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While a plant’s microbiome can facilitate adaptive phenotypes, the plant’s
role in selecting for these microbes is unclear. Do plants actively recruit
microbes beneficial to their current environment, or are beneficial microbes
only an incidental by-product of microbial adaptation? We addressed
these questions through a multigeneration greenhouse experiment, selecting
for either dry- or wet-adapted soil microbial communities, either with or
without plants. After three plant generations, we conducted a full reciprocal
transplant of each soil community onto wet- and dry-treated plants. We
found that plants generally benefited from soil microbes, and this benefit
was greater whenever their current watering conditions matched the
microbes’ historical watering conditions. Principally, the plant’s presence
was not necessary in the historical treatments for this environmental match-
ing benefit to emerge. Moreover, we found microbes from droughted soils
could better tolerate drought stress. Taken together, these results suggest
that the moisture environment selects for microbes that benefit plants
under those specific moisture conditions, and that these beneficial properties
arise as a by-product of microbial adaptation to the watering environment
and not as a co-adapting plant-microbe system. This work highlights that
understanding the selective agents on these plant-associated microbes will
lead to a better understanding of plant adaptation.

1. Introduction

The degree to which a plant’s phenotype is adapted to its environment is often
considered a product of the plant’s evolutionary history and genetics [1,2]. How-
ever, a plant’s phenotype is plastic, in part due to the composition and function of
its associated microorganisms [3,4]. Plants are colonized by diverse communities
of microorganisms that can influence plant phenotype through their various
activities including but not limited to, nutrient cycling, decomposition, hormone
production and pathogen activity [5-7]. While these plant-microbe interactions
are key in determining the fitness of both the plant and microbial partners, the
evolutionary history and selective agents behind many of the microbial traits
that influence plant phenotype are unclear. Identifying the selective pressures
on plants” associated microbes, and how this selection influences their impacts
on host adaptation will provide insight to these microbes’ operation and evol-
ution, as well as their contribution to plant phenotype. To this end, herein we
investigated the selective agents on plant-associated microbes that determine
these microbes” impact on plant adaptation to different soil moisture environ-
ments, specifically focusing on the separate contribution of the host plant and
the abiotic environment in selecting for microbes that mediate locally adaptive
plant phenotypes.

Recent work has highlighted that plant hosts are frequently colonized by
microbial communities that mediate locally adaptive plant phenotypes [8].
For example, prior work has found that plants in a drought experiment had
the highest fitness when provided with microbes collected from plants whose
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wet/dry-watering environment matched the plants’ current
watering environment [9-12], and similar results have been
found in linking microbes to plant adaptation to serpentine
soils and across temperature and salinity gradients [13-15].
These patterns may indicate that plants and microbes adapt
to environmental stress as a coevolving system, which implies
that the plant acts as a significant agent in selecting for
microbes that facilitate its locally adaptive phenotype.

Indeed, through their root morphology, chemistry, root
exudation patterns, immune signalling etc. plant roots select
upon their root-associated microbes, provisioning important
resources and habitats for many soil microbes and influen-
cing which microbes can colonize the plant root [16-20].
Prior work has hypothesized that plants may have evolved
mechanisms to preferentially recruit microbes that provide
an adaptive value to the plant; namely, that plants use a
‘cry for help” in response to various environments, wherein
plants exposed to stress adaptively alter their root exudates
and chemistries to recruit microbes beneficial to the current
environment [21-23]. Similarly, the microbial dependence
on the plant for resources may select from microbes with
cooperative traits that support locally adaptive plant pheno-
types that maintain plant health and thus resources for the
microbes [24]. The mutual dependence of plants and
microbes could potentially align plant and microbial fitness
in the face of environmental stress. Therefore, there may be
selection for microbes that facilitate locally adaptive plant
phenotypes, because the microbial traits that increase plant
fitness will also consequently benefit microbial fitness.

However, the plant is not the sole selective agent on their
associated microbes. Many root-associated microbes are not
fully obligate on the plant and can also be free-living in the
soil [25]. Consequently, these microbes must navigate multiple
dimensions of selection besides the plant—especially environ-
mental stress. Any microbial traits that benefit the plant in a
given environment may thus alternatively be the result of
microbial adaptation to that environment, with any benefit
to the plant only an incidental by-product. For example, traits
that help microbes persist in the face of environmental
stress will directly benefit their own fitness under similar
environmental conditions. However, by maintaining important
microbial function under environmental stress, these microbial
traits may also end up benefiting plants. Importantly, these ben-
eficial traits would be an incidental by-product of selection on
these microbes from the local environment.

To understand the origin of microbial interactions ben-
eficial to the plants in their local environment, we compared
the contribution of the host plant and the abiotic environment
in selecting for microbes that facilitate locally adaptive benefits
to the plant. In addressing these questions, we used a long-
term greenhouse experiment, exposing soil microbial commu-
nities to various selective watering environments (wet versus
dry) for multiple plant generations. Following these selective
treatments, we used a full reciprocal cross and inoculated
these microbial communities back onto plants under the two
original watering treatments, allowing us to evaluate these
microbes’ contribution to plant adaptation to the historical
watering treatments. To evaluate the importance of plant
selection on microbes, we included two plant conditioning
species. Additionally, we critically included a ‘no plant’ con-
trol treatment to determine if plants and microbes need to
adapt to drought stress together. By comparing the fitness of
plants inoculated with microbes from ‘plant’ and ‘no plant’

treatments, we can identify the importance of the plant n

versus the environment in mediating selection on the microbes,
and the subsequent contribution to plant phenotypes adaptive
to moisture environment.

We established a long-term greenhouse selection experiment to
investigate selective agents on plant-associated microbes and
their impact on plant adaptation. For three plant generations, we
exposed soil microbes to two selective moisture treatments, wet
or dry. We refer to this treatment as the historic moisture selection
treatment. We crossed this moisture treatment with three plant
treatments: (i) Brassica rapa (standard stock lines, Wisconsin Fast
Plants Program, University of Wisconsin); (ii) Arabidopsis thaliana
(Col-0 lines, Arabidopsis Biological Resource Center, Columbus,
OH, USA), and (iii) no plants present. We refer to this treatment
as the historical plant selection treatment. Altering the presence
of plants in this experiment altered the presence of plant selection
on the microbes, and including the two separate plant species
allowed us to evaluate the importance of species-specific
specialization of soil microbes to the selective plant.

In the first generation, soil microbial communities were estab-
lished in small ‘cone-tainer’ pots and filled with approximately
120 ml of a locally produced ‘root-wash’ soil mix: equal parts of
calcined clay, torpedo sand and field soil (University of Illinois
Plant Care Facility, https://pcf.aces.illinois.edu/soil-mixes/).
To provide a microbial community that could be the target of
selection by the various selective treatments, soil was amended
5% by volume with a live soil inoculum field-collected from a dec-
ades-old tallgrass prairie restoration site (40.128577, —88.140734).
There were 30 replicate pots in each treatment, for a total of 180
pots (30 replicates x 2 watering treatments x 3 plant treatments).
At the start of each of the first three generations, we planted five
seeds of the designated species in each pot. All pots were watered
to saturation daily for the first week after sowing to facilitate
successful germination, after which we thinned pots down to
three plants and the moisture treatments were imposed: in the
wet treatment, pots were watered to saturation every 2 days; in
the dry treatments, we weighed pots and watered to 14% gravi-
metric water content every 2 days. We chose this water content
target for the dry treatment because a pilot study demonstrated
this water content represented a significant stress compared
with the well-watered control, while still allowing for plant survi-
val. These watering treatments thus allow for differing selective
environments, which can be used to evaluate plant adaptation
to each moisture environment. Plants were grown in the green-
house on a 26°C/24°C day/night schedule, supplemented with
14 h of daily light. We continued these treatments for a total of
three plant generations, with each generation lasting approxi-
mately 50 days. Between each generation, plant shoots were
pruned, and new seeds of the appropriate species were sown
into pots to continue the plant selection treatments.

After three generations of selection on the soil microbial commu-
nities, we examined how the resulting microbial communities
mediated the plant’s response to the selective moisture environ-
ments. To this end, we performed a full reciprocal transplant on
the soil from all pots, using soils from each pot as inoculum for a
new generation of plants. To control for potential nutritional/
chemical changes in soils due to the historic selective treatments,
the soils from each pot were divided into two, with one portion
being autoclaved. Both live and sterile (autoclaved) components
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were used as separate sources of inoculum into freshly sterilized
soil in this final generation. Comparing subsequent plant growth
between paired plants inoculated with the live and those inocu-
lated with sterile soils would allow us to compare the microbial
impact of these historic selection treatments apart from the nutri-
tional/chemical changes to the soil. This approach is similar in
design to plant-soil feedback experiments [26]. We freeze-dried
5 g soil inoculum from each of these pots to be used for nutrient
analysis. Additionally, for future microbial analyses, we stored
1g of soil from each mesocosm in a 10 ml solution of 70%
phosphate-buffered saline (PBS) and 30% glycerol and stored
at —80°C.

Each soil inoculum was inoculated into two pots, with each
assigned to either a wet or a dry treatment, which we refer to
as the contemporary treatment. This made a total of 720 pots:
180 historical pots x 2 microbe treatments (live versus sterile) x
2 contemporary watering treatments (wet versus dry). The inocu-
lum composed 8% by volume of the total soil with the remainder
being a sterilized root-wash mix. We seeded all pots with B. rapa
seeds (standard stock lines, Wisconsin Fast Plants Program, Uni-
versity of Wisconsin) and thinned to one seedling after
germination. Pots were placed in a framed tray and blocked
such that two replicates of each treatment combination existed
in each frame; each treatment’s location was randomized
within each block. Identical to the previous watering treatment;
pots were watered to saturation daily for the first week after
planting to facilitate successful germination, after which moisture
treatments were imposed, as described above.

In this fourth generation, we assessed the degree to which the
historic selective watering and plant regimes on the soil microbial
communities impacted plant adaptation to their contemporary
watering environment, using multiple plant traits as our proxies
for fitness, including biomass and height. Seven weeks after the
initiation of this final generation, we harvested both above- and
below-ground biomass of the Brassica plants over 2 days. After
harvest, we measured the height of each plant to the nearest
quarter centimetre, and gently washed root tissues to remove
soil particles. All tissues were oven dried at 75°C for 72 h and
then weighed.

(b) Assessing traits of soil inoculum

(i) Characterizing soil nitrogen

While we were primarily interested in the impact of the historic
selective treatments on the microbial inoculum, these treatments
may have also altered the nutrition/chemistry of these soils. We
tested the impact of these treatments specifically on soil nitrogen,
as nitrogen seems a likely candidate for a nutrient that could be
altered by these treatments while also impacting plant fitness. To
this end, we conducted a KCl-extraction on a random subset of
15 soil inoculum samples within each treatment that had been
collected from the end of the selection phase and freeze-dried
(see above), followed by a colorimetric analysis for NH; using
a modified Berthelot-salicylate method [27].

(ii) Profiling microbial community respiration over a moisture

gradient
Either through ecological filtering or the evolution of the microbial
community, we hypothesized that the historic watering treatment
may have altered the optimal moisture range in which these
microbial communities were active, becoming more adapted to
their historic watering conditions. Microbial activity may be
important in influencing plant tolerance to specific moisture
environments [28]. Consequently, we used microbial respiration
as a proxy for generalized microbial activity, and we measured
the microbial respiration of a random subset of inocula (see
below) across a range of soil moisture conditions. This measure

is somewhat akin to the microbial communities’ ‘moisture n

niche’, as previously described by others [29].

We used the MicroResp system [30], to measure the CO, res-
piration of these microbial communities collected from the end of
the selection phase. This system is relatively high-throughput,
allowing us to measure microbial respiration across a variety of
samples and soil moisture contents. Briefly, we created soil
microcosms by filling each well in a deep-well plate with 0.75 g
of sand amended with 1.5% R2B medium (Research Products
International, Mt. Prospect, IL) by weight to provide resources
for microbial growth. We autoclaved and oven-dried these
deep-well plates, and then added sterile water to wells across a
12-step soil water gradient, ranging from 23% to 10% gravimetric
soil water content. After adding sterile water, we allowed these
soil microcosms to equilibrate for 24 h, after which we inoculated
each well with 15 pl of inoculum from a soil sample that had
been stored at —80°C in PBS and glycerol (see previous descrip-
tion). We included control wells that were not inoculated with
any microbial inoculum, but rather only with sterile water. We
additionally prepared 96-well plates filled with a cresol red
CO, trap gel. These CO, traps have a colorimetric dye that
changes colour according to the concentration of CO,. Following
their inoculation, these deep-well plates were clamped to the
plates with the CO, traps using a rubber gasket, sealing each
soil microcosm with a single aligned CO, trap well. Conse-
quently, increased soil respiration in each soil microcosm
resulted in an increased colorimetric change in the corresponding
well. We read these plates’ absorbance at 570 nm on a plate
reader, for an initial reading. We then incubated these deep-
well plates in the dark for 6 h at 25°C, following which we
measured the colorimetric change of the 96-well CO, traps by
again measuring their absorbance.

From the original 180 pots from the initial selection phase, we
characterized the respiration of 60 samples, randomly choosing
10 inocula from each of the six historical watering and plant
treatment combinations. Samples were randomly designated a
location on a 96-well plate, and run over the course of two
trials, with four plate systems in each trial.

() Data analysis

(i) Greenhouse biomass analysis

We used plant above- and below-ground biomass, and height as
our measures of plant adaptation to the contemporary watering
treatments. While these measures assume that increasing biomass
or height for a given watering condition represented increased
plant adaptation to that environment, prior work has shown
a strong correlation between B. rapa reproductive fitness and
above-ground biomass (see electronic supplementary material
data within [29]). While below-ground biomass or height are
not frequently used as proxies for plant fitness, it can be beneficial
to use multiple traits related to plant health to fully encapsulate
plant fitness [31,32]. These measures may be particularly useful in
evaluating plant health in relation to droughted conditions, wherein
plants may differentially allocate their resource allocations to
above- and below-ground tissues.

To examine the impact of our various treatments on plant
adaptation, we constructed mixed effects models for each of
these plant traits. In these models, we included as fixed effects:
the contemporary watering treatment (wet or dry), the microbial
inoculum’s historic watering treatment (wet or dry), the microbial
inoculum’s historic plant treatment (A. thaliana (="other’ plant), B.
rapa (='same’ plant), or no plant), as well as the status of the
microbial inoculum (live or sterile). To control for variation, we
additionally included the greenhouse block, and the original
source pot as a random effects. We square-root transformed
above-ground biomass and height, and log-transformed below-
ground biomass to meet assumptions of normality (see electronic
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supplementary material, figure S1 for residual plots in checking
model assumptions). We constructed models and evaluated the
fixed effects by using the Ime4 and ImerTest packages [33,34] in
the R statistical environment. We used Tukey honestly significant
difference (HSD) post hoc comparisons to evaluate differences
between groups.

In order to assess the impact of microbes on plant adaptation,
we first focused on the terms in these models representing the
interaction between the microbe’s historical selective treatments
and the status of the microbial inoculum term (live versus sterile).
These interaction terms would indicate if live microbial inoculum
was needed for any apparent plant adaptation to the selective
treatments. As parsing the results of multiple plant traits can be
difficult, we additionally used a separate MANOVA that com-
bined the three plant traits (above- and below-ground biomass,
and plant height) to evaluate these treatments’ impact on this
suite of plant traits.

We further investigated the sign and direction of the microbial
fitness impact on plants with a derived variable that quantified the
difference between inoculated and sterile treatments. Every
original pot from the selection phase had generated a live and
sterile pair in the final testing phase. We calculated a ‘microbial
effect’ for each plant trait by dividing each live inoculum plant
trait value by that of the corresponding paired sterile plant trait
value [26]. If the microbial effect is greater than 1, then the live
microbial inoculum increased the plant trait, and if the microbial
effect is less than 1, then the live microbial inoculum decreased the
plant trait.

We used these microbial effects to create mixed-effects models
similar to those described above. We included as fixed effects: the
contemporary watering environment (wet or dry), historical
watering treatment (wet or dry), the historical plant treatment
(Brassica or Arabidopsis or no plant), and the interaction of these
terms. To control for variation, we included block and the
source pot as a random effects (see electronic supplementary
material, figure S1 for residual plots in checking model assump-
tions). We again additionally built a MANOVA that combined
the three microbial effects on the plant traits. Data were log-
transformed to generate log-response ratios. In all these models,
we were specifically interested in the interactions involving
the historical water and historical plant treatments, as our
primary question was focused on the impact of plant selection
on microbially mediated plant adaptation. For example, in the
contemporary dry treatment, based on prior work, we expected
that microbes from historical dry treatments and with plants
would facilitate higher plant fitness than the historical wet treat-
ments [12]. However, will this benefit depend on the historic
presence of the plant?

Following the methods outlined by the MicroResp manual, we
transformed each well reading into a respiration rate. Using this
respiration data, we characterized the range of respiration for
soils from the two watering treatments across the water content
gradient. Specifically, using a maximum-likelihood method with
the bblme package [35], we generated models for respiration by
fitting data to a nonlinear function that was used by others [29]
to similarly describe microbes” functional moisture profile,

)

The response variable in this model, R, is respiration, and is
modelled as a function of: Ry,,x, maximum respiration; W, soil
water content; W, s0il water content corresponding to the maxi-
mum respiration (i.e. the optimum); o, the rate at which

respiration declined after maximum respiration; and 7, a shape
parameter. We compared models between the two watering

_ W — Wopt
g

R = Rpax (exp [

treatments by examining the estimates for these parameters. n

We specifically focused on the water content for maximum
respiration (W, optimal water content), as changes in this
parameter might indicate a shift in the adaptation of these soil
communities to specific water contents. We compared the breadth
(defined as b) of the estimated respiration curves between historic
watering treatments, calculated using various parameters from
the model

b = a(—log, 0",

where x defines the range of water content that is some proportion
of Rmax [29]. By assigning x to 0.5, this breadth parameter can be
qualitatively described as the range of water content where respir-
ation is at least 50% of the maximum respiration.

Under both contemporary wet and dry conditions, both the
MANOVA and each individual plant trait (above- and
below-ground biomass, and height) were significantly and
similarly impacted by the main effects of the soil microbial
status (live versus sterile) and the historical watering condition,
but not the historical plant treatment (table 1). Overall, plants
were larger (both higher biomass and were taller) when
paired with live microbes (figure 1; above-ground p <0.001,
below-ground p<0.001, height p<0.001, MANOVA p<
0.001). Plants also tended to be larger when grown under
soils that had experienced historically dry conditions
(figure 1; above-ground p<0.001, below-ground p <0.001,
height p <0.001, MANOVA p <0.001), a fact that may be par-
tially due to a more substantial draw-down of nutrients
under historic wet conditions during the selection phase of
the experiment (electronic supplementary material, figure S4).

While there were several significant interactions in these
models, multiple interactions across the various treatments
made their effects difficult to parse. Therefore, we constructed
additional mixed-effects models that were the same structure
as the previous models, but split the data into the contem-
porary wet and contemporary dry treatments (electronic
supplementary material, table S1 and figures S2 and S3 for
residual plots in checking model assumptions). As we are
primarily interested in adaptation, examining models specific
to each of these contemporary watering environments will
allow us to evaluate specifically adaptation to either the
wet or the dry environment. Within these smaller models,
we found the same two statistically significant two-way inter-
actions across all plant traits and both contemporary watering
treatments: historical watering by historical plant, and
historical watering by microbial condition (see electronic sup-
plementary material, table S1 for details). These interactions
arose because plant trait differences under historically wet
and historically dry soils depended both on the historical
plant and on the soil microbial status (figure 1). For example,
for above-ground biomass, the magnitude and direction of
the historically wet versus dry treatments’ impact on biomass
changed across the microbial treatments. Plants grown in con-
temporary wet conditions largely had higher above-ground
biomass when paired with live microbes from historically
dry soils. Plants grown in contemporary dry conditions had
significantly higher above-ground biomass when paired with
live microbes from historically dry soils, but there was no



Table 1. Mixed model ANOVAs for the effects of the contemporary watering treatment (wet versus dry), historic plant conditioning treatment (A. thaliana |}
versus B. rapa versus no plant), historic watering treatment (wet versus dry), the microbial status (live versus sterile), and their interactions on multiple plant
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traits, including above- and below-ground biomass, as well as height. We additionally show a MANOVA that combines all three plant traits together. We display g
both F and p-values for each model term. Terms with an associated p-value less than 0.05 are in italics. + p < 0.1; * p < 0.05; ** p <0.01; *** p <0.001. g
above-ground below-ground MANOVA g
model term biomass biomass g
contemporary water 1 107.17%%* 0.97 550.92%%* 292.19%** E
historic water 1 36.16%** 31.32%x* 16.77%** 13.04*** §
historic plant 2 2.78% 2.74% 1.26 198" i
microbe 1 67.72%%* ‘ 39.64%** 39.07%** 24.16%** %
contemporary water X historic water 1 0.19 1.68 1.44 1.50 -
contemporary water X historic plant 2 1.28 0.14 2.34% 2.87% 2
historic water X historic plant 2 10.04*** 1.25 132 5.27%%% f:
g
contemporary water X microbe 1 1.93 0.93 8.62** 9.39%** ;
historic water X microbe 1 2.69 4.22* 0.23 243 N
historic plant X microbe 2 3.49% 133 0.11 1917 :
contemporary water X historic water X historic 2 3.53* 1.58 4.90%* 3.04** §
plant é,?
contemporary water X historic water X microbe 1 26.03%%* 28.60%** 32.36%%* 14.65%%*
contemporary water X historic plant X microbe 2 0.12 0.02 0.24 0.53
historic water X historic plant x microbe 2 0.51 1.22 147 1.40
contemporary water X historic plant X historic 2 0.41 1.65 0.73 1.25

water X microbe

difference in plant biomass under different historical watering
conditions with sterilized microbial inoculum. Similar patterns
were observed in the other plant trait measures (figure 1).
These results suggest that microbes play a positive role in
plant response to dry conditions.

The microbially mediated effect was similar across
all plant traits and the MANOVA, with these traits being
significantly influenced by the interaction between the
historic watering treatment and contemporary watering treat-
ment, and no other factors (table 2; above-ground p <0.001,
below-ground p <0.001, height p<0.001, MANOVA p<
0.001). As above, these interactions can be difficult to parse,
and we therefore constructed two additional mixed-effects
models that were the same structure as the previous models,
but split the data into the contemporary wet and contempor-
ary dry treatments (see electronic supplementary material,
figures S2 and S3 for residual plots in checking model assump-
tions). In these additional models, across all plant traits and
the MANOVA, in both contemporary watering environment,
the historic watering treatment was highly significant, while
all other factors had no significant impact on the microbial
impact (see electronic supplementary material, table S2
for all p-values). In general, we found that soil microbes
largely were neutral or had a positive benefit to the plants
(figure 2; most values are at 1 or higher). Plants received
the largest benefit to biomass and height from microbes
when paired with microbes whose historical watering
environment matched the plant’s contemporary watering
environment. For example, under contemporary wet con-
ditions plants received more beneficial microbial effects with
the wet microbes than the dry microbes. (Figure 2a—c; above-
ground p <0.001, below-ground p <0.001, height p <0.001,

MANOVA p <0.001). Under contemporary dry conditions,
plants received more beneficial microbial effects with the
dry microbes than the wet microbes (figure 2d,e; above-
ground p <0.001, below-ground p <0.001, height p <0.001,
MANOVA p <0.001). Importantly, we highlight that as there
was no significant interaction in these models between the
historic plant and historic watering environment, the impact
of the historic selective watering treatment in mediating
locally adaptive plant phenotypes was not dependent on
interactions with the plant.

(b) Soil data: microbial moisture niche and nitrogen
Historic watering treatments produced different moisture
niches for soil microbial communities (electronic supplemen-
tary material, table S3 and figure 3). While our models
predicted similar respiration for the two historic watering treat-
ments towards the wet end of the water gradient, they
significantly diverged towards the dry end of the gradient
(figure 3a). Specifically, models predicted significantly higher
respiration at lower water contents for soils from the historic
dry treatments compared with soils from the historic wet treat-
ments. The maximum respiration for soils from the historic dry
treatments occurred at a significantly lower water content than
soils from the historically wet treatments (figure 3b), and the
niche breadth of soils from the historic dry treatments was sig-
nificantly wider than that of the soils from the historic wet
treatments (figure 3c).

We additionally found significant differences in the nitro-
gen content between treatments from soils sampled at the
end of the 3-generation conditioning phase (electronic sup-
plementary material, figure S4). Namely, there was higher
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Figure 1. Various plant traits from B. rapa plants in our greenhouse experiment, including above-ground biomass (a) and (d), below-ground biomass (b) and (e),
and height (c) and (). Data are grouped by the present greenhouse watering treatment (wet, panels (a), (b) and (c), or dry, panels (d), (e) and (f)), the microbial
inoculum’s historic watering treatment (wet or dry, coded as blue or orange), the microbial inoculum’s historic plant treatment (A. thaliana or B. rapa or no plant),
as well as status of the microbial inoculum (live or sterile). Data were square-root transformed in the analysis, but were back-transformed here for interpretation. We
present here estimated marginal means, with bars representing 95% confidence intervals generated from the standard error. Lettering represents post hoc Tukey
HSD, with groups that differ in their lettering being significantly different from one another. As we are primarily interested in adaptation to each contemporary
water environment, comparisons across the contemporary watering treatments may not be informative. We therefore based post hoc comparisons off the reduced
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models (seen electronic supplementary material, tables S1 and S2) representing each contemporary watering environment.
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Figure 2. Impact of microbes on B. rapa various traits in our greenhouse experiment, including above-ground biomass (a) and (d), below-ground biomass (b) and
(e), and height (c) and (f). Microbial impact is calculated as the log-response ratio of the plant trait from plants provided with live inoculum versus the plant
biomass from plants provided with sterile inoculum. The main effects of the historic watering environment on each trait are presented, though we display their
interactions with the historic plant treatments with transparent lines. Data are grouped by the present greenhouse watering treatment (wet, panels (a), (b) and (c),
or dry, panels (d), (e) and (f)), the microbial inoculum’s historic watering treatment (wet or dry, coded as blue or orange), and the microbial inoculum’s historic
plant treatment (A. thaliana or B. rapa or no plant). The dashed grey line at 1 is provided as reference for the impact of microbe. We present here estimated
marginal means, with bars representing 95% confidence intervals generated from the standard error. The statistical significance of each comparison is indicated using
the symbology as follows: n.s. p > 0.10; + p < 0.1; * p <0.05; ** p <0.01; *** p <0.001.

Table 2. Mixed model ANOVAs for the effects of the contemporary water treatment (wet versus dry), historic plant conditioning treatment (A. thaliana versus
B. rapa versus no plant), the historic watering treatment (wet versus dry), their interactions on the microbial effect on multiple plant traits, including above-
and below-ground biomass, as well as height. We additionally show a MANOVA that combines all three plant traits together. Note, that this these models
contrast from the previous models as there is no ‘Microbe’ term as the response variable here was the effects of the microbes on biomass (the ratio of plant
biomass provided with live soils versus plant biomass provided with sterile soils). This table includes the results from the separate models for plants under the
contemporary wet treatment and those under the contemporary dry treatment. We display both F and p-values for each model term. Terms with an associated
p-value less than 0.05 are in italics. + p <0.1; * p < 0.05; ** p <0.01; *** p <0.001.

above-ground below-ground
model term biomass biomass plant height MANOVA
contemporary water 1 0.38 1.73 2.19 240"
historic water 1 4.27* 3.90% 0.01 0.11
historic plant 2 2.62% 1.44 0.04 0.82
contemporary water X historic water 1 43.26%%* 39.37%%* 38.547%%* 15.08%**
contemporary water x historic plant 2 0.07 015 016 ' 054
historic water X historic plant 2 0.22 1.71 1.90 1.14
contemporary water X historic Water X historic plant 2 0.81 1.65 0.72 v 0.94
nitrogen in soils from the historically dry treatments than the nitrogen content with the residuals from the models
historically wet treatments. To determine if these differences described above (table 1) but found no significant effect

in nitrogen content were driving plant health, we correlated (electronic supplementary material, figure S5).
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Figure 3. Models for microbial respiration across a soil moisture gradient. Separate models were constructed for the two historical soil treatments, with the soil
microbes from the historic dry treatments denoted in orange and the soil microbes from the historic wet treatments denoted in blue. (a) The curves for the
maximum-likelihood models fit to the data using a biologically relevant model described in Lennon et al. [29]. Confidence intervals over the prediction interval
were estimated via bootstrapping. Mean respirations of each treatment group at each water content level are displayed with solid points, while the actual respiration
data are displayed with semi-transparent points. Data were jittered along the x-axis for ease of viewing. (b) Estimates for the niche water optimum (based on the
gravimetric soil water content) for the two historic watering treatments. These values were parameters estimated as a part of the models. (c) Estimates for the niche
breadth for the two historic watering treatments. These values were estimated based on various parameters extracted from the models, as described by Lennon
et al. [29], and can described as the range of water content where respiration rate is 50% of the maximum respiration.

We generally found that soil microbes maximally increased
plant growth (i.e. microbial effect) when plants were paired
with soil microbes whose historical moisture environment
matched the plant’s contemporary moisture environment.
For example, under contemporary wet conditions, plants
received maximal benefit from microbes when paired with
microbes from the historical wet treatments, while under con-
temporary dry conditions, plants received maximal benefit to
biomass from microbes when paired with microbes from the
historical dry treatments. Consistent with prior work
[8,12,13,15,36,37], these results suggest the historical moisture
environments selected for microbes that mediate plant local
adaptation to the selective moisture environment. Impor-
tantly, we observed this same pattern of microbial fitness
benefits across all historical selective plant treatments, includ-
ing those that did not include a historical association with a
plant. This suggests that wet/dry microbial fitness benefits
to plants emerge as an incidental by-product of selection on
these microbes from the moisture environment and not as
part of a co-adapting plant-microbe system.

Why should selection for (e.g.) dry-adapted microbes result
in fitness benefits for plants under dry conditions? One poss-
ible explanation is that the moisture environment may select
for microbes with traits that both benefit themselves and also
incidentally benefit plants as a by-product. For example, dry
soil conditions may select for increased microbial biofilm pro-
duction, because microbial biofilms can prevent microbial
desiccation [29]. While these biofilms are a direct microbial

response to drought, microbial biofilms can also support
plant drought tolerance if the biofilms develop as a rhizosheath
around plant roots, protecting the roots from desiccation [38].
Thus, while the production of these biofilms may be a selfish
trait from the perspective of the microbes, they incidentally
positively impact the fitness of the plant (i.e. by-products/
incidental cooperation, see [39]).

Another possible explanation is that soil microbes locally
adapted to the contemporary watering environment may
maximize plant fitness by preventing the dormancy of ben-
eficial microbes. This maintains crucial microbial functions
that are necessary for plant health. Indeed, in our study (as
well as many others) plants were healthier when inoculated
with live soil compared with sterile soil, highlighting the gen-
eral benefit to the plant of the soil microbial community.
These broadly beneficial microbes may be involved in nutri-
ent cycling, decomposition, pathogen suppression etc.
[40,41]; some of these broadly beneficial traits probably
evolved for the microbial benefit, and not the plants’, with
any benefit incidental to the plant. Each of these beneficial
microbial taxa probably has a range of environments within
which they are physiologically active [42]; if the current
environment is outside a microbe’s range, that taxa probably
becomes dormant in the community or becomes locally
extinct [43]. The historic watering treatments may select for
these beneficial microbes locally adapted to those conditions,
causing these microbes to be available to aid the plant; for
example, under contemporary dry conditions, microbes
with dry-adapted traits may be available to benefit and
influence the plant, while wet-adapted microbes are dormant.
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This second explanation receives some support from
our observed microbial respiration data, because the optimal
respiration for the microbial communities from the historical
dry treatment was at a lower water content than the wet
treatments. Moreover, these dry communities had higher res-
piration relative to the wet communities under lower soil
moisture conditions, and they had a wider respiration
breadth. To the extent that soil respiration is an indicator of
overall microbial activity, these differences in respiration
may indicate that the historic dry treatments led to the adap-
tation of these microbial communities to lower soil water
contents; thus, these dry-adapted microbes may have been
better able to continue to provide beneficial functions to
plants under low water conditions. We do note, however,
that these respiration measures may also be limited because
(i) these differences in respiration were quite small relative
to the overall variance of respiration rate, and (ii) total respir-
ation broadly profiles microbial activity across this water
gradient, and we do not know which particular microbial
taxa were the main responders in respiration, nor do we
know how they influence plant health. Isolating specific
microbes from these soils and assessing their functional
capacity under a range of moisture conditions could follow
up and test these hypotheses.

While thus far we have used the term ‘selection’ to refer to
potential changes in soil microbes by the environment, it is
unclear if these results are the product of natural selection
(e.g. microbial evolution), ecological selection (i.e. filtering),
or even shifts in microbial dormancy of the community.
In the context of soil microbial communities, with short
generation times, rapid mutation rates and frequently dor-
mant microbes, distinguishing between these is not possible
without molecular tools. Indeed, we unfortunately conducted
no sequencing in this study. Sequencing could potentially
identify microbial mechanisms influencing the plant
adaptation observed herein. We suggest that future work
addressing similar questions could specifically use shotgun
metagenomic-based approaches to identify specific microbial
genes under selection or could use culture-based approaches
to track the evolution of model microbes.

This experiment was designed to investigate the impact of
selection on the microbes, and that selection’s subsequent
impact on the plant. Consequently, we generated a microbial
effects index that compared fitness measures between the live
and sterile treatments. However, a caveat to our study is that
even within the sterile treatments, there were significant
differences between the historical watering treatments. For
example, this was particularly notable in the contemporary
wet greenhouse treatments, inoculated with sterile soils
selected upon by Brassica under the historically dry con-
ditions, which had substantially higher plant biomass than
any other sterile inoculum. Differences in plant performance
within the sterile soil treatments were potentially related to
the changes in soil nutrition/chemistry during the selection
phase. For example, we note that soils from historically wet
conditions had lower nitrogen than soils from historically
dry conditions in the two plant-containing treatments (elec-
tronic supplementary material, figure S4). This is likely to
reflect greater nitrogen uptake by well-watered plants
during the selection stage, and this might lead to soil fertility
differences that influenced plant growth during the final
stage of our experiment. We did not find that soil nitrogen
correlated with plant biomass (electronic supplementary

material, figure S5), but it is hard to rule out all possible n

soil chemical/nutritional changes due to these historic treat-
ments without an extensive profile of soil properties. We
note that the high fitness of the droughted Brassica soil com-
pared with the 'no plant’ treatments suggests that Brassica is
somehow promoting future plant growth through an abiotic
means, though the mechanism is unclear. Because our
microbial effects index was generated from paired samples,
we argue that pre-existing nutritional/chemical changes
from historical treatments should be carried over to both
live and sterile inocula. Thus, nutritional/chemical changes
to the soil should be controlled for in the microbial effects
index, and any remaining differences between treatments
can be attributed to changes in the soil microbes. We found
a clearer signal of historical-contemporary environmental
matching in the microbial effects analysis (figure 2),
suggesting that microbes are largely responsible for
wet—dry fitness benefits.

Our work suggests that the soil moisture environment, indepen-
dent of the plant, selects for soil microbial communities that
maximize plant biomass when under the same moisture
environment. These results, as well as that of others, emphasize
the significant impact of microbes on their host’s fitness and
suggest that these plant-microbe interactions may frequently
play an adaptive role for the host, and may be influential in
shaping each partner’s evolution [4446]. Importantly, this
work may indicate that, as least in the timeframe of this
study, the plant may be relatively unimportant in guiding the
functional evolution of some of its microbial partners, with
any beneficial effects of the microbes to the plant only an inci-
dental by-product of the selective abiotic environment. We do
emphasize, however, that many microbes coevolve with their
partners, including rhizobia and mycorrhizal fungi [47,48],
neither of which is associated with the plant species we used.
Such microbes, however, are a part of some of the most intricate
plant-microbe symbioses, and they may not be representative of
the plant interactions with the diffuse soil microbial community.

As many microbial processes benefit their host plants, it
may be intuitive to use an adaptationist paradigm to explain
the emergence of these beneficial microbes, with these ben-
eficial microbes being selected with the express purpose of
aiding the plant. However, our results highlight that some
of these locally adaptive and beneficial microbes may arise
independently of the plant, with any benefit to the plant
only as a by-product of environmental selection.

Host-microbe interactions appear ubiquitous, with all
eukaryotic organisms apparently colonized by large commu-
nities of microorganisms [49,50]. Given their frequent
significant impact on host adaptation, we need a strong
understanding of the selective agents on these host-associ-
ated microbes, and their impact on host adaptation. Future
studies can follow our work herein by explicitly examining
the microbial traits that underpin host fitness and phenotype,
and investigating the selective drivers of these traits.

The data supporting this contribution is available on
Zenodo and can be accessed using the following link: https://doi.
org/10.5281/zenodo.7798871 [51].
Additional information is provided in electronic supplementary
material [52].


https://doi.org/10.5281/zenodo.7798871
https://doi.org/10.5281/zenodo.7798871

Downloaded from https://royalsocietypublishing.org/ on 16 May 2024

K.D.R.: conceptualization, formal analysis, investi-
gation, methodology, writing—original draft, writing—review and
editing; A.C.Y.: conceptualization, resources, supervision, writing—

review and editing.

We declare we have no competing interests.

This research is a contribution of the GEMS Biology Inte-
gration Institute, funded by the National Science Foundation DBI

Hoban S et al. 2016 Finding the genomic basis of
local adaptation: pitfalls, practical solutions, and
future directions. Am. Nat. 188, 379-397. (doi:10.
1086/688018)

Tiffin P, Ross-Ibarra J. 2017 Advances and limits of
using population genetics to understand local
adaptation. Trends Ecol. Evol. 32, 801-802. (doi:10.
1016/j.tree.2017.08.001)

Vandenkoornhuyse P, Quaiser A, Duhamel M, Le Van
A, Dufresne A. 2015 The importance of the
microbiome of the plant holobiont. New Phytol.
206, 1196-1206. (doi:10.1111/nph.13312)

Theis KR et al. 2016 Getting the hologenome
concept right: an eco-evolutionary framework for
hosts and their microbiomes. mSystems 1, e00028-
16. (doi:10.1128/mSystems.00028-16)

Falkowski PG, Fenchel T, Delong EF. 2008 The
microbial engines that drive earth’s biogeochemical
cycles. Science 320, 1034-1039. (doi:10.1126/
science.1153213)

Van Der Heijden MGA, Bardgett RD, Van Straalen
NM. 2008 The unseen majority: soil microbes as
drivers of plant diversity and productivity in
terrestrial ecosystems. Ecol. Lett. 11, 296-310.
(doi:10.1111/}.1461-0248.2007.01139.x)

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

Millar NS, Bennett AE. 2016 Stressed out symbiotes:
hypotheses for the influence of abiotic stress on
arbuscular mycorrhizal fungi. Oecologia 182,
625-641. (doi:10.1007/500442-016-3673-7)

0'Brien MJ, Pugnaire FI, Rodriguez-Echeverria S,
Morillo JA, Martin-Usero F, Lopez-Escoriza A,
Ardnega DJ, Armas C. 2018 Mimicking a rainfall
gradient to test the role of soil microbiota for
mediating plant responses to drier conditions. Oikos
127, 1776-1786. (doi:10.1111/0ik.05443)

Allsup C, Lankau R. 2019 Migration of soil microbes
may promote tree seedling tolerance to drying
conditions. Ecology 100, €02729. (doi:10.1002/
ecy.2729)

Giauque H, Connor EW, Hawkes (V. 2018
Endophyte traits relevant to stress tolerance,
resource use, and habitat of origin predict effects on
host plants. New Phytol. 221, 2239-2249. (doi:10.
1111/nph.15504)

Lau JA, Lennon JT. 2012 Rapid responses of soil
microorganisms improve plant fitness in novel

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Integration Institutes Program, Award no. 2022049. It was addition-
ally supported by the Cooperative State Research, Education, and
Extension Service, US Department of Agriculture, under project

number ILLU 875-952, as well as by the School of Integrative Biology

Champaign.

manuscript.

environments. Proc. Natl Acad. Sci. USA 109, 14
058-14 062. (doi:10.1073/pnas.1202319109)
Doubkové P, Suda J, Sudové R. 2012 The symbiosis
with arbuscular mycorrhizal fungi contributes to
plant tolerance to serpentine edaphic stress. Soil
Biol. Biochem. 44, 56—64. (doi:10.1016/j.soilbio.
2011.09.011)

Yuan Y, Brunel C, van Kleunen M, Li J, Jin Z. 2019
Salinity-induced changes in the rhizosphere
microbiome improve salt tolerance of Hibiscus
hamabo. Plant Soil 443, 525-537. (doi:10.1007/
$11104-019-04258-9)

Redman RS, Sheehan KS, Stout RG, Rodriguez RJ,
Henson JM. 2002 Thermotolerance generated by
plant/fungal symbiosis. Science 298, 1581. (doi:10.
1126/science.1078055)

Berg G, Smalla K. 2009 Plant species and soil type
cooperatively shape the structure and function of
microbial communities in the rhizosphere. FEMS
Microbiol. Ecol. 68, 1-13. (doi:10.1111/j.1574-6941.
2009.00654.x)

Zhalnina K et al. 2018 Dynamic root exudate
chemistry and microbial substrate preferences drive
patterns in rhizosphere microbial community
assembly. Nat. Microbiol. 3, 470—480. (doi:10.1038/
541564-018-0129-3)

Trivedi P, Leach JE, Tringe SG, Sa T, Singh BK. 2020
Plant—microbiome interactions: from community
assembly to plant health. Nat. Rev. Microbiol. 18,
607-621. (doi:10.1038/541579-020-0412-1)
Williams A, de Vries FT. 2020 Plant root exudation
under drought: implications for ecosystem
functioning. New Phytol. 225, 1899-1905. (doi:10.
1111/nph.16223)

Broeckling C., Broz AK, Bergelson J, Manter DK,
Vivanco JM. 2008 Root exudates regulate soil fungal
community composition and diversity. Appl. Environ.
Microbiol. 74, 738-744.

Rolfe SA, Griffiths J, Ton J. 2019 Crying out for help
with root exudates: adaptive mechanisms by which
stressed plants assemble health-promoting soil
microbiomes. Curr. Opin. Microbiol. 49, 73-82.
(doi:10.1016/j.mib.2019.10.003)

Liu H, Li J, Carvalhais LC, Percy (D, Prakash Verma
J, Schenk PM, Singh BK. 2021 Evidence for the
plant recruitment of beneficial microbes to suppress
soil-borne pathogens. New Phytol. 229, 2873-2885.
(doiz10.1111/nph.17057)

Rizaludin MS, Stopnisek N, Raaijmakers JM, Garbeva
P. 2021 The chemistry of stress: understanding the

24,

25.

26.

2.

28.

29.

30.

3N

32

33.

and the Graduate College at the University of Illinois Urbana-

We would like to thank Sierra Perez for assistance in
the greenhouse as well as for numerous thoughtful comments on the

‘ary for help” of plant roots. Metabolites 11, 357.
(doi:10.3390/metabo11060357)

Li E, de Jonge R, Liu C, Jiang H, Friman VP, Pieterse
(M), Bakker PAHM, Jousset A. 2021 Rapid evolution
of bacterial mutualism in the plant rhizosphere.
Nat. Commun. 12, 3829. (doi:10.1038/541467-021-
24005-y)

Lagos ML, Maruyama F, Nannipieri P, Mora ML,
Ogram A, Jorquera MA. 2015 Current overview on
the study of bacteria in the rhizosphere by modern
molecular techniques: a mini-review. J. Soil Sci.
Plant Nutr. 15, 504-523. (doi:10.4067/50718-
95162015005000042)

Brinkman PE, Van der Putten WH, Bakker EJ,
Verhoeven KJF. 2010 Plant-soil feedback:
experimental approaches, statistical analyses and
ecological interpretations. J. Ecol. 98, 1063-1073.
(doi:10.1111/}.1365-2745.2010.01695.%)
Weatherburn M. 1967 Phenol-hypochlorite reaction
for determination of ammonia. Anal. Chem. 39,
971-974.

Bolin LG, Lennon JT, Lau JA. 2023 Traits of soil
bacteria predict plant responses to soil moisture.
Ecology 104, €3893. (doi:10.1002/ecy.3893)
Lennon JT, Aanderud ZT, Lehmkuhl BK,
Schoolmaster DR. 2012 Mapping the niche

space of soil microorganisms using taxonomy

and traits. Ecology 93, 1867—1879. (doi:10.1890/
11-1745.1)

Campbell (D, Chapman SJ, Cameron (M,

Davidson MS, Potts JM. 2003 A rapid microtiter
plate method to measure carbon dioxide evolved
from carbon substrate amendments so as to
determine the physiological profiles of soil microbial
communities by using whole soil. Appl. Environ.
Microbiol. 69, 3593-3599. (doi:10.1128/AEM.69.6.
3593-3599.2003)

Mason (M, Goolsby EW, Davis KE, Bullock DV,
Donovan LA. 2017 Importance of whole-plant
biomass allocation and reproductive timing to
habitat differentiation across the North American
sunflowers. Ann. Bot. 119, 1131-1142. (doi:10.
1093/a0b/mcx002)

Younginger BS, Sirovd D, Cruzan MB, Ballhorn D).
2017 Is biomass a reliable estimate of plant fitness?
Appl. Plant Sci. 5, 1600094. (doi:10.3732/apps.
1600094)

Bates D, Maechler M, Bolker B, Walker S. 2015
Fitting linear mixed-effects models using Ime4. J.
Stat. Softw. 67, 1-48. (doi:10.18637/jss.v067.i01)


http://dx.doi.org/10.1086/688018
http://dx.doi.org/10.1086/688018
http://dx.doi.org/10.1016/j.tree.2017.08.001
http://dx.doi.org/10.1016/j.tree.2017.08.001
http://dx.doi.org/10.1111/nph.13312
http://dx.doi.org/10.1128/mSystems.00028-16
http://dx.doi.org/10.1126/science.1153213
http://dx.doi.org/10.1126/science.1153213
http://dx.doi.org/10.1111/j.1461-0248.2007.01139.x
http://dx.doi.org/10.1126/science.aad4501
http://dx.doi.org/10.1126/science.aad4501
http://dx.doi.org/10.1007/s00442-016-3673-7
http://dx.doi.org/10.1111/oik.05443
http://dx.doi.org/10.1002/ecy.2729
http://dx.doi.org/10.1002/ecy.2729
http://dx.doi.org/10.1111/nph.15504
http://dx.doi.org/10.1111/nph.15504
http://dx.doi.org/10.1073/pnas.1202319109
http://dx.doi.org/10.1016/j.soilbio.2011.09.011
http://dx.doi.org/10.1016/j.soilbio.2011.09.011
http://dx.doi.org/10.1007/s11104-019-04258-9
http://dx.doi.org/10.1007/s11104-019-04258-9
http://dx.doi.org/10.1126/science.1078055
http://dx.doi.org/10.1126/science.1078055
http://dx.doi.org/10.1111/j.1574-6941.2009.00654.x
http://dx.doi.org/10.1111/j.1574-6941.2009.00654.x
http://dx.doi.org/10.1038/s41564-018-0129-3
http://dx.doi.org/10.1038/s41564-018-0129-3
http://dx.doi.org/10.1038/s41579-020-0412-1
http://dx.doi.org/10.1111/nph.16223
http://dx.doi.org/10.1111/nph.16223
http://dx.doi.org/10.1016/j.mib.2019.10.003
http://dx.doi.org/10.1111/nph.17057
http://dx.doi.org/10.3390/metabo11060357
http://dx.doi.org/10.1038/s41467-021-24005-y
http://dx.doi.org/10.1038/s41467-021-24005-y
http://dx.doi.org/10.4067/s0718-95162015005000042
http://dx.doi.org/10.4067/s0718-95162015005000042
http://dx.doi.org/10.1111/j.1365-2745.2010.01695.x
http://dx.doi.org/10.1002/ecy.3893
http://dx.doi.org/10.1890/11-1745.1
http://dx.doi.org/10.1890/11-1745.1
http://dx.doi.org/10.1128/AEM.69.6.3593-3599.2003
http://dx.doi.org/10.1128/AEM.69.6.3593-3599.2003
http://dx.doi.org/10.1093/aob/mcx002
http://dx.doi.org/10.1093/aob/mcx002
http://dx.doi.org/10.3732/apps.1600094
http://dx.doi.org/10.3732/apps.1600094
https://doi.org/10.18637/jss.v067.i01

Downloaded from https://royalsocietypublishing.org/ on 16 May 2024

34.

35.

36.

37.

38.

39.

40.

Kuznetsova A, Brockhoff PB, Bojesen RH,
Christensen RHB. 2015 ImerTest: Tests in Linear
Mixed Effects Models. R Packag. version. 3.0.0. See
https://cran.r-project.org/package=ImerTest.

Bolker B, RDC Team. 2017 bbmle: tools for general
maximum likelihood estimation. R CRAN Project. See
https://cran.r-project.org/web/packages/bbmle/
index.html.

Berendsen RL et al. 2018 Disease-induced
assemblage of a plant-beneficial bacterial
consortium. ISME J. 12, 1496-1507. (doi:10.1038/
541396-018-0093-1)

Rodriguez RJ, Henson J, Van Volkenburgh E, Hoy M,
Wright L, Beckwith F, Kim YO, Redman RS. 2008 Stress
tolerance in plants via habitat-adapted symbiosis. SME
J. 2, 404-416. (doi:10.1038/ismej.2007.106)

Naseem H, Ahsan M, Shahid MA, Khan N. 2018
Exopolysaccharides producing rhizobacteria and
their role in plant growth and drought tolerance.
J. Basic Microbiol. 58, 1009-1022. (doi:10.1002/
jobm.201800309)

Sachs JL, Mueller UG, Wilcox TP, Bull JJ. 2004 The
evolution of cooperation. Q. Rev. Biol. 79, 135-160.
(doi:10.1086/383541)

Lugtenberg B, Kamilova K. 2009 Plant-growth-
promoting rhizobacteria. Annu. Rev. Microbiol. 63,

41.

4.

4.

45.

541-556. (doi:10.1146/annurev.micro.62.081307.
162918)

Ahemad M, Kibret M. 2014 Mechanisms and
applications of plant growth promoting
rhizobacteria: current perspective. J. King

Saud Univ. Sci. 26, 1-20. (doi:10.1016/j.jksus.2013.
05.001)

Rath KM, Fierer N, Murphy DV, Rousk J. 2019
Linking bacterial community composition to soil
salinity along environmental gradients. /SME J. 13,
836-846. (doi:10.1038/541396-018-0313-8)
Lennon JT, Jones SE. 2011 Microbial seed banks: the
ecological and evolutionary implications of
dormancy. Nat. Rev. Microbiol. 9, 119-130. (doi:10.
1038/nrmicro2504)

TerHorst CP, Lennon JT, Lau JA. 2014 The relative
importance of rapid evolution for plant-microbe
interactions depends on ecological context.

Proc. R. Soc. B 281, 20140028. (doi:10.1098/rspb.
2014.0028)

Oshorne 0G, De-Kayne R, Bidartondo MI, Hutton I,
Baker WJ, Turnbull CGN, Savolainen V. 2018
Arbuscular mycorrhizal fungi promote coexistence
and niche divergence of sympatric palm species on
a remote oceanic island. New Phytol. 217,
1254-1266. (doi:10.1111/nph.14850)

46.

48.

50.

51.

52.

Petipas RH, Geber MA, Lau JA. 2021 Microbe-
mediated adaptation in plants. Ecol. Lett. 24,
1302-1317. (doi:10.1111/ele.13755)

Hoeksema JD. 2010 Ongoing coevolution in
mycorrhizal interactions. New Phytol. 187,
286-300. (doi:10.1111/j.1469-8137.2010.03305.x)
Batstone RT, O'Brien AM, Harrison TL, Frederickson
ME. 2020 Experimental evolution makes
microbes more cooperative with their local host
genotype. Science 370, 23-26. (doi:10.1126/
science.abb7222)

. Gordon J, Knowlton N, Relman DA, Rohwer F, Youle

M. 2013 Superorganisms and holobionts. Microbe 8,
152-153.

Simon JC, Marchesi JR, Mougel C, Selosse MA. 2019
Host-microbiota interactions: from holobiont theory
to analysis. Microbiome 7, 1-5. (doi:10.1186/
540168-019-0619-4)

Ricks K. 2023 Code for: Soil moisture incidentally
selects for microbes that facilitate locally adaptive
plant response [dataset]. Zenodo. (doi:10.5281/
zenodo.7798871)

Ricks K, Yannarell AC, 2023 Soil moisture
incidentally selects for microbes that facilitate
locally adaptive plant response. Figshare. (doi:10.
6084/m9.figshare.c.6697757)


https://cran.r-project.org/package=lmerTest
https://cran.r-project.org/web/packages/bbmle/index.html
https://cran.r-project.org/web/packages/bbmle/index.html
http://dx.doi.org/10.1038/s41396-018-0093-1
http://dx.doi.org/10.1038/s41396-018-0093-1
http://dx.doi.org/10.1038/ismej.2007.106
http://dx.doi.org/10.1002/jobm.201800309
http://dx.doi.org/10.1002/jobm.201800309
http://dx.doi.org/10.1086/383541
http://dx.doi.org/10.1146/annurev.micro.62.081307.162918
http://dx.doi.org/10.1146/annurev.micro.62.081307.162918
http://dx.doi.org/10.1016/j.jksus.2013.05.001
http://dx.doi.org/10.1016/j.jksus.2013.05.001
http://dx.doi.org/10.1038/s41396-018-0313-8
http://dx.doi.org/10.1038/nrmicro2504
http://dx.doi.org/10.1038/nrmicro2504
http://dx.doi.org/10.1098/rspb.2014.0028
http://dx.doi.org/10.1098/rspb.2014.0028
http://dx.doi.org/10.1111/nph.14850
http://dx.doi.org/10.1111/ele.13755
http://dx.doi.org/10.1111/j.1469-8137.2010.03305.x
http://dx.doi.org/10.1126/science.abb7222
http://dx.doi.org/10.1126/science.abb7222
http://dx.doi.org/10.1186/s40168-019-0619-4
http://dx.doi.org/10.1186/s40168-019-0619-4
https://doi.org/10.5281/zenodo.7798871
https://doi.org/10.5281/zenodo.7798871
http://dx.doi.org/10.6084/m9.figshare.c.6697757
http://dx.doi.org/10.6084/m9.figshare.c.6697757

	Soil moisture incidentally selects for microbes that facilitate locally adaptive plant response
	Introduction
	Material and methods
	Greenhouse experiment
	Selection phase (generations 1–3)
	Test phase (generation 4)

	Assessing traits of soil inoculum
	Characterizing soil nitrogen
	Profiling microbial community respiration over a moisture gradient

	Data analysis
	Greenhouse biomass analysis
	Microbial community respiration analysis


	Results
	Plant traits
	Soil data: microbial moisture niche and nitrogen

	Discussion
	Conclusion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


