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Existing paradigms for plant microevolution rarely acknowledge the
potential impacts of diverse microbiomes on evolutionary processes. Many
plant-associated microorganisms benefit the host via access to resources,
protection from pathogens, or amelioration of abiotic stress. In doing so,
they alter the plant’s perception of the environment, potentially reducing
the strength of selection acting on plant stress tolerance or defence traits
or altering the traits that are the target of selection. We posit that the micro-
biome can affect plant microevolution via (1) manipulation of plant
phenotypes in ways that increase plant fitness under stress and (2) direct
microbial responses to the environment that benefit the plant. Both mechan-
isms might favour plant genotypes that attract or stimulate growth of the
most responsive microbial populations or communities. We provide support
for these scenarios using infectious disease and quantitative genetics models.
Finally, we discuss how beneficial plant–microbiome associations can evolve
if traditional mechanisms maintaining cooperation in pairwise symbioses,
namely partner fidelity, partner choice and fitness alignment, also apply to
the interactions between plants and diverse foliar and soil microbiomes.
To understand the role of the plant microbiome in host evolution will require
a broad ecological understanding of plant–microbe interactions across both
space and time.

This article is part of the theme issue ‘The role of the microbiome in host
evolution’.
1. Introduction
Diverse microorganisms can influence plant responses to environmental stress
in an apparently beneficial manner. For example, endophytes from salt- or heat-
stressed environments increase plant fitness under stressed conditions [1] and
soil microbial communities that evolved under drought increase plant drought
tolerance [2].

While these examples suggest that microbiomes can maintain plant fitness
under stress, potentially indicating a novel mechanism of plant adaptation
to stress, why plants would rely on diverse symbionts remains a significant
problem for the evolution of cooperation. Theory developed over the last several
decades has identified basic mechanisms for the evolution and maintenance
of cooperation. Cooperation is easy to explain when the interacting partners
are co-transmitted across generations (known as partner fidelity). It is more prob-
lematicwhen cooperators re-associate horizontally each generation [3] and include
multiple species. Yet, such plant–microbiome evolutionary outcomes may have
far-reaching ramifications because they point to the possibility of interspecies
symbioses, involving many players, arising in many diverse contexts.

Here, we address some aspects of this beneficial-microbiome problem with
simple mathematical models. The goal is to understand how a beneficial micro-
organism or a community of beneficial microorganisms can come to routinely
colonize and benefit host fitness responses to environmental stress. Previous
work addressed this problem by treating a complex microbiome as a single
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unit subject to evolution, with its own properties of variation
and inheritance [4]. We instead simplify the process by asking
how interactions between the plant host and a single micro-
organism can evolve to benefit the host, an approach that
seems justified from examples in which a single microorganism
or a single microbe-provided function has profound benefit to
the plant. The models take two forms and address somewhat
different questions. Our first set of models is directed at how
a beneficial microorganism can evolve an association with the
host and be maintained. The microorganism is treated as an
infectious agent, and the host can evolve to allow or block
the infection. The second modelling effort is directed at the
more basic question of why a plant might evolve to rely on a
microorganism for its ‘adaptation’ instead of merely evolving
directly in response to the environmental stress.

(a) Biological motivation
In anticipation of the models that follow, we describe the
biology that underlies processes by which plant–microbe
interactions that improve plant stress responses may arise.
Our focus on stress does not preclude the relevance of these
arguments for other contexts for beneficial symbioses.

(i) Intrinsically aligned benefits (or by-product cooperation)
Certain properties may make microorganisms more likely to
survive and reproduce under stress. In cases where these
same microbial traits either directly benefit plants or modify
the environment in ways that benefit plants, microbial and
plant fitness are aligned, and the microbial benefit to the
plant host is a happy accident of stress-induced selection that
favours certainmicrobial traits. One such trait might be biofilm
production. Biofilm-producing bacteria perform well under
low soil moisture [5], but also could potentially reduce water
loss from plant roots [6]. As another example, root fungal
endophytes in drought-stressed plants synthesize anti-stress
biochemicals, including osmolytes and antioxidants, that
reduce plant wilting and enhance growth [7]. While these
cases illustrate how microorganisms might promote host
plant fitness under stress, no evolutionary change in the host
is required (i.e. this mechanism does not meet the strict defi-
nition of adaptation), although one might predict that in such
cases selection might favour traits that promote interactions
with beneficial microbes.

(ii) Coevolution
Cooperative exchanges can also arise in the absence of aligned
benefits [8]. One such process starts with the release of a sub-
stance by one species (the donor) that coincidentally benefits
another species (the recipient). Under appropriate conditions
of spatial structure and limited diffusion, the recipient species
may then evolve to reciprocate and benefit the donor—
provided that the donor responds by releasing an even greater
benefit to the recipient. The exchange may then elaborate
through an ongoing coevolution of both species. Many classic
examples of mutualistic plant–microbe interactions are strict
pairwise coevolved interactions between a plant host and a
single microbial taxon, often involving the exchange of nutri-
ents or other services (e.g. defence). In these interactions, the
evolution of one partner affects selection on the other partner
and interactions are often maintained through complex signal-
ling pathways, many of which alter gene expression in one or
both partners [9]. Diverse microorganisms also have been
shown to manipulate plant gene expression in numerous
ways, oftenvia complex signals that stimulate plant biochemical
pathways [10]. Thesemicrobial effects on plant traits may be the
product of selection for plants to eavesdrop on their microbial
partners when microorganisms are better predictors of future
environmental conditions than other environmental cues [11].
Selection might also act on plant traits that attract microorgan-
isms with large phenotypic effects if the microbial effects are
larger than those allowed solely by plant genetic change. In
this case, coevolutionary dynamics may result if improved
plant stress responses feed back to benefit microorganisms,
resulting in selection favouring microorganisms producing
stronger signals or greater phenotypic effects on plants.

Both aligned benefits and coevolutionary mechanisms
have the potential to change plant phenotypes rapidly and,
in some cases, to a greater extent than plant genetics alone.
Inoculation with different soil microbial communities altered
Boechera stricta flowering time by up to approximately 5 days
and did so consistently across 48 plant genotypes, despite sig-
nificant genetic variation for flowering time [12]. Similarly, in
three generations of selection, Brassica rapa failed to evolve
accelerated flowering times in response to drought, but micro-
organisms from dry environments caused plants to flower
approximately 5 days earlier, whereas plastic plant responses
to current drought stress only accelerated flowering by
approximately 3 days [2]. Although these microbe-induced
shifts in flowering time phenotypes might sound small inmag-
nitude, the B. rapa population studied is rapid cycling and
goes from seed to seed in approximately 40 days. A delay of
even a few days can have large consequences for productivity
and fitness.

More generally, microbiome effects on plant stress
responses and plant adaptation have received increasing atten-
tion; however, limited theory has been developed to predict
when and how such effects are likely to occur. It is also unclear
whether the extensive theory developed for tightly coevolved
symbioses applies to plants interacting with diverse, horizon-
tally transmitted microbial communities that occupy roots
and leaves. Plant microbiomes have the potential to open up
new mechanisms of plant adaptation given the wide array of
gene functions available to microorganisms, high functional
redundancy in microbial populations that could promote resi-
lience of both the host andmicrobiome in the face of stress, and
the ubiquitous nature of plant–microbe interactions.

Here, we consider how plants can adapt to a novel environ-
ment chiefly by symbiont acquisition, rather than by a direct
genetic response to the environment. A priori, there are two
general processes by which beneficial plant–microbe inter-
actions may become prevalent: infectious and genetic. Both
may be involved in any system, but wemodel them separately.
2. Infectious models for the spread of beneficial
microorganisms

We use an epidemiological or ‘infectious’ model to investi-
gate how and when an infectious process—a symbiont
colonizing a host—will lead to a population-wide association
between a beneficial microorganism and its host. This model-
ling has three stages. The first stage merely assumes that an
infectious microorganism exists, and the model describes
how extensively it may spread in a population of sensitive
plants—a process that is purely demographic without



Table 1. Model variables and parameters for equations (2.1)–(2.4).

notation description

variables

Pu density of plants lacking symbionts

Pi density of plants infected with symbionts

S density of free-living symbionts
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evolution. This process works similarly for a beneficial sym-
biont or for a (moderately) harmful one, leading to an
abundance of symbiont-associated plants. The second stage
considers that only some plants are susceptible to infection
by the microorganism and addresses the evolution of plant
susceptibility; this stage has different consequences for a ben-
eficial versus a harmful microbe. Stage three considers the
possibility that some microbial variants are not beneficial
and evaluates which strains evolve, and why.
Pr density of plants resistant to symbiont infection

parametersa

bp birth rate of plants (born uninfected)

bs birth rate of symbionts per infected plant

β infection rate parameter

du death rate of uninfected plants

di death rate of symbiont-infected plants

ds death rate of free symbiont

dr death rate of symbiont-resistant plants
aParameter values are fixed throughout a run. Values used in numerical
trials are given in the figure legends.
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(a) Model 1: an infectious symbiont altering the fitness
of its host

An infectious process, with the symbiont invading the host
population, can be illustrated with a differential equation
model similar to those used in epidemiology [13] and
phage growth [14]. Our assumptions are

(1) Uninfected (naive) plants lack symbionts. Uninfected
plants are lost through death and through colonization
by symbionts, which converts them into infected plants.
Births occur at a fixed rate and are always of naive plants.

(2) If acquired by the plant, symbionts affect plant death
rate. A beneficial symbiont lowers the death rate below
that of uninfected plants; a harmful one increases it. We
are interested in how the dynamics differ when the sym-
biont is beneficial versus harmful. Biologically, beneficial
symbionts might pre-exist in stressful environments
when the traits allowing the symbionts to persist under
those stressors also benefit associated host plants (e.g.
biofilms)—a case of intrinsically aligned benefits.

(3) Infected plants come into existence only through sym-
biont colonization (infection) of naive plants; no plants
are born infected. Infected plants are lost only through
death—there is no recovery back to an uninfected state.

(4) Free-living symbionts are born from infected plants. They
are lost through infection of naive plants and through death.

These processes are represented by the following set of
equations (2.1). For tractability, we assume that the infection
process follows ‘mass action,’ reasonable for developing intui-
tion; spatially structured spread would be more biologically
accurate but not nearly so tractable for intuition, and the gen-
eral features of evolution and dynamics are not likely to be
qualitatively misled by mass action. The notation is given in
table 1; all variables are functions of time and non-negative; a
superior dot (˙) indicates a derivative with respect to time.

_Pu ¼ bp � bSPu � duPu

_Pi ¼ bSPu � diPi

and _S ¼ bsPi � bSPu � dsS:

9>>>=
>>>;

ð2:1Þ

The equilibrium for this system (with all variables and
parameters positive) is

Ŝ ¼ bbpbs � bbpdi � diduds
bdids

P̂u ¼ dids
bðbs � diÞ

and P̂i ¼
bbpbs � bbpdi � diduds

bdiðbs � diÞ ,

9>>>>>>>>=
>>>>>>>>;

ð2:2Þ
the ^ indicating a steady-state value. This equilibrium exists
and is biologically meaningful for reasonable parameter
values (e.g. birth rates substantially greater than death
rates). Of particular interest is the expected ratio of infected
to naive plants,

P̂i

P̂u
¼ bbp(bs � di)� dudids

d2i ds
, ð2:3Þ

which will be positive and quite large, with a sufficient
magnitude of β and bs > di.

In trials (figure 1), the symbiont quickly infects virtually
the entire plant population, regardless of whether the sym-
biont is beneficial or harmful; uninfected plants persist only
as newborns. This behaviour is straightforward and highly
intuitive, although noteworthy in that it contrasts with
some infectious disease models where uninfected hosts
often remain a large fraction of all hosts [13]. Here and in
standard disease models, persistence of high levels of unin-
fected hosts depends on recovery (absent here) and the
effect of symbiont/parasite on host death rate, with a greater
host benefit leading to a higher ratio of symbiont-infected to
uninfected hosts (equation (2.3) and figure 1). Thus, although
it seems that a beneficial symbiont might experience much
more favourable dynamics than a (moderately) harmful
one, a harmful one can also sweep the population, provided
host survival is not profoundly compromised.
(b) Model 2: adding plant evolution to the
infectious model

The epidemic model shows that a susceptible plant population
can quickly be overwhelmed by an infectious symbiont,
whether the symbiont is good or bad for the plant. All plants
may not be susceptible initially, however. How might a sym-
biont-sensitive plant evolve if most of the plant population is
resistant to colonization by the symbiont? A simple addition
to model (1) reveals one possible evolutionary process: com-
petition between symbiont-sensitive and symbiont-resistant
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Figure 1. Two numerical trials of equation (2.1). The dynamics quickly have
symbiont-infected plants displace nearly all uninfected plants, regardless of
whether the symbiont is beneficial (a) or is harmful to the plant (b). The
process is fundamentally the same as infectious disease dynamics (for the
case of no recovery from infection). Uninfected plants are maintained because
all newborn plants are uninfected, but the levels at which uninfected plants
are maintained is low and not evident on the scale shown. Symbiont density
increases from the output of infected plants, which in turn boosts infected
plant density. Time could be treated as weeks, but parameter values were
chosen for illustration, not to fit any system; dynamics out to time 5000
merely show continued approach to equilibrium. (a) The symbiont is ben-
eficial to the plant: death rate is lower (half that) for infected than for
uninfected plants. The equilibrium ratio of symbiont-infected to uninfected
plants is nearly 5 × 109 (from equation (2.3)). Parameter values: bp = 105,
bs = 3, β = 0.0005, du = 0.008, di = 0.004, ds = 0.002. Initial densities:
Pu = 800 000, Pi = 0, S = 10. (b) The same parameter values as in (a),
except the symbiont is now harmful: the death rate of infected plants (di)
is increased 100-fold to 0.4. Densities of free symbionts and symbiont-
infected plants are lower, and the equilibrium level of symbiont-infected
to uninfected plants is approximately 4 × 105, much lower than in (a),
but still high. Thus, a harmful symbiont can invade with a qualitatively
similar dynamical effect to a beneficial symbiont. (Online version in colour.)
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plants, affected only by the impact of symbiont acquisition.
The revised model in equations (2.4) merely adds one new
equation for the symbiont-resistant plant (Pr) (table 1) and
now partitions plant births between sensitive and resistant
plants in proportion to the current abundance of each type

_Pu ¼ bp
Pi þ Pu

Pi þ Pr þ Pu

� �
� bSPu � duPu,

_Pi ¼ bSPu � diPi,

_Pr ¼ bp
Pr

Pi þ Pr þ Pu

� �
� drPr

and _S ¼ bsPi � bSPu � dsS:

9>>>>>>>>>>=
>>>>>>>>>>;

ð2:4Þ
Equilibria are no longer straightforward, but some special
cases are easily analysed. If the population of hosts is stable
(N = Pu + Pi + Pr), with X = Pu + Pi, equation (2.4) yields

_X ¼ bp
X
N

� drX þ D(Pr,Pi) ¼ X
bp
N

� dr

� �
þ D(Pr,Pi)

_Pr ¼ bp
Pr

N
� drPr ¼ Pr

bp
N

� dr

� �
,

9>>>=
>>>;

ð2:5Þ
where the function δ(Pr,Pi) = Pu(dr− du) + Pi(dr− di). If δ(Pr,
Pi) = 0, it is easily seen that resistant and sensitive plant types
grow at the same rate and thus are equally fit. For example,
δ(Pr,Pi) = 0 if dr = du = di. If the only death rate that differs is
di, then resistant plants will evolve if the symbiont is beneficial
(di < dr, du) and not if it is harmful (di > dr, du). Thus, aswemight
expect for simple cases, plants are selected to accept beneficial
symbionts and resist harmful ones. Although a harmful sym-
biont can sweep the population, the plant is selected to block
it. Limited simulations support these outcomes.
(c) Model 3: adding symbiont evolution to the
infectious model

The crux to many problems in the evolution of cooperation is
the maintenance of cooperation against invasion by ‘chea-
ters’—individuals that usurp benefits from the partner but
provide nothing in return. In the context of our biological prob-
lem, this would be evolution of a microorganism that offers no
benefit while taking resources from the plant. This question is
one of the evolution of parasite virulence, for which there is a
moderately expansive theoretical literature [15].

Expanding our model to this process requires five
equations: one for a beneficial microorganism, one for a
non-beneficial microorganism, one for uninfected plants,
and one each for plants infected by each microorganism (elec-
tronic supplementary material, appendix S1, disallowing co-
infection of plants by both microorganisms). Again, all fitness
effects of the microorganism on the plant are through survival
(the model could be reformulated to have the symbiont affect
fecundity). Numerical trials suggest that, if the symbionts
differ only in their effect on plant survival, the more beneficial
microorganism evolves, thus maintaining the mutual benefit.
Combining these results with those of the previous models,
the evolutionary interests of plants and microbes are aligned:
plants are selected to accept only beneficial symbionts, and
symbionts are selected to benefit the plant (but see below).
(d) Biological appraisal of the infectious models
In sequential fashion, the models show that it is easy for a
horizontally transmitted symbiont to invade and spread
throughout a sensitive host population. Furthermore, accep-
tance of the symbiont is selected when the microorganism
is beneficial to the plant, not when it is harmful. The chal-
lenge is the usual one in the maintenance of cooperation in
horizontally transmitted associations: suppression of chea-
ters. Our third model shows that beneficial symbionts
displace those that harm the host—under some conditions,
at least when there are no pleiotropic effects of differences
in symbiont benefit.

At face value, this last result contradicts the consensus in
the evolution of virulence literature, which shows that
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virulent infections are often favoured—the symbiont/para-
site evolves to harm the host [15]. A key difference between
our model and evolution of virulence models is that we
allowed the symbiont to vary in only one trait, its effect on
host survival. Evolution of virulence models specify covaria-
tion in two traits, transmission and effect on the host, with a
trade-off in which higher transmission causes increased
harm. Virulence to the host is always bad for the parasite,
but it can be offset by gains in parasite transmission. Allow-
ing our symbiont to increase transmission while reducing its
benefit could also lead to evolution of harm, depending on
parameter values. Thus our model merely applies to a differ-
ent kind of symbiont from those in virulence models, one that
can benefit the host at the same time it transmits; those types
of symbionts appear to exist. Indeed, the intrinsically aligned
benefits model satisfies this property.

Of course, in the myriad of microbes that a plant encoun-
ters as potential symbionts, most will not be so benevolent:
many microbes will be outright harmful, and others that
could be or are initially beneficial will be selected towards
harm once they develop an association with the plant. The
plant faces a special challenge in maintaining the benefit
from this latter category of symbiont, because it may be diffi-
cult for the plant to interact with the beneficial mutants while
avoiding harmful mutants of the same species. As noted
above, our model does not address this category of symbiont,
and it may be an important one.

If harmful symbionts can indeed evolve, what factors could
promote the evolutionary maintenance of beneficial micro-
biomes against harmful ones? We suggest two possibilities to
this challenge, both standard ones. One solution is ‘partner
choice’—the plant discriminates against less beneficial or
detrimental symbionts [3]. It is not clear how feasible such dis-
crimination is, and it would certainly involve an arms race
between theplant and symbiont as cheaters acquire signals char-
acterizing high-quality symbionts, reducing a plant’s ability to
differentiate between them. However, sanctioning or reducing
resources allocated to low-quality symbionts after infection
may be more likely (sometimes considered a negative form of
partner choice). A second possibility is that, despite the horizon-
tal acquisition of microbiomes, partner fidelity operates on a
long enough time scale (the plant’s lifetime) to maintain the
mutual benefit. This model is especially plausible when the
association enables the plant to survive in an otherwise lethal
environment. Itmayalsobe relevant that the symbiontmaycolo-
nize the host soon after seed germination, potentially facilitating
a many-fold increase in host survival, size and reproduction,
also promoting massive increases in symbiont fecundity. The
model does not explain why harmful endophytes do not
invade the mutualism once established; likely other processes
are at work, perhaps microbe–microbe interactions.
3. Forces promoting microbiome-mediated
adaptation: partner fidelity, partner choice
and intrinsically shared benefits

We alluded to three potential mechanisms that can limit chea-
ters and result in microbiome-mediated host adaptation:
partner fidelity, partner choice and intrinsically aligned
benefits. Here, we discuss evidence for and against these
mechanisms in diverse plant microbiomes in contrast to
what is known from coevolved mutualisms.
(a) Partner fidelity
We have little understanding of the degree of repeated inter-
actions in diverse microbiomes. Nevertheless, when repeated
interactions do occur, plants engaged in interactions with par-
ticularly beneficial microbial communities should experience
increased growth, resulting in more resources available
to those microbial communities. Over time, such repeated
interactions can create a mutually beneficial cycle through
partner-fidelity fitness feedbacks that serve to increase
the frequency of beneficial microbial communities and the
plants best able to interact with them [16].

Vertical transmission is considered the primary mechanism
supporting partner fidelity. While the majority of the plant
microbiome is horizontally transmitted, a small number of
endophytes are inherited through plant seed or via a mixture
of the two transmission pathways [17]. Yet vertical transmission
is often imperfect even in classic cases such as Epichloë fungi
in cool-season grasses, with the rate of transmission to
progeny controlled by host genotype and environment [18].
New evidence that some common soil microbial taxa also
occupy seeds suggests the potential for broader vertical trans-
mission [19]; however, their transmission via seed appears to
be low [20]. Thus, partner fidelity in the form of vertical
transmission is unlikely to broadly support host adaptation
via its microbiome.

Nevertheless, partner fidelity can occur through other
mechanisms that mimic vertical transmission by resulting in
repeated interactions across generations, including forces that
promote spatial structure in both plant and microbial popu-
lations (e.g. limited dispersal and strong location-specific
effects on microbial communities or plant genotypes), and
host genetic control. In cases where the spatial scales of both
plant and microbial dispersal are small, offspring plants may
be more likely to form associations with the same microbial
communities as their parental genotypes. Although microbial
dispersal and colonization dynamics remain poorly under-
stood, there is a growing body of evidence suggesting that
microbial dispersal can be geographically limited [21]. For
example, ectomycorrhizal fungi form spatially structured
hyphal networks in soil that can persist beyond the life of indi-
vidual trees, thus creating the potential for high heritability
provided that plant dispersal is also limited [22]. These net-
works often consist of a limited number of fungal species
and genotypes [23] that benefit survival, growth, and stress tol-
erance of new seedlings [24]. In Pinus pisaster, location affected
root ectomycorrhizal community composition more so than
host genotype, suggesting that the fungal networks in different
environments are an important controller of associations in
each host generation [25]. However, in some cases, the ectomy-
corrhizal networks vary spatially through time [26], which
points to a combination of fidelity and choice mechanisms
(see §3b).

Strong host genetic control of the microbiome may also act
as a formof partner fidelity. For example, Pinus edulisgenotypes
that differ in drought tolerance maintain different root ectomy-
corrhizal communities even when reciprocally inoculated [27].
Genotype–microbiome associations were also found in Arabi-
dopis thaliana and associated with plant genes related to cell
wall integrity [28,29]. However, it is not clear that host genotype
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is an effective means of maintaining fidelity in diverse micro-
biomes. When multiple locations and years are considered,
fewer than approximately 12% of microbial taxa were geno-
type-associated in Arabidopsis [30]. Similarly, in maize, only a
small portion of the leaf and root microbiomes appear to be
heritable, with large genotype by environment interactions
[31,32]. These genotype by environment interactions may
indicate fidelity of only a small number of taxa, withmany tran-
sient or opportunistic colonizers. However, they also suggest
that plants could potentially associate preferentially with
microorganisms that are particularly advantageous in one
environment or another, likely via partner choice.
 tb

Phil.Trans.R.Soc.B
375:20190590
(b) Partner choice
In a diverse microbiome community, rewards and sanctioning
can occur if plants respond to spatial variation in microbial
community benefit with increased resource allocation, as
observed for rhizobia nodules with different levels of nitrogen
fixation [33] and for arbuscular mycorrhizal fungi that provide
different amounts of phosphorus [34]. Themechanisms of how
plants detect and preferentially allocate resources to beneficial
symbionts in a diverse, mixed community is less clear than
for specific taxa with coevolved signalling mechanisms, par-
ticularly when microbial taxa with different benefits coexist
in close proximity. However, partner choice could occur at
two levels: (1) preferential allocation to plant organs associated
with more cooperative microbial communities compared with
other plant organs associated with less cooperative microbial
communities, or (2) preferential allocation to more cooperative
taxa within the microbial community even within the same
plant organ. Models of host discrimination have identified
conditions under which coexisting mixtures of mutualists
and non-mutualists can be maintained, such as when host
preferential allocation to plant organs is a saturating function
of mutualist density [35]. Empirical tests are still needed to
document plant preferential allocation or sanctioning of diverse
microbial communities both at the level of the whole commu-
nityand at that of specificmicrobial taxawithin the community.

Some host plants can select microbial partners via active
recruitment from available species pools. Most known active
recruitment of microorganisms by plants is via chemical
attractants or inhibitors. Differential chemotaxis by rhizobial
strains to bulk root exudates of different plants has been
recognized for some time [36]. More recently, specific rhizo-
sphere metabolites have been identified as drivers of root
colonization. In Arabidopsis, for example, microbial commu-
nity assembly is dependent on salicylic acid [37]. Similarly,
salicylic and other aromatic organic acids appear to be pre-
ferred by rhizobacteria associated with the annual grass
Avena barbata, and their exudation patterns drive microbial
succession in the rhizosphere [38]. The ability to chemically
attract beneficial taxa or repel non-beneficial taxa should sup-
port preferential, beneficial associations via specific functions
that may be independent of microbial identity per se. In maize
leaves, for example, only five bacterial clades but 200 meta-
bolic functions were heritable [32]. Given that different host
exudates stimulate the growth of different microbial taxa,
shifts in exudate profiles may be one potential mechanism
for partner choice [38], although such chemical signals also
may be subject to cheating if non-beneficial or even antagon-
istic symbionts cue in on these same signals or prefer the
same substrates.
(c) Intrinsically aligned benefits
Plant andmicrobiome fitness also might be expected to become
aligned when microbial traits promote both host and micro-
organism fitness. Cases where host and microbial fitness are
not aligned, as for microbial taxa where the host is only one of
many habitats, may disrupt adaptive trajectories. However, we
argue that the high functional redundancy in diverse microbial
communities leads to decoupling of taxonomy from function
[39] and may, therefore, mitigate these constraints. Functional
redundancy is well known in microbial communities such as
soils, where high spatial heterogeneity in the habitat combined
with phylogenetic niche conservatism are likely to support func-
tional overlap among microbial lineages [40]. High levels
of functional redundancywere also found in tropical tree phyllo-
spheres,with approximately 50%ofmicrobial protein functional
domains shared across four different host species despite high
taxonomicdivergence [41].Weare onlybeginning tounderstand
function in host-associatedmicrobiomeswith horizontally trans-
mitted taxa [42], but we expect functional redundancy will play
an important role. In particular, functional redundancy in the
microbial community will allow host selection on microbiome
function rather than taxa per se. Redundancy may, therefore,
rescue microbiome effects on host adaptation that might not
occur if relying on taxon-specific interactions.
4. Context-dependence and host adaptation via
microbiomes

Both partner choice and partner fidelity are well-studied mech-
anisms explaining the maintenance of coevolved pairwise
mutualisms that can also apply to diverse microbiomes. Never-
theless, the efficacy of both choice and fidelity is likely
weakened when microbiome effects depend on environmental
conditions and when microbiome composition is spatially
and temporally variable. Similarly, while intrinsically aligned
benefits could also explain howmicrobiomes can bemutualistic
under stress, fitness alignment is likely susceptible to this same
variation in microbial community function and composition.

(a) Plasticity and environmental context
One of the biggest challenges in diverse plant microbiomes is
that broad functional plasticity in microorganisms results in
the outcome of particular plant–microbiome associations
depending on environmental conditions. Many plant–microbe
interactions are context-dependent and range frommutualistic
to pathogenic, such that the same microbiomes are not consist-
ently beneficial. For example, specific resource mutualists like
rhizobia or mycorrhizal fungi can shift towards parasitism
when resource availability increases [43], and leaf endophytes
that are beneficial under drought can be parasitic under well-
watered conditions [44]. Context-dependence, combined with
temporal variation in abiotic environmental conditions, may
reduce the effectiveness of partner choice through signalling
with specific taxa (unless choice itself is context-dependent).
Instead, other mechanisms that effectively alter the intensity
or likelihood of host–symbiont interaction, like sanctioning
and reducing allocation to symbionts when they are less
beneficial, may be necessary to stabilize the interaction.

(b) Local microbial heterogeneity
Variation in plant–microbiome composition across sites and
time [45] may be a double-edged sword for plant hosts. On
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the one hand, temporal and spatial variation in microbial
communities poses challenges because it likely limits associ-
ations that can promote partner fidelity. On the other hand,
site- and environment-specific microbiome assembly may
be advantageous, allowing plants the flexibility to associate
with the most advantageous microbial community in a
particular set of conditions. This flexibility may promote
plant–microorganism fitness alignments. If plants can choose
the most beneficial microbiomes in a particular environment,
then the ability to adjust associations to maximize beneficial
microbiomes in space and time may parallel plant adaptive
plasticity (i.e. genotype by environment interactions in which
some plant genotypes effectively shift their phenotype in a
manner that increases fitness) [4]. Flexibility in partner choice
may allow finer control than traditional genetic mechanisms
of adaptation, if plants can increase fitness across a wide
range of environmental conditions and spatial scales. Limited
evidence, however, suggests that partner choice varies across
environmental conditions in even tightly coevolvedmutualisms
[46], although few conditions have been tested. Alternatively,
fitness alignments may be coincidental, with spatial and tem-
poral variation in microbiome availability proportional to the
probability of colonization.
 590
5. When are plants likely to capitalize on
microorganisms for local adaptation?

Our initial infectious model shows that a beneficial microbial
symbiont can rapidly infect a plant population, that plants
that associate with the symbiont are favoured by selection,
and that the beneficial symbiont can displace a non-beneficial
symbiont. The infectious model essentially shows that plants
can capitalize on a symbiont to maintain and increase fitness;
however, it does not identify when this microbe-mediated
mechanism of adaptation is likely to dominate over non-sym-
biont evolution of plant stress tolerance traits. Essentially, the
infectious model treats plant genotype as a simple trait:
plants are either able or unable to form associations with the
symbiont, and the symbiont provides the benefit. The only
plant evolutionary response allowed is acquisition of the sym-
biont. Amore realistic evolutionary processwould include two
plant responses: acquisition of a beneficial symbiont and a
direct plant response to the environmental selection—the stan-
dard quantitative genetic response. What happens when both
evolutionary processes are possible—which one will domi-
nate? This question is somewhat more fundamental than
those addressed above in that, here, the question is whether
to expect the plant to evolve an association with the symbiont
at all or just evolve the response on its own. Of course, should
the plant be unable to respond to the selection, then a symbiont
is the only possible solution. But there may be many cases
when both responses are possible.

Initial insight to alternative pathways of evolution may
be sought by considering the trivial model of two bi-allelic
loci, A/a and B/b: the A allele directly increases the plant
phenotype in a beneficial way, the B allele does so through
acquisition of a symbiont. It is straightforward that which-
ever allele has the larger fitness effect will increase more
rapidly at the outset (before the two alleles start interfering
with each other). Even if the symbiont is capable of a large
beneficial response, however, the average effect of B may be
reduced either if the symbiont is not everywhere available
or if the symbiont invades the plant somatic tissues to only
a limited degree; the magnitude of effect is what matters.

A quantitative genetics framework provides additional
insight. We borrow and slightly modify the quantitative
genetics framework of Gomulkiewicz et al. [47], which
assumes two traits evolving toward a common fitness opti-
mum with a quadratic fitness function. For our purposes,
we let z1 be a trait that directly affects the plant pheno-
type and z2 be a trait that indirectly affects the plant
phenotype through acquisition of the symbiont. Each trait
has its own heritability and variance (h2i ,s

2
i ). The symbiont

is everywhere equally abundant; its dynamics and evolution
are omitted.

It is not immediately obvious how to represent or interpret
the symbiont-based phenotype as a quantitative trait affecting
fitness. Larger values of z2 need to be associated with a larger
effect or presence of the symbiont, but we need a biological
translation by which z2 allows the effect of the symbiont to
be manifest. One option is to imagine that increasing values
of z2 have a higher probability of the plant acquiring the sym-
biont, and that plants with the symbiont have the full effect.
The fitness effect of a specific value of z2 would be the popu-
lation average of all plants at that value of z2 (only some of
which have the symbiont). Alternatively, z2 might influence
how extensively the symbiont is able to invade the plant’s
somatic tissues; a low z2 would mean the symbiont cells
remain a tiny portion of the total plant biomass, thereby limit-
ing the benefit.

The issue is then how to compare the relative fitness gains
by increasing z1 versus z2. We write αz2 as the plant pheno-
type associated with trait value z2. When α > 1, increasing
z2 by an amount μ causes a greater phenotype (and fitness)
increase than is achieved when increasing z1 by the same
amount μ. This corresponds to allele B having a larger
effect than allele A in the two-locus model.

With this, and from Gomulkiewicz et al. [47], we have

D�z1 ¼ h21s
2
1
@ln �W
@�z1

,

D�z2 ¼ h22s
2
2
@ln �W
@�z2

and �W ¼ Wmax {1� g[(�z1 þ a�z2 � u)2 þ s 2
1 þ a2s 2

2]}:

ð5:1Þ

For equal heritabilities and variances of Z1 and Z2, evol-
ution of Z2 proceeds at a rate α times that of Z1. The
quantitative genetics model thus shows that a symbiont
with a large beneficial effect on plant phenotype can allow
the plant to evolve faster than it evolves via a typical, direct
genetic response to the selection. Perhaps surprisingly, the
rate of evolution does not depend on the mere fact that the
symbiont can ultimately provide a (much) higher final fitness
than genetics alone. Instead, the relative rate of evolution
depends on how the genetic variation in symbiont ‘accep-
tance’ by the plant translates into variation in plant fitness;
if increases in z2 lead to smaller improvements in pheno-
type/fitness than do corresponding increases in z1, then the
intrinsic genetic response will evolve faster—up to the point
that genetic variation is exhausted. For symbiont-based adap-
tation to dominate, the plant must translate symbiont
acquisition into a larger genetic effect than operates without
the symbiont.
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The two types of quantitative variation are in principle
measurable. z1 would be standard for an environmentally
influenced fitness trait (e.g. variation in plant heat tolerance,
salt tolerance, etc.). z2 would be measured in the same way,
except in the presence of the symbiont. Complications in
measuring z2 would include (i) controlling for covariation
in z1 and (ii) ensuring that the plant response was due specifi-
cally to the symbiont. The most direct approach might be to
analyse variation in z2 as just variation in the plant’s acqui-
sition of a known beneficial symbiont, then address the
phenotypic effect on fitness separately.

Although empirical results to support these predictions
are limited, some evidence points to strong microbial effects
on particular plant traits in stressful environments. For
example, as discussed earlier, microbial communities that
evolved under drought stress also caused plants to flower sig-
nificantly earlier, a common drought avoidance trait. Notably,
these microbe-mediated effects on plant phenotypes were
substantially stronger than the effects of plant evolution
(three generations of selection) on plant flowering time [2].
Similarly, microbial endophytes can mediate plant drought
physiology, growth and survival [44,48] or protect plants
from pathogens [49], suggesting microbiome fitness effects
that could promote host adaptation to these stressors may
be widespread.
6. Future directions
Mechanisms maintaining tightly coevolved mutualisms are
well understood, but their application to diverse plant micro-
biomes including a range of beneficial and non-beneficial taxa
is not straightforward. Studies of repeated interactions and
host-association mechanisms are much needed, as well as a
focus on the relationship between host fitness and microbial
function rather than taxa per se. For example, many researchers
have sought to define the ‘core’ microbiome associated with
host plant species based on a variety of metrics to indicate
microbial taxa found in amajority of replicate plants [50]. How-
ever, to address the potential for microbiome effects on host
adaptation, it is worth considering studies of core microbiomes
that prioritize functional characterizations and repeated inter-
actions of host plants with specific functional groups across
generations and under different environmental conditions.

When considering microbiome effects on host plant ecol-
ogy and evolution, microbial interactions among themselves
must also be considered. In the process of microbiome assem-
bly on the host, colonizing microorganisms will potentially
compete with or facilitate each other and any resident taxa.
These microbial interactions can alter the resulting micro-
biome and host benefits [51] even if individual taxa were
actively recruited or rewarded. Colonization sequence, for
instance, can have a large impact on the microbiome by creat-
ing priority effects: the first colonists to arrive can gain a
numerical advantage, allowing plant microsites to be occu-
pied by competitively inferior taxa [52]. Because priority
effects alter microbial interactions, they can also shift micro-
biome function; for example, arrival order can determine
whether endophyte–pathogen interactions result in disease
for the host plant [53]. Thus, future studies of how plant
microbiomes affect host adaptation should consider not just
pairwise interactions, but multi-species interactions occurring
simultaneously.
The effects of temporal and spatial heterogeneity on micro-
biome composition and function can also shed light on
mechanisms supporting cooperation. For example, studies are
needed in which microbiomes are experimentally transmitted
from plant generation to generation in the context of realistic
microbial and environmental variation. Most microbial com-
munities do not move directly between the same hosts over
time, and some may inhabit soils or water in between time
spent in plant hosts. A simple example comes from agriculture,
where the majority of crops are planted in rotation systems
throughout the year, such as corn–soy–wheat. One benefit of
agricultural rotations is a reduction in the incidence of negative
components of the microbiome [54], supporting the need to
track microbiome occupancy through different habitats over
time. Passaging directly between the same host plants [16]
therefore does not necessarily shed light on mechanisms occur-
ring in the field, although such studiesmay provide insight into
the potential for engineering the microbiome.

From amodelling perspective, the models here either expli-
citly or implicitly assume interactions between a plant and a
single microbial species. This level of simplicity is justified for
some observed systems, especially those in which a single com-
ponent of the microbiome has major effects on plant survival.
The single-symbiont assumption stands apart from modelling
efforts that treat a complexmicrobiome as a unit [4]. An obvious
next step is to formally model dynamics of a multi-species
microbiome interacting and evolving with a host. Such an
approach would simultaneously reveal whether results from
a single-symbiont model can be generalized and also reveal
whether a multi-species microbiome can indeed be treated as
a unit of selection. Models of diffuse evolution from plant–her-
bivore communities that account for multi-species interactions
may provide some guidance on diverse microbiomes [55].
7. Conclusion
There is increasing interest, from both applied and basic
researchers, in how the microbiome can facilitate host adap-
tation to stress. However, while a long and extensive history
of both ecological and evolutionary theories developed for
tightly coevolved mutualisms has led to key predictions for
the maintenance and evolution of bipartite cooperation, lim-
ited theory exists for the diverse microbiomes that dominate
nature. The explicitly quantitative and heuristic models that
have emerged suggest potential effects of microbial cues,
repeated interactions and partner fidelity, and the magnitude
of microbial versus host-genetic effects on plant phenotypes.
Empirical work has advanced at a more rapid pace, but is
still limited to simple systems (e.g. single plant species meso-
cosms) and few host traits. Future theoretical and empirical
work will need to fully consider the diversity of the micro-
biome (a both a functional and a taxonomic perspective),
how classic mechanisms maintaining mutualism apply to
microbiomes, and the context-dependence of host–microbiome
interactions. In addition, it remains to be seen whether strong
genotype by environment associations of plants and micro-
biomes are an evolutionary challenge or an evolutionary
advantage and a novel arsenal for plants to adapt to temporally
and spatially varying stressors.
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