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Abstract

Microorganisms of the soil-root continuum play key roles in ecosystem
function. The Loess Plateau is well known for its severe soil erosion and thick
loess worldwide, where mean annual precipitation (MAP) and soil nutrients
decrease from the southeast to the northwest. However, the relative influence
of environmental factors on the microbial community in four microhabitats
(bulk soil, rhizosphere, rhizoplane, and endosphere) in the soil-root
continuum along the environmental gradient in the Loess Plateau remains
unclear. In this study, we investigated 82 field sites from warm-temperate to
desert grasslands across the Loess Plateau, China, to assess the bacterial
diversity, composition, community assembly, and co-occurrence networks in
the soil-root continuum along an environmental gradient using bacterial 16S
recombinant DNA amplicon sequencing. We discovered that the microhabi-
tats explained the largest source of variations in the bacterial diversity and
community composition in this region. Environmental factors (e.g., MAP, soil
organic carbon, and pH) impacted the soil, rhizosphere, and rhizoplane
bacterial communities, but their effects on the bacterial community decreased
with increased proximity to roots from the soil to the rhizoplane, and the MAP
enlarged the dissimilarity of microbial communities from the rhizosphere and
rhizoplane to bulk soil. Additionally, stochastic assembly processes drove the
endosphere communities, whereas the soil, rhizosphere, and rhizoplane
communities were governed primarily by the variable selection of determinis-
tic processes, which showed increased importance from warm-temperate to
desert grasslands. Moreover, the properties of the microbial networks in the
rhizoplane community indicate more stable networks in desert grasslands,
likely conferring the resistance of microbial communities in higher stress
environments. Collectively, our results showed that the bacterial communities
in the soil-root continuum had different sensitivities and assembly
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INTRODUCTION

Soils harbor highly diverse microbial communities with
numerous functions [1] and provide a seed bank for root-
associated microbiota that may contribute to plant
growth, nutrient uptake, disease resistance, and stress
tolerance [2]. Additionally, plants can selectively recruit
potentially beneficial microbes through root exudates
and deposits [3,4]. The microbiota in the soil-root
continuum (bulk soil, rhizosphere, rhizoplane, and
endosphere) are influenced directly/indirectly by biotic
and abiotic factors, such as climatic factors, soil physical
and chemical properties, and host plant traits [2,5-9].
However, systematic studies considering the microbial
community in four microhabitats along the soil-root
continuum across large geographic scales are still
limited [10,11].

At regional to global scales, precipitation and soil pH
are critical drivers of soil microbial diversity and
community structure [1,12-14]. These climatic and
edaphic factors may directly shape the assembly of
microbiota in soil and contribute to the recruitment of
microorganisms to the rhizosphere by plant roots
[2,7,15]. However, the different niche and life history
strategies of the microbiota in the soil-root continuum
may result in different responses of the microbial
community to environmental factors. Certain studies
have characterized the root-associated microbiota using
molecular-based methods under different environmental
conditions [2,16-19]. For example, aridity differentially
influences microbial communities in the rhizosphere and

mechanisms along an environmental gradient. These patterns are shaped
simultaneously by the intertwined dimensions of proximity to roots and
environmental stress change in the Loess Plateau.

assembly process, community dissimilarity, environmental gradient, network, root-
associated microbiomes, soil microbe

« Changes in microbes in the soil-root continuum along an environmental
gradient were investigated.

o The soil, rhizosphere and rhizoplane communities were governed by
deterministic processes.

« Environmental stress enlarged the dissimilarity of microbial communities in
the soil-root continuum.

» Root-associated microbiomes did not destabilize at locations with higher
environmental stress.

endosphere [20]. Likewise, changes in altitude affect
microbial community composition more in the rhizo-
sphere than in bulk soil [21]. However, the changes in
the microbial community in the soil-root continuum
along an environmental gradient remain poorly
understood.

Microbial community assembly patterns are widely
influenced by both deterministic and stochastic eco-
logical processes [22,23]. Deterministic processes
involve nonrandom and niche-based mechanisms
[24], including environmental filtering and inter-
specific interactions (e.g., competition, facilitation,
mutualisms, and predation). By contrast, stochastic
processes mainly reflect random changes in the
relative abundance of species—for example, random
birth, death, and dispersal events [25,26]. Microbial
community assembly patterns in the soil-root contin-
uum are complicated and remain controversial because
of the differential regulation mechanisms by root
exudates [27]. Additionally, assembly processes are
environmentally sensitive, and their relative propor-
tion could reflect the community response to environ-
mental change [28]. However, changes in community
assembly patterns in the soil-root continuum across
spatially broad environmental gradients remain
unknown, limiting our understanding of microbial
community assembly patterns under ongoing climate
change [27,29].

The relationships among microbial taxa exert consid-
erable influence over a range of host-microbe interac-
tions, such as supporting plant growth, promoting



ROOT MICROBIOTA ALONG AN ENVIRONMENTAL GRADIENT

disease resistance, and more generally enhancing the
resilience and resistance of ecosystems to environmental
disturbance [30,31]. Such complicated ecological rela-
tionships can be represented in co-occurrence networks
[30,32]. Changes in microbial networks might represent
changes in interactions among coexisting organisms that
could alter soil function or vulnerability to environmen-
tal disturbances [33], and networks with weak or
negative interactions suggested increased stability and
resistance to environmental disturbances [33,34]. de
Vries et al. [33] reported that drought promoted
destabilizing properties in networks of soil bacteria that
were associated with changes in vegetation composition
and reductions in soil water availability. Shi et al. [35]
investigated the networks of soil and rhizosphere
microbes in a greenhouse microcosm experiment and
found that networks of rhizosphere microbes were more
complex than the networks in surrounding soils.
However, the degree to which microbial co-occurrence
networks vary within and among soil and root-associated
microbiomes along environmental gradients in situ
remains unclear.

To address these issues, we analyzed the bacterial
communities in the soil-root continuum surveyed at 82
field sites from warm-temperate grasslands to desert
grasslands of the semiarid and arid Loess Plateau, China,
that is well known for its thick loess and severe soil
erosion. The seasonal distribution of precipitation is
uneven, as 60%-70% of the annual total precipitation
occurs between June and September [36], making this
region sensitive to environmental change [37]. Across
our sampling sites in the Loess Plateau, the mean annual
precipitation (MAP), mean annual temperature (MAT),
and soil nutrients decreased from the southeast to
northwest, resulting in distinct soil microbial communi-
ties [38]. Assessing bacterial diversity, community
assembly and network associations in the soil-root
continuum along the environmental gradient (i.e.,
precipitation and temperature, edaphic properties, and
plant traits) in this region could improve understanding
of the microbial response to ongoing climate change.
Based on this large-scale data set, we hypothesized that
microbial diversity and community composition would
be considerably structured by niche differentiation in the
soil-root continuum and would differ along the environ-
mental gradient. We also hypothesized that the determi-
nistic bacterial community assembly process along the
soil-root continuum would increase with an increase in
environmental stress (decreasing MAP and nutrient
availability). Finally, we hypothesized that environmen-
tal stress would increase community dissimilarity along
the soil-root continuum and destabilize co-occurrence
networks.
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RESULTS

Diversity and community composition of
microbes in the soil-root continuum along
the environmental gradient

To investigate the microbes in the soil-root continuum
along an environmental gradient, 82 grasslands sites were
selected in the Loess Plateau based on climate and
vegetation characteristics (Figure 1). Based on the environ-
mental factor changes across site, the environmental
gradient across our study sites was driven mainly by
differences in MAP, soil nutrient levels, and soil pH
(Figure S1 and Table S1). We found that the microhabitat,
grassland type, and host plant significantly affected
bacterial diversity (Table S2). The microbial a-diversity
(Shannon index in our study) was the lowest in the
endosphere (Figures 2A and S2A), and no significant
differences were observed among the rhizoplane, rhizo-
sphere, and bulk soil communities. The Shannon diversity
in the desert grasslands was significantly lower than that in
the temperate and warm-temperate grasslands (Figures 2B
and S2B). Additionally, the Shannon diversity varied
among the different host plants (Figure 2C) but only
showed differences in the endosphere and rhizosphere
among the host plant types (Figure S2C).

The microhabitat, grassland type, and host plant also
affected the bacterial community structure (ADONIS
p<0.01; Figures 2D-F and S3). PCoA based on the
unweighted UniFrac distance showed more distinct
separation than the weighted UniFrac distance among
the different microhabitats, grassland types and host
plants (Figures 2D-F, S3, and S4). Additionally, the CAP
results revealed that the microhabitat significantly
affected the composition of the microbiota (88.35% for
unweighted UniFrac distance and 79.40% for weighted
UniFrac distance; Figures 2D and S3A). The grassland
types explained 68.36% and 47.46% of the variance in the
bacterial community composition (Figures 2E and S3B),
and the host plants explained 51.64% and 46.50% of
the variance in the bacterial community composition
(Figures 2F and S3C).

Relationships between the microbial
community in the soil-root continuum and
environmental factors

Different relationships between the environmental
factors and microbial community along the soil-root
continuum were observed (Figure 3A,B), and the
contribution of environmental factors in shaping
microbial communities gradually declined from the
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Sampling site locations and sampling methods. (A) The study sites on the Loess Plateau. The sites spanned a longitudinal

range from 103°E to 112°E and a latitudinal range from 34°N to 40°N. (B) Sample numbers in each grassland type and dominant vegetation.
(C) Methods of sampling and collection of the soil and root-associated microbes

soil (22.93%) and rhizosphere (17.14%) to the endo-
sphere (8.20%; Table S3). All the bacterial communities
in the soil-root continuum showed significant relation-
ships with the MAP (Figure 3A and Table S3). The
random forest analysis results showed that the MAP
was the most essential environmental factor for all
parts of the bacterial community sampled along the
soil-root continuum, followed by the aboveground
biomass (AGB) and SOC (Figures 3C and S5).
Additionally, we observed significant negative rela-
tionships between the MAP and bacterial community
distance (unweighted UniFrac distance between each
sample site and reference site in the map) in the soil,
rhizosphere, and rhizoplane, with a decrease in R?
from the soil to the rhizoplane (Figure 3D).

Microbial recruitment in the soil-root
continuum along the environmental
gradient

To identify the amplicon sequence variant (ASV) changes
among the microhabitats along the environmental
gradient, we conducted differential abundance analyses
using a negative binomial distribution with the ASV

counts in four microhabitats across site. The soil was
selected as the control, and the adjusted p value cutoff
was set to 0.01. The endosphere had more ASVs depleted
than the soil (Figure 4A). Additionally, the differential
ASV numbers for each stie showed different relation-
ships with the environmental factors (Figure 4B); for
example, the number of enriched ASVs in the rhizo-
sphere was negatively correlated with the MAP, TN, and
root C content across sampling sites.

To understand the recruitment dynamics of root-
associated microbial communities with an increase in
environmental stress, Source Tracker was used to
elucidate potential microbial acquisition along the soil-
root continuum. Most bacterial ASVs in the endosphere
were derived from the rhizoplane (55.7%), and only a
small part of the rhizoplane bacterial communities
(12.7%) was detected in the endosphere compartment
(Figure 4C). The rhizosphere community had 33.3% taxa
similarity with the soil and 42.5% similarity with the
rhizoplane, whereas the rhizoplane community had
29.7% similarity with the soil and 47.5% similarity with
the rhizosphere (Figure 4D and Table S4). Additionally,
the bacterial community dissimilarities between the
rhizosphere and soil, between the rhizoplane and soil,
and between the rhizoplane and rhizosphere were
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FIGURE 2 Soil and root-associated bacterial community diversity and structure among different microhabitats and grassland types.
(A-C) Shannon index of the microbiota in the soil- and root-associated microbiome (A), different grassland types (B), and different host
plant types (C). The horizontal bars within boxes represent medians. The tops and bottoms of boxes represent the 75th percentiles and 25th
percentiles, respectively. The asterisk above the horizontal line represents a significant difference between the two groups, *p < 0.05,

**p < 0.01, and ***p < 0.001. (D-F) Unconstrained PCoA with unweighted UniFrac distances that separated by microhabitats (D), grassland
types (E), and host plant types (F) (p < 0.001, permutational multivariate analysis of variance [PERMANOVA] by Adonis). In the desert
steppe, the major species are Stipa spp. and Reaumuria Linn.; temperate grasslands are dominated by Stipa spp. and Agropyron cristatum;
warm temperate grasslands are dominated by Artemisia sacrorum. Percentages of variance above the panel indicate the results of the
canonical analysis of principal coordinates (CAP) to better quantify the influence of these factors on the beta diversity. Ellipses cover 95% of
the data for each group. The numbers of replicated samples in this figure are listed as follows: (A and D) soil (n = 82), rhizosphere (n = 82),
rhizoplane (n = 82), and endosphere (n = 82); (B and E) desert (n = 88), temperate (n = 128), and warm-temperate (n =112). (C and F)

Agropyron cristatum (n = 48), Artemisia sacrorum (n = 120), Reaumuria Linn. (n = 12), Stipa spp. (n = 112)

negatively correlated with the MAP (Figure 4E). By
contrast, the community dissimilarities between the
endosphere and rhizosphere were positively correlated
with the MAP.

Assembly mechanisms of microbial
communities in the soil-root continuum
along the environmental gradient

We used the null model and Sloan neutral model to
investigate the microbial community assembly process
along the soil-root continuum across the environmen-
tal gradient. The null model-based analysis revealed

that stochastic processes (ISNTI| <2) dominated the
community assembly for endosphere bacterial commu-
nities. By contrast, deterministic processes (IBNTI| > 2)
contributed more to the assembly of the rhizoplane,
rhizosphere, and soil communities (Figure 5A,B).
Based on the null model results, the variable selection
process increased from warm-temperate to desert
grassland for the rhizoplane and rhizosphere commu-
nities (Figure 5B). Furthermore, the community
assembly also fit the neutral model well (e.g.,
R*=0.61-0.77; Figure 5C). The estimated migration
rate (m) was the highest in the soil and lowest in the
endosphere, indicating a decreased dispersal limitation
from the endosphere to the soil (Table S5).
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significant factors are shown in the figures; The arrows indicate the lengths and angles between explanatory and response variables and

reflect their correlations. (B) Variance partial analysis (VPA) shows the relative explanatory power of soil properties, climate factors, and

plant trait groups in determining bacterial community variation across samples in our study. Climatic factors included the altitude, mean

annual temperature (MAT), and mean annual precipitation (MAP); edaphic factors included the soil organic carbon (SOC), total nitrogen
(TN), nitrate nitrogen (NO;™), pH, and bulk density (BD); and plant traits included the aboveground biomass (AGB) and belowground
biomass (BGB). (C) The importance of environmental factors in predicting the relative abundance of the bacterial community composition
(Y-axes [PC2] from the PCoA). Based on the PCoA results, the microhabitats were largely separate in PC1 and the grassland types were
mainly separated in PC2, and the importance of environmental factors in predicting the PC1 were shown in Figure S5. (D) The linear
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Co-occurrence networks of microbial taxa
in the soil-root continuum along the

environmental gradient

The properties of co-occurrence networks for micro-
bial taxa in the soil-root continuum differed among

the grassland types (Figure 6A). The network node
number and total edge number among the taxa
decreased from warm-temperate grassland to desert
grassland, indicating that the community networks
became less complex with an increase in environ-
mental stress (Figure 6A and Table S6). Additionally,
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we observed different modularities along the soil-root ~ microbial community, indicating that more negative
continuum. For example, the endosphere and rhizo-  associations were observed in the desert grassland.
sphere networks in the desert grassland showed the  The outer relationships among the microhabitats of
lowest modularity, whereas network modularity in =~ ASVs among the soil and root-associated bacterial
the rhizoplane and bulk soil was the highest. communities showed notable differences across
However, the ratio of negative cohesion to positive  different grassland types, with fewer and weaker
cohesion decreased from the desert grassland to  connections in desert grasslands (Figure 6B and
warm-temperate grassland for the root-associated  Table S6).
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microhabitats across the environmental gradient. (B) Null model analysis of the community assembly processes. (C) Fit of Sloan's neutral
model for the analysis of community assembly processes. The continuous yellow line represents the best-fitting neutral model; the dashed
lines represent the 95% confidence intervals around the best-fitting neutral model. m indicates the estimated migration rate, and R? indicates

the fit to the neutral model

DISCUSSION

In the present study, we observed different patterns of
bacterial community diversity, composition, assem-
bly, and co-occurrence networks in the soil-root
continuum along an environmental gradient that
spanned from warm-temperate grassland to desert
grassland. Overall, we found that (1) microhabitats
defined by their proximities to plant roots were more
important than the grassland type in shaping micro-
bial community assembly, and the influence of
environmental factors on the microbial community
decreased from the soil to the endosphere; (2)
environmental stress increased the dissimilarity of
microbial communities from the rhizosphere and
rhizoplane to bulk soil; (3) deterministic processes
with variable selection were more important in the

rhizosphere and rhizoplane, increasing from warm-
temperate grassland to desert grassland; and (4) co-
occurrence networks of the root-associated microbial
community had a higher negative cohesion to positive
cohesion ratio in desert grasslands.

Effects of microhabitats and
environmental factors on the microbial
community in the soil-root continuum
along an environmental gradient

As expected, the diversity and composition of microbial
communities at the fine-scale were substantially affected
by microhabitats along the soil-root continuum (Figure 2
and Table S2). The lower diversity in the endosphere
than in the rhizosphere and soil is likely due to selective
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coefficient >0.6

filtering from the outside of the root to the inside of the
root; these patterns are consistent with observations in
rice [2], Arabidopsis [17], and mangroves [27]. Addition-
ally, the lowest bacterial diversity in the desert grassland
suggests that selective filtering is also mediated by
environmental factors and may be stronger with
decreases in precipitation, soil nutrient availability, and
SOC (Table S1 and Figure S6), consistent with the study
findings on drylands by Maestre et al. [1] and Jiao
et al. [39].

The microhabitats explained the most variation in
bacterial community structure (Figure 2D), highlighting
the importance of microhabitats in driving bacterial
community composition and function in the soil-root
continuum [27,40,41]. However, these results differed
from those of a rice bacterial microbiome study, in which
the study site was the largest source of microbial
community variation (30%) rather than microhabitats
(21%) [2]. These differences might be attributed to the
limited number and geological distance among the field
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sites in that study (maximum separation of ~125km and
eight fields examined in the rice study) and the intrinsic
differences between natural grasslands and cultivated
rice paddies. Additionally, previous studies have reported
that both plant variety types and species demonstrate
markedly affect the microbial community composition in
the soil-root continuum under greenhouse conditions
[17,41-43], but we found that host plants only impacted
the endosphere communities across spatially broad
environmental gradients (Figure S4).

On the Loess Plateau, the MAP and soil nutrient
levels decreased from warm-temperate grasslands to
desert grasslands, suggesting higher environmental stress
in desert grasslands (Table S1). Soil microbial community
composition and function are often related to SOC [44]
and are limited by C in dryland soils [45,46], but we
determined that MAP was the most important environ-
mental constraint on community assembly along the soil-
root continuum in this region. Furthermore, we observed
that the total constraint of environmental factors on the
microbial community decreased from the soil to the
endosphere (Figures 3 and S5, and Table S3). The above
results indicate that the soil and rhizosphere communi-
ties are more sensitive to the fluctuations in the soil
environment, whereas the endosphere communities are
less responsive to environmental variation, likely because
of a more buffered and stable environment in the root
epidermis [1,13].

Taxon recruitment and community
assembly processes in the soil-root
continuum are influenced by
environmental factors

Generally, plant roots assemble their microbiomes in two
steps: the first step involves recruitment to the vicinity of
the root and the second step involves entry into the root
of microbial species-specific genetic factors [6]. In our
study, decreasing proportions of taxa in the endosphere
originating from the rhizoplane or rhizosphere were
observed, suggesting that a subset of microbes initially
recruited to the rhizosphere are bound to the rhizoplane
and are selectively filtered by direct physical association
with the root, significantly affecting community assem-
bly in the endosphere [2]. Additionally, our results
support that environmental factors affect the recruitment
of taxa from the soil to the endosphere (Figure 4A,B)
[47,48]. We also demonstrated that the MAP was
positively correlated with community dissimilarities
between the endosphere and rhizosphere and
was negatively correlated with community dissimilarities
between the soil and rhizosphere and rhizoplane

microbial communities (Figure 4D,E and Table S4).
The lower number of taxa in the endosphere that
originated from outside the root and higher dissimilarity
among root-associated communities in the desert grass-
lands might be associated with low connectivity and less
dispersion in drier soils, as well as a potentially stronger
microenvironmental gradient from the root to the bulk
soil defined by water, pH, and nutrients in soils with less
MAP [49]. These results infer that tighter coupling of the
rhizoplane and endosphere communities at sites with
lower precipitation reflects coevolution between plants
and root endophytes that could facilitate nutrient uptake
or minimize host stress.

Environmental shifts could cause deterministic and
stochastic assembly process changes and drive the spatial
distribution of microbial communities [25]. The soil
microbial assembly processes across environmental
gradients have been investigated in previous studies
[28,50], but assembly processes in the soil-root contin-
uum along environmental gradients are lacking. In the
present study, stochastic assembly processes were domi-
nant in endosphere communities (Figure 5A,B), in
contrast to the finding of Zhuang et al. [27], who
observed the dominance of deterministic processes in the
endosphere microbiomes of mangroves. Meanwhile, the
soil, rhizosphere, and rhizoplane communities were
governed primarily by variable selection of deterministic
processes that increased in the rhizosphere and rhizo-
plane with increases in environmental stress, consistent
with the results of the neutral model of a decreased
estimated migration rate (m value) from bulk soil to the
endosphere, as higher m values indicate that microbial
communities are less dispersal limited [51,52]
(Figure 5B,D). A community under strong environmental
selection often has low dispersal limitation because
selection will result in microbial communities compris-
ing a small number of highly abundant species, with
large variation in the birth and death rates of rare taxa
within the communities [53]. Our study highlights the
strong effects of environmental factors on rhizosphere
and rhizoplane microbial assembly processes.

Different co-occurrence networks for
microbial taxa in the soil-root continuum
among the grassland types

An increasing body of evidence has predicted that
ecological networks comprising higher ratios of negative
to positive associations between taxa are more stable to
environmental change [34,54] because negative interac-
tions minimize co-oscillation in communities under
disturbance [34,55,56]. Besides, higher modularity in a
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given network could indicate stabilized communities by
restricting the impact of losing a taxa to its own module,
preventing the effects of that taxon's extinction from
propagating to affect the remainder of the network [57].
A previous study showed that environmental stress
destabilizes microbial community networks, and com-
munities dominated by positive co-occurrences occur
more frequently in high-stress environments [58]. de
Vries et al. [33] reported that the long-lasting legacy
effect of drought promoted destabilizing properties in soil
bacterial community networks in the soil dominated by a
fast-growth grass in a manipulated experiment. However,
we found that the ratios of negative to positive
associations decreased from the desert grassland to
warm-temperate grassland in endosphere, rhizoplane,
and rhizosphere communities, and modularity also
decreased from the desert to warm-temperate grasslands
in the rhizoplane and bulk soil network (Figure 6A and
Table S6), indicating that these destabilizing properties in
network microbial communities in the soil-root contin-
uum for desert grasslands were not observed in our study
(Figure 6).

Differences between our results and past observa-
tions might be explained by the vegetation types
examined [58] or that we sampled microbiomes in situ
under a natural environment gradient instead of using a
manipulated field experiment (e.g., [33]). The condi-
tions in the natural desert grassland likely function as a
deterministic filtering factor to select certain microbes
adapted to prolonged low precipitation and soil nutrient
environment. Consequently, microbial network struc-
tures should reflect stress conditions with weaker and
more negative connections. This finding is consistent
with that of Yuan et al. [59], who reported that thermal
acclimation of soil microbes to long-term warming
enhances network stability. The weaker relationships
within the root-associated community suggest that the
microbial community may be less responsive to
environmental change in the desert grassland than in
the temperate or warm-temperate grassland, a finding
that may benefit the microbes and plants to resist
environmental disturbance in the desert grassland
where soil moisture and nutrients often limit plant
and microbial growth.

CONCLUSIONS

In the present study, we investigated the microbial
community diversity, community assembly characteris-
tics, and their co-occurrence networks in the soil-root
continuum at 82 field sites along an environmental
gradient (MAP and soil nutrients) in the semiarid and
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arid Loess Plateau. We found that the microhabitat was
the largest source of the variations in bacterial diversity
and community composition, and environmental factors
impacted the microbial community in the soil, rhizo-
sphere and rhizoplane, but their effects decreased along
the soil-root continuum. Additionally, increasing envir-
onmental stress likely causes higher selective filtering
from outside the root to inside the root, as evidenced by a
decoupling of relationships between the soil and rhizo-
sphere and rhizoplane microbiomes but strengthened
linkages between the endosphere and rhizosphere
communities at locations with less precipitation. Fur-
thermore, we found that deterministic processes with
variable selection were increased from the warm-
temperate grassland to desert grassland, particularly in
the rhizosphere and rhizoplane communities, and co-
occurrence networks of the soil and root-associated
microbes were not destabilized in desert grassland with
a history of prolonged low precipitation and soil
nutrients. The present study provides new insights into
understanding the microbial diversity and assembly
mechanisms of the bacterial community in the soil-root
continuum along an environmental gradient in the Loess
Plateau and fills a critical gap in our understanding of
soil-plant-microbe interactions across broad regional
scales.

MATERIALS AND METHODS
Study area

The Loess Plateau covers an area of 640,000 km? in the
upper and middle reaches of the Yellow River basin in
Northern China (Figure 1), which experiences arid and
semiarid climate conditions with a mean annual
temperature (MAT) ranging from 4.3°C to 14.3°C and a
MAP ranging from 160 to 750 mm from the northwest to
southeast. This study mainly focuses on the grasslands of
the Loess Plateau, which cover 42.86% of the total
area [60].

Field survey and soil sample collection

Based on grassland inventory data collected across the
Loess Plateau, 233 grassland sites were surveyed in the
summer from 2011 to 2013. Among these sites, we
chose 82 of the most representative natural grasslands
(22 desert steppes, 32 temperate grasslands, and 28
warm-temperate grasslands) based on climate and
vegetation characteristics (Figure 1A, B) [61]. The sites
spanned a longitudinal range from 103°E to 112°E and



ZHONG ET AL.

12 of 18 Wl LEY—iMetﬂé

a latitudinal range from 34°N to 40°N; we resurveyed
these sites in July-August 2018. The MAT and MAP of
the last 30 years are collected from 64 meteorological
stations on the Loess Plateau and are available from
the National Climate Centre of the China Meteorologi-
cal Administration (www.nmic.gov.cn). At each sam-
pling site, we sketched a 100 m transect to identify a
representative section and established four 1x1m
quadrats at 20 m intervals. The aboveground parts of
green plants (AGB) and belowground biomass (BGB)
were then collected and dried at 65°C for biomass
determination by weight. At each site, a composite
soil sample from four plots (five samples per plot)
(0 ~20cm depth) was collected. The samples were
passed through a 2 mm sieve to remove the roots and
other debris. After field collection, each soil sample
was separated into two subsamples. One subsample
was immediately frozen and stored in liquid nitrogen
for molecular analyses, while the other subsample was
air-dried for chemical analyses.

Sample collection of rhizosphere,
rhizoplane, and endosphere fractions

At each site, the roots of the most dominant grass
species were collected. In the desert steppe, the major
species are Stipa spp. and Reaumuria Linn.; temperate
grasslands are dominated by Stipa spp. and Agropyron
cristatum; warm temperate grasslands are dominated by
Artemisia sacrorum. Excess soil was manually shaken
from the roots, leaving approximately 1 mm of soil still
attached to the roots (Figure 1C). The roots were cut
into approximately 5cm segments using sterile gloves
and sterile scissors, stored in a 50ml tube, and
transferred to liquid nitrogen. These roots were trans-
ported to the laboratory to isolate the rhizosphere,
rhizoplane, and endosphere as described previously in
Edwards et al. [2] and Duran et al. [17]. Briefly, when
the samples were transferred to the laboratory, we
directly separated the soil of the rhizosphere from the
roots by placing them in a sterile flask with 50 ml of
sterile phosphate-buffered saline (PBS) solution. The
roots were then stirred vigorously with sterile forceps to
clean all the soil from the root surfaces. The soil
suspension stripped from the roots was poured into a
50ml Falcon tube and stored as the rhizosphere
compartment at —80°C until DNA extraction. The roots
designated for rhizoplane collection were cleaned in the
laboratory and placed in a Falcon tube with 15 ml of
PBS. Tightly adhered microbes at the root surface were
removed using a sonication protocol that was originally
developed for plant roots. The roots in the Falcon tube

were sonicated for 30s in the range of 50-60 Hz. The
roots were then removed, and the liquid PBS fraction
was kept as the rhizoplane compartment. The roots
designated for endosphere collection were cleaned and
sonicated as previously described. Two additional
sonication procedures using clean PBS solution were
performed to ensure that all the microbes were removed
from the root surface. The sonicated roots were then
stored at —80°C until DNA extraction on the same day.
In total, four parts of the soil and root-associated
microbial communities were collected at 82 sites,
resulting in 328 DNA samples.

Measurements of the physicochemical
properties of soil and plants

The physicochemical properties of the soil, including soil
pH, soil organic carbon (SOC), total nitrogen (TN), NH,*
and NO;™~ and total phosphorus (TP), were quantified as
previously reported [62]. The plant aboveground C
content was measured using dichromate oxidation [63],
and the N content was measured using the Kjeldahl
method [64]. All the soil and plant physicochemical
measurements were performed in duplicate. The climate
factors, edaphic factors, and plant traits in each grassland
type are shown in Table S1.

DNA extraction, ion S5 XL sequencing, and
data processing

Microbial DNA was extracted from 0.5 g of soil samples
(or 1g of root samples) using an E.Z.N.A. Soil DNA kit
(Omega Biotek) according to the manufacturer's proto-
col. The V4 region of the bacterial and archaeal 16S
rRNA gene was polymerase chain reaction (PCR)
amplified (95°C for 2 min followed by 27 cycles of 95°C
for 30s, 55°C for 30s, and 72°C for 45s, with a final
extension at 72°C for 10 min) using the primers 515F
(5’-barcode-GTGYCAGCMGCCGCGGTAA-3") and 806 R
(5-GGACTACNVGGGTWTCTAAT-3") [42]. All PCRs
were performed using the Phusion® High-Fidelity PCR
Master Mix (New England Biolabs). Sequencing libraries
were generated using the Ion Plus Fragment Library Kit
48 rxns (Thermo Scientific) following the manufacturer's
recommendations. The library quality was assessed using
a Qubit@ 2.0 Fluorometer (Thermo Scientific) and then
sequenced on an Ion S5™ XL platform.

Reads from 16S-V4 sequencing were analyzed using
QIIME 2 (v2018.4) [65]. Reads from 16S-V4 were
trimmed where the average quality score dropped below
25 and were dereplicated using DADA2 as implemented
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in QIIME 2 [66] with a paired-end setting (including
quality control, trimming, pair-joining, and chimera
removals), resulting in 91.96% retained reads. The 16S-
V4 representative ASVs were assigned taxonomy using
the SILVA 128 database [66] and naive Bayes classifier in
QIIME 2 [67] to produce taxonomy tables. Representative
sequences, taxonomy, and count tables from bacterial
and fungal reads were merged in QIIME 2. Phylogenetic
trees were built in QIIME 2 using the MAFFT alignment
in QIIME 2 and FastTree algorithm [68]. More than
70,000 high-quality 16S rRNA gene sequences were
obtained per sample, and 273 archaeal ASVs and 60211
bacterial ASVs were detected. The archaeal and bacterial
16S rRNA gene sequencing data were uploaded to
the NCBI SRA database under accession number
PRINA561671.

Calculations and statistical analyses

All statistical analyses were performed using the R
software package (version 3.5) [69]. Part of data were
visualized online by using ImageGP [70] and EVenn [71].
Similarities among samples in terms of ASVs were
determined using the unweighted and weighted UniFrac
distance calculated using the ASV phylogenetic relation-
ships with QIIME 2. The microbial taxa composition was
compared using principal coordinate analysis (PCoA)
based on the dissimilarity distance. Permutational-based
analysis of variance was used to test the significance of
each subset group (adonis function in the “vegan”
package [72]). We used a canonical analysis of principal
coordinates (CAP) to better quantify the influence of
microhabitats and grassland types on beta diversity using
the “CAPdiscrim” function in the R “BiodiversityR”
package [73]. Distance-based redundancy analysis
(dbRDA) was performed to elucidate the relationships
between microbial communities and environmental
factors, and vif.cca() was applied to test for collinearity
among environmental factors [73]. Variance partial
analysis (VPA) in the vegan package was performed to
quantify the amount of variation explained by each
primary environmental factor. To determine which
environmental factors were essential, we regressed the
bacterial and archaeal ASVs against environmental
factors using default parameters of an R-implemented
algorithm (R package “randomForest,” ntree =1000,
using a default mtry of p/3, where p is the number of
taxa in the class) [74]. Additionally, we performed linear
regression to test for relationships between the MAP and
distances (unweighted UniFrac distance between each
sample site with a reference site [with “*” mask in map])
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of the soil, rhizosphere, rhizoplane, and endosphere
communities.

Variation in phylogenetic diversity was quantified as
null model-based phylogenetic f-diversity to test for the
various community assembly processes [75,76]. We
applied PBNTI combined with Bray-Curtis-based
Raup-Crick (RCpray) [76] to quantify the contribution
of major ecological processes to the assembly of root-
associated microbial communities. The percentage value
was derived from the statistical average of the ecological
process results. The Sloan neutral community model [52]
was selected to determine the contribution of stochastic
processes to microbial community assembly by predict-
ing the relationship between the frequency with which
taxa occur in a set of local communities (proportion of
local communities in which each taxon is detected) and
their abundance in the metacommunity (estimated by
the mean relative abundance across all local communi-
ties within biomes or clusters). We used the fit of the
neutral model (R?) to infer the stochastic processes. The
m value conveys the estimated migration rate; higher m
values indicate that microbial communities are less
dispersal limited [51,52].

The inner community similarity (common taxa) of
each microhabitat was also characterized using Source
Tracker, a Bayesian approach to estimate the proportion
of contaminants in a given community that originate
from other source environments [77]. We separately
analyzed bacterial networks for different microhabitats
in different grassland types as well as their network
associations among them. The inner relationship (net-
works among taxa within each microhabitat and
grassland type) was based on a network co-occurrence
analysis of ASVs with relative abundance >0.001. Each
dot represents a bacterial or archaeal phylotype (an ASV
clustered at 97%), and the links represent statistically
significant (p < 0.01) SparCC correlations with a correla-
tion coefficient >0.6 in each respective microhabitat. The
outer relationship was based on a network co-occurrence
analysis of relationships linking communities among
compartments for each grassland type. Each dot repre-
sents one independent sample, and the connection
represents a statistically significant (p < 0.01) Spearman's
correlation with a correlation coefficient >0.6. Addition-
ally, the number of nodes and edges, average path length,
network diameter, cumulative degree distribution, clus-
tering coefficient, and modularity were calculated
according to a previous study [78] using the function
“network()” in the R package “ggClusterNet” [79]. The
networks were visualized using the interactive platform
Gephi [80]. The map was generated using ArcMap
Version 10.0 (http://www.esri.com/).
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