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Global change is challenging plant and animal populations with
novel environmental conditions, including increased atmospheric
CO2 concentrations, warmer temperatures, and altered precipita-
tion regimes. In some cases, contemporary or “rapid” evolution
can ameliorate the effects of global change. However, the direction
and magnitude of evolutionary responses may be contingent upon
interactions with other community members that also are experi-
encing novel environmental conditions. Here, we examine plant
adaptation to drought stress in a multigeneration experiment that
manipulated aboveground–belowground feedbacks between plants
and soil microbial communities. Although drought stress reduced
plant growth and accelerated plant phenologies, surprisingly, plant
evolutionary responses to drought were relatively weak. In con-
trast, plant fitness in both drought and nondrought environments
was linked strongly to the rapid responses of soil microbial commu-
nity structure to moisture manipulations. Specifically, plants were
most fit when their contemporary environmental conditions (wet
vs. dry soil) matched the historical environmental conditions (wet
vs. dry soil) of their associated microbial community. Together, our
findings suggest that, when faced with environmental change,
plants may not be limited to “adapt or migrate” strategies; instead,
they also may benefit from association with interacting species,
especially diverse soil microbial communities, that respond rapidly
to environmental change.
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Climate change is a major threat to biodiversity (1–3). Some
species may cope with climate change through ecological strat-

egies, including phenotypic plasticity, behavioral modifications, or
migration to more favorable locations (4–8). Alternatively, spe-
cies may require rapid evolutionary adaptation to persist under
novel environmental conditions (9–12). Rapid evolution has been
documented in response to global-change scenarios such as cli-
mate warming and altered precipitation patterns (e.g., refs. 13 and
14; reviewed in refs. 15 and 16). However, it is unknown whether
such evolutionary changes occur rapidly enough to rescue pop-
ulations from the negative consequences of global change.
Often, evolutionary and ecological responses to global change

involve interactions with other species (17–20, reviewed in ref. 21).
The myriad of biotic interactions that occur in natural communi-
ties can be important mediators of adaptation to global change for
several reasons. First, the responses of nontarget taxa to envi-
ronmental change can mitigate or magnify the demographic con-
sequences of global change for focal populations. For example, the
catastrophic effects of global warming on coral reef communities
are greatly diminished when corals are colonized by particular
clades of thermal-tolerant zooxanthellae symbionts (22). Second,
tradeoffs between traits mediating biotic interactions and traits
underlying adaptation to global change may hinder (or in some
cases facilitate) evolutionary responses (23, 24). For example, in-
sect herbivores appear to inhibit adaptive responses of native
plants to biological invasions, likely because of genetic tradeoffs
between traits mediating interactions with herbivores and exotic
plant competitors (23, 24). These complex species interactions in

natural communities can make the evolutionary consequences of
global change difficult to predict, but understanding adaptation in
a community context is necessary for assessing species’ responses
to global change and identifying factors that contribute to adaptive
responses to novel environments.
Natural plant populations interact with a diverse community of

belowground microorganisms. Many of the global-change drivers
that affect plant populations, such as rising CO2 concentrations,
global warming, and altered precipitation regimes, simultaneously
influence the abundance and composition of microbial commu-
nities (25). Several studies have shown that plant adaptation to
certain stressors (e.g., salt, temperature, and heavy metal con-
tamination) is facilitated by genetic changes in populations of
closely associated microbial symbionts (e.g., fungal endophytes or
mycorrhiza) (e.g., refs. 26, 27, reviewed in ref. 28). If micro-
organisms commonly influence plant fitness responses to the types
of novel stressors associated with global change, then it is possible
that diverse, belowground microbial communities may help
maintain plant fitness in rapidly changing environments. This
traditionally overlooked process of adaptive plant responses to
global change is potentially important because microorganisms
often are considered to be less dispersal-limited and more evolu-
tionarily labile than their plant hosts (29, 30). However, the rela-
tive importance of microorganisms to adaptation, compared with
genetic changes in the plants themselves, is yet to be determined.
Global climate models predict changes in precipitation (31, 32)

that are likely to affect plant populations and their belowground
microorganisms simultaneously and interactively (33). Here, we
report on a multigeneration selection experiment that manipu-
lated the soil-moisture environment of replicated plant pop-
ulations and associated microbial communities for three plant
generations and possibly for hundreds of microbial generations.
Subsequently, we conducted a reciprocal transplant experiment to
disentangle how plant evolutionary history and microbe history
independently or interactively influenced plant growth and fitness
in contemporary (wet vs. dry) soil environments. Our main ex-
perimental goals were (i) to determine whether rapid evolutionary
changes in plant populations are important mediators of plant
fitness responses to novel soil-moisture environments, (ii) to assess
how biotic interactions with belowground microbial communities
influence plant ecological and evolutionary responses to drought
stress, and (iii) to evaluate evidence for plant–microbe co-
adaptation to a common global-change stressor. The results from
our experiments provide insight into adaptive plant responses to
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global change by identifying the relative importance of rapid
evolution of plant populations vs. changes in the genetic or com-
munity composition of the associated belowground microbial
community.

Results and Discussion
Plant fitness responses to drought stress were governed more by
rapid changes in belowground microbial communities than by the
rapid evolution of plant traits. Belowground microbial communi-
ties responded tomultigeneration soil-moisture treatments in ways
that increased plant growth and fitness. Both male and female
components of plant fitness (flower and fruit production, re-
spectively) increased when plants were grown in association with
microorganisms that were adapted to the contemporary soil-
moisture environment (Fig. 1 A and B). Surprisingly, plant evo-
lutionary history (i.e., multigenerational exposure to moisture
treatments) had no significant effect on fitness response to drought
(fruit number: P > 0.39; flower number: P > 0.84), indicating that
the adaptive plant responses observed in our experiment were
driven primarily by changes in the soil microbial community rather
than by genetic changes in the plants themselves.

Effects of a Novel Stressor on Plant Fitness. The predicted changes in
precipitation and expected increases in drought stress in many
regions throughout the world are likely to reduce the productivity
of plant communities and the fitness of focal plant taxa (34). Al-
tered precipitation regimes also have been shown to influence the
structure and function of microbial communities (25, 35). In our
study, both fruit and flower production (i.e., female and male fit-
ness components) were lower in contemporary dry soil treatments
than in contemporary wet soil treatments (Fig. 1 A and B), con-
sistent with the negative fitness effects that commonly are observed
under drought conditions. However, the magnitude of this effect
was contingent upon microbe history (microbe history × contem-
porary soil moisture interaction on fruit number, F1,254 = 14.55,
P = 0.0002, and on flower number, F1,284 = 6.51, P = 0.011), and
rapid changes in microbial communities mitigated the negative
effects of drought on plant fitness. Drought caused a 58%decrease
in fruit production when plants were grown in association with
a wet-adapted microbial community but only a 20% decrease in
fruit number when plants were grown in association with a dry-
adapted microbial community (Fig. 1A). Similarly, growing in the
presence of wet-adapted microbes allowed plants to respondmore
positively to well-watered environmental conditions; specifically,
plants increased flower production in wet environments but only
when grown in association with microbes adapted to wet envi-
ronmental conditions (Fig. 1B). In sum, plants were more fit when
they were grown in the presence of amicrobial community adapted
to contemporary environmental conditions.
Changes in belowground microbial communities were the

largest driver of adaptive plant responses to drought stress ob-
served in our study. In contrast to the strong and consistent
effects of microbe history on plant fitness components, plant
history did not affect plant fruit or flower number responses to
drought (fruit number: P > 0.39; flower number: P > 0.84), even
though several traits showed that evolutionary responses to three
generations of selection in different soil-moisture treatments
were possible (significant plant history × microbe history inter-
actions on biomass and fruit number; see below). Combined, the
strong effects of microbe history and weak effects of plant history
show that adaptive plant responses to drought stress are driven
more by changes in the belowground microbial community than
by rapid evolutionary changes in the plant populations. These
findings illustrate a potentially widespread means for plant
populations to maintain high fitness in the face of novel stressors.

Effects of Global Change on Plant Phenological Traits. By shifting the
timing of important developmental stages, plants can mitigate the

negative consequences of global change (14). For example, ac-
celerated flowering is a common plastic (36) and evolved (14, 37,
38) response to drought stress that allows plants to avoid the most
serious consequences of drought by flowering early and escaping
the periods of lowest water availability. However, much of the
drought-induced acceleration of flowering time that we observed
can be attributed to changes in the belowground microbial com-
munity rather than to plant evolutionary responses to drought
stress or even plastic responses to contemporary soil-moisture
conditions. We detected no evolutionary shift in flowering time
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Fig. 1. Effects of microbe history (dry- or wet-adapted) and contemporary
soil moisture (dry or wet soil) on plant fruit number (A), flower number (B),
and flowering date (C). Error bars indicate back-transformed least squares
means ± 1 SEM.
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between plant populations that had experienced three generations
of wet vs. dry conditions (F1,10 = 2.61, P = 0.14) and only minimal
effects of contemporary soil-moisture treatments on flowering
time: Contemporary drought delayed flowering by 1 d (F1,10 =
4.93, P = 0.05). Instead, flowering was accelerated by 3 d when
plants were grown in association with dry-adapted microbial
communities, regardless of contemporary environmental con-
ditions (F1,6 = 17.82, P = 0.0055; Fig. 1C).

Microbe Responses to Drought. Global environmental changes in-
fluence the structure and function of microbial communities
(25). For example, the diversity and composition of soil micro-
organisms shift along precipitation gradients and are sensitive to
drought events (35, 39–41). Similarly, we found that prolonged
drought stress affected soil microbial communities in a number
of ways. Microbial communities from historically wet treatments
had higher bacterial richness [means ± 1 SE: dry 80.4 ± 1.92
operational taxonomic units (OTUs), wet 87.2 ± 1.92 OTUs;
F1,24 = 6.31, P = 0.019], and historical exposure to contrasting
soil-moisture regimes (dry vs. wet) altered the composition of
bacterial [permutation-based multivariate ANOVA (PERMA-
NOVA), F1,24 = 7.42, P = 0.001] and fungal communities
(PERMANOVA, F1,24 = 14.56, P = 0.001), explaining 20% and
33% of the variation in the relative abundances of bacterial and
fungal OTUs, respectively (Fig. 2). These changes may be the
result of the direct physiological effects of soil moisture on be-
lowground microbial communities. For example, in the absence of plants, soil bacteria and fungi exhibit interspecific variation

for optimum water potential and tolerance to drought stress,
two components of the soil-moisture niche axis. As a result, some
specialized taxa are likely to be restricted to high soil-moisture
environments, whereas other taxa are habitat generalists capable
of surviving at much lower soil water potentials (42). Alterna-
tively, changes in microbial structure between moisture treat-
ments may reflect plant-mediated indirect effects. For example,
soil microorganisms may respond to altered carbon (C) inputs
(via litter or root exudates) when plants are drought stressed
(43). Although we did not detect significant effects of the long-
term soil-moisture treatments on soil C (F1,22 = 2.06, P = 0.17),
other types of global change (e.g., elevated atmospheric CO2
concentrations) have been shown to alter plant–soil feedbacks in
ways that influence microbial communities (44). Regardless of
whether the drought effects were direct or indirect, the microbial
communities that developed under prolonged moisture treat-
ments were rather resistant to changes in watering regimes
during the reciprocal transplant experiment: Contemporary soil-
moisture treatments explained only 6% (PERMANOVA, F1,24 =
2.04, P = 0.039) and 4% (PERMANOVA, F1,24 = 1.84, P =
0.097) of the variation in bacterial and fungal community
composition, respectively.

Microbe-Mediated Indirect Effects on Plants. The moisture-medi-
ated shifts in belowground microbial communities may have
affected plant fitness responses to drought stress in two main
ways. First, shifts in microbial community composition and
bacterial diversity could be linked to changes in biogeochemical
processes that influence the availability of resources, such as
nitrogen (N), that commonly limit plant growth and fitness. For
example, when challenged with drought conditions, N avail-
ability was 60% higher in soils with wet-adapted microbial
communities than in soils with dry-adapted microbial commu-
nities (Fig. 3, microbe history × contemporary moisture, F1,8 =
29.04, P = 0.0007; also see Figs. S1 and S2), possibly because
prolonged drought stress reduced the abundance and activity of
certain guilds of soil microorganisms that are responsible for
important N transformations (45, 46). Second, given that
drought stress altered the composition of both bacterial and
fungal communities, drought stress may have changed the rel-
ative abundances of mutualists and pathogens and also may

Fig. 2. Multivariate ordination showing the effects of microbe history,
plant history, and contemporary soil moisture on microbial community
composition. Microbe history affected the composition of soil fungi (Upper)
and bacteria (Lower), as indicated by the strong separation of samples along
PCoA axis 1. Dashed ellipses contain dry-adapted microbial assemblages, and
solid ellipses include wet-adapted microbial assemblages. PERMANOVA
confirmed the effect of the microbe-history treatment on both fungal and
bacterial composition (P = 0.001). Although not as strong as microbe history,
contemporary soil moisture (white symbols, dry; gray symbols, wet) signifi-
cantly affected the composition of bacteria (P = 0.039) and marginally af-
fected the composition of fungi (P = 0.096). In contrast, plant history (dry
plants, circles; wet plants, squares) had no effect on fungal or bacterial
composition (P = 0.55 and P = 0.22, respectively). Ordinations were created
with the output of PCoA, and the percent variation explained by each PCoA
axis is presented in parentheses in each axis label.

Fig. 3. Microbe history and contemporary soil moisture (dry, white bars;
wet, gray bars) altered plant-available soil N (NH4

+ and NO3
−). Plant-avail-

able N was higher in dry contemporary soil-moisture treatments than in wet
contemporary soil-moisture treatments, especially for soils containing a wet-
adapted microbial community (microbe history × contemporary moisture,
F1,8 = 29.04, P = 0.0007). Error bars indicate least squares means ± 1 SEM.
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have affected the fitness benefits of associating with mutualists
(47) and susceptibility to pathogens (48).

Plant–Microbe Coadaptation to Drought Stress. Plant population
responses to global change may depend on evolutionary
responses of plants, ecological and/or evolutionary responses of
associated microorganisms, or interactions between plant and
microbial responses. Although much of the adaptive plant re-
sponse to drought stress observed in our experiment can be at-
tributed to changes in the belowground microbial community,
we also detected some evidence for interactions between plant
history and microbial history on plant growth and fitness traits.
Plants produced slightly more fruits and biomass when there was
a mismatch between plant history and microbe history, in-
dependent of the contemporary soil-moisture environment
[plant history × microbe history interactions on fruit number
(F1,252 = 8.40, P = 0.0041), and biomass (F1,94 = 5.27, P =
0.024)]. These interactions between plant evolutionary history
and microbe history are most likely the result of the microbially
mediated expression of genetic differences in plant traits.

Conclusion. The ability of natural plant populations to maintain
high fitness in the face of rapid anthropogenic environmental
change is crucial to their long-term persistence. However, fitness
responses to global change can be influenced strongly by inter-
actions with other community members. Here we show that
adaptive plant responses to drought stress were governed largely
by the responses of belowground microbial communities. Asso-
ciating with a microbial community adapted to contemporary
environmental conditions—whether wet or dry—increased plant
fitness, and even evolutionarily naive plant populations main-
tained high fitness under drought stress when grown in association
with a drought-adapted microbial community. Our findings
highlight that rapid adaptation to novel environments occurs in
a community context and demonstrate that plant responses to
novel stressors can be influenced heavily by the response of closely
associated microbial communities that simultaneously are expe-
riencing novel environmental conditions. These results suggest
that plants may not be limited to “adapt or migrate” strategies
(49) for persisting in the face of anthropogenic environmental
change and instead may be facilitated by rapid responses of the
surrounding biotic community.

Materials and Methods
Selection Experiment. To investigate how both plant populations and be-
lowground microbial communities respond to soil moisture, we conducted
a “selection in a controlled environment experiment” (50). We planted rep-
licate Brassica rapa populations into wet (high soil moisture) and dry (low soil
moisture) mesocosms (n = 4 mesocosms per soil-moisture treatment). Each
mesocosm consisted of a large (76-L) pot filled with steam-sterilized (121 °C,
15 psi, 16 h) potting medium (one part Baccto High Porosity Mix (Michigan
Peat Company): one part perlite: one part vermiculate). We used potting
medium for this experiment, rather than field soil, so that we could maintain
relatively consistent abiotic soil conditions across generations. Each mesocosm
was inoculated with 3 L of intact field soil at the beginning of the experiment
to provide each mesocosm with a natural soil microbial community (see ref.
51 for details). We then sowed 128 B. rapa seeds into each mesocosm at 4-cm
spacing. All mesocosms were watered until seeds germinated, after which we
ceased watering the mesocosms in the dry soil-moisture treatments but con-
tinued to water the wet soil-moisture treatments (ca. 1–1.5 L per mesocosm
every other day). As plants flowered, they were hand-pollinated by using
a soft paintbrush to collect pollen from other flowering individuals in the
same mesocosm and depositing pollen on all receptive stigmas. We har-
vested plants as they senesced but before silique dehiscence (fruit opening).

To begin each subsequent generation of selection, we counted all seeds
and randomly selected 128 seeds from each mesocosm for use in the next
generation of the experiment.We reestablished eachmesocosm by removing
half the existing soil and mixing in an equal volume of freshly sterilized
potting medium. In this way we were able to maintain relatively intact soil
microbial communities in each mesocosm while minimizing nutrient drawdown

resulting from differences in plant growth between the wet and dry soil-
moisture treatments. We then sowed each population of seeds back into the
mesocosm from which they were collected. This process was repeated for
three plant generations.

After three plant generations, a randomly selected subset of 125 seeds per
mesocosm was propagated in a common garden environment to reduce
maternal environmental effects. Individual seeds were sown into 164-mL
Cone-tainers (Ray Leach Cone-tainers; Stuewe & Sons Inc.) filled with LP5
potting medium (Sungro Horticulture Canada Ltd.). All plants were watered
as needed to ensure that each planted seed reproduced successfully to re-
duce selection during the common garden generation. As above, plants
were outcrossed with other individuals from the same population. Seeds
obtained from the common garden generation were used in the reciprocal
transplant experiment described below. During the common garden gen-
eration, a fourth plant generation was planted into the mesocosms so that
the microbial community in each mesocosm experienced continual exposure
to the same plant population and soil-moisture environment for ca. 16 mo.

Reciprocal Transplant Experiment. To test for plant adaptation to soil-moisture
environments and to determine whether microbial communities changed in
response to soil moisture in ways that affected plant growth, we performed
a full reciprocal transplant experiment. Offspring from plant populations that
had experienced wet or dry environments for three generations were grown
in association with microbial communities from wet or dry environments
under either wet or dry contemporary environmental conditions. We filled
0.72-L pots with soil from one of the eight fourth-generation mesocosms (n =
10 pots per mesocosm, 80 pots total). One randomly selected seed from each
of four different populations (two dry adapted and two wet adapted) was
planted into each pot. Half the pots were assigned to dry contemporary soil-
moisture treatments, and half were assigned to wet contemporary soil-
moisture treatments. Pots assigned to wet treatments were kept consistently
moist. Pots assigned to dry treatments were watered only when plants be-
gan to show signs of drought stress.

We measured plant phenological, growth, and fitness traits, including
flowering date and plant height.We harvested each plant when it had ceased
flowering and fruits were ripe. After harvest, we weighed aboveground
vegetative biomass (after drying for 2 d at 65 °C) and counted flower, fruit,
and seed numbers. We also weighed all seeds to calculate mean seed mass.

Microbial Responses. Because we were interested in feedbacks between
plants and microbes, we planted an additional set of pots for microbial and
soil nutrient analysis. Each pot was filled with soil from one of the eight
mesocosms; all seeds in a given pot were of a single plant history (wet or dry),
and soil-moisture conditions were kept wet or dry (n = 160 pots total). To
determine how microbial communities had changed in response to treat-
ments, we collected soil samples from each pot after plant senescence. Ge-
nomic DNA was extracted from 1 g of each soil sample using an UltraClean
Soil DNA Isolation Kit (Mo Bio Laboratories, Inc.). This DNA was used as
a template in quantitative PCR assays to estimate total bacterial and fungal
abundance. For fungi we used ITS1-F (forward) and 5.8S (reverse) primers,
and for bacteria we used Eub338 (forward) and Eub518 (reverse) primers
(52). To assess treatment effects on microbial community composition, we
fingerprinted the soil microbial community using terminal restriction length
polymorphism (T-RFLP). For fungi, we PCR-amplified DNA using a fluo-
rescently (FAM-6) labeled ITS1-F forward primer, an unlabeled ITS4 reverse
primer, and the thermal cycler pattern described elsewhere (53). For bac-
teria, we amplified DNA using a fluorescently (FAM-6) labeled 8F forward
primer, an unlabeled 1492R reverse primer, and the thermal cycler pattern
described elsewhere (54). We then digested the fluorescently labeled
product and quantified the size of fluorescently labeled fragments in our
samples by comparison with an internal ROX-labeled size standard (50–2,000
bp). Then OTU richness for bacterial and fungal samples was calculated by
summing of peaks that were present in the fragment profiles. For additional
details see ref. 45.

To determine whether observed differences in microbial communities
(Results) were accompanied by changes in N availability, we estimated plant-
available soil N (NH4

+ and NO3
−) from a subset of samples (n = 29) with KCl

extractions followed by analysis on a Flow Solution IV analyzer (OI Analyt-
ical). We consider the sum of soil NH4

+ and NO3
− to be an estimate of plant-

available N. Similarly, to determine whether long-term soil-moisture treat-
ments altered total soil organic C and N, we estimated percent C, percent N,
and C:N ratios on a subset of soil samples (n = 30 soil samples; three sub-
samples were analyzed per soil sample) with a Costech Model 4010 Ele-
mental Combustion analyzer (Costech Analytical Technologies Inc.).
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Statistical Analyses. Weusedmixed-model ANOVA (ProcMIXED, SAS Institute
2001) to test for effects of plant history, microbe history, and contemporary
soil-moisture conditions on plant and microbial response variables and soil
characteristics. Significantplant-historyeffects indicate thatplantpopulations
had evolved in response to three generations of selection in wet or dry
environments. Significant microbe-history effects indicate that changes in
microbial community composition and/or genetic changes in microbial pop-
ulations occurred in response to selection in wet or dry environments. Plant
growth,phenological, and/orfitness traitswere includedas responsevariables;
plant history (wet or dry), microbe history (wet or dry), contemporary soil-
moisture environment (wet or dry), and all interactions were included asfixed
factors. Microbe mesocosm (i.e., the mesocosm from which the soil and mi-
crobial communities were collected) nested within microbe history, plant
population nested within plant history, and pot nested within microbe mes-
ocosm × contemporary soil moisture interaction were included as random
factors. Interactions between random factors and between random and fixed
factors also were included in the model. Flower number and fruit number
were natural log transformed to meet the assumptions of ANOVA.

Similar analyses were conducted on soil characteristics (plant-available N,
percent C, and C:N ratios) and univariate microbial response variables,

including the fungal-to-bacterial ratio, fungal OTU richness, and bacterial
OTU richness. Also, we characterized the multivariate composition data
generated from T-RFLP using principal coordinates analysis (PCoA) on Bray–
Curtis distance matrices derived from relativized fluorescence data. In ad-
dition to visualizing the data via ordination plots, we used PERMANOVA
with the adonis command in the vegan package of R (55). Using 1,000
permutations, we tested for the main effects and interactions among the
plant history, microbe history, and contemporary soil-moisture treatments
on relative OTU abundances.
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