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Summary

The frequency and severity of drought are increasing
due to anthropogenic climate change and are already
limiting cropping system productivity in many
regions around the world. Few microbial groups
within plant microbiomes can potentially contribute
towards the fithess and productivity of their hosts
under abiotic stress events including water deficits.
However, microbial communities are complex and
integrative work considering the multiple co-existing
groups of organisms is needed to better understand
how the entire microbiome responds to environmen-
tal stresses. We hypothesize that water deficit stress
will differentially shape bacterial, fungal, and protis-
tan microbiome composition and influence inter-
kingdom microbial interactions in the rhizospheres of
corn and sugar beet. We used amplicon sequencing
to profile bacterial, fungal, and protistan communities
in corn and sugar beet rhizospheres grown under irri-
gated and water deficit conditions. The water deficit
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treatment had a stronger influence than host species
on bacterial composition, whereas the opposite was
true for protists. These results indicate that different
microbial kingdoms have variable responses to envi-
ronmental stress and host factors. Water deficit also
influenced intra- and inter-kingdom microbial associ-
ations, wherein the protist taxa formed a separate
cluster under water deficit conditions. Our findings
help elucidate the influence of environmental and
host drivers of bacterial, fungal, and protistan com-
munity assembly and co-occurrence in agricultural
rhizosphere environments.

Introduction

Climate change will have a substantial influence on agri-
culture as it will increase water demand, limit agricultural
production, and exacerbate water scarcity. To be eco-
nomically and agronomically viable, crop plants need to
remain productive in water deficit (WD) environments,
which are likely to become more frequent and intense in
the future due to climate change (Cotter and
Reyes, 2008). The ability of crops to face environmental
stresses such as water scarcity can be partly mitigated
by the microbiome inhabiting the soil, rhizosphere, roots,
and other plants compartments (Naylor and Coleman-
Derr, 2018; de Vries et al., 2020; Trivedi et al., 2020; Triv-
edi et al., 2022). Elucidating the dynamic relationships
between soil microbes and plants during stress is essen-
tial for predicting and potentially managing plant-
microbiome interactions to increase the resilience of crop
production to abiotic stresses (Naylor and Coleman-
Derr, 2018; de Vries et al., 2020; Trivedi et al., 2021; Triv-
edi et al., 2022). However, there is little information on
how WD influences the complex microbial interactions
supported by plant environments, and the degree to
which such changes are conserved across different plant
hosts.

WD-mediated changes in plant physiology and metab-
olism are reported to influence the structure and function
of the plant microbiome with consequences on plant per-
formance and health (Naylor and Coleman-Derr, 2018;
Xu and Coleman-Derr, 2019; de Vries et al., 2020;
Santos-Medellin et al., 2021; Trivedi et al., 2022). This is
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likely caused by a combination of top-down processes in
the form of control exerted by the plant on its microbiome
and bottom-up processes, namely the responses of the
microbial community to the drought itself (Trivedi
et al., 2022). The influence of the plant can be explained
by the emerging ‘cry for help’ hypothesis that posits that
plants intentionally recruit specific microbes that can alle-
viate plant stress (Rolfe et al., 2019; Rodriguez and
Duran, 2020; Rizaludin et al., 2021). According to this
hypothesis, upon perception of water stress, plants adjust
their root exudation profiles, releasing exudates that can
then serve as selective signals, chemo-attractants and/or
nutritional sources to stimulate beneficial microbial com-
munities to colonize and provide relief (de Vries
et al., 2020). On the other hand, the microbial recruitment
could be a general by-product mediated by the direct
impact of WD on the microbial seed bank or the indirect
impact of changes in the plant physiology (Trivedi
et al., 2022). The complex ways these processes interact
to shape the plant microbiome are highly circumstantial
and currently not well understood.

Plant-associated microbial communities form highly
complex ecological networks that include multiple associ-
ations between co-existing taxa. Climate extremes can
reorganize networks of associations between co-existing
soil microbial taxa (Zhou et al., 2011; de Vries
et al., 2018; Bardgett and Caruso, 2020; Yuan
et al., 2021) with essential feedback on plant resilience
and performance in stress environments. For example,
recent studies have shown that WD significantly influ-
ences microbial co-existence networks (de Vries
et al., 2018; Zhang et al. 2021; Xie et al., 2021). These
changes in the microbial co-existence network potentially
impact the recovery of microbial communities and alter
plant-microbe interactions under disturbances. In micro-
bial co-existence networks, positive and negative associ-
ations represent aggregation and exclusion, respectively.
Research on microbial co-existence networks and their
topologies suggest that negative association patterns
maximize robustness and stability under disturbances
(Coyte et al., 2015; de Vries et al., 2018). While the
impact of climate change stressors on the individual
microbial networks for certain microbial groups have
been studied (de Vries et al., 2018), there is limited infor-
mation on how WD impacts the direction and strength of
intra-kingdom associations across contrasting crops.

In plant environments, trophic interactions are governed
by protists that act as top-down controllers of microbial
communities and influence food webs by preying on a wide
range of bacteria, fungi, and other eukaryotes (Geisen
et al., 2018; Gao et al., 2019; Sun et al., 2021). Protists
and their interactions with other microorganisms are also
subject to change during environmental stress events
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(Geisen et al., 2018; Gao et al., 2019). Studies have shown
that trophic cascades can be destabilized by strong
changes to a few important interactions in a food web
(de Vries et al., 2018; Bardgett and Caruso, 2020). Further-
more, few studies have shown that protists form central
hubs in microbial co-existence networks, linking diverse
bacterial and fungal groups (Xiong et al., 2018; Sun
et al., 2021). Given their key position, protists can amplify
or dampen the impact of environmental perturbations on
the microbial co-existence networks in plant-associated
environments. However, compared to bacteria and fungi,
the impact of WD on rhizosphere protists has seldom been
investigated.

Here, we explored the impact of WD on the diversity,
community composition, and associations between multi-
kingdom rhizosphere microbial groups (bacteria, fungi,
and protists) of corn and sugar beet. We chose corn and
sugar beet for their commercial relevance, ease of sam-
pling, and physiological differences, as corn is a C4
monocot and sugar beet is a C3 dicot. We tested the fol-
lowing hypotheses. First, we hypothesized that WD will
have variable influence on the rhizosphere microbial
community composition of different microbial groups
(bacteria, fungi, and protists). This hypothesis was based
on past work showing that the response of microbes to
WD can vary based on differences in molecular, cellular,
physiological, and morphological traits (Naylor and
Coleman-Derr, 2018; Xu and Coleman-Derr, 2019; de
Vries et al., 2020; Trivedi et al., 2022). Second, we
hypothesized that WD will decrease the connectedness
of microbial co-existence networks by influencing inter-
kingdom associations. This hypothesis was based on
past work showing that the changes in the species inter-
actions mediated by environmental disturbances promote
destabilizing properties in microbial co-existence net-
works (de Vries et al., 2018; Bardgett and Caruso, 2020;
Hernandez et al., 2021).

To test our hypothesis, we collected rhizosphere soll
samples from eight sites across four mid-western states
in the United States (Supplementary Table S1). We spe-
cifically selected for sites where corn and sugar beet
were growing in adjacent fields, and the irrigation was
maintained through centre-pivot (also known as water-
wheel and circle irrigation). Under these conditions a nat-
ural moisture gradient can be observed between the
inner (>20 rows) and the outer (<15 rows) of planted
crops. Thus, here, WD is established by a prolonged
reduction in water availability compared with fully irrigated
(IR) plants closer to the water source. We aimed to
explore the taxonomic differences between the rhizo-
sphere microbiomes of WD and IR plants using amplicon
(for bacteria, fungi, and protists) sequencing. We also
compared the inter-kingdom microbial networks of WD
and irrigated plant microbiomes to offer insights into the
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connectedness and proportion of positive/negative inter-
actions, which serves as a measure of network stability;
the hubs within the network, which indicates prominent
microbial groups; as well as highly correlated taxonomic
groups, indicating microbes that tend to co-exist with one
another.

Our results show that microbial co-existence networks
differ significantly in key properties such as network con-
nectivity and inter- and intra-kingdom interactions that might
inform on their stability under water stress. We also show
that a WD-induced shift in the microbial community compo-
sition varies with different microbial groups with bacteria
and protists being more sensitive to water limitation com-
pared to fungi. Disentangling the role of crucial microbial
taxa in microbiome communities in WD conditions might
provide suitable approaches to hamess plant—-microbiome
interactions to alleviate water stress. Altogether, we provide
novel evidence that WD significantly affects microbial com-
munity taxonomic composition and co-occurrence network
structures in the rhizosphere, which have implications for
the potential changes in their ecological functions under cli-
mate change.

Experimental procedures
Site selection and sample collection

Eight sugar beet fields with directly adjacent corn fields
were identified with help from the Western Sugar Coopera-
tive and selected as sites (Supplementary Table S1). Each
site contained two crop fields, one sugar beet and one
corn. Each crop field contained two irrigation treatments,
irrigated (IR), defined as within the reach of the irrigation
machinery of the site, and non-irrigated or water deficit
(WD) stress, defined as crops beyond the reach of the
field’s irrigation machinery. The yearly average rainfall from
the sampling regions ranges from 431 to 533 mm. Under
these conditions, farming for corn and sugar beet is not
possible without supplemental irrigation. A lack of irrigation
exerts a strong abiotic stress on plants in this region, which
has a notable impact on plant and productivity that is equiv-
alent to drought in other regions. Three plants from each
crop type were collected from each treatment, totalling
12 plants per site. We collected plant samples from 30 to
40 and 8 to 12 rows inside the field representing IR and
WD treatments, respectively. Sample collection was con-
ducted in the summer of 2020 at the flowering time for both
the plant species. Samples were shipped to the laboratory
at Fort Collins on ice.

Sampling processing and DNA extraction

We used a detailed protocol from Simmons et al. (2018)
to separate rhizosphere soil samples. Rhizosphere soils

were defined as soil clinging tightly to the plant’s roots.
DNA was extracted from soils using the DNeasy
Powersoil Kit (MO BIO Laboratories, Carlsbad, CA, USA)
as per manufacturer’s instruction. Extracted DNA was
quality checked by NanoDrop 2000 (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA), quantity checked
by Qubit Fluorometer (Thermo Fisher Scientific), and
stored at —80 °C.

Measurement of soil physicochemical properties

Soil properties were determined following conventional
methods. Soil gravimetric water content was determined
by weighing 5 g of fresh, sieved composite sample, oven
drying, and reweighing after no further mass loss. Soil
organic carbon (OC) was determined by the combustion
method on an element analyser using air-dried soils
(Vario MAX C/N, Germany) pH was measured using a
pH metre, in a 1:2.5 mass:volume suspension of soil and
water.

Amplicon sequencing and bioinformatic analyses

The diversity and community structure of soil bacteria,
fungi, protists, and invertebrates was determined by
amplicon sequencing using an lllumina MiSeq platform.
We wused the primer sets 515F/806R (Caporaso
et al., 2012), ITS1F/ITS2R (Caporaso et al., 2012) and
Euk1391f/EukBr (Amaral-Zettler et al., 2009; Stoeck
et al., 2010) to amplify a portion of the bacterial 16S
rRNA gene, fungal ITS1 region, and the eukaryotic 18S
rRNA gene, respectively. Bioinformatics processing was
performed wusing a combination of USEARCH
(Edgar, 2010) and UNOISE3 (Edgar, 2016). Amplicon
sequence variant (ASV) tables based on 97% sequence
similarity were generated using the USEARCH pipeline.
Sequencing run quality was assessed using fastQC
(Andrews, 2010). The raw sequences were discarded if
they contained ambiguous nucleotides, had a low
(Q < 20) quality score, or were short in length (<100 bp).
Adapters and primers were removed using cutadapt
(Martin, 2011). Then samples were demultiplexed.
Paired-end reads were merged, and quality was
assessed with an initial quality check test. The represen-
tative set database was created using the UCLUST and
UPARSE algorithm (Edgar, 2013). Unique sequences
were located and sorted into unique ASVs. ASVs were
clustered using DADA2 and DeNoised using uNoise3
(Xiong et al., 2021a) as described (Xiong et al., 2021b).
ASYV tables were generated by mapping reads to the rep-
resentative set database. ASVs were counted at the
sample level. Protistan sequences based on the eukary-
otic 18S rRNA gene data were taxonomically assigned
against the Protist Ribosomal Reference (PR2) database
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(Guillou et al., 2012). Protists were defined as all eukary-
otic taxa, except fungi, invertebrates (Metazoa) and vas-
cular  plants (Streptophyta) (Delgado-Baquerizo
et al., 2020). Taxonomic identification of bacteria and
fungi was obtained against the Silva (Pruesse
et al., 2007) and UNITE database (Nilsson et al., 2019),
respectively. Bacterial sequences that match host mito-
chondria and chloroplast were removed.

Statistical analysis

Samples were evaluated separately for bacterial (16S),
fungal (ITS), and protistan (18S) communities. Samples
were rarified to the lowest occupancy of 8000, 5000, and
3300 reads for 16S rRNA, ITS, and 18S rRNA, respec-
tively. We used the R package ‘mctools’ to analyse
microbial community structure (Leff, 2017). To examine
beta diversity, Bray—Curtis dissimilarity distances were
calculated then ordinated in multidimensional scaling
using a constrained analysis of principal coordinates
(CAPs) analysis to irrigation treatments. Permutational
multivariate analysis of variance (PERMANOVA) models
were generated to determine significant beta-diversity dif-
ferences correlating with niche compartment, species,
site, and irrigation treatment. To examine alpha diversity,
Shannon diversity indexes were calculated and evaluated
through general linear models (GLMs). Tukey HSD tests
were used to determine influence of the above variables
on alpha-diversity. To investigate the indicator taxa
involved in the differences between IR and WD commu-
nity, a linear discriminate analysis (LDA) effect size
(LEfSe) was conducted to explore the differential micro-
bial populations at the phylum level for bacteria and fam-
ily level for fungi and protists (Segata et al., 2011). A
significance level of a < 0.05 was used for all biomarkers
evaluated in this study. All statistical analyses were com-
pleted using R v 4.0.5 (R Core Team, 2020).

Structure equation model (SEM) was used to analyse
the relationships among soil water content, soil properties
(pH, OC, moisture), microbial alpha and beta-diversity for
both corn and sugar beet (Trivedi et al., 2016; Trivedi
et al., 2017; Ochoa-Hueso et al., 2018). CAP1 and CAP2
were used to proxy the variance of microbial community
composition. Shannon diversity indexes were used as a
proxy for alpha-diversity. The a priori models included all
possible pathways among these factors. The significance
of each path-coefficient was analysed by calculating its
critical ratio (P < 0.05). The overall model fit was evalu-
ated with the Bentler comparative fit index, goodness-of-
fit index and chi-square test (Trivedi et al., 2016; Trivedi
et al., 2017; Ochoa-Hueso et al., 2018). The SEM was
performed using Amos Graphics v22 (IBM Corp.,
Armonk, NY, USA).
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Microbial correlation networks

Correlations among bacterial, fungal and protists ASVs
were calculated to generate a co-existing network of the
three groups. To minimize the influence of rare taxa, only
ASVs with more than five reads and three observations
were kept in the calculation. We controlled the false dis-
covery rate by performing 1000 bootstraps on each corre-
lation. We kept only the strong (r > 0.60) and robust
(P < 0.01) correlations. The network calculation was per-
formed using the SparCC-based (Friedman and
Alm, 2012) algorithm Fastspar (Watts et al., 2019). The
networks were displayed in the software Gephi (Bastian
et al., 2009). Topological properties including nodes,
edges numbers, degree, and Closeness centrality and
between centrality were also calculated in Gephi. Scatter
plots were generated using the ggplot2 package in R
platform.

Results and discussion

Water deficit impacts the structure of rhizosphere
microbiota

Our study shows that inter-kingdom microbial connec-
tions in plant rhizospheres are highly sensitive to WD
stress in two contrasting crops; however, we also found
that such impacts are soil taxa and site dependent. Our
soil dataset showed significant (30%—63%) reductions in
the moisture content in the WD compared to the irrigated
(IR) treatments for both corn and sugar beet within each
site (Supplementary Fig. S1). The reduction in soil mois-
ture in our study is similar to that in controlled green-
house experiments designed to compare the impact of
WD vs well-watered conditions on plant performance
(Puértolas et al., 2017; Singh et al., 2021). Our analyses
also showed mostly non-significant difference in pH and
organic carbon (OC) in WD and IR treatments for corn
and sugar beet within each site (Supplementary Figs. S2
and S3).

Using general linear models (GLMs), we found that the
impact of WD on alpha-diversity was significant for bacte-
ria (P < 0.005) and protists (P < 0.05) but not for fungi
(Fig. 1A). The alpha diversity of bacteria decreased in
WD as compared to IR treatments while the opposite
trend was observed for protists (Fig. 1A). Moreover, crop
species were the most important driver of alpha diversity
for fungi and protists (P < 0.005) but for bacteria, the
influence of crop species was non-significant. The inter-
action between species:site:treatment was significant for
bacteria (P <0.005) and protists (P < 0.05) but non-
significant for fungi (Table 1). Our results are in lines with
those in de Vries et al. (2018) suggesting that fungal
communities are usually resistant to water stress.
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Fig. 1. Impact of water deficit on the alpha (A) and beta (B) diversity of bacteria, fungi, and protists.

A. Differences between Shannon diversity of bacteria, fungi, and protists in treatments. The boxes show the average Shannon diversity of corn
and sugar beet rhizosphere under irrigated and water deficit treatment for bacteria, fungi, and protists. Different letters indicate statistically signifi-
cant differences (P < 0.05).

B. Ordination biplots for canonical analysis of principal coordinates (CAP) illustrating the impact of water deficit (red colour circles) and irrigation
(green coloured triangles) on the combined rhizosphere bacteria, fungi, and protists community of corn and sugar beet. CAP analysis is based
on the Bray—Curtis dissimilarity.

Table 1. The effects of plant species, site, treatment, and their interactions on the changes of alpha diversity of bacterial, fungal, and protistan
communities based on linear mixed model (LMM).

Bacteria Fungi Protist
Drivers F-value P value F-value P value F-value P value
Site 5.187 0.0001165*** 17.9972 0.001*** 2.55 0.022*
Treatment 9.645 0.0028979** 0.2203 0.64 3.894 0.053.
Species 0.3181 0.5748754 17.3878 0.001** 14.838 0.001***
Site:Treatment 0.729 0.6480487 1.0568 0.402 1.25 0.289
Site:Species 2.273 0.0402901* 4.9451 0.0001*** 1.075 0.39
Treatment:Species 3.7906 0.0562256 0.1262 0.724 10.124 0.002**
Site:Treatment:Species 41175 0.0009398*** 1.1797 0.327 2.164 0.049*
*P < 0.05.
**P < 0.005.
***P < 0.001.

Our results align with the findings of Schmitt and
Glaser (2011) who reported that water limitation
increased protistan diversity. Protists are primarily
aquatic and therefore it is presumed that they will be sen-
sitive to WD (Harder et al., 2016). However, protistan
taxa have a variety of lifestyles and body sizes, exhibiting

a range of tolerance to soil moisture conditions (Stefan
et al., 2014; Fierer, 2017; Geisen et al., 2018). Our
results also are in accordance with an earlier study that
reported that protist community composition and dynam-
ics are filtered by the influence of plants on their rhizo-
sphere biological and physicochemical environment,
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resulting in similar patterns observed for rhizosphere bac-
terial communities (Ceja-Navarro et al., 2021).

We further assessed the relative contribution of multi-
ple factors in terms of sampling sites, plant species, and
WD in shaping the rhizosphere microbial communities.
PERMANOVA analysis revealed that all examined
drivers and their interactions have a significant impact
(P < 0.005) on the structure of bacterial, fungal, and pro-
tistan communities (Table 2). As a result of differing envi-
ronmental conditions (e.g. sites, soil moisture content),
shifts in microbial community composition are driven by
changes in relative abundance of microbial species,
rather than complete disappearance, which explains the
importance of all the studied factors in driving beta but
not alpha-diversity (Naylor and Coleman-Derr, 2018).
The greatest effect on the total microbiome was exerted
by the sampling site (R®> = 0.47 for bacteria; R = 0.53
for fungi, and R? = 0.39 for protist; P < 0.001 for all
three). Our sampling sites varied in soil properties includ-
ing pH and organic C, both of which are reported to be
the major drivers for microbial community composition
(Trivedi et al., 2016; Fierer, 2017; Ochoa-Hueso
et al., 2018). The sampling site effect represented the
interaction effect of site-dependent environmental charac-
teristics (e.g. climate and soil type) and has been shown
as the major driver co-influencing the microbiome compo-
sition (Coleman-Derr et al., 2016; Santos-Medellin
et al., 2017; Hamonts et al., 2018; Guo et al., 2021).

WD was an important driver for all the three groups of
microbial communities (R® =0.041 for bacteria;
R? =0.023 for fungi, and R® =0.034 for protists;
P <0.001 for all three) (Table 1, Fig. 1B). Few studies
have reported small or non-existent impacts of water limi-
tation on soil or root fungal communities (Yuste
et al, 2011; Bouasria et al., 2012; Fuchslueger
et al., 2016). Our study observed that although the varia-
tion explained by WD on bacteria and protists was more
significant than on fungi, the impact of WD on fungal
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communities was still significant. Fungal hyphae net-
works can allow remote access and redistribution of
water that can improve host tolerance towards WD. It is
reported that plant presence can modify the impact of
water limitation on fungal communities, wherein signifi-
cant variation was observed in rhizosphere and plant
compartments but not in bulk soils (Veach et al., 2020).

Bacterial communities are reported to be more sensi-
tive to WD than fungal communities (Naylor and
Coleman-Derr 2018; de Vries et al., 2018). Bacteria and
fungi differ in body size, diversity, metabolic activity, dis-
persal potential, and in their nature of interaction with
host or other microbes, affecting species sorting and the
community assembly process under environmental
stresses. Interestingly, for bacterial communities, the vari-
ation explained by the WD was higher than crop species
(R? = 0.018 and 0.041 for species and WD, respectively).
Similar results were obtained by Santos-Medellin
et al. (2021), wherein they reported that WD explains
more bacterial community variation in race than host
genotype. Our results thus suggest that WD weakens the
correlation between the host phylogeny and bacterial
community composition.

We then used structural equation models (SEMs) to
explore the direct and indirect relationships among WD,
soil properties — including organic carbon (OC), pH, mois-
ture — and microbial community composition and alpha
diversity (Fig. 2). Our SEM showed that WD has a signifi-
cant negative impact on soil moisture but does not affect
OC and pH (Fig. 2; Supplementary Fig. S4). For bacteria,
WD had a significant impact on the community composi-
tion for both corn and sugar beet. While WD directly
impacts bacterial alpha-diversity in corn rhizospheres, the
impact is indirectly mediated though moisture in sugar
beet. For corn, we did not observe any impact of WD or
moisture on the fungal communities. For sugar beet, our
SEM showed a minor impact of both WD and moisture
on the second CAP component. These results are in line

Table 2. PERMANOVA output showing importance of plant species, site, treatment, and their interactions as factors shaping the microbial com-

munity of bacteria, fungi, and protists.

Bacteria Fungi Protist

F-value R? P value F-value R? P value F-value R? P value
Species 4.394 0.0185 b 9.65 0.0281 bl 22.822 0.07965 o
Site 15.805 0.46576 e 25.135 0.51244 b 16.133 0.39416 b
Treatment 9.856 0.04149 b 8.172 0.0238 bl 9.769 0.0341 o
Species:Site 3.348 0.09867 e 7.545 0.15383 ex 5.738 0.14019 o
Species:Treatment 2111 0.00889 > 3.33 0.0097 > 7175 0.02504 o
Site:Treatment 2.269 0.06686 x 2.531 0.05159 i 2.329 0.0569 e
Species:Site: Treatment 1.603 0.04725 b 1.96 0.03995 > 1.907 0.04658 o
Residuals 0.2526 0.18058 0.22338
***P < 0.001.
**P < 0.005.
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Fig. 2. Structural equation models showing the effects of organic carbon (OC), pH, soil moisture and water deficit treatment on the community
composition (C1 and C2) and Shannon diversity of bacteria, fungi, and protists in the rhizosphere of corn and sugar beet. Numbers adjacent to
arrows are standardized path coefficients, analogous to partial regression weights and indicative of the effect size of the relationship. Arrow width
is proportional to the strength of path coefficients. Green and purple arrows represent positive and negative effects, respectively. Model fitness
details (v and non-parametric Bootstrap parameters) are close to each figure.

with other studies suggesting that water stress has a
more pronounced impact on bacteria than fungal commu-
nities (Naylor and Coleman-Derr, 2018; de Vries
et al., 2018). For protists, our SEM analysis did not reveal
a significant impact of WD and soil moisture on commu-
nity composition or diversity in corn. For sugar beet, both
WD and soil moisture impact the community composition
of protists but not the diversity. Interestingly, while the
impact of WD on the bacterial community composition
was positive, SEM analysis revealed a significant nega-
tive impact of WD on fungal and protistan community.

Water deficit impacts the enrichment of selected
microbial groups in the rhizosphere

We used linear discriminant analysis (LDA) effect size
(LEfSe) to compare microbial communities and identify
specific phylotypes of corn and sugar beet rhizosphere
responding to WD (Fig. 3). We observed that the micro-
bial groups that responded to WD are similar for both the
plant species. Generally, bacteria from the phyla

Actinobacteria, Firmicutes, Chloroflexi, Deinococcus Ther-
mus, Aramatimonadetes increased in WD while those
belonging to the phyla Acidobacteria, Verrucomicrobia,
Nitrospirae, Planctomycetes, Euryarchaeota, and class
Gammaproteobacteria and Betaproteobacteria were
depleted in relative abundance. Our results support the
core response to water limitation at phylum level with a
universal enrichment of monoderm (Gram-positive) bacte-
ria and a depletion of most diderm (or Gram-negative) lin-
eages (Naylor et al., 2017; Santos-Medellin et al., 2017,
2021; Fitzpatrick et al., 2018; Naylor and Coleman-
Derr, 2018; Xu et al., 2018; Xu and Coleman-Derr, 2019).
Resistance against water limitation involves deeply con-
served traits such as osmolyte production, cell wall fea-
tures or spore formation, which are present in similar
groups within soil microbial communities, indicating that
the context of a particular location does not affect the
phylogenetic pattern of response.

Our results provide support for ‘cry for help’ hypothe-
sis. First line of support comes from the selective enrich-
ment of microbial groups particularly monoderm under

© 2022 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology, 24, 3722-3734



Water deficit affects inter-microbial connections 3729

Acidobacteria
Latescibacteria
Nitrospirae
Bacteroidetes
Elusimicrobia
Planctomycetes
Fibrobacteres
Euryarchaeota
Actinobacteria
Chloroflexi |
Firmicutes
Mortierellaceae

5
Bacteria Fungi Protist
—~4 |
e
2 - _
=3
[
S
o
A2
<
a
=1
0
[ L O ®
(] oD ®C T
[ © T =
Q QS QO
2 E£2¢&
E 157
S >uw
£ E
e s
o

Armatimonadetes T
Hydrogenedentes oo
Pleosporaceae [T

Verrucomicrobia
Deinococcus-Thermus |

Gammaproteobacteroa
Betaproteobacteria
Thaumarchaeota
Basidiobolaceae

®DoOONODOEEOT O esgoegooe
ummmmm;omwmgwmuammmmm
E083 1B 8B BESE 8B5S ETTIT S
ST EIYTRECSVREELO=ET =2
womm_omswwgogg¢=mgwa_
Egu-ggm>ggomaoagw: TS
2859E3% ggggg<ou%g8a2o
s ENogH >S5 £065 26920 =
Q£ S 5 = oo =8 2
sk 8¢ 5 58 5588
omT >3 2& $2
7] g
o
@
oy
£
(8]

Fig. 3. Linear discriminate analysis effect size (LEfSe) analysis of bacterial (phylum), fungal (family), protistan (family) groups that were indicators

for irrigated (blue) and water deficit (brown) treatments (LDA score > 3).

water deficit conditions. The enrichment of the monoderm
is driven in part by the interaction within the plant host
and not just on the ability of monoderm to withstand
water limitation (Fitzpatrick et al., 2018; Naylor and
Coleman-Derr, 2018; Xu et al., 2018; Xu and Coleman-
Derr, 2019; Santos-Medellin et al., 2021). For example,
under drought stress plants secrete glyceraldehyde-
3-phosphate, which can be efficiently transported and
utilized by Actinobacteria (Xu et al., 2018; Xu and
Coleman-Derr, 2019). Furthermore, many monoderm
strains are reported to provide drought resistance to several
crop plants (Xu et al., 2018; Santos-Medellin et al., 2021).

For fungi, we observed only four groups at the family
level that were indicators for the IR or WD treatments.
This observation again suggests that fungi are more
resistant to water limitation than bacteria. Our results
showed an enrichment of members of the phyla
Mortierellomycotaand  depletion of members of
Basidiobolomycota in WD compared to IR treatment.
Members within both these groups are relatively less
dominant and diverse with limited information on the traits
that can be related to their drought response.

In comparison to fungi, there were more protist groups
that responded to IR or WD. Soil moisture has been
reported as the most influential edaphic factor differen-
tially affecting different functional groups within protists
(Fiore-Donno et al., 2019). Canarini et al. (2021) identi-
fied protists as the biomarker for drought along with the
Gram-negative and Gram-positive bacteria. Members of
WD indicator protists families, such as Acanthamoebidae
and Flamella lineage, produce cysts that are very effi-
cient in preserving protists for weeks and even years

against environmental stresses such as drought (Geisen
et al., 2018). Members of family Litostomatea, Acrasidae
and Allapsidae were identified as WD indicators in our
study and are reported to prefer dry environments
(Oliverio et al., 2020). Overall, we have identified protis-
tan families that are robust bioindicators for WD or IR
treatments. Given the variety of functional trophic roles
that protists play in shaping microbial dynamics (Bates
et al., 2013; Gao et al., 2019; Sun et al., 2021) these bio-
indicators will be key to understand the trophic complex-
ity in response to water stress.

Water deficit affects rhizosphere microbiome
co-existence networks

Our results showed that microbial inter-kingdom network
patterns shifted clearly in response to WD for both corn
and sugar beet (Fig. 4). We observed that the protist taxa
separated distinctly and formed a separate cluster under
WD conditions for both corn and sugar beet (Fig. 4A-D).
For corn, the hub microbial taxa in IR conditions were
fungi and bacteria, whereas in WD conditions, the hubs
were all protists (Fig. 41 and J). For sugar beet, the hub
microbial taxa in both IR and WD networks were solely
protists (Fig. 4K and L). In the IR networks for both corn
and sugar beet, bacterial taxa have lower network con-
nectivity (network degree) (5.36 and 6.01 for corn and
sugar beet, respectively; P < 0.005) as compared to fungi
(9.5 and 7.9 for corn and sugar beet, respectively) and
protists (6.8 and 9.8 for corn and sugar beet, respec-
tively) (no significant difference between fungi and
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Fig. 4. Co-existing networks of soil bacteria, fungi and protists under different treatments (A — Irrigated Corn; B — Water Deficit Corn; C — Irrigated
Sugar Beet; d- Water Deficit Sugar Beet). Nodes indicate microbial ASVs (green — bacteria, purple — fungi, yellow — protists) and edges indicate
strong (r > 0.60) and significant (P < 0.01) correlations among ASVs (green edges indicate positive correlation and red edges indicate negative
correlation). Under each network, the left pie chart indicates the number of ASVs from each group in individual network, and the right pie chart
indicates the number of correlations (positive vs. negative) in each network (E-H). The scatter plots below show the importance of nodes in each
network (I-L). Higher betweenness centrality indicates a potential connector while higher closeness centrality indicates a potential module hub.

protists) (Supplementary Fig. S5). In the WD networks for Protists are sensitive to environmental disturbances,
both the plant species, the average number of degrees occupy key position in inter-kingdom microbial networks,
for protists (9.2 and 9.3 for corn and sugar beet, respec- and are postulated to enhance microbial mediated func-
tively) was significantly higher (P < 0.005) than bacteria tions (Xiong et al., 2018). We illustrate the importance of
(3.5 and 4.7 for corn and sugar beet, respectively) and protists as possible top-down controllers of microbiome
fungi (5.7 and 3.7 for corn and sugar beet, respectively) community interactions linked to plant stress response.
(no significant difference between bacteria and fungi). We therefore propose that a holistic microbiome perspec-
For both the plant species, we observed a significant tive, including bacteria, fungi, and protists, provides the
decrease (P < 0.005) in degree for bacteria (3.5 vs 5.3 optimal next step in predicting plant performance under
and 4.7 vs 6.8 for corn and sugar beet, respectively) and water stress.
fungi (5.8 vs 9.5 and 3.8 vs 7.8 for corn and sugar beet, The percentage of positive correlations increased from
respectively) in WD as compared to IR network. Our 56% to 65% and 63% to 75% in WD as compared to IR
results thus suggest that in WD networks, protists are network for corn and sugar beet, respectively
more central with a higher number of connections, and (Fig. 4E-H). A large proportion of positive links between
the relative centrality of bacteria and fungi is lower than the interacting members can cause instability in microbial
in the IR networks. networks. Conversely, higher positive interactions infer
In microbiome studies, protists have received little that the members respond similarly to environmental fluc-
attention despite their key role in controlling bacterial and tuations resulting in positive feedback and co-oscillations
fungal populations (Geisen et al., 2018; Guo et al., 2021). (Coyte et al., 2015; de Vries et al., 2018). Our results
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thus suggest that water limitation will destabilize co-
oscillation in communities and will weaken the stability of
networks. Notably, inspection of network architecture
indicates that in both the IR and WD networks, there
were more positive intra-kingdom as compared to inter-
kingdom correlations (Supplementary Fig. S6). Interest-
ingly, the percent increase of positive associations in WD
was driven by an increase in the intra-kingdom associa-
tions while the inter-kingdom associations became more
negative in WD as compared to IR networks
(Supplementary Fig. S6). For example, in sugar beet, the
bacteria—bacteria positive associations increased from
63% to 94% in the WD as compared to IR networks. On
the other hand, the negative associations between bacte-
ria and protists increased from 59% to 80% in WD as
compared to IR networks. The competition between
microbial groups for the root exudates is postulated to
contribute towards negative correlations between bacte-
ria and eukaryotes (Duran et al., 2018). Taken together,
these results suggest that the detected microbial inter-
kingdom associations in the rhizosphere become more
intense and competitive under WD. Further research
involving reconstitution experiments to distangle micro-
biome interactions will reveal mechanisms that govern
microbiome assembly in WD. These insights on the com-
plex plant—microbiome interactions will be crucial in the
development of targeted and effective microbial amend-
ments that can improve crop fitness and productivity
under WD.

Conclusions

This study advances the understanding of ecological pro-
cesses that occur in the rhizosphere of crops under water
stress. Additionally, our study highlights the importance
to consider protist and their associations with other
microbes to evaluate the impact of environmental
stresses on crop microbiome. We propose that a deeper
understanding on how qualitative and quantitative
changes in root exudation affect both competition for
resources and cooperative relationships in the rhizo-
sphere will illuminate the specific mechanisms underpin-
ning these interactions, including how changes in
microbial community interactions in response to shifting
environmental regimes impact plant performance. Under-
standing the dynamics of inter-kingdom interactions
under stressful conditions will provide a way forward to
engineering complex crop microbiomes with predictable
behaviour and robust outcomes.
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