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Growing season drought can be devastating to crop yields. Soil microbial communities have the potential to
buffer yield loss under drought through increasing plant drought tolerance and soil water retention. Microbial
inoculation on agricultural fields has been shown to increase plant growth, but few studies have examined the
impact of microbial inoculation on plant and soil microbial drought tolerance. We conducted a rainout shelter
experiment and subsequent greenhouse experiment to explore 3 objectives. First, we evaluated the
performance of a large rainout shelter design for studying drought in agricultural fields. Second, we
tested how crop (corn vs. soybean) and microbial inoculation alter the response of soil microbial
composition, diversity, and biomass to drought. Third, we tested whether field inoculation treatments and
drought exposure altered microbial communities in ways that promote plant drought tolerance in future
generations. In our field experiment, the effects of drought on soil bacterial composition depended on crop
type, while drought decreased bacterial diversity in corn plots and drought decreased microbial biomass
carbon in soybean plots. Microbial inoculation did not alter overall microbial community composition, plant
growth, or drought tolerance despite our efforts to address common barriers to inoculation success. Still,
a history of inoculation affected growth of future plant generations in the greenhouse. Our study
demonstrates the importance of plant species in shaping microbial community responses to drought and

the importance of legacy effects of microbial inoculation.
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Introduction

Climate change is altering precipitation patterns, with
many places experiencing longer and more frequent dry
periods (Intergovernmental Panel on Climate Change,
2012). The increased frequency of droughts will likely
decrease plant and crop growth (Li et al., 2009; Lesk et
al,, 2019) and alter soil microbial communities (Clark et
al., 2009; Hawkes et al., 2011; Hueso et al., 2012; Bouskill
et al., 2013). Although drought stress can disrupt plant
and microbe interactions (Kaisermann et al., 2017),
plant—microbe associations can increase plant drought
tolerance by altering plant root architecture and plant
physiology (Bacteria: Ngumbi and Kloepper, 2016, Fungi:
Quiroga et al.,, 2017; Pavithra and Yapa, 2018; Bahadur et
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al., 2019). In addition, soil microbes can retain soil mois-
ture and thus increase moisture availability for plants by
producing extracellular polymeric substance (EPS; Schi-
mel, 2018). Because microbes can influence both plant
physiological responses to drought and mitigate the
effects of drought by manipulating the soil environment
plants experience, understanding when such effects are
most likely to occur is critical for predicting plant drought
response.

Drought can alter microbial community composition
and both microbe and plant physiology. Drought can
decrease microbial community diversity (Bouskill et al.,
2013; Naylor et al., 2017; Naylor and Coleman-Derr,
2018; Veach et al.,, 2020, but see Hawkes et al., 2011) and
increase the abundance of drought tolerant taxa, such as
Actinobacteria (Naylor et al., 2017; Santos-Medellin et al.,
2017; Moreno-Espindola et al., 2018; Ochoa-Hueso et al.,
2018; Preece et al., 2019) and monoderm or Gram-positive
bacteria (Xu et al., 2018; Xu and Coleman-Derr, 2019).
Drought can also decrease microbial biomass (Hueso et
al,, 2012; Alster et al., 2013, but see Naylor and Coleman-
Derr, 2018; Schimel, 2018) and alter the expression of
microbial drought stress tolerance strategies, such as
osmolyte and EPS production, which can delay soil drying
(Schimel, 2018). Like microbes, plants also decrease
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growth under drought and alter their physiology to better
tolerate drought, which can lead to changes in plant nutri-
ent uptake and decreases in plant photosynthetic rate and
crop yield (Farooq et al., 2009).

Plants can alter root growth and microbial communi-
ties and sometimes do so in ways that increase plant
drought tolerance. Plant species select for different micro-
bial communities via changes in root exudation (Sasse et
al., 2018) and root morphology (Naylor and Coleman-Derr,
2018), both of which are altered by drought. Under
drought, plants can alter root exudate profiles to attract
beneficial microbes (Williams and de Vries, 2019) and
increase the amount of carbon they release from their
roots through root exudates (Henry et al., 2007), though
this depends on the severity of drought (Reid, 1974).
Finally, plants can respond to drought by increasing root
biomass and root depth (reviewed in Fang and Xiong,
2015). Therefore, crops with different rhizosphere
microbes and root architecture, such as corn and soybeans
(Swain et al., 2013), will likely differ in drought response.

Although plants can alter soil microbes, microbes also
can affect plant drought tolerance through rhizosphere
microbes’ connections with plant roots and bulk soil
microbes’ roles in shaping soil properties important for
plant growth. Rhizosphere bacteria can alter root architec-
ture of plants to increase water and nutrient uptake in
soils, increase water content of plants during drought, and
increase the production of plant osmolytes (Ngumbi and
Kloepper, 2016). Mycorrhizal fungi can increase drought
tolerance in plants, including crops such as corn and soy-
bean (Quiroga et al., 2017; Pavithra and Yapa, 2018; Wil-
liams and de Vries, 2019). Free-living bacteria and fungi
can also improve soil properties for plant drought toler-
ance by delaying drying through EPS production (Schimel,
2018) and increasing soil organic matter (Kallenbach et al.,
2015; Lefévre et al., 2017). Soil organic matter can decrease
crop yield loses due to drought (Robertson et al., 2014) but
does not always lead to increases in soil water holding
capacity (Minasny and McBratney, 2018). In addition to
specific mechanisms though which microbes can aid plant
drought tolerance, increased microbial diversity can lead to
increased multifunctionality in the soil (Wagg et al., 2019,
but see Maynard et al., 2017), which can lead to increased
plant growth (Lankau et al., 2022) and plant drought tol-
erance (Prudent et al., 2020).

Such microbial responses to drought, combined with
microbial effects on plant drought tolerance, have the
potential to cause persistent legacy effects, which we
define as differences in plant growth or other traits when
plants are grown in soil communities with a history of
different inoculations or environmental conditions. Inoc-
ulation can change soil microbial communities to influ-
ence plant growth after the inoculated plants are gone
(Moore et al,, 2022) and increase plant growth in new
plants grown in soil that previously had inoculated plants
(Buchenau et al., 2022). Legacies of drought can alter
bacterial community composition (Evans and Wallenstein,
2013; Meisner et al., 2018), leading to increased drought
tolerance of future plant generations by selection for
drought tolerant taxa (Bouskill et al., 2013) or decreased
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drought tolerance by destabilizing bacterial community
networks (de Vries et al., 2018) or reducing microbial
driven ecosystem functions (Kaisermann et al., 2017). For
example, drought legacy can alter microbial communities
in ways that decrease future plant growth (Kaisermann et
al,, 2017) or promote plant growth under drought (Lau
and Lennon, 2012).

The link between microbial communities and crop
yield has led to a large body of literature investigating the
addition of microbes to soil to improve crop growth, with
mixed effectiveness. In greenhouse experiments, many
studies have shown that plant drought tolerance can be
improved by microbial inoculum (Sarma and Saikia, 2013;
Ortiz et al., 2015; Ghorchiani et al., 2018; Takacs et al.,
2018; Shirinbayan et al., 2019) and increased soil micro-
bial diversity (Prudent et al., 2020). However, few studies
have demonstrated successful microbial inoculation in the
field (Kaminsky et al., 2019). This is because variation in
field environmental conditions makes microbe establish-
ment unpredictable and decreases the strength of rela-
tionships between plants and microbial inoculation
(Forero et al., 2019). In field conditions, microbes in inoc-
ula may overlap functionally with existing microbes,
decreasing inoculum establishment (Kaminsky et al.,
2019). Additionally, the inoculum must come in contact
with either plant roots or soils to be effective (Malusa et
al., 2012), which can be difficult in agricultural fields
where application of inoculation treatments cannot inter-
fere with typical planting practices. Studying diverse
microbial inocula and different application methods may
increase the effectiveness of microbial inocula for improv-
ing plant growth in field conditions.

One important challenge to studying drought in agri-
cultural fields is designing rainout shelters that can reduce
rain and allow for active farm management without alter-
ing microclimatic factors (Beier et al., 2012). For example,
roofing materials for shelters must be strong enough to
withstand high winds while transparent enough to allow
light for plants to grow (Beier et al., 2012). Many other
rainout shelter designs are fixed in place (Fay et al., 2000;
Kant et al., 2017), but we needed a removable shelter
design to allow for typical crop management (Kundel et
al., 2018). Thus, designing and testing rainout shelters that
meet these criteria was a first goal of this study in addition
to our scientific questions.

Our primary scientific aim was to understand the
effects of drought and microbial inoculation on plant
growth and soil microbial communities. Using a field and
greenhouse experiment, we tested 3 hypotheses: (1) Crop
affects the response of soil microbial composition, diver-
sity, and biomass to drought. (2) Soil microbial inoculation
can increase crop drought tolerance through the mecha-
nism of increasing soil microbial diversity. (3) Inoculation
and drought exposure will lead to greater plant drought
tolerance in future generations (legacy effects). To test the
first 2 hypotheses, we used a rainout shelter to exclude
rain during the growing season in corn and soybean fields
inoculated with 2 different microbial communities to soils
and roots (Figure 1). To test the third hypothesis, we grew
corn and soybean plants in the greenhouse with
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Figure 1. Experimental design. Diagram of the inoculum types, application methods, and rain and watering
treatments in the field and greenhouse experiments. Corn plant image: Martin, P. Corn Plant. http://www.

phillipmartin.com/. Accessed September 22, 2022.

inoculated soils collected from both rain treatments in the
field experiment.

Methods
Study site and experimental design
This experiment was conducted at the Kellogg Biological
Station Long Term Ecological Research (KBS LTER) site
in southwest Michigan (42° 24’ N, 85° 24’ W, elevation
288 m). Average rainfall is 1,005 mm/yr, and average
annual temperature is 10.1°C (Robertson and Hamilton,
2015). The field study was conducted in the weather sta-
tion and lysimeter field at the KBS LTER main site. This
field has had a corn-soybean-winter wheat rotation since
2012, with soybeans planted in the previous year. The field
was divided in half, with corn planted on one half and
soybean on the other. Corn (Pioneer P0306 AM) was
planted on May 15, 2019, with 76 cm row spacing at
31,000 seeds/acre (approximately 6 seeds/m). Soybeans
(Pioneer P22T69 R) were planted on June 6, 2019, with
a 38 c¢m row spacing at 160,000 seeds/acre (approxi-
mately 14 seeds/m).

We created 4 large plots: an ambient rain plot and
a drought plot, each in a corn planting and soybean plant-
ing. We covered drought plots with a rainout shelter
designed to impose drought on agricultural systems. The
rainout shelters aimed to block 100% of the rain for 8
weeks to resemble the 2012 growing season drought in
Michigan which decreased soybean yields by 50% (Robert-
son et al., 2014). Adjacent control plots in both the corn
and soybean plantings were uncovered and received ambi-
ent rain (89 mm during the 8-week period). After the
emergence of both corn and soybean crops, we installed
rainout shelters from June 28, 2019, to August 26, 2019.
To account for differences in crop height between corn
and soybean, the shelters had side post heights of 8.5’ for
corn and 4.5 for soybean. Because we anticipated rain
intrusion under shelter up to 1 m from the outside perim-
eter, especially in corn, we used a large shelter footprint of

24’ x 26/, allowing at least a 0.75-m buffer between the
shelter edge and our corn and soybean sampling area. The
corrugated roofing panels (Amerilux Greca Lexan) allow
approximately 90% light transmittance above 385 nm. A
gutter and hose network spanning the length of each
shelter was installed to allow any rain collected from the
roof to be diverted outside the plot. For more details
about materials used for the rainout shelter construction,
see Supplementary Files.

We created 1 x 0.5 m subplots for inoculation treat-
ments (see below) centered on a row of corn or soybean
plants (Figure S1). Subplots were separated from one
another by 25 cm. Subplots in rainout shelters were at
least 0.5 m from the edge of the rainout shelter, with
higher distances from the edge on the south and west
sides of the rainout shelter, which we expected to have
greater rain infiltration because heavy summer rainstorms
in southwest Michigan usually come from the southwest
(Figure S2).

The inoculation treatments were applied to subplots
within each of the 4 large rain treatment plots (corn
drought, corn ambient rain, soybean drought, and soy-
bean ambient rain). We organized the subplots into 4
blocks designed to capture variation in rain infiltration
across the rainout shelter. There were 36 subplots in each
larger rain plot: 4 microbial inocula (whole soil liquid
inoculum, sterile whole soil liquid inoculum, root inocu-
lum, sterile root inoculum) x 2 inoculation application
methods (plant-focused and subplot application) x 4
blocks, plus an additional control subplot in each block
that just received water. The full experiment has a total of
144 subplots: each of the 36 subplots in 2 crops (corn and
soybean) x 2 rain treatments (drought and ambient rain).

Inoculum creation and application methods

We developed microbial inocula originating from both soil
and roots to test the effect of different diverse microbial
communities on plant—microbial interactions under
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drought, and we applied the microbial inocula using
plant-based and whole-plot applications to test the effect
of different application locations on inoculation success
(Figure 1). We inoculated plots with microbes from
prairie soil and from roots. In May 2019, we collected the
top 15 cm of prairie soil from a restored prairie at the
Kellogg Bird Sanctuary in Kalamazoo County, MI. We made
our whole soil inoculum using bacterial growth media by
adding 2 g of sieved restored prairie soil to 200 ml of
either high (LB) or low (R2A) nutrient media to grow
a more diverse microbial community for inoculation
(Kaminsky et al., 2019). We combined equal parts R2A
and LB culture and diluted the culture to a final concen-
tration of 8.3 x 10° cfus/ml using R2A media. We applied
20 ml of inocula to each inoculation plot (more than
a standard amount of cells used in field experiments: Bai
et al,, 2003; Zhang et al., 2003; Berger et al., 2018). We also
made inoculum that targeted root taxa by separating roots
from prairie soil during sieving and applying 15 ¢
(£0.25 g) of fresh roots to each inoculation plot. We also
treated plots with “sterile controls” to control for the
effect of added nutrients, carbon, and sterile cells on crop
growth and soil microbial communities. We killed the
microbes in the inocula by heat-treating half of the inoc-
ulum in an oven >90°C at least for 3 h. For whole soil
liquid inoculum, we found no colonies after 24 h of
growth in LB media, verifying that our heat treatment had
killed the microbes in the inoculum.

We applied the inocula to the subplots using 2 differ-
ent methods to test whether inoculation nearer to plants
was more effective. We applied each inoculum described
above near the plant (applied approximately 3 cm to the
east of the seedlings) or across the whole plot (applied
evenly 0.5m? area, 0.25 m on either side of the plants for
1 m length).

Soil sampling

A network of soil moisture and temperature probes was
installed in 2 transects for each drought plot. Each tran-
sect contained 5TM soil moisture/temperature sensors
(Decagon, Pullman, WA) connected to several EM50-
series data loggers (Decagon, Pullman, WA), see Supple-
mentary Files for more information.

Soil samples were collected 1-2 days before inocula-
tion, 1 week after inoculation, and 6 weeks after the rain-
out shelter had been set up. To sample the soils, we used
a 1.25-cm diameter soil core to take three 10-cm cores
from random locations in each subplot and then pooled
for further analyses. Soil samples were kept on ice and
stored in the freezer until the sample processing. Soil was
sieved with a 2-mm sieve, and a sample was taken for DNA
extraction and microbial biomass assays.

We analyzed microbial biomass carbon (C) and nitrogen
(N) using K,SO4 extraction with chloroform fumigation on
6 g of soil for each fumigated and unfumigated extrac-
tions (Brookes et al., 1985). We ran the samples on a TOC
(TOC-Vcph carbon analyzer, Shimadzu, Kyoto, Japan). We
corrected microbial biomass C and N by dividing values by
.45 for carbon (Wu et al., 1990) and .54 for nitrogen
(Brookes et al., 1985). Out of 144 plots, we excluded only
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2 samples from analysis of extractable organic carbon
(EOC) and microbial biomass C that had a microbial bio-
mass C of less than —200 pgC g~ ' soil.

DNA extractions and sequence processing

We extracted DNA from 0.15 ml of soil from each sample
and from whole soil inoculum (20 pl) and root inoculum
(0.15 cm?®). We extracted the samples using the
MagAttract PowerSoil DNA kit (Qiagen, Germantown,
MD, USA) for Kingfisher Flex (Thermo Scientific, Waltham,
MA, USA) using the manufacturer's protocol, with an
added 2-step binding process. We then sent DNA extrac-
tions to the Research Technology Support Facility Geno-
mics Core at Michigan State University to complete library
preparation of bacterial 16 S v4 region using dual-
indexing (Kozich et al., 2013), and sequence the amplicons
using 2 lanes on Illumina MiSeq v2 Standard 500 cycle to
output 2 x 250 bp reads.

We used USEARCH v11 for sequence processing (Edgar,
2010). We merged paired reads, trimmed reads to
250 bp, and screened quality with a maxEE score of 1
(which retained 99% of reads). We clustered sequences
into OTUs (operational taxonomic units) at 97% similarity
and removed chimeras using default settings of UPARSE
(Edgar, 2013). We then classified OTUs using the Silva
v.123 database (Quast et al., 2013) and SINTAX classifier
using USEARCH (Edgar, 2016). OTUs with single reads
were removed for a final sequence read count of
11,488,657 across 25,434 OTUs and 440 samples
(8,150—43,179 reads per sample). Analysis on bacterial
community composition was done on relative abundance
data of raw reads. For a more detailed methods descrip-
tion, see Supplementary Files.

Plant measurements

We used a MultispeQ v 2.0 (PhotosynQ Inc., East Lansing,
MI, USA) to measure relative chlorophyll of one leaf per
inoculation plot after 8 weeks of rain treatments were
applied. We avoided spots or damage on leaves for our
readings and held the MultispeQ level to take measure-
ments. We harvested 3 soybean plants from each subplot
on October 7 and harvested one ear of corn from the
center of each subplot on October 29, 1-2 months after
the rainout shelters were removed. We then dried the
samples for more than 1 week at 60°C. For soybeans, we
separated beans from pods and weighed the beans for all
3 plants and then averaged the bean mass per plot. For the
corn, we removed and weighed the kernels.

Greenhouse experiment

To test whether rain treatment and microbial inoculation
in the field affected subsequent plant growth, we manip-
ulated water availability on greenhouse grown plants
(drought or control) and inoculated plants with field soils
collected from the above experiments in a factorial
design: 2 greenhouse watering treatments x 2 field rain
treatments x 3 field inoculation treatments (root live
plant-focused inoculation, whole soil live plant-focused
inoculation, and field control). In the fall of 2019, we
planted 144 corn and 144 soybean seeds from the same
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commercial seed source used in the field experiment in
individual 25-cm deep, 6.4-cm wide pots (Stuewe & Sons,
Tangent, OR, USA) in the Indiana University Greenhouse.
All seeds were planted into steam sterilized (121°C) pot-
ting soil, and plants were spaced to minimize potential
contamination between pots and were randomly assigned
to inoculation and watering treatments.

We inoculated greenhouse plants using soils collected
from the field experiment in September 2019. Bulk soil
was collected from the following inoculation treatments
in the field experiment: root live plant-focused inocula-
tion, whole soil live plant-focused inoculation, and control
(no inoculation) within both the ambient and drought
plots (field rain treatment). We included these treatments
because we thought these would be the most successful
inoculations. We created each inoculum by mixing 10 mL
(approximately 8 g, based on samples from adjacent field
plots) of soil with 40 mL of water using a falcon tube, and
then applied 5 mL of inoculum to the base of each assigned
seedling approximately 6 days postgermination and again
approximately 13 days postgermination. To simulate
drought, we watered ambient plants with approximately
250 mL of water every 3 days, and we watered drought
plants once per 6-10 days or when there were signs of
severe drought stress (i.e., wilting, dropping leaves).

We recorded leaf count, chlorophyll content, and
height 17-23 days postgermination and again 30-42 days
postgermination. We used a chlorophyll meter (SPAD-
502, Konika Minolta, Osaka, Japan) to measure the
amount of chlorophyll of the youngest, fully expanded
leaf of each individual plant. We measured height from
the base of the plant (without touching the soil to avoid
microbial cross-contamination) to the topmost node. We
also measured specific leaf area (SLA), a trait associated
with plant drought tolerance (Poorter et al., 2009), near
the end of the experiment for corn plants. We harvested
aboveground and belowground biomass after approxi-
mately 7 weeks for corn and approximately 9 weeks for
soybeans, when some plants showed signs of becoming
root bound. For the soybean plants, we counted the num-
ber of nodules. All above- and belowground biomass was
weighed after drying at 65°C for at least 72 h.

Data analysis

We analyzed volumetric water content (VWC) from soil
sensors to assess soil drying under the rainout shelters.
To account for sensor variation, we first calculated the
difference in VWC from the original date loggers were
installed (7/2/2019) to the dates of interest (7/3-8/9/
2019). We used the difference from initial VWC for all
statistical analyses. We analyzed the difference between
sensors inside the shelter (defined as greater than 1 m
from the edge of the shelter) and outside the shelter
(defined as outside the shelter or less than or equal to
1 m from the edge of the shelter) using a linear model
for each day the sensors were in the field.

To analyze the effect of crop, rain treatment, and inoc-
ulation treatment on soil moisture (using gravimetric soil
moisture), relative chlorophyll, microbial biomass C,
microbial biomass N, EOC, and extractable organic
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nitrogen, we used linear mixed effects models with crop,
rain treatment, and inoculation treatment as fixed effects
and block as a random effect (Ime4 package in R version
4.0.3). Model selection was then completed using AlCc
(second-order Akaike information criterion) using the
dredge command (MuMin package in R). We evaluated the
significance of fixed effects using Type III tests with Sat-
terthwaite approximation for degrees of freedom via the R
ImerTest package. Then, we used the R emmeans package
with a Tukey adjustment to assess pairwise differences for
significant interactions. We also used the same linear
mixed effects models to analyze kernel mass and soybean
seed mass except that separate tests were done on kernel
mass and soybean seed mass. We removed one sample
based on potential incorrect soil moisture data.

In our analysis of bacterial community composition, we
accounted for existing spatial variation, because bacterial
community composition significantly differed between
rain plots before inoculation and rain treatments were
applied (Table S1). We analyzed changes in bacterial com-
munity composition across crop, rain treatment, and inoc-
ulation treatment using a partial distance-based
redundancy analysis (dbRDA, dbRDA command in vegan)
with plot location (as x and y coordinates) as conditional
factors in our models to account for existing spatial vari-
ation and model selection (ordistep command in vegan).
We also analyzed how rain treatment affected the pairwise
Bray Curtis dissimilarity in soil bacterial communities
within crops and between crops. We analyzed the differ-
ence in mean dissimilarity between ambient and drought
plots using a ¢ test for corn soils, soybean soils, and the
dissimilarity between corn and soybean soils. We also
accounted for existing spatial variation in bacterial diver-
sity, because bacterial diversity differed between rain treat-
ments in soybean plots (Table S1). Therefore, we compared
percent difference in bacterial diversity from before inoc-
ulation to after 6 weeks of rain treatment using a linear
mixed effects model with block as random effects.

To explore hypothesized shifts in bacterial taxa based
on known drought tolerant taxa, we separately analyzed
the 10 bacterial phyla and unclassified bacteria that
accounted for more than 1% of the relative abundance
of reads in the dataset. Combined, these phyla accounted
for more than 95% of the relative abundance in the full
dataset. We analyzed the community composition of
each phyla separately using dbRDA analysis using the
methods described above. We also analyzed the relative
abundance of each phylum using a linear mixed effects
model with inoculation, crop, and rain treatment as fixed
effects and block as a random effect. We selected models via
AlCc using the dredge command in MuMin package in R.

To analyze the results from the greenhouse experi-
ment, we constructed linear mixed models to test the
effect of the greenhouse watering, field rain treatment,
field inoculation treatment, and their interactions on
plant traits (Ime4 package in R). In our models, we
included rack number as a random factor to account for
variation across the greenhouse environment and subplot
the inocula was collected from (unique inoculum) nested
within field block from which the soil samples originated
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Figure 2. Volumetric water content decreased under drought treatment. Change in volumetric water content
(VWC, mean + standard error bars) from the day of sensor installation (July 2) in drought (>1 m from the edge of the
shelter) treatments and ambient rain (outside of shelter or <1 m from the edge of the shelter) in corn and soybean

fields. Shelters were installed on June 28.

as a random factor to account for non-independence
within blocks. Though initial models included all possible
interactions of fixed effects, we only included significant
interactions in the final model to improve overall model
convergence. We used AICc for model selection, and used
the emmeans package with a Tukey adjustment to assess
pairwise differences for significant interactions.

Caveats

While our statistical analyses appropriately tested for inoc-
ulation effects, field rain treatment effects and particularly
rain x crop interaction effects should be interpreted cau-
tiously because the rain treatments were not replicated
within each crop type. There was only a single drought
plot and a single ambient precipitation plot in the corn
planting and a single drought plot and a single ambient
precipitation plot in the soybean planting (Figure S1). As
a result, our ability to extrapolate the effect of rain treat-
ment or crop type effects are limited. Even though we
accounted for spatial variation within field rain treatment
in our analyses, spatial variation in plot location could
have also contributed to observed effects.

Results

Soil moisture under rainout shelters

The rainout shelters reduced soil VWC at distances greater
than 1 m from the edge of the rainout shelter (Figure S3).
The intrusion of rain from the side of the shelters depended
on the rain event. After 6 mm and 34 mm rain (on July 2
and July 6, respectively), the soil moisture increased at the
sensors placed 1.8 m from the shelter edge (Figure S4). All
other rain events did not increase soil moisture at these
sensors (Figure S4). Soil moisture under shelters became
consistently and significantly lower than ambient in corn
and soybean fields around July 17 (19 days after the shelters

were installed; Figure 2). During the period that VWC was
measured (July 2 to August 9), soil under the rainout shel-
ter had lower VWC than soil outside or at the edge of the
shelter for 25 days in the corn field and 24 days in the
soybean field. For these days, the shelter decreased VWC by
an average of 3.5% (SD = 0.9%) in the corn field and 4.0%
(SD = 1.6%) in the soybean field.

The effect of rain treatment on soil moisture also
depended on crop, with drought reducing soil moisture
more in soybean fields than in corn fields (rain x crop
interaction: F = 37.13, P < 0.001). At the last census, corn
fields had lower soil moisture than soybean fields in both
ambient rain and drought plots. Overall, crop explained
33% of the variation in moisture at the last census.

Effects of drought on seed mass, chlorophyll, and
soil microbial biomass C and N
Rain treatment altered seed mass and soil organic carbon
and nitrogen differently in corn and soybean plots (crop x
rain interactions; Table 1). The drought treatment
decreased seed biomass in soybean plants (P = 0.01) but
not corn plants (P > 0.05, Figure 3A). Chlorophyll con-
centrations were higher in soybean plants than corn
plants, but only in ambient rain (crop x rain interaction;
Table 1). The rain treatment did not significantly alter
relative chlorophyll in either corn or soybean plants
(Figure 3B).

Soil microbial biomass C and N and extractable organic
C and N were affected by rain treatment and crop. Micro-
bial biomass C was lower in drought than ambient rain
plots in the soybean field but not corn field (crop x rain
interaction; Table 1; Figure 3C). Microbial biomass N was
lower in drought than ambient rain plots averaged across
both crops (but not significantly different for each crop
individually) and was higher in the soybean than corn
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Table 1. Crop and rain treatments effect crop and soil carbon and nitrogen measurements

Relative Microbial
Treatment Chlorophyll  Extractable Organic C  Extractable Organic N Biomass C  Microbial Biomass N
Crop 63.87* 0.20 21.94* 21.38%* 82.97*
Rain 0.65 32.43* 17.60** 16.60™** 5.99*
Crop x rain 15.37** 5.14* 13.12%* 15.24** -

Explaining relative chlorophyll, microbial biomass C and N, and extractable organic C and N after shelters were applied using
a linear mixed effects model with crop, rain treatment, and inoculation (not listed) as fixed effects and block as a random effect.
Dashes indicate variables were removed during model selection. F values are reported.

*P < 0.05. P < 0.01. **P < 0.001.

field (Table 1; Figure 3D). EOC was higher in drought
plots than ambient plots in soybean fields, but did not
differ in corn fields (crop x rain interaction; Table 1;
Figure 3E). In contrast, extractable organic nitrogen was
higher in corn drought plots than ambient plots but did
not differ in soybean fields (crop x rain interaction; Table
1; Figure 3F).

Drought effects on bacterial communities

Rain treatment and crop altered bacterial community
composition (rain x crop interaction, Table 2; adjusted
R* = 0.06, Figure 4A). Drought made corn and soybean
bacterial communities more similar; that is, it decreased
the pairwise dissimilarity of corn versus soybean commu-
nities (¢ test: 18.28, P < 0.001; Figure 4B). Even though,
drought increased pairwise dissimilarity of bacterial com-
position within corn and soybean soils (corn: t = —12.53,
P < 0.001; soybean: t = —17.50, P < 0.001; Figure 4B).
Because crop influenced soil moisture, which could
explain the crop differences in bacterial community com-
position, we also analyzed the effect of soil moisture on
bacterial community composition. We found that while
soil moisture had a significant effect on bacterial commu-
nity composition, soil moisture only explained 1% of
variation (dbRDA: F = 2.89, P < 0.001, R* = 0.012).

To further understand how the communities
responded to drought and crop, we separately analyzed
the composition and relative abundance for each domi-
nant bacterial phyla. Rain by crop interactions explained
community composition for all 10 phyla with a relative
abundance of >1% and unclassified bacteria (Table S2).
Relative abundances were higher in corn than soybeans
for Actinobacteria, Chloroflexi, Firmicutes, Proteobacteria,
and unclassified bacteria, while Acidobacteria, Bacteroi-
detes, Gemmatimonadetes, and Verrucomicrobia relative
abundances were higher in soybeans than corn (Figure S5;
Table S3). Across both crops there were similar bacterial
phyla responses to precipitation: Actinobacteria, Chloro-
flexi, Firmicutes, and Proteobacteria were enriched in
drought plots, while Acidobacteria, Bacteroidetes, Gem-
matimonadetes, and Planctomycetes were enriched in
ambient plots (Figure S5; Table S3).

Bacterial diversity responded to drought in the corn
field but not soybean field (rain x crop interaction; Table
2). Overall, bacterial diversity was higher in soybean plots

(mean + SE, 6.74 + 0.024) than corn plots (6.55 =+ .024) at
the end of the experiment. Because bacterial diversity
differed across plots before experimental manipulations
were applied, we analyzed the change in bacterial diversity
between the initial and final sampling. While bacterial
diversity decreased through the experiment for all treat-
ments (Figure 4C), diversity decreased more in drought
than ambient rain in corn plots, but not soybean plots
(Table 2; Figure 4C).

Inoculation effects on bacterial community
composition and crop yield

The bacterial community composition differed across the
whole soil inoculum, root inoculum, and the inoculated
soil (PERMANOVA, F = 12.87, P < 0.001; Figure S6). The
whole soil inoculum had 150 OTUs with the highest num-
ber of OTUs belonging to the Proteobacteria (58 OTUs).
The root inoculum included 4,311 OTUs with the highest
number of OTUs also belonging to the Proteobacteria
(1,370 OTUs).

Soil bacterial community composition did not differ
after microbial inoculation, either 1 week after inocula-
tion (Table 3) or after rain treatments were applied
(Table 2). However, inoculation significantly altered bac-
terial diversity 1 week after inoculation in corn plots only
(Table 3). The live root plant-focused application inocu-
lation resulted in a larger decrease in diversity than 2
heat-treated inoculations (root sterile plant-focused (con-
trast P = 0.001) and whole soil sterile plant-focused
(contrast P = 0.022; Figure S7). Inoculation did not sig-
nificantly alter diversity after rain treatment for either
crop (Table 2).

At harvest, inoculation did not affect plant seed mass
(inoculation removed from model during model
selection).

Inoculation and drought legacy effects on crop
growth

In soybean plants grown in the greenhouse with soils
treated from the field experiment, greenhouse drought
had the strongest effect on reductions in above- and
belowground biomass. However, the magnitude of this
drought effect depended on field inoculation (greenhouse
watering treatment X field inoculation treatment: above-
ground biomass F value = 3.21, P < 0.05; belowground
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Figure 3. Rain treatment effects on crop growth and soil carbon and nitrogen differed between crops. Mean
and standard error bars of (A) corn kernel mass and soybean seed mass, (B) relative chlorophyll, (C) microbial biomass
carbon (nugC/g dry soil), (D) microbial biomass N (ugN/g dry soil), (E) extractable organic carbon (ugC/g dry soil), and
(F) extractable organic nitrogen (ugN/g dry soil). Letters indicate significant difference (P < 0.05).

biomass F value = 6.98, P < 0.05). For aboveground bio-
mass, the significant interaction was driven by plants
grown in soils with whole soil inoculum having higher
aboveground biomass than plants grown in inoculum
from field control treatment (no inoculation) in ambient
watering greenhouse conditions (P = 0.07; Figure 5A).
For belowground biomass, plants grown in whole soil
inoculum had higher belowground biomass than those
grown in root inoculum, but only under greenhouse

drought conditions (P = 0.04; Figure 5B). Greenhouse
drought treatments reduced average leaf number (F value
= 672, P< 0.05), average height (F value = 266, P < 0.05),
nodule number (F value = 120, P < 0.05), and increased
average chlorophyll content (F value = 110, P < 0.05;
Table S4). No other statistically significant effects aside
from greenhouse watering treatment were detected on
leaf number, height, or average chlorophyll content; how-
ever, nodule number strongly correlated with both
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Table 2. Rain treatment and crop, but not inoculation, altered bacterial communities and diversity

Community Composition

Change in Diversity

Corn Soybean

Treatment Sum of Sqs F F F
Inoc. 0.72 0.99 5.99** —
Rain 0.19 2.09** 5.73* —
Drop 0.30 3.30%

Inoc. x Rain 0.77 1.06 — -
Inoc. x Crop 0.70 0.96

Rain x Crop 0.79 8.71%*

Inoc. x Rain x Crop 0.69 0.95

Explaining bacterial community composition after 6 weeks of shelter installation using a partial dbRDA and percent change in
diversity (from before inoculation treatment to after shelter installation) using a linear mixed effects model with crop, rain treatment,
and inoculation treatment (Inoc.) as fixed effects and block as a random effect in the mixed effects model and x and y plot
coordinates as conditional variables in the dbRDA. Gray boxes indicate variables were not examined. Dashes indicate variables were

removed during model selection.

*P < 0.05. *P < 0.01. **P < 0.001.

aboveground biomass (r = 0.69, P < 0.05) and below-
ground biomass (r = 0.55, P < 0.05).

Greenhouse drought also reduced above- and below-
ground biomass in corn plants, but unlike soybean, the
magnitude of the greenhouse drought effect was inde-
pendent of field inoculation type, field rain treatment,
and interactions (greenhouse watering treatment: above-
ground biomass, F = 516.30, P < 0.05; belowground
biomass, F = 156.58, P < 0.05). Inoculating plants with
microbes that originated from an ambient field rain
treatment led to a marginally significant increase in SLA
only in the greenhouse drought treatment (F value =
3.53, P = 0.055; Figure S8). Drought also reduced aver-
age leaf number (F = 126, P < 0.05), average height (F =
224, P < 0.05), and increased average chlorophyll con-
tent (F = 33.8, P> 0.05; Table S4). No other statistically
significant effects aside from greenhouse watering treat-
ment were detected on leaf number, height, or average
chlorophyll content.

Discussion

We assessed the impact of drought and inoculation on
crop growth and soil bacterial communities using a rain-
out shelter study in the field and in the greenhouse. We
found support for our first hypothesis that crop species
alters microbial responses to drought. Crop and drought
interacted to affect bacterial community composition and
diversity, and microbial biomass. Microbial community
responses to drought may have differed across crops
because drought occurred at different stages in the crop's
phenology. These effects should be interpreted cautiously,
however, given the lack of replication of field rain x crop
treatments. Contrary to our second hypothesis, inocula-
tion had almost no immediate effect on crop growth or
bacterial communities, despite testing multiple inocula-
tion methods. However, legacies of inoculation had crop

and environment-specific effects on corn and soybean
plants, partially supporting our third hypothesis. These
historical effects did not overwhelm the dominant effect
of greenhouse (contemporary) drought on plants.

Rainout shelters induced drought and reduced

plant growth

We found that our rainout shelters successfully decreased
soil moisture >1 m from the edge of the shelter, showing
that our rainout shelter design can effectively induce
drought in agricultural fields. Our rainout shelter was
also strong enough to withstand the weather and the
design is movable by tractor so that regular management
can be completed for agricultural fields, which has been
a challenge in previous rainout shelter designs (Beier
et al., 2012; Kundel et al., 2018). While another design
used a portable automated retractable rainout shelter
design in agricultural fields (Fay et al., 2000), simpler,
smaller rainout shelters are advantageous because they
may be less costly to produce and as a result could allow
for randomized and more replicated treatments.

The drought that we induced impacted crops differ-
ently. Drought decreased soybean seed mass, but not corn
seed mass. It is unlikely that these different responses
across crop reflects differences in physiological drought
tolerance because in our greenhouse study, drought
decreased plant growth in both crops. Instead, we attri-
bute this difference to the different phenology of the
plants when the drought was applied. Planting, flowering,
fruiting, and harvest occur at different times for corn and
soybeans, and 1-month decreases in precipitation are
most detrimental in July for corn and August for soybeans
(Zipper et al., 2016). Our rainout shelter began decreasing
VWC on July 17 and shelters stayed on until August 26,
likely including key drought sensitivity for soybeans but
not corn. It is also possible that differences in root
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Figure 4. The responses of bacterial community
composition and diversity to rain treatment
depended on crop. (A) NMDS ordination (stress =
0.14) of bacterial community composition and
standard deviation ellipses of samples taken 6 weeks
after shelters applied. (B) Bray Curtis dissimilarity
(median, 25 and 75 percentile). (C) Percent change in
Shannon's diversity (mean + standard error bars) from
before inoculation to after rain treatments were applied.
Letters indicate significant difference (P < 0.05).

structure, which may not be fully realized in a greenhouse,
could account for the differences in drought response.
Corn has deeper roots than soybeans, leading to soil mois-
ture at greater depths and over longer time periods affect-
ing corn growth (Swain et al., 2013).

Jones et al: Microbial community response to drought depends on crop

Crop shaped effect of drought on microbial
communities

While plant species and drought are known to indepen-
dently impact bacterial communities in roots and soils,
fewer studies assess the effect of drought on bacterial
communities across plant species. In this study, we found
that crop altered the response of bacterial community
composition, bacterial diversity, and microbial biomass
C to drought (Figure 4). This may have been due to
differing crop physiological responses (discussed above)
or differing nutrient dynamics of the crops and surround-
ing soils (e.g., soybean less N-limited as an N-fixing
legume). Crop roots also could have differed in their
impact on soil pore structure, thus altering the availabil-
ity of water for microbes under dry conditions (Fischer
et al., 2015; Tecon and Or, 2017).

No consistent pattern has been described for how
drought alters bacterial diversity and microbial biomass
(Naylor and Coleman-Derr, 2018; Schimel, 2018). Our
study suggests that the variation in previous studies may
be due in part to plant-modulated responses of soil micro-
bial communities to drought. Indeed, other studies have
found that plant presence (Koyama et al., 2017; Santos-
Medellin et al., 2017; Veach et al., 2020) and composition
(Fitzpatrick et al., 2018; Fahey et al., 2020) affect microbe
responses to drought. Interestingly, the magnitude of
effect we observed in bulk soil communities in the field
setting are similar to other studies in rhizosphere and root
communities (Santos-Medellin et al., 2017) and in green-
house experiments (Preece et al., 2019). The magnitude of
drought effect on diversity we observed is also similar to
other experimental drought manipulations in the field
(Yuste et al.,, 2014) and greenhouse (Veach et al., 2020).

While plant species clearly altered microbial drought
response, crop effects on microbial communities were
smaller under drought, demonstrated by higher pairwise
community dissimilarity under drought in within-crop
comparisons (Figure 4B). The sizes of pairwise dissimilar-
ity effects that we observed are similar to what has been
found in other research on drought (Osburn et al., 2021)
and crop variation (Hao et al.,, 2021). When plants are
under drought stress, plants can decrease the carbon
released from their roots, in favor of allocating carbon
to maintenance and stress tolerance (Hasibeder et al.,
2015). The decrease of carbon exudates from stressed
plants may decrease the plant’s impact on soil bacteria
(Henry et al., 2007; Ruehr et al., 2009). Even when the
plants continue to send exudates into the soil, drought
can decrease the accumulation of exudates in microbial
biomass (Karlowsky et al., 2018), potentially due to
decreased microbial growth under drought (Schimel
et al,, 2007) or the lack of water decreasing the availability
of those exudates to soil microbes (Tecon and Or, 2017).
Consistent with the accumulation of exudates in the soil,
we found increased EOC under drought in soybean soils
only (Figure 3E). However, the EOC increase we observed
is more likely a result of microbes dying and releasing
carbon, because we saw a decrease in microbial biomass
C during drought in soybean soils (48.4 ngC/g dry soil
without fumigation efficiency correction; Figure S9) that
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Table 3. Inoculation did not affect bacterial communities or diversity 1 week after application

Community Composition Change in Diversity

Corn Soybean Corn Soybean
Treatment Sum of Sqs F Sum of Sqs F F F
Rain 0.22 1.89** 0.13 1.29 5.73% —
Inoc. 0.94 1.02 0.85 1.09 4.00* —
Rain x Inoc. 0.85 0.91 0.76 0.98 - -

Explaining bacterial community composition and change in diversity 1 week after inoculation in corn and soybean fields separately
using dbRDA (community composition) and linear mixed effects models (diversity) with rain treatment and inoculation (inoc.) as
fixed effects and plot x and y coordinates as conditional variables in dbRDA and block as a random effect in linear mixed effects

models. Dashes indicate variables were removed during model selection.

*P < 0.05. P < 0.01. **P < 0.001.
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Figure 5. Field inoculation by greenhouse watering treatment interactions in soybean biomass. Mean and
standard error bars of aboveground (A) and belowground (B) biomass of soybean across field inoculation treatment

and greenhouse watering treatment.

was slightly larger than the EOC increase (37.7 pgC/g dry
soil). Still, some EOC could have been derived from soluble
C destabilization under rewetting (Homyak et al., 2018).
Further data would be needed to determine the cause of
the increase in EOC and decrease in microbial biomass in
drought in soybeans soils.

Alternatively, it is possible that the increased distance
in bacterial community composition we observed in our
study is not caused by changes in the influence of plants
on soil communities but is instead due to an increase in
drought tolerant taxa (e.g., Naylor et al., 2017). In other
words, strong selection for drought tolerant microbial taxa
in both corn and soybean soils led to convergence in
community composition across crops. We found that
drought increased the relative abundance of known
drought tolerant bacterial taxa in both crops in magni-
tudes similar to previous studies (Naylor et al., 2017;
Ochoa-Hueso et al., 2018). Interestingly, we found that the
phyla that were enriched in corn soils were also enriched
under drought. The effect of drought on the relative

abundance of bacterial phyla found in this study are
largely consistent with the growing evidence that mono-
derm (Gram-positive) bacteria increase in relative abun-
dance under drought, while diderm bacteria (Gram-
negative) decrease under drought (Xu and Coleman-Derr,
2019). We found that Actinobacteria, Chloroflexi, and
Firmicutes, which are predominantly monoderm lineages,
increased under drought across both crops. However, we
also found that Proteobacteria, a phylum primarily made
up of diderm taxa, increased under drought across both
crops. While Actinobacteria is well-known as a drought
tolerant lineage (Santos-Medellin et al., 2017; Moreno-
Espindola et al., 2018; Ochoa-Hueso et al., 2018; Preece
et al., 2019), the responses of many other bacterial phyla
are less consistent. For example, Proteobacteria can
increase (Bouskill et al., 2013; Acosta-Martinez et al.,
2014; Moreno-Espindola et al., 2018) and decrease (Bachar
et al., 2010; Yuste et al., 2014; Naylor and Coleman-Derr,
2018) under drought. Acidobacteria, which decreased with
drought in this experiment, has been shown to increase
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(Yuste et al., 2014) and decrease (Barnard et al., 2013;
Santos-Medellin et al., 2017; Moreno-Espindola et al.,
2018) under drought. Overall, we found shifts in bacterial
community composition and the relative abundance of
phyla consistent with previous research on drought.

Microbial inoculation did not immediately affect
bacterial composition or plant growth

We found no immediate effect of microbial inoculation on
bacterial communities, plant traits, or microbial response
to drought. We only found that the root live inoculum
applied directly to the plants decreased bacterial diversity
more than 2 other treatments in corn. Inoculation success
is often limited in soils because microbes in inocula must
compete with the existing soil microbial community
(Kaminsky et al., 2019), come in contact with the plant,
and survive in a new and stressful environment (Malusa
et al,, 2012). We attempted to overcome these barriers by
testing several inoculation approaches, including 2 inoc-
ulum compositions (root and whole soil) and 2 applica-
tion areas (a root-focused and soil-focused inoculation) to
aid in establishment. Given how difficult successful micro-
bial inoculation is, future studies must examine the con-
ditions necessary for inoculum survival and establishment
to meet growing interest in microbial inoculation (Malusa
et al., 2012). Community characterization with 16 S ampli-
cons is also just one way of characterizing changes in
microbial dynamics; inoculation may have had other
effects that are relevant to plant and microbial function,
as our greenhouse study suggests.

Inoculation had small effects on future plant

growth

Although we did not observe changes in community com-
position as a result of inoculation in the field, a history of
inoculation altered future plant growth in the green-
house. However, the direction of responses was difficult
to interpret. We expected that a history of inoculation
and drought would lead to greater crop growth under
drought. However, we found little evidence that microbial
legacies of previous drought affect plant growth, and the
legacy effects of field inoculation treatments were green-
house watering- and crop-dependent. For example, few
microbial legacy effects on corn were detected, and for
soybean belowground biomass, inoculation only affected
plants in the greenhouse drought treatment, but for soy-
bean aboveground biomass, inoculation only affected
plants in the greenhouse ambient treatment.

It is somewhat surprising that legacy effects of inocu-
lation were detected given limited evidence that our field
inoculation treatments altered microbial community com-
position; however, these differences between results in the
field and greenhouse experiments also may have been due
to environmental differences between field and green-
house settings. Biotic and abiotic differences between
field and greenhouse settings can influence plant-
microbe interactions. For example, greenhouse experi-
ments often lack soil fauna that may alter plant—-microbe
interactions (Bezemer et al., 2013; Kutakova et al., 2018),
and greenhouse experiments often lack an existing

Jones et al: Microbial community response to drought depends on crop

microbial community, reducing competition for microbes
and increasing inoculum establishment (Kaminsky et al.,
2019). Abiotic factors such as high nutrient availability
from sterilized soil used in greenhouse experiments may
make beneficial microbes parasitic (de Deyn et al., 2004).
As we aim to identify the role of microbes and microbial
inoculation in plant drought response, field studies will be
necessary to confirm the importance of microbes in alter-
ing plant drought tolerance.

Conclusion

In this study, we demonstrated the successful use of rain-
out shelters to impose drought in agricultural fields. In
this rainout shelter experiment, crop altered responses of
soil microbial communities to drought. Although these
results should be interpreted cautiously because of the
limited replication of field drought treatments, this find-
ing indicates that interactions between plants and
microbes likely alter microbial responses to drought. We
found that inoculation did not alter crop growth to plants
it was applied to, but inoculation had small effects on
crops in the greenhouse grown with microbes from pre-
viously inoculated soils. This suggests that inoculation
may have altered microbial functions via mechanisms
other than the changes in microbial diversity and compo-
sition that we examined and illustrates the importance for
studying legacy effects of inoculation. Overall, we argue
that future studies on the importance of microbial com-
munities and inoculation to drought tolerance should
incorporate measurements of inoculation legacy effects
in field experiments.
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