In the gut, AMPs
and immune receptors are concentrated near the epithelial
layer; commensal microbes are shielded by the mucus layer,
and pathogens that degrade or invade it in their attempt to
breach the epithelium are exposed [73,74]. Recognition of
damage can trigger local inflammation, so that commensals
away from the immediate infection site will be unharmed
[58]. Similarly, epithelial cells in the chicken gut express an
extracellular receptor that triggers a local inflammatory
response when destroyed; it is protected from microbial pro-
teases until the mucous layer is breached by pathogenic yeast
or bacteria [54, p. 47]. Plants store toxins in specialized tissue
structures that are released only when microbes or herbivores
destroy the plant’s tissue and so will not affect commensals
in undamaged sites [28, ch. 18]. Plant and animal immune sys-
tems avoid attacking just any microbe they encounter by
supplementing microbial pattern recognition with damage
sensing. In particular, hosts have the ability to detect damage
via PRRs that bind molecules such as extracellular DNA and
ATP that are only released extracellularly when their own
cells are disrupted [75]. Requiring detection of such damage-
associated molecular patterns (DAMPs) in addition to
MAMPs can help ensure that pathogens are disproportionately
killed by host immune responses.
5. Broader implications of cooperative immunity
for host evolution

Beyond the evolution of host traits to foster and maintain a
pathogen-resistant microbiome, the incorporation of com-
mensals into a host’s pathogen defence strategy can have
broader implications for its long-term evolution.

(a) New evolutionary opportunities from more effective
and efficient pathogen defence

If the incorporation of commensals into a cooperative
immunity strategy provides stronger or less costly pathogen
defence to the host, it can serve to unlock areas of host pheno-
typic space that otherwise would be selectively inaccessible
owing to increased pathogen risk. As our motivating example,
we consider epithelial tissues—the barriers between higher
organisms and the environment. Epithelial tissues in animals,
including the skin, intestinal and respiratory epithelia, are
where the crucial exchanges of nutrients, oxygen and waste
occur between the host and the external environment. Each
of these epithelial tissues also hosts significant commensal
microbiota in most animal species. The same pattern is seen
in plant roots, which are responsible for absorption of the
majority of nutrients and water for the whole plant and thus
are in close contact with a microbially dense environment
and are highly associated with a microbiome of commensals
and symbionts [76]. We suggest that the incorporation of the
commensal microbiota into the critical function of pathogen
defence has made these epithelia on the whole more efficient
and less costly for animals and plants to maintain.

Gains in efficiency and lower costs for critical tissues such
as epithelia allow the evolutionary process to explore new
areas of phenotype space. First, if policing epithelial pathogen
exposure is less costly, then it can be evolutionarily feasible to
develop larger epithelia, or at least epithelia that function at a
higher rate of exposure to the external environment, such as
a mussel that filters 10 litres of water per hour instead of five.
Second, resource savings relative to a no-microbiome pathogen
defence strategy can be reinvested in other areas of growth
anddevelopment. As an analogy, the ‘cooking hypothesis’ pro-
poses that the energetic and time savings gained by a transition
towards eating cookedmeat unlocked the resources needed for
modern humans to develop our large brains and, thereby, com-
plex behaviours and societies [77]. We suggest that, in similar
fashion, as multicellular hosts adapted to and co-opted their
microbiome into amore efficient cooperative immunity against
the pathogen menace, benefits were realized by the
evolutionary process in other unrelated phenotypic areas.

(b) Initiation of strong associations and long-term
co-evolution between hosts and specific microbes

There are many striking examples of commensals that provide
direct benefits to their hosts, such as the ability to digest wood
in termites [78], fix nitrogen in plant roots [79] and use biolumi-
nescence for active camouflage in the bobtail squid [80]. In
these cases, opportunity for mutualism occurred because a
preexisting selfish ability of the symbiont matched a preexist-
ing need of the host; e.g. a microbe that derives nutrition
from wood converts it into something more digestible to the
termite. But the intricate physiological interdependencies that
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formed required long-term stable co-evolutionary associations
between host and symbiont, which during their initiation and
throughout required that the costs of tolerance of and invest-
ment in each partner were outweighed by the benefits
gained. We suggest that in many cases the pathogen resistance
provided by thesemicrobes was an important term in the cost–
benefit calculation leading to their stable role as providers of
non-pathogen-mediated benefits, especially early on in their
co-evolutionary history.

The ubiquity ofmicrobial competitionmeans that any com-
mensal with a potential direct benefit will compete against at
least some of the pathogens that afflict a host. Thus, we
expect such microbes to provide some pathogen resistance
more often than not, something that has in fact been observed
in many direct mutualisms. For example, the same microbes in
the human gut that convert dietary fibre into short chain fatty
acids usable by the host also provide pathogen resistance
through the various types of microbial competition we
described above [81]. Thus, pathogen resistance can be a sup-
plemental or even the primary benefit initially provided by
the commensal. Importantly, benefits to pathogen defence
require no prior evolutionary history between the host and
the microbe, and are realized even when commensals are
only loosely associated and intermittently present (albeit
reduced proportional to the fraction of time the host is
colonized by commensals). Facilitation of commensal coloniza-
tion by the host that initially evolved for the purposes of
resistance may increase the degree of non-pathogen-related
benefits received by the host and begin stronger host–microbe
associations. Subsequent co-evolution can enhance the direct
benefit provided by the symbiont to the point seen in the
examples opening this section, where the host’s way of life
depends on it. Furthermore, as hosts evolve to manage com-
mensal microbes that provide them pathogen defence, the
mechanisms they develop to regulate the microbiota also
serve to regulate those that provide direct benefits.
6. Pathogen resistance: the principal
evolutionary advantage of the microbiome?

To be in consideration for the principal evolutionary advan-
tage, a microbiome-derived function should be widespread
across many hosts and offer clear evolutionary benefits to the
host. Many microbiome-derived functions involve a highly
specific match between microbial ability and host need—for
example, luminescence provided by Vibrio species to the bob-
tail squid [80], or insecticide resistance provided to related
stinkbug species by fenitrothion-degrading strains of Burkhol-
deria [82]—but do not apply to a broad range of hosts. The
need in many animals for microbial signals for normal devel-
opment and homeostasis may be a side-effect of evolving in
a context where such signals are typically present, even if
using those signals provides no short- or long-term advantage
[49,63]. Of non-pathogen-related benefits, those to nutrition
best satisfy the two conditions we propose for consideration
as the principal evolutionary advantage of the microbiome.
All hosts need nutrients to survive and grow, and the diversity
of microbial metabolism provides myriadways for microbes to
contribute to fitness-limiting aspects of host nutrient acqui-
sition. Many insects and mammals use gut microbes to
convert plant matter into digestible and/or non-toxic forms
and to synthesize essential nutrients [63]; most plants use
mycorrhizal fungi to gather minerals and/or root-associated
bacteria to fix nitrogen [83–85].

We believe that pathogen defence also merits consideration
as theprincipal evolutionaryadvantage of themicrobiome. Per-
haps the strongest argument in favour of pathogen resistance is
the apparently ubiquitous opportunity for hosts to gain a sub-
stantial pathogen-resistance fitness benefit simply by being
colonizedby commensals.Deathor injury frompathogen infec-
tion is a universal fact for plants and animals, and the strong
selection to resist pathogens has driven the evolution of a mul-
titude of innate defence mechanisms across the tree of life.
However, all innate defence mechanisms are constrained by
trade-offs with other host needs. Thus, there is a strong poten-
tial benefit for hosts that can also leverage extrinsic factors to
increase pathogen resistance. Commensal microbes are just
such a factor. Commensals are ever-present, and naturally pro-
vide pathogen resistance through the innate competition
between microbes over resources and via the many mechan-
isms of microbial warfare. There is no taxonomic or
functional restriction on the microbes that can provide patho-
gen resistance beyond the ability to harmlessly persist in the
host, and the mechanisms by which commensals can suppress
pathogens require little if any prior co-evolution with the host.
Thus many commensals are likely capable of suppressingmul-
tiple pathogens, and a diverse commensal microbiome is likely
capable of suppressing awider variety of pathogens still. Com-
pared with nutritive benefits, microbiome benefits to pathogen
resistance are more diffuse (spread across a range of possible
pathogen encounters) and redundant (could be provided by
many microbes that might have colonized the host). Thus,
while it is undeniable that the benefits granted to the host by
many specific commensals are dominated by non-pathogen
functions, pathogen resistance may still dominate the benefit
of the microbiome as a whole. And pathogen defence benefits
might be more robust in the loosely associated microbiomes
of highly variable taxonomic compositions that are observed
in many hosts, and that likely predominated at the critical
early stages of the evolution of close symbioses between hosts
and some highly adapted symbionts.

The ability for commensals to provide resistance against
pathogens has long been known, and interest in leveraging
the microbiome to improve plant and animal health is increas-
ing. Yet the pathogen-resistance benefit of the microbiome is
still often missing from discussions of the impact of the micro-
biome on host ecology and evolution. Here we consider the
question of whether pathogen resistance may be the most
important microbiome function in the broadest evolutionary
terms. We do not downplay the obvious importance of the
many other functions that the microbiome provides, but are
purposefully highlighting the vast and potentially under-
appreciated impact of commensal-derived pathogen
resistance throughout the evolution of plants and animals. We
hope that increased attention may help advance our under-
standing of the evolution of host–microbe interactions, and
the nature of immunity, and improve microbiome-based
diagnostics and therapeutics in the future.

Data accessibility. This article has no additional data.
Authors’ contributions. Both authors contributed to the writing and revi-
sion of the manuscript.
Competing interests. We declare we have no competing interest.

Funding. M.R.M. and B.J.C. were supported by NIH/NIGMS grant no.
R35GM133745.



8
References
royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

375:20190592
1. Levin BR, Antia R. 2001 Why we don’t get sick: the
within-host population dynamics of bacterial
infections. Science 292, 1112–1115. (doi:10.1126/
science.1058879)

2. Perelson AS, Weisbuch G. 1997 Immunology for
physicists. Rev. Mod. Phys. 69, 1219–1267. (doi:10.
1103/RevModPhys.69.1219)

3. Jones DS, Podolsky SH, Greene JA. 2012 The burden
of disease and the changing task of medicine.
N. Engl. J. Med. 366, 2333–2338. (doi:10.1056/
NEJMp1113569)

4. Zuk M, Stoehr AM. 2002 Immune defense and host
life history. Am. Nat. 160, S9–S22. (doi:10.1086/
342131)

5. Schwenke RA, Lazzaro BP, Wolfner MF. 2016
Reproduction–immunity trade-offs in insects. Annu.
Rev. Entomol. 61, 239–256. (doi:10.1146/annurev-
ento-010715-023924)

6. Karasov TL, Chae E, Herman JJ, Bergelson J. 2016
Mechanisms to mitigate the trade-off between
growth and defense. Annu. Rev. Entomol. 61,
239–256. (doi:10.1146/annurev-ento-010715-
023924)

7. Wang A, Luan HH, Medzhitov R. 2019 An
evolutionary perspective on immunometabolism.
Science 363, eaar3932. (doi:10.1126/science.
aar3932)

8. Brown SP, Inglis RF, Taddei F. 2017 Evolutionary
ecology of microbial wars: within-host competition
and (incidental) virulence. Plant Cell 29, 32–39.
(doi:10.1111/j.1752-4571.2008.00059.x)

9. Ghoul M, Mitri S. 2019 The ecology and evolution of
microbial competition. Science 363, 833–845.
(doi:10.1016/j.tim.2016.06.011)

10. Hsu BB, Gibson TE, Yeliseyev V, Liu Q, Lyon L, Bry L,
Silver PA, Gerber GK. 2019 Dynamic modulation of the
gut microbiota and metabolome by bacteriophages in
a mouse model. Cell Host Microbe 25, 803–814.
(doi:10.1016/j.chom.2019.05.001)

11. Granato ET, Meiller-Legrand TA, Foster KR. 2019 The
evolution and ecology of bacterial warfare. Curr.
Biol. 29, R521–R537. (doi:10.1016/j.cub.2019.04.
024)

12. Abt MC, Pamer EG. 2014 Commensal bacteria
mediated defenses against pathogens. Curr. Opin.
Immunol. 29, 16–22. (doi:10.1016/j.coi.2014.03.003)

13. Sassone-Corsi M, Raffatellu M. 2015 No vacancy:
how beneficial microbes cooperate with immunity
to provide colonization resistance to pathogens.
J. Immunol. 194, 4081–4087. (doi:10.4049/
jimmunol.1403169)

14. Hassani MA, Durán P, Hacquard S. 2018 Microbial
interactions within the plant holobiont. Microbiome
6, 58. (doi:10.1186/s40168-018-0445-0)

15. Hsu SB. 1982 On a resource based ecological
competition model with interference. J. Math. Biol.
12, 45–52. (doi:10.1007/BF00275202)

16. Mercado-Blanco J, Bakker PAHM. 2007 Interactions
between plants and beneficial Pseudomonas spp.:
exploiting bacterial traits for crop protection.
Antonie van Leeuwenhoek 92, 367–389. (doi:10.
1007/s10482-007-9167-1)

17. Ford SA, Kao D, Williams D, King KC. 2016 Microbe-
mediated host defence drives the evolution of
reduced pathogen virulence. Nat. Commun. 7,
13430. (doi:10.1038/ncomms13430)

18. Pickard JM, Zeng MY, Caruso R, Núñez G. 2017 Gut
microbiota: role in pathogen colonization, immune
responses, and inflammatory disease. Immunol. Rev.
279, 70–89. (doi:10.1111/imr.12567)

19. Freter R, Brickner H, Botney M, Cleven D, Aranki A.
1983 Mechanisms that control bacterial populations
in continuous-flow culture models of mouse large
intestinal flora. Infect. Immun. 39, 676–685.
(doi:10.1128/IAI.39.2.676-685.1983)

20. Ji P, Wilson M. 2002 Assessment of the importance
of similarity in carbon source utilization profiles
between the biological control agent and the
pathogen in biological control of bacterial speck of
tomato. Appl. Environ. Microbiol. 68, 4383–4389.
(doi:10.1128/AEM.68.9.4383-4389.2002)

21. Wei Z, Yang T, Friman VP, Xu Y, Shen Q, Jousset A.
2015 Trophic network architecture of root-associated
bacterial communities determines pathogen
invasion and plant health. Nat. Commun. 6, 8413.
(doi:10.1038/ncomms9413)

22. Theriot CM, Koenigsknecht MJ, Carlson PE, Hatton
GE, Nelson AM, Li B, Huffnagle GB, Li JZ, Young VB.
2014 Antibiotic-induced shifts in the mouse gut
microbiome and metabolome increase susceptibility
to Clostridium difficile infection. Nat. Commun. 5,
3114. (doi:10.1038/ncomms4114)

23. Sprockett D, Fukami T, Relman DA. 2018 Role of
priority effects in the early-life assembly of the gut
microbiota. Nat. Rev. Gastroenterol. Hepatol. 15,
197–205. (doi:10.1038/nrgastro.2017.173)

24. Sicard JF, Bihan GL, Vogeleer P, Jacques M, Harel J.
2017 Interactions of intestinal bacteria with
components of the intestinal mucus. Front. Cell. Infect.
Microbiol. 7, 387. (doi:10.3389/fcimb.2017.00387)

25. Nairz M, Schroll A, Sonnweber T, Weiss G. 2010 The
struggle for iron – a metal at the host–pathogen
interface. Cell. Microbiol. 12, 1691–1702. (doi:10.
1111/j.1462-5822.2010.01529.x)

26. Verbon EH, Trapet PL, Stringlis IA, Kruijs S, Bakker
PAHM, Pieterse CMJ. 2017 Iron and immunity.
Annu. Rev. Phytopathol. 55, 355–375. (doi:10.1146/
annurev-phyto-080516-035537)

27. Ribet D, Cossart P. 2015 How bacterial pathogens
colonize their hosts and invade deeper tissues.
Microbes Infect. 17, 173–183. (doi:10.1016/j.micinf.
2015.01.004)

28. Taiz L, Zeiger E, Møller IM, Murphy A. 2018
Fundamentals of plant physiology, 1st edn. Oxford,
UK: Oxford University Press.

29. Winter SE et al. 2010 Gut inflammation provides a
respiratory electron acceptor for Salmonella. Nature
467, 426–429. (doi:10.1038/nature09415)

30. Costello EK, Stagaman K, Dethlefsen L, Bohannan
BJM, Relman DA. 2012 The application of ecological
theory toward an understanding of the human
microbiome. Science 336, 1255–1262. (doi:10.1126/
science.1224203)

31. Shea K, Chesson P. 2002 Community ecology theory
as a framework for biological invasions. Trends Ecol.
Evol. 17, 170–176. (doi:10.1016/S0169-5347
(02)02495-3)

32. Jones ML, Rivett DW, Pascual-García A, Bell T. 2019
Productive bacterial communities exclude invaders.
bioRxiv, 2019.12.18.881102. (doi:10.1101/2019.12.
18.881102)

33. Brown SP, Le Chat L, De Paepe M, Taddei F. 2006
Ecology of microbial invasions: amplification allows
virus carriers to invade more rapidly when rare.
Curr. Biol. 16, 2048–2052. (doi:10.1016/j.cub.2006.
08.089)

34. Iwase T, Uehara Y, Shinji H, Tajima A, Seo H, Takada
K, Agata T, Mizunoe Y. 2010 Staphylococcus
epidermidis Esp inhibits Staphylococcus aureus
biofilm formation and nasal colonization. Nature
465, 346–349. (doi:10.1038/nature09074)

35. Chiu L, Bazin T, Truchetet ME, Schaeverbeke T,
Delhaes L, Pradeu T. 2017 Protective microbiota:
from localized to long-reaching co-immunity. Front.
Immunol. 8, 1678. (doi:10.3389/fimmu.2017.01678)

36. Miller EA, Beasley DE, Dunn RR, Archie EA.
2016 Lactobacilli dominance and vaginal pH:
why is the human vaginal microbiome unique?
Front. Microbiol. 7, 1936. (doi:10.3389/fmicb.
2016.01936)

37. Brotman RM. 2011 Vaginal microbiome and sexually
transmitted infections: an epidemiologic
perspective. J. Clin. Invest. 121, 4610–4617. (doi:10.
1172/JCI57172)

38. Levin BR. 1988 Frequency-dependent selection in
bacterial populations. Phil. Trans. R. Soc. Lond. B
319, 459–472. (doi:10.1098/rstb.1988.0059)

39. Smits WK, Lyras D, Lacy DB, Wilcox MH, Kuijper EJ.
2016 Clostridium difficile infection. Nat. Rev. Dis.
Prim. 2, 16020. (doi:10.1038/nrdp.2016.20)

40. Lev-Sagie A et al. 2019 Vaginal microbiome
transplantation in women with intractable bacterial
vaginosis. Nat. Med. 25, 1500–1504. (doi:10.1038/
s41591-019-0600-6)

41. Holt RD. 1977 Predation, apparent competition, and
the structure of prey communities. Theor. Popul.
Biol. 12, 197–229. (doi:10.1016/0040-5809
(77)90042-9)

42. Chesson P. 2013 Species competition and predation.
In Ecological systems (ed. R Leemans), pp. 223–256.
New York, NY: Springer.

43. Barr JJ et al. 2013 Bacteriophage adhering to mucus
provide a non-host-derived immunity. Proc. Natl
Acad. Sci. USA 110, 10 771–10 776. (doi:10.1073/
pnas.1305923110)

44. Duerkop BA. 2018 Bacteriophages shift the focus of
the mammalian microbiota. PLoS Pathog. 14,
e1007310. (doi:10.1371/journal.ppat.1007310)

45. Lawrence D, Baldridge MT, Handley SA. 2019
Phages and human health: more than idle

http://dx.doi.org/10.1126/science.1058879
http://dx.doi.org/10.1126/science.1058879
http://dx.doi.org/10.1103/RevModPhys.69.1219
http://dx.doi.org/10.1103/RevModPhys.69.1219
http://dx.doi.org/10.1056/NEJMp1113569
http://dx.doi.org/10.1056/NEJMp1113569
http://dx.doi.org/doi:10.1086/342131
http://dx.doi.org/doi:10.1086/342131
http://dx.doi.org/10.1146/annurev-ento-010715-023924
http://dx.doi.org/10.1146/annurev-ento-010715-023924
http://dx.doi.org/10.1146/annurev-ento-010715-023924
http://dx.doi.org/10.1146/annurev-ento-010715-023924
http://dx.doi.org/10.1126/science.aar3932
http://dx.doi.org/10.1126/science.aar3932
http://dx.doi.org/10.1111/j.1752-4571.2008.00059.x
http://dx.doi.org/10.1016/j.tim.2016.06.011
http://dx.doi.org/10.1016/j.chom.2019.05.001
http://dx.doi.org/10.1016/j.cub.2019.04.024
http://dx.doi.org/10.1016/j.cub.2019.04.024
http://dx.doi.org/10.1016/j.coi.2014.03.003
http://dx.doi.org/10.4049/jimmunol.1403169
http://dx.doi.org/10.4049/jimmunol.1403169
http://dx.doi.org/10.1186/s40168-018-0445-0
http://dx.doi.org/10.1007/BF00275202
http://dx.doi.org/10.1007/s10482-007-9167-1
http://dx.doi.org/10.1007/s10482-007-9167-1
http://dx.doi.org/10.1038/ncomms13430
http://dx.doi.org/10.1111/imr.12567
http://dx.doi.org/10.1128/IAI.39.2.676-685.1983
http://dx.doi.org/10.1128/AEM.68.9.4383-4389.2002
http://dx.doi.org/10.1038/ncomms9413
http://dx.doi.org/10.1038/ncomms4114
http://dx.doi.org/10.1038/nrgastro.2017.173
http://dx.doi.org/10.3389/fcimb.2017.00387
http://dx.doi.org/10.1111/j.1462-5822.2010.01529.x
http://dx.doi.org/10.1111/j.1462-5822.2010.01529.x
http://dx.doi.org/10.1146/annurev-phyto-080516-035537
http://dx.doi.org/10.1146/annurev-phyto-080516-035537
http://dx.doi.org/10.1016/j.micinf.2015.01.004
http://dx.doi.org/10.1016/j.micinf.2015.01.004
http://dx.doi.org/10.1038/nature09415
http://dx.doi.org/10.1126/science.1224203
http://dx.doi.org/10.1126/science.1224203
http://dx.doi.org/10.1016/S0169-5347(02)02495-3
http://dx.doi.org/10.1016/S0169-5347(02)02495-3
http://dx.doi.org/10.1101/2019.12.18.881102
http://dx.doi.org/10.1101/2019.12.18.881102
http://dx.doi.org/10.1016/j.cub.2006.08.089
http://dx.doi.org/10.1016/j.cub.2006.08.089
http://dx.doi.org/10.1038/nature09074
http://dx.doi.org/10.3389/fimmu.2017.01678
http://dx.doi.org/10.3389/fmicb.2016.01936
http://dx.doi.org/10.3389/fmicb.2016.01936
http://dx.doi.org/10.1172/JCI57172
http://dx.doi.org/10.1172/JCI57172
http://dx.doi.org/10.1098/rstb.1988.0059
http://dx.doi.org/10.1038/nrdp.2016.20
http://dx.doi.org/10.1038/s41591-019-0600-6
http://dx.doi.org/10.1038/s41591-019-0600-6
http://dx.doi.org/10.1016/0040-5809(77)90042-9
http://dx.doi.org/10.1016/0040-5809(77)90042-9
http://dx.doi.org/10.1073/pnas.1305923110
http://dx.doi.org/10.1073/pnas.1305923110
http://dx.doi.org/10.1371/journal.ppat.1007310


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

375:20190592

9
hitchhikers. Viruses 11, 587. (doi:10.3390/
v11070587)

46. Gerardo NM, Parker BJ. 2014 Mechanisms of
symbiont-conferred protection against natural
enemies: an ecological and evolutionary framework.
Curr. Opin. Insect Sci. 4, 8–14. (doi:10.1016/j.cois.
2014.08.002)

47. Vorburger C, Perlman SJ. 2018 The role of defensive
symbionts in host–parasite coevolution. Biol. Rev.
93, 1747–1764. (doi:10.1111/brv.12417)

48. Mejía LC et al. 2014 Pervasive effects of a dominant
foliar endophytic fungus on host genetic and
phenotypic expression in a tropical tree. Front.
Microbiol. 5, 479. (doi:10.3389/fmicb.2014.00479)

49. Selosse MA, Bessis A, Pozo MJ. 2014
Microbial priming of plant and animal
immunity: symbionts as developmental signals.
Trends Microbiol. 22, 607–613. (doi:10.1016/j.tim.
2014.07.003)

50. Lysenko ES, Lijek RS, Brown SP, Weiser JN. 2010
Within-host competition drives selection for the
capsule virulence determinant of Streptococcus
pneumoniae. Curr. Biol. 20, 1222–1226. (doi:10.
1016/j.cub.2010.05.051)

51. Diard M, Garcia V, Maier L, Remus-Emsermann MN,
Regoes RR, Ackermann M, Hardt WD. 2013
Stabilization of cooperative virulence by the
expression of an avirulent phenotype. Nature 494,
353–356. (doi:10.1038/nature11913)

52. Ford SA, King KC. 2019 Protective microbe enhances
colonisation of a novel host species by modifying
immune gene expression. bioRxiv, 857540. (doi:10.
1101/857540)

53. Schroeder BO. 2019 Fight them or feed them: how
the intestinal mucus layer manages the gut
microbiota. Gastroenterol. Rep. 7, 3–12. (doi:10.
1093/gastro/goy052)

54. Jack R, Du Pasquier L. 2019 Evolutionary concepts in
immunology. Cham, Switzerland: Springer
International Publishing.

55. Hammer TJ, Sanders JG, Fierer N. 2019 Not all
animals need a microbiome. FEMS Microbiol. Lett.
366, fnz117. (doi:10.1093/femsle/fnz117)

56. Sasse J, Martinoia E, Northen T. 2018 Feed your
friends: do plant exudates shape the root
microbiome? Trends Plant Sci. 23, 25–41. (doi:10.
1016/j.tplants.2017.09.003)

57. Jain A, Chakraborty J, Das S. 2020 Underlying
mechanism of plant–microbe crosstalk in
shaping microbial ecology of the rhizosphere. Acta
Physiol. Plant. 42, 8. (doi:10.1007/s11738-019-
3000-0)

58. Foster KR, Schluter J, Coyte KZ, Rakoff-Nahoum S.
2017 The evolution of the host microbiome as an
ecosystem on a leash. Nature 548, 43–51. (doi:10.
1038/nature23292)
59. Flint HJ. 2004 Polysaccharide breakdown by
anaerobic microorganisms inhabiting the
mammalian gut. Adv. Appl. Microbiol. 56, 89–120.
(doi:10.1016/S0065-2164(04)56003-3)

60. Byrd AL, Belkaid Y, Segre JA. 2018 The human skin
microbiome. Nat. Rev. Microbiol. 16, 143–155.
(doi:10.1038/nrmicro.2017.157)

61. Martín-Vivaldi M, Pena A, Peralta-Sánchez JM,
Sánchez L, Ananou S, Ruiz-Rodríguez M, Soler JJ.
2010 Antimicrobial chemicals in hoopoe preen
secretions are produced by symbiotic bacteria.
Proc. R. Soc. B 277, 123–130. (doi:10.1098/rspb.
2009.1377)

62. McLoughlin K, Schluter J, Rakoff-Nahoum S, Smith
AL, Foster KR. 2016 Host selection of microbiota via
differential adhesion. Cell Host Microbe 19,
550–559. (doi:10.1016/j.chom.2016.02.021)

63. Moran NA, Ochman H, Hammer TJ. 2019
Evolutionary and ecological consequences of gut
microbial communities. Annu. Rev. Ecol. Evol. Syst.
50, 451–475. (doi:10.1146/annurev-ecolsys-110617-
062453)

64. Matthews A, Pierce S, Hipperson H, Raymond B.
2019 Rhizobacterial community assembly patterns
vary between crop species. Front. Microbiol. 10,
581. (doi:10.3389/fmicb.2019.00581)

65. Rout ME. 2014 The plant microbiome. Adv. Bot. Res.
69, 279–309. (doi:10.1016/B978-0-12-417163-3.
00011-1)

66. Ley RE, Lozupone CA, Hamady M, Knight R, Gordon
JI. 2008 Worlds within worlds: evolution of the
vertebrate gut microbiota. Nat. Rev. Microbiol. 6,
776–788. (doi:10.1038/nrmicro1978)

67. Funkhouser LJ, Bordenstein SR. 2013 Mom knows
best: the universality of maternal microbial
transmission. PLoS Biol. 11, e1001631. (doi:10.
1371/journal.pbio.1001631)

68. Moeller AH, Suzuki TA, Phifer-Rixey M, Nachman
MW. 2018 Transmission modes of the mammalian
gut microbiota. Science 362, 453–457. (doi:10.
1126/science.aat7164)

69. Vannier N, Mony C, Bittebiere AK, Michon-Coudouel
S, Biget M, Vandenkoornhuyse P. 2018 A
microorganisms’ journey between plant generations.
Microbiome 6, 79. (doi:10.1186/s40168-018-0459-7)

70. Lawson MAE, O’Neill IJ, Kujawska M, Javvadi SG,
Wijeyesekera A, Flegg Z, Chalklen L, Hall LJ. 2020
Breast milk-derived human milk oligosaccharides
promote Bifidobacterium interactions within a single
ecosystem. ISME J. 14, 635–648. (doi:10.1038/
s41396-019-0553-2)

71. Franzenburg S, Walter J, Künzel S, Wang J, Baines
JF, Bosch TC, Fraune S. 2013 Distinct antimicrobial
peptide expression determines host species-specific
bacterial associations. Proc. Natl Acad. Sci. USA 110,
E3730–E3738. (doi:10.1073/pnas.1304960110)
72. Khare E, Mishra J, Arora NK. 2018 Multifaceted
interactions between endophytes and plant:
developments and prospects. Front. Microbiol. 9,
2732. (doi:10.3389/fmicb.2018.02732)

73. Magalhaes JG, Tattoli I, Girardin SE. 2007 The
intestinal epithelial barrier: how to distinguish
between the microbial flora and pathogens. Semin.
Immunol. 19, 106–115. (doi:10.1016/j.smim.2006.
12.006)

74. Gallo RL, Hooper LV. 2012 Epithelial antimicrobial
defence of the skin and intestine. Nat. Rev.
Immunol. 12, 503–516. (doi:10.1038/nri3228)

75. Heil M, Land WG. 2014 Danger signals – damaged-
self recognition across the tree of life. Front. Plant
Sci. 5, 578. (doi:10.3389/fpls.2014.00578)

76. Fitzpatrick CR, Copeland J, Wang PW, Guttman DS,
Kotanen PM, Johnson MTJ. 2018 Assembly and
ecological function of the root microbiome across
angiosperm plant species. Proc. Natl Acad. Sci. USA
115, E1157–E1165. (doi:10.1073/pnas.1717617115)

77. Wrangham R. 2009 Catching fire: how cooking made
us human, 1st edn. New York, NY: Basic Books.

78. Brune A, Dietrich C. 2015 The gut microbiota of
termites: digesting the diversity in the light of
ecology and evolution. Annu. Rev. Microbiol. 69,
145–166. (doi:10.1146/annurev-micro-092412-
155715)

79. Martin FM, Uroz S, Barker DG. 2017 Ancestral
alliances: plant mutualistic symbioses with fungi
and bacteria. Science 356, eaad4501. (doi:10.1126/
science.aad4501)

80. McFall-Ngai M. 2014 Divining the essence of
symbiosis: insights from the squid-vibrio model.
PLoS Biol. 12, e1001783. (doi:10.1371/journal.pbio.
1001783)

81. Sorbara MT, Pamer EG. 2019 Interbacterial
mechanisms of colonization resistance and the
strategies pathogens use to overcome them.
Mucosal Immunol. 12, 1–9. (doi:10.1038/s41385-
018-0053-0)

82. Kikuchi Y, Hayatsu M, Hosokawa T, Nagayama A,
Tago K, Fukatsu T. 2012 Symbiont-mediated
insecticide resistance. Proc. Natl Acad. Sci. USA 109,
8612–8622. (doi:10.1073/pnas.1200231109)

83. Ferguson BJ, Mens C, Hastwell AH, Zhang M, Su H,
Jones CH, Chu X, Gresshoff PM. 2019 Legume
nodulation: the host controls the party. Plant Cell
Environ. 42, 41–51. (doi:10.1111/pce.13348)

84. Wang B, Qiu YL. 2006 Phylogenetic distribution
and evolution of mycorrhizas in land plants.
Mycorrhiza 16, 299–363. (doi:10.1007/s00572-005-
0033-6)

85. Cosme M, Fernández I, Van der Heijden MGA,
Pieterse CMJ. 2018 Non-mycorrhizal plants: the
exceptions that prove the rule. Trends Plant Sci. 23,
577–587. (doi:10.1016/j.tplants.2018.04.004)

http://dx.doi.org/10.3390/v11070587
http://dx.doi.org/10.3390/v11070587
http://dx.doi.org/10.1016/j.cois.2014.08.002
http://dx.doi.org/10.1016/j.cois.2014.08.002
http://dx.doi.org/10.1111/brv.12417
http://dx.doi.org/10.3389/fmicb.2014.00479
http://dx.doi.org/10.1016/j.tim.2014.07.003
http://dx.doi.org/10.1016/j.tim.2014.07.003
http://dx.doi.org/10.1016/j.cub.2010.05.051
http://dx.doi.org/10.1016/j.cub.2010.05.051
http://dx.doi.org/10.1038/nature11913
http://dx.doi.org/10.1101/857540
http://dx.doi.org/10.1101/857540
http://dx.doi.org/10.1093/gastro/goy052
http://dx.doi.org/10.1093/gastro/goy052
http://dx.doi.org/10.1093/femsle/fnz117
http://dx.doi.org/10.1016/j.tplants.2017.09.003
http://dx.doi.org/10.1016/j.tplants.2017.09.003
http://dx.doi.org/10.1007/s11738-019-3000-0
http://dx.doi.org/10.1007/s11738-019-3000-0
http://dx.doi.org/10.1038/nature23292
http://dx.doi.org/10.1038/nature23292
http://dx.doi.org/10.1016/S0065-2164(04)56003-3
http://dx.doi.org/10.1038/nrmicro.2017.157
http://dx.doi.org/10.1098/rspb.2009.1377
http://dx.doi.org/10.1098/rspb.2009.1377
http://dx.doi.org/10.1016/j.chom.2016.02.021
http://dx.doi.org/10.1146/annurev-ecolsys-110617-062453
http://dx.doi.org/10.1146/annurev-ecolsys-110617-062453
http://dx.doi.org/10.3389/fmicb.2019.00581
http://dx.doi.org/10.1016/B978-0-12-417163-3.00011-1
http://dx.doi.org/10.1016/B978-0-12-417163-3.00011-1
http://dx.doi.org/10.1038/nrmicro1978
http://dx.doi.org/10.1371/journal.pbio.1001631
http://dx.doi.org/10.1371/journal.pbio.1001631
http://dx.doi.org/10.1126/science.aat7164
http://dx.doi.org/10.1126/science.aat7164
http://dx.doi.org/10.1186/s40168-018-0459-7
http://dx.doi.org/10.1038/s41396-019-0553-2
http://dx.doi.org/10.1038/s41396-019-0553-2
http://dx.doi.org/10.1073/pnas.1304960110
http://dx.doi.org/10.3389/fmicb.2018.02732
http://dx.doi.org/10.1016/j.smim.2006.12.006
http://dx.doi.org/10.1016/j.smim.2006.12.006
http://dx.doi.org/10.1038/nri3228
http://dx.doi.org/10.3389/fpls.2014.00578
http://dx.doi.org/10.1073/pnas.1717617115
http://dx.doi.org/10.1146/annurev-micro-092412-155715
http://dx.doi.org/10.1146/annurev-micro-092412-155715
http://dx.doi.org/10.1126/science.aad4501
http://dx.doi.org/10.1126/science.aad4501
http://dx.doi.org/10.1371/journal.pbio.1001783
http://dx.doi.org/10.1371/journal.pbio.1001783
http://dx.doi.org/10.1038/s41385-018-0053-0
http://dx.doi.org/10.1038/s41385-018-0053-0
http://dx.doi.org/10.1073/pnas.1200231109
http://dx.doi.org/10.1111/pce.13348
http://dx.doi.org/10.1007/s00572-005-0033-6
http://dx.doi.org/10.1007/s00572-005-0033-6
http://dx.doi.org/10.1016/j.tplants.2018.04.004

	Pathogen resistance may be the principal evolutionary advantage provided by the microbiome
	Introduction
	Pathogens compete with commensals to inhabit the host
	Natural selection favours hosts that cooperate with commensals to resist pathogens
	Host traits can influence microbial competition in favour of commensals over pathogens
	Regulation of available resources
	Preferentially harming pathogens

	Broader implications of cooperative immunity for host evolution
	New evolutionary opportunities from more effective and efficient pathogen defence
	Initiation of strong associations and long-term co-evolution between hosts and specific microbes

	Pathogen resistance: the principal evolutionary advantage of the microbiome?
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References


