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Abstract

Interactions with microbial symbionts have yielded great macroevolutionary innovations across the tree of life, like the origins

of chloroplasts and the mitochondrial powerhouses of eukaryotic cells. There is also increasing evidence that host-associated

microbiomes influence patterns of microevolutionary adaptation in plants and animals. Here we describe how microbes can

facilitate adaptation in plants and how to test for and differentiate between the two main mechanisms by which microbes can

produce adaptive responses in higher organisms: microbe-mediated local adaptation and microbe-mediated adaptive plasticity.

Microbe-mediated local adaptation is when local plant genotypes have higher fitness than foreign genotypes because of a

genotype-specific affiliation with locally important microbes. Microbe-mediated adaptive plasticity occurs when local plant

phenotypes have higher fitness than foreign phenotypes as a result of interactions with locally important microbes. These

microbial effects on adaptation can be difficult to differentiate from traditional modes of adaptation but may be prevalent.

Ignoring microbial effects may lead to erroneous conclusions about the traits and mechanisms underlying adaptation, hindering

management decisions in conservation, restoration, and agriculture.

Introduction

Major evolutionary innovations and events that span the tree of life are the result of host interactions with
microorganisms. Perhaps the most dramatic example of microbe-mediated evolutionary events occurred
when symbioses with the bacterial predecessors of chloroplasts and mitochondria were incorporated as part
of the host cell (Sagan 1967). In more recent evolutionary history, the gut microbiome has been implicated
in the rapid diversification of herbivorous mammals (Price et al.2012) and wasps (Brucker & Bordenstein
2013). In these cases, interactions with microbiota transformed the macroevolutionary trajectory of their
hosts. There is accumulating evidence that microorganisms are also affecting patterns of host adaptation on
microevolutionary timescales.

The human microbiome project as well as work with other vertebrates, insects, and plants has illuminated a
complex feedback loop of host affecting microbial form and function and microbial form and function feeding
back to affect host phenotype (Fig. 1A; Kohl et al. 2014; Mueller & Sachs 2015; Sanders et al. 2015; Weese
et al.2015; Gehring et al. 2017; Moeller et al. 2019; Petipaset al. 2020a). Host genotypes enrich for specific
microbiome components. For example, the mycorrhizal communities associated with Pinyon pines are almost
entirely determined by pine morphotype (Gehringet al. 2017), soil microbiomes differ across Arabidopsis
thaliana genotypes (Bulgarelli et al. 2012; Lundberg et al. 2012), and both mouse (Benson et al. 2010) and
human (Goodrich et al. 2014) genotype shape their respective microbiomes. Reciprocally, this variation in
microbiome composition can affect host phenotypes and performance. Across host organisms, the microbiome
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can affect nutrient acquisition (Krajmalnik-Brown et al. 2012; Newell & Douglas 2014), for example, access
to phosphorus is often mediated by the unique enzymatic capabilities of arbuscular mycorrhizal fungi (Smith
& Read 2008). Microbes also affect stress tolerance (Bang et al. 2018), immune phenotype (Foster et al.
2017), and pathogen susceptibility (King et al. 2016). For example, microbial symbionts of aphids provide
their insect hosts with enhanced heat tolerance (Russell & Moran 2006), and Clostridiumin the human gut
produces butyrate, a compound essential to host immune homeostasis (Velasquez-Manoff 2015). Often these
changes are assumed to be adaptive (i.e. increasing host fitness, Kohl & Carey 2016) but this assumption
is rarely tested. If these microbial effects increase host fitness then they can lead to microbe-mediated
adaptation , defined as enhanced host fitness in a particular environment that is partially or entirely the
result of interacting with microorganisms.

Adaptive responses can occur through local adaptation or adaptive plasticity, two non-mutually-exclusive
responses to the heterogeneous selection pressures species experience in nature. Local adaptation is the result
of genetic differentiation in response to local conditions and is manifest when local genotypes have higher
fitness in their home habitat compared with foreign genotypes (Kawecki & Ebert 2004). Adaptive plasticity
is a form of phenotypic plasticity and is manifest when the environment affects organismal traits in ways
that increase fitness in that particular environment (i.e., local phenotypeshave higher fitness in their home
habitat compared with foreignphenotypes ; Dudley & Schmitt 1996). Both local adaptation and phenotypic
plasticity might be influenced by microbes, where in the absence of microbes you might observe low fitness
and no pattern of local adaptation (Fig. 1B). We propose that microbe-mediated adaptive responses are the
result of microbe-mediated local adaptation when local host genotypes have higher fitness than foreign
genotypes because of a genotype-specific affiliation with locally important microbes (Fig. 1C), or microbe-
mediated adaptive plasticity when local host phenotypes have higher fitness than foreign phenotypes as
a result of interactions with locally important microbes (Fig. 1D).

Although microbe-mediated adaptation (including both microbe-mediated local adaptation and microbe-
mediated phenotypic plasticity) may occur for many taxa (Alberdi et al. 2016; Sharpton 2018; Trevellineet
al. 2019; Moeller & Sanders 2020), here we focus primarily on plants for three reasons: 1) The foundation
for investigations into microbe-mediated adaptation have been laid through decades of avid interest in plant-
microbe interactions. 2) Plants are tractable experimental systems amenable to classic experimental designs
for testing local adaptation and adaptive plasticity, and 3) as sessile organisms, plants cannot move to escape
stress and therefore may be even more dependent on microbes for adaptive responses. Additionally, while
many interactions with microorganisms may be antagonistic (reducing plant fitness), here we focus on local
adaptation to beneficial microorganisms as they have the potential to affect host adaptive responses, thus
providing a unique avenue to adaptation. The population level consequences of antagonistic interactions
have been extensively discussed elsewhere (e.g. Thompson 2005).

There are a growing number of examples showing that microbes canaffect adaptive plant responses (Chanway
et al. 1989; Schultzet al. 2001; Johnson et al. 2010, 2013; Smith et al. 2012; Lau & Lennon 2012; Lankau
& Nodurft 2013; Wagner et al. 2014; Pickles et al. 2015; Barrett et al. 2016; Rúaet al. 2016; Van Nuland
et al. 2016; Revillini et al. 2016; Gehring et al. 2017; Porter et al. 2020). Here we provide a framework
that first identifies and defines the potential patterns and processes underlying microbe-mediated effects
on adaptation (i.e., microbe-mediated local adaptation and microbe-mediated adaptive plasticity) and then
propose empirical approaches to identify and differentiate between these two modes of microbe-mediated
adaptation. Finally, we discuss implications and propose future research directions in the study of microbe-
mediated adaptation.

Microbe-mediated local adaptation

Microbe-mediated local adaptation results when natural selection operates on plant traits that attract,
retain, and regulate locally important microbes (hereafter ”microbe facing traits”). The outcome is microbe-
mediated changes to plant functional traits (hereafter ”environment facing traits”) that lead to higher fitness
of local plant genotypes compared with foreign plant genotypes that do not associate as well with local
microbes (Box 1). Microbe-mediated local adaptation can occur when plant genotype and microbial geno-
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types/phenotypesinteract to determine plant fitness in response to environmental conditions, or when plant
genotype affects microbial community composition and/or function in ways that determine plant fitness in
response to environmental conditions. These possibilities are not easily differentiated and also result in simi-
lar plant fitness responses so here we have included these processes together, but in Box 2 we further discuss
the complications of identifying microbes driving host fitness effects.

The studies that have provided evidence for microbe-mediated local adaptation generally involve classic,
widespread resource mutualisms and adaptation to soil nutrient availability, likely because plant ecologists
focusing on these mutualisms are well aware of the importance of such mutualisms to population (Bennett
et al. 2017), community (van der Heijden et al. 1998), and ecosystem processes (Vitousek & Walker 1989),
and because extensive mutualism theory predicts how nutrient availability should influence the evolution
of these associations (West et al. 2002; Akçay & Simms 2011). Given the prevalence of these interactions
(80% of plant families are mycorrhizal and a number of others engage in tight symbiotic relationships with
N-fixing bacteria like rhizobia), the following examples may represent common phenomena rather than rare
exceptions.

In one of the most complete tests of microbe-mediated local adaptation, Johnson and co-authors (2010)
used a fully factorial greenhouse experiment manipulating seed source, soil source, microbial source, and
the presence/absence of microbes, to show that genotypes ofAndropogon gerardii were coadapted/coevolved
with local arbuscular mycorrhizal communities to access the most limiting nutrient at each site. They found
accessing limiting nutrients was predicated not only on plant genotype but also on being paired with coevol-
ved/coadapted microbes and growing in home soils. However, this enhanced nutrient uptake only translated
to increased fitness and patterns of local adaptation for two out of three plant populations, indicating context
dependency in microbe-mediated effects (Johnson et al. 2010).

In another example, microbial symbionts acted as a heritable component of the plant phenotype, a ne-
cessary condition for evolution by natural selection (Box 1), and these heritable microbial communities
affected plant phenotypes in ways that led to adaptive responses. Ectomycorrhizal fungal (EcM) communi-
ties of drought-adapted pinyon pine were nearly entirely determined by plant genotype (drought tolerant vs.
drought intolerant), and microbes associated with drought-tolerant trees reduced mortality and enhanced
plant growth of drought tolerant plant genotypes by 25% under drought conditions (Gehring et al. 2017).
Authors identified an Ascomycete fungus in the genus, Geopora , that was associated predominantly with
drought tolerant trees, and whose abundance was correlated with plant drought tolerance even in the drought
intolerant tree genotypes. In this case, a combination of greenhouse, field, and molecular data support the
case that microbial communities, which are determined by plant genotype, underlie plant adaptation to
drought (i.e., microbe-mediated local adaptation).

Despite the examples highlighted above, there are few empirical examples of microbe-mediated local adap-
tation; however, we suspect that this reflects the fact that microbially-mediated effects are often cryptic.
The gold standard in testing for local adaptation is the reciprocal transplant experiment where seeds are
transplanted into their natal (home) habitat and also moved to a novel (foreign) habitat. In these designs it is
unusual for researchers to manipulate the biotic environment (including mutualists and pathogens; Cheplick
2015) even though adaptation to biotic effects may be important (Benning & Moeller 2019). In a review of the
literature, we found that the potential for microbe-mediated local adaptation is very high; in 94% of studies
where local adaptation was detected authors transplanted plants into soil in the presence of natural microbial
communities and measured traits that could be microbially-mediated (Petipas 2018). In contrast, although
sample size is small (6 studies), half of studies that failed to detect local adaptation transplanted plants in
the absence of natural microbial communities (e.g. autoclaved soils). These results suggest that microbe-
mediated local adaptation may be common, but the vast majority of classic plant local adaptation studies
cannot differentiate between microbe-mediated effects and non-microbe-mediated effects. For example, Roy
Turkington’s classic work suggested patterns of local adaptation were the result of fine-scale interactions
between plant competitors (Turkington & Harper 1979; Aarssen & Turkington 1985). Authors demonstrated
that clover, Trifolium repens , was adapted to neighboring pasture plants (Turkington and Harper 1979),
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and this effect was primarily driven by the presence of a grass neighbor, Lolium perenne . Clover genotypes
had greater biomass when grown in association with grass genotypes that they had previously coexisted
with (Aarssen & Turkington 1985). However, in experiments designed to explicitly consider soil microbes,
authors found biotic specialization between the plant species was only evident when Rhizobium isolated from
parental Trifolium was included (Chanway et al. 1989), demonstrating the pattern of local adaptation was
microbe-mediated.

Microbe-mediated adaptive plasticity

Phenotypic plasticity is when the environment affects the expression of an organism’s traits (Richards et
al. 2006), and adaptive plasticity occurs when these environmentally-induced changes in phenotype increase
fitness in that environment (Dudley & Schmitt 1996). Microbe-mediated adaptive plasticity is when local
plant phenotypes have higher fitness than foreign phenotypes as a result of interactions with locally import-
ant microbes and could occur in two ways. First, plants might have higher fitness because they demonstrate
plasticity in traits that attract, retain, and regulate important microbes (microbe facing traits), and associa-
ting with these important microbes subsequently affects plant functional traits (environment facing traits)
in ways that enhance fitness. The commonly observed autoregulation response of legumes (Wang et al. 2018)
may exemplify this process; in low nitrogen environments plants form many rhizobium-housing nodules and
are rewarded with fixed nitrogen, while in high nitrogen environments where biologically-fixed nitrogen is less
useful, plants plastically reduce nodulation, therefore reducing the costs of supporting bacterial symbionts.
Plastic shifts in investment in key microbes likely maintain fitness across a range of nutrient conditions.

Second, local environmental conditions can affect the abundance and composition of microbial communities,
and this variation in microbial communities can induce plastic changes in plant phenotypes. A number of
studies have now demonstrated that foliar and root endophytes, diverse soil microbial communities, and
individual bacterial or fungal taxa affect expression of plant functional traits (e.g., Wagner et al.2014; Giau-
que et al. 2019). For example, Giauque and Hawkes (2019) measured trait plasticity in Panicum virgatum
exposed to low or high water conditions (3% or 15% gravimetric soil moisture), and inoculated with one of
35 different fungal isolates. Plasticity was calculated for six traits (whole plant water loss, relative growth
rate, tiller number, and number of wilt free days, and root biomass). Average plasticity (mean plasticity of
all six traits) was almost double in plants infected with endophytes compared to uninfected plants, presuma-
bly because endophytes influence the expression of plant traits that influence subsequent physiological and
growth responses to soil moisture. Authors also demonstrated that endophytes isolated from hotter drier
environments increase plant survival under dry conditions, likely because endophyte communities from dif-
ferent environments differ in their effects on the expression of plant traits associated with drought tolerance.
However, the relationship between traits and fitness was not empirically tested.

Work by Lau and Lennon (2012) also is consistent with microbe-mediated adaptive plasticity. They mani-
pulated soil moisture for replicated plant populations and their associated microbial communities over the
course of multiple plant generations. There was minimal plant evolutionary response to soil moisture across
multiple generations, but microbial communities that had experienced ˜16 months of drought buffered plants
against contemporary exposure to drought. Plants experienced a 58% reduction in fitness during drought
when grown in association with wet-adapted microbes, but only a 20% reduction in fitness when grown in
association with drought-adapted microbes. Likewise, plants grown with wet-adapted microbes had higher
fitness under higher soil moisture conditions. The authors postulate that microbial community effects on
flowering phenology, a trait that commonly exhibits plasticity to drought, may underlie the observed fitness
effects (Lau & Lennon 2012), although the link between flowering time and fitness responses to drought also
was not explicitly demonstrated.

The two pathways through which microbes can elicit adaptive plasticity are not independent and are likely to
feedback to affect the evolution of each pathway. For example, plant plastic responses to abiotic environmental
variation can affect the abundance and diversity of microbes attracted to the rhizosphere (Jones et al. 2019),
and this variation in microbial community composition can in turn cause plastic shifts in plant traits that
increase fitness. Ultimately, the same forces that favor the evolution of adaptive plasticity, like temporal
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or spatial environmental heterogeneity, are also expected to select for microbe-mediated adaptive plasticity.
Additionally, plasticity in microbe-facing traits might be expected to evolve when different microbes promote
plant fitness in different environments, and microbe-induced plasticity in environment-facing traits might be
expected to evolve when microbes are better predictors of environmental conditions than other environmental
cues (Metcalf et al. 2019) or when microbes elicit larger changes in plant phenotypes than genetic changes
within the plant itself (Hawkes et al. 2020).

The most convincing studies of adaptive plasticity explicitly link phenotypes (traits) to fitness (Schmitt et
al. 2003). In the case of microbe-mediated adaptive plasticity, the traits underlying these adaptive responses
are often unknown, hard to measure, and/or cryptic, particularly for microbe-facing traits. Although there is
substantial evidence that microbes mediate plant phenotype, few studies explicitly link plasticity with fitness
to definitively demonstrate microbe-mediated adaptive plasticity (vs. microbe-mediated plasticity, Goh et
al. 2013).

Testing for microbe-mediated adaptation

Reciprocal transplant experiments can be used to understand how microbes affect patterns of plant adaptati-
on and to distinguish between microbe-mediated local adaptation and microbe-mediated adaptive plasticity.
Reciprocal transplants can be employed exactly as in the traditional design to study local adaptation and
plasticity (Clausenet al. 1948) with the added element of manipulating microbes (Fig. 2).

In classical reciprocal transplant experiments, seeds from one population are transplanted both into a dif-
ferent habitat and replanted into their natal habitat. Populations are often chosen because one or more
environmental variable is demonstrably different between populations (e.g. serpentine vs. non-serpentine
soils, Wrightet al. 2006 or presence or absence of a competing species, Lau 2006). A reciprocal transplant to
test for microbe-mediated adaptation would involve transplanting seeds into different habitats and providing
those plants with local or foreign microbes. Although it can be difficult or impossible to completely exclude
microorganisms, sterilized control plants should be included to definitively attribute effects to microbes (e.g.
, if microbe-mediated local adaptation is strong, then patterns of local adaptation will be much weaker or
not evident when microbes are absent).

A statistical model to understand interactive contributions of plant and microbes to plant local adaptation
includes some measure of plant fitness (e.g. germination,

survival, fecundity, or ideally an integrated fitness metric encompassing all life history stages [ASTER models]
Geyer et al. 2007; Shaw et al. 2008) as a response variable and habitat type, plant source, microbial source,
and sterilization as fixed effects (Table 1). While this design potentially results in a four-way interaction,
with large enough sample sizes and patience, the complexity of this and other interactions in the models
can be understood, especially through hypothesis testing with planned comparisons. The figures presented
here assume that patterns of adaptation are largely attributable to habitat-specific microbes (Fig. 1B, C,
D), however in the text we also discuss the importance of significant sterilization terms.

A three-way interaction between plant source, microbial source, and habitat (GpxGmxE) would indicate
microbe-mediated local adaptation, if home genotypes have higher fitness with their home microbes in their
home habitat (Fig. 3A). Whereas, an interaction between plant source and microbial source (GpxGm) may
indicate that plant genotypes do best with their own microbes, regardless of habitat and are locally adapted
to their natal microbes (Fig. 3B). For example, Petipaset al. (2020) found that germination of Hypericum
perforatum sourced from limestone barrens was highest when transplanted with microbes from limestone
barrens into limestone habitats, a pattern consistent with microbe-mediated local adaptation (GpxGmxE).
However, survival of H. perforatum from limestone barrens was highest when transplanted with microbes
from limestone barrens regardless of transplant site, a pattern suggesting that plants are locally adapted to
their natal microbial communities (Gp x Gm), rather than indicating a pattern of microbe-mediated local
adaptation.

An interaction between habitat and microbial source may be indicative of microbe-mediated adaptive plasti-
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city. In this case, local microbes are responsible for locally adapted plant phenotypes; however, plant source
populations may be equally adept at utilizing local microbes (i.e. they exhibit plasticity in microbe facing
traits, allowing them to attract, retain, regulate relevant local microbes; Fig. 3C). An example of a trait un-
derlying these adaptive patterns is microbe-mediated flowering time, where plants only achieve the optimal
flowering time phenotype in association with local microbes (Fig. 3D).

Significant sterilization terms can also indicate microbe-mediated local adaptation and microbe-mediated
adaptive plasticity. For example, where hosts strongly control microbiome composition (e.g. Gehring et al.
2017), microbe-mediated local adaptation would be evident as a Gp x E x sterilization effect (rather than
GpxGmxE), where plant local adaptation is only observed in the presence of microbes, but the microbial
effects are primarily driven by plant genotype specific recruitment from a common soil source. This may still
be considered microbe-mediated local adaptation because the relative importance of different microbes varies
across context and the observed plant adaptation is still due to interactions with relevant microbes. However,
in this case, the plant nearly entirely controls the composition of those microbes. Similarly, sterilization could
indicate microbe-mediated adaptive plasticity when the environment elicits plastic shifts in plant phenotypes
that in turn influence microbial communities in ways that feedback to affect plant fitness. Because the
sterilization effect could also simply indicate the benefits or costs of association with microbial communities,
inferring microbe-mediated adaptive plasticity from a significant sterilization effect is challenging and would
require: 1) showing that shifts in plant phenotypes are associated with changes to the microbial community,
and 2) these changes to the microbial community are associated with shifts in plant traits and/or fitness.
The potential for this type of interaction is exemplified by host-mediated microbiome engineering approaches
that use plant phenotypes to select adaptive microbiomes (Swenson et al. 2000; Panke-Buisse et al. 2015,
2017). In one example, wheat was cyclically exposed to drought and in each cycle the microbiomes associated
with the most drought tolerant seedlings were moved to the next cycle. After six cycles, a plant phenotype
mediated drought microbiome was selected that deferred drought symptoms in wheat seedlings by five days
(Jochum et al. 2019).

Additionally, microbe-mediated adaptation necessarily involves a complicated experimental design and mul-
tiple players each with the capacity of becoming locally adapted and exhibiting trait plasticity. Consequently,
there are many patterns that can emerge from these interactions, which requires careful experimental plan-
ning (including of experimental tests) and careful interpretation of the resulting data. Finally, although we
have discussed microbe-mediated local adaptation and microbe-mediated adaptive plasticity largely inde-
pendently, they are not mutually exclusive.

The same caveats and considerations that apply to typical reciprocal transplant experiments also apply to
microbe-mediated adaptation transplant experiments, including the relevant spatial scale, which aspects of
fitness to measure, and how long the experiment should be monitored (Cheplick 2015). The latter is especially
important given that contamination in the field is likely to erode microbial treatments over time. For tests
of microbe-mediated adaptation, additional care should be taken to determine relevant microbes, proper
controls, and the feasibility of different microbial transplant designs (Box 3, Fig. 4).

Implications and Future Research Directions

Increasingly researchers, using a wide range of experimental systems, are exploring microbe-mediated adap-
tation (Kohl et al. 2014; Weigel & Erwin 2017; Sison-Mangus et al. 2018; Moeller et al. 2019). If microbes
commonly influence adaptation through microbe-mediated local adaptation or microbe-mediated adaptive
plasticity, then our understanding of the traits and mechanisms underlying adaptation may be incomplete,
therefore making our responses to environmental and agricultural challenges potentially inappropriate.

Just as Clausen, Keck, and Heisey (1948) realized 70 plus years ago, plants are excellent study systems to
perform reciprocal transplants and partition the variation of plant phenotypes into genetic and environmental
components (Núñez-Farfán & Schlichting 2001). However, early pioneers were unaware that microbes can be
heavily influenced by their host’s genotype (Bulgarelli et al. 2012; Lundberg et al. 2012; Gehring et al. 2017)
and have large effects on plant phenotypes (Friesen et al. 2011; Friesen 2013; Wagner et al. 2014; Giauque
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et al. 2019). Consequently, in early studies many microbial effects may have been erroneously attributed to
plant genotype and at other times erroneously attributed to environment effects (e.g. Chanway et al. 1989).
In many cases, such bookkeeping may not fundamentally change outcomes. For example, in the Gehring et
al. (2017) case study the mycorrhizal community is so tightly under plant control, it functions as an extended
phenotype of the plant host. However, even in this case, one must wonder what will happen to those plant
genotypes enriching for drought tolerance promoting mycorrhizae if the ectomycorrhizal community is eroded
by other forces? Below we discuss how explicitly considering microbial effects may substantially alter our
views of the spatial scales, pace, and consequences of plant adaptation.

Microbe-mediated adaptation and the spatial scale of adaptation

Selection can vary over exceptionally small spatial scales (Turkington & Harper 1979; Kalisz 1986), posing
challenges to the evolution of local adaption by plants if the scale of gene flow through pollen and/or seeds
exceeds the strength of selection (Richardson et al. 2014). However, microbe-mediated local adaptation and
adaptive plasticity can affect the spatial scale of adaptation. Microbes can facilitate adaptation via microbe-
mediated local adaptation by acting as a selective barrier, where the fitness of migrants (relative to resident
populations) is reduced before they are incorporated into the gene pool (Richardson et al. 2014). An example
of this is microbe-mediated germination or survival (Petipas et al. 2020b), where local microbes facilitate
germination and survival of local plant genotypes potentially allowing them to outcompete or exclude foreign
plant genotypes.

Microbe-mediated adaptive plasticity may be another hidden solution to dealing with heterogenous envi-
ronments. Small-scale adaptive responses could be facilitated by microbes if plants exhibit a high degree
of plasticity for traits related to interactions with microorganism, if microbes differentiate across fine-scale
spatial variation (Nackeet al. 2016) and elicit adaptive phenotypic changes in host plants, or even if microbi-
al communities vary little spatially but their effects on plant phenotypes are highly context-dependent and
influenced by other aspects of the abiotic or biotic environment. For example, microbe-mediated adaptive
plasticity may affect the drought phenotype ofThemeda triandra, a native Kenyan grass, over small spatial
scales. The presence of termite mounds dramatically increases nutrient availability, but reduces variability in
water availability over small spatial scales (>50m), posing an adaptive challenge for wind pollinated Themeda
triandra , which is unlikely to genetically differentiate in the on versus off-mound environments. However,
microbes from on vs. off termite mounds differentially affectT. triandra’s response to drought. Plants inocu-
lated with arbuscular mycorrhizal communities collected off mounds closed stomata quickly when exposed
to drought and halted biomass accumulation, whereas plants inoculated with on-mound fungi kept stomata
open longer under drought conditions and continued to acquire biomass (Petipas et al. 2017). In this case,
fine-scale variation in microbial community composition on vs. off termite mounds led to the production
of plant phenotypes that are potentially adaptive in those two different environments. Future work, should
include looking at the fitness consequences of these plant trait responses especially over a more realistic time
scale for a long-lived perennial grass.

Microbe-mediated adaptation and temporal scale of adaptation

Just as microbes mediate plant adaptation to spatially heterogeneous environments, microbes may also pro-
mote adaptive plant responses to temporally varying environments, and these effects may allow for more rapid
adaptation to changing environmental conditions than evolution through genetic differentiation (Hawkes et
al. 2020). Specifically, microbes might respond more rapidly to environmental change (both in terms of shifts
in community composition and evolutionary changes within key microbial populations) because of incredibly
diverse metabolic strategies, high mutation rates, large population sizes, diverse communities, short gene-
ration times, and the potential for lateral gene transfer (Gillings & Stokes 2012). These shifts in microbial
form or function can introduce novel pathways of adaptation (e.g., endophytes producing novel chemical
defenses in the face of increased herbivory) or change/enhance existing traits (Friesen 2013). If only plant
genotypes that are locally adapted to those microbial symbionts can take advantage of these innovations,
then microbe-mediated local adaption would result. If any plant genotype can benefit from these innovati-
ons, then microbe-mediated adaptive plasticity is possible. For example, in Lau & Lennon’s 2012 experiment,
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plant responses to drought were almost entirely mediated by microbes and occurred over very short times
scales (˜16 months; Lau & Lennon 2012), indicating the potential for rapid responses mediated by microbes
to climate change. Microbes affecting response to climate change might be a wide-spread phenomenon, at
least for fungi. Kivlin and coauthors ( 2013) found that fungal symbionts widely affect plant responses to
global change, and fungal symbionts particularly benefited plants exposed to drought.

Microbe-mediated adaptation and speciation

Perhaps the most extreme potential outcome of microbe-mediated adaptation is speciation of plant hosts.
Although there are examples in animals of microbes leading to speciation (Shropshire & Bordenstein 2016),
there is minimal evidence in plants. Given that microbes can influence plant reproductive traits including
plant phenology (Lau & Lennon 2012; Wagner et al. 2014, 2020; Panke-Buisse et al.2017; Metcalf et al. 2019)
and pollinator preferences (Vannette & Fukami 2016; Rebolleda-Gómez et al. 2019), reproductive isolation
and eventually speciation could potentially be affected by microbes. In one recent example, arbuscular
mycorrhizal fungi may have facilitated sympatric speciation in two species of Howea palms in Australia
(Osborne et al. 2018). The authors propose that colonization of a new habitat by ancestral Howea was
facilitated by developing a mutualistic relationship with endemic mycorrhizal communities in the novel
calcareous soils. This led to evolutionary divergence into two sister species, H. forsteriana and H. belmoreana.
Howea forsteriana lost the ability to affiliate with ancestral mycorrhizal communities and therefore to survive
on the ancestral volcanic soils, therefore leading to reproductive isolation. Microbes also may be correlated
with host speciation at deeper evolutionary time scales. For example, plants in the coffee family (Rubiaceae
) form symbiotic associations with leaf fungal endophytes. These endophytes produce secondary metabolites
that protect hosts from pathogens and herbivores. Verstraete et al. (2017) proposed endophyte associations
affect macro-evolutionary patterns in the host, observing that plant lineages hosting leaf endophytes have
higher rates of speciation compared with those without endophytes.

Applied implications

The research program outlined above serves the ultimate goal of unraveling how plant genotypes, microbial
genotypes (or communities), and the environment interact to determine adaptive outcomes. This is important
for understanding first principles of evolutionary ecology but also is a shared goal with agronomists interested
in using microbial technologies for enhanced crop production (Busby et al. 2017; Toju et al. 2018). Microbes
have the potential to make crops more productive, less susceptible to disease, and more drought tolerant
(Bakker et al. 2012; Reid & Greene 2012). Additionally, microbes are increasingly recognized as an important
factor in plant restoration and conservation (Ji et al. 2010; Middleton et al. 2015; Cheeke et al. 2019). In
one example, Douglas-fir trees, transplanted in a provenance trial, decreased in height as much as 15%
as ectomycorrhizal communities diverged from communities at their home sites (Kranabetter et al. 2015),
indicating that assisted migration will be inhibited when coevolved/coadapted plant microbe interactions
are disrupted. Despite a growing appreciation of the importance of microbes in applied contexts, microbial
technologies have been hampered by the complexity of the plant microbiome, the context dependency of
plant-microbe interactions, and the difficulties of successfully establishing introduced microbial communities.

To better understand the effects of microbes so that we can harness them as technologies, we need to be able
to identify and isolate important members of the microbial community and determine whether their effects
are generalized vs. host-genotype specific. The age of informatics has allowed us a glimpse into the diversity
and complexity of the microbiome, but much work remains to disentangle single species from multi-species
effects and how relevant microbial genotypic diversity is for adaptive benefits. For example, we know relatively
little about intra-specific diversity in many microbial taxa, including important groups such as arbuscular
mycorrhizal fungi (Johnson et al. 2012) or how diversity (whether intra- or interspecific) maps onto microbial
function and influences the likelihood of microbe-mediated local adaptation or microbe-mediated adaptive
plasticity in plants.

A further challenge is understanding context dependency in plant-microbe interactions. Plants do not uni-
versally benefit from interactions with microbes (even those generally referred to as mutualists), but rather
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these interactions, like many species’ interactions, are highly context dependent (Johnson 1993; Bronstein
1994; Chamberlain et al.2014). One of the top research priorities into microbe-mediated adaptation should be
efforts to delineate this context dependency. Factors that could drive context-dependency in plant-microbe
relationships include plant characteristics such as mating system, invasive status, life-history strategy, as well
as microbial characteristics such as vertical/horizontal transmission, obligate/facultative, microbial species
interactions, and priority effects, and habitat characteristics such as aridity, nutrient availability, and compe-
tition. In short, although the body of data suggests that microbial communities commonly shift in response
to environmental change (Allison & Martiny 2008) and that microbes can influence plant phenotypes and
plant fitness (Goh et al. 2013; Hawkes et al. 2020; Kolodny & Schulenburg 2020; Petipas et al. 2020b), we
still have little understanding about how and when microbial communities are likely to change in ways that
influence microbe-mediated local adaptation or microbe-mediated adaptive plasticity in plants.

Conclusions

Darwin described the complexity of nature as a tangled bank, where organisms depend on each other in “so
complex a manner” (Darwin 1859). Burgeoning understanding of the largely cryptic role microbes play in host
ecology and evolution further tangles an already tangled bank, challenging our classic views on adaptation,
and potentially calling into question many of our long-standing assumptions about the causes of natural
selection and traits underlying adaptation. Although microbial effects on adaptation complicate our ability
to disentangle genotype vs. environment effects on phenotypes, it is an important field of study because
microbial communities may also provide novel avenues of adaptation. As a result, understanding the role
microbes play in adaptive responses has the potential to provide new approaches for increasing population
resilience to environmental change in both natural and managed systems (Mueller et al. 2019). Ultimately, to
harness the potential adaptive power of microbes requires carefully delineating microbe-mediated adaptation,
testing it adequately, and eventually identifying the conditions favoring it. We hope this article stimulates
discussion around these topics and provides a framework to accomplish these goals.

Box 1: The tenets of natural selection applied to microbe-mediated adaptation

The phenotype of an organism is fundamental to local adaptation and adaptive plasticity because natural
selection acts upon traits (or selection acts upon plasticity in traits). Evolution by natural selection will
occur when the following criteria are met (Lewontin 1970):

1. Variation exists in host traits that mediate or respond to interactions with specific microbes or micro-
bial communities, which leads to different host genotypes associating with or responding to different
microbes.

2. Host traits that mediate interactions with microbes are heritable
3. Traits mediating interactions with specific microbes or microbial communities affect fitness.

Box 2: What’s up with the microbes?

Microbe can affect host phenotypes: 1. by affecting important plant functional traits(Friesen et al. 2011),
2. acting as an extended phenotype (i.e. acquiring resources otherwise not available, Koskella & Bergelson
2020) or 3. by serving as an environmental cue (Metcalfet al. 2019). However, understanding the characteri-
stics/identity of the microbes underlying these effects can be complicated. Demonstrating reciprocal evolu-
tionary change in microbes is complicated when in many cases fitness is hard to quantify and relevant traits
are unknown, although new methods are making this seem possible(Burghardtet al. 2018). Documenting
differences in community composition is more tractable given the explosion of sequencing-based technolo-
gies (Hugerth & Andersson 2017). However, detecting changes in microbial richness or shifts in community
composition does not exclude the possibility of simultaneous (and relevant) genetic change to microbial com-
munities or microbial plasticity. Additionally, microbial diversity may not be a relevant reflection of microbial
function. At this point, understanding and differentiating ecological from evolutionary effects on microbial
communities is probably not possible given current technologies but will be an important research goal of the
future. Given the issues with understanding the microbial end of the interaction, researchers more commonly
explore the population biology of the plants. For example, in one study(Johnson et al. 2010) highlighted in
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the main text, reciprocal transplants of Andropogon gerardiigenotypes collected from areas that either had
limiting phosphorus or limiting nitrogen demonstrated that local mycorrhizal communities were locally ad-
apted to local nutrient conditions, such that home communities of AMF provided optimal benefits to plants
when transplanted into home environments. AMF also had higher fitness when matched with their sympatric
plant genotype. What is unclear from this study is which microbial players were responsible for the observed
effect. Some options include: 1) AMF genotype(s) that were particularly good at accessing nutrients locally,
2) AMF species that were particularly good at accessing nutrients locally, or 3) synergistic effects of multiple
AMF mutualists, such that the effects on plants could not be predicted based on the presence or abundance
of a particular species or genotype.

Box 3: Designing a successful experiment

Manipulating microbes can be challenging, but microbial treatments can be created by isolating some fraction
of the plant microbiome, for example isolates of individual taxa, microbial washes, or whole soil inoculum (for
a discussion of efficacy see Howard et al. 2017, Fig. 4A). Defining proper controls is also critical. For example,
researchers should isolate soil microbial effects without confounding them with soil abiotic effects by using a
sterilized soil mixture (either a sterilized field soil mixture; e.g. Petipas et al. 2020 or sterilized potting mix;
Howard et al. 2020, Fig. 4B) with a small amount (1-5% soil volume) of live or sterilized inoculum added back.
The choice of soil sterilization methods can be taxon specific (e.g. fungicide) or general (autoclaving or gamma
irradiation). Each method has advantages and disadvantages, and each method often has effects beyond direct
removal of microbes (Trevors 1996). In addition, given that even sterilized treatments are rapidly colonized
by weedy microbes, they should be more likely considered low diversity microbial treatments rather than no
or low microbial abundance communities (Lau & Lennon 2012).

Transplantation can occur directly in the soil using a mesh (0.45μm) barrier to keep in microbial inoculum
and exclude microbial taxa (fungi and some bacterial taxa) from the surrounding soil environment (Mcguire
2007). Alternatively, plants can be transplanted into pots with microbial treatments and placed in above-
ground arrays in the two habitats, although aboveground conditions in pots are often warmer and subject
to more rapid drying than in ground transplants (Fig. 4C). When transplanting into the field (and even
the greenhouse), especially if plants are surrounded by the soil environment, contamination by non-target
microbes will always be an issue as mentioned above. For this reason, the duration of the experiment will
need to be planned carefully. Since microbe-mediated adaptation experiments are simultaneously manipu-
lating multiple factors, proper planning of sample sizes is important to have the power to detect significant
interactive effects.
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Table 1: Hypothetical linear model terms used to understand microbe-mediated adaptation reciprocal trans-
plant experiments. We also include potential interpretations when main effects or interactions are found to
be significant and how that interaction type might be interpreted in a quantitative genetics framework.

Model term Interpretation

Habitat Habitat quality differs
Plant Genotype Plant genotypes differs
Microbial Source Microbes from one source are more beneficial to plants than microbes from another
Habitat*Plant Genotype Plant local adaptation (GpxE)
Habitat *Microbial Source Microbe-mediated adaptive plasticity (GmxE)
Plant Genotype * Microbial Source Plants are adapted to their home microbes (GpxGm)
Habitat * Plant Genotype *Microbial Source Microbe-mediated local adaptation (GpxGmXE)

Figure legends:

Figure 1: Host-microbiome interactions are governed by the complex interplay between host genotype,
microbial genotype/community composition, and the environment (A). The environment directly affects both
host and microbial genotypes/communities and microbes and host reciprocally affect each other. Reciprocal
transplants of seeds into natal and non-natal environments, with and without microbes can reveal when
microbes are responsible for host adaptive responses. For example, without microbes there is no pattern
of adaptation (B), but when microbes are manipulated in reciprocal transplant experiments you may see
either microbe-mediated local adaptation (C) when local plant genotypes have higher fitness than foreign
genotypes because of a genotype-specific affiliation with locally important microbe(s) or microbe-mediated
adaptive plasticity (D) when local plant phenotypes have higher fitness than foreign phenotypes as a result
of interactions with locally important microbes. Squares represent plants collected from population 1 (P1),
and circles represent plants collected from population 2 (P2). Population 1 plants can either be transplanted
into their natal habitat (P1, represented by a square) or into a foreign habitat (P2, represented by a circle),
both with (C,D) and without (B) microbes.

Figure 2: A fully factorial reciprocal transplant design can be used to transplant seeds and microbes into
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home and away habitats to investigate how microbes affect patterns of local adaptation. To definitively
attribute effects to microbes you need to include sterilized controls (depicted here as a red line crossing out
the microbial communities). Squares represent plants and microbes collected from population 1 (P1), and
circles represent plants and microbes collected from population 2 (P2). Population 1 plants and microbes
can either be transplanted into their natal habitat (P1, represented by a square) or into a foreign habitat
(P2, represented by a circle).

Figure 3: The additional manipulation of moving microbes and plant genotypes between sites can unravel
if GpxGmxE interactions dominate (A), in this case positive effects of microbial symbionts would only be
evident in their natal habitat. Alternatively, if GpxGm interactions dominate (B), plants would still benefit
from microbial symbionts when both were moved into novel habitats. Microbe-mediated adaptive plasticity
could be the result of either microbes specialized for their particular habitat (C) or the result of either
direct or indirect (plant mediated) changes to microbial function or shifts in community composition that
affect plant fitness. Microbe-mediated plasticity in important plant functional traits, such as flowering time
(D) might underlie microbe-mediated adaptive plasticity, where microbes push flowering time phenotype
into an optimal range (depicted by the shading) for a given habitat. Squares represent plants and microbes
collected from population 1 (P1), and circles represent plants and microbes collected from population 2 (P2).
Population 1 plants and microbes can either be transplanted into their natal habitat (P1, represented by a
square) or into a foreign habitat (P2, represented by a circle) and vice versa.

Figure 4: Experiments to identify microbe-mediated adaptation will require identifying a source of microbial
inoculum (A) and determining proper controls (B) for the experimental design. Another major consideration
is where the experiment will take place, evolutionary ecology experiments with plants are typically performed
in common gardens (greenhouses or outdoors) or as reciprocal transplant experiments.
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Plants sourced from population 2

Transplant
location P2P1

Transplant
location P2P1

Transplant
location P2P1

Transplant
location P2P1

Transplant
location P2P1

Transplant
location P2P1

Transplant
location P2P1

Trait
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1. Create soil inoculum (A) 2. Identify controls (B) 3. Select transplant location (C) 

Control soil 
inoculum

Live soil 
inoculum

Greenhouse

Common garden

Reciprocal transplant
Habitat Habitat

In
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si

ng
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lo

gi
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om
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ex

ity

Individual taxa
Bacterial washes
Whole soil inoculum

Fungicide
Autoclaving
Gamma irradiation
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