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Although studies of biogeography in soil bacterial
communities have attracted considerable attention,
the generality of these patterns along with assembly
processes and underlying drivers is poorly under-
stood in the inner tissues of plants. Plant tissues pro-
vide unique ecological habitats for microorganisms,
which play an essential role in plant performance.
Here, we compared core bacterial communities
among five soil-plant associated compartments of
common bean across five sampling sites in China.
Neutral and null modelling consistently suggested
that stochastic processes dominated the core com-
munity assembly processes and escalated from the
belowground compartments to the inner tissues of
aerial plant parts. The multiple distance-decay rela-
tionships also varied and had flattened patterns in
the stem endosphere, which were shaped by distinct
environmental factors in each compartment. Coexis-
tence patterns also varied in topological features, in
addition with the sparsest networks in the stem endo-
sphere resulted from the interaction with the stochas-
tic processes. This study considerably expanded our
understanding of various biogeographic patterns,
assembly processes, and the underlying mecha-
nisms of core bacterial communities between aerial
and belowground compartments of common bean.
That will provide a scientific basis for the reasonable
regulation of core bacterial consortia to get better
plant performance.
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Introduction

Biogeography is the study of the distribution of biodiversity
over space and time and is designed to reveal the habitats
and abundances of organisms. Gaining knowledge about
the biogeographic patterns of microorganisms provides
important key insights into the mechanisms that generate
and maintain microbial diversity (Martiny et al., 2006;
Tedersoo et al., 2014). The random and non-random distri-
butions of microbial communities are not only affected by
environmental factors (i.e. soil pH or organic carbon)
(Rousk et al., 2010; Lin et al., 2015), but also can be signifi-
cantly correlated to geographic distance (Xiong et al.,
2012). Therefore, the distance-decay relationships (DDRs)
are widely investigated as frequently used methods (Liu
et al., 2015; Shuo et al., 2016; Wang et al., 2017; Jiao et al.,
2020) and include multiple types of distance, such as geo-
graphical and environmental distances (Chen et al., 2017).
It is also important to predict biogeographic variations of
microbial community by unravelling the drivers of microbial
dynamics in response to different environmental conditions.
Currently, microbial biogeography studies are turning their
attention towards the microbial community assembly pro-
cesses (Nemergut et al., 2013), which have been investi-
gated in some agricultural and natural habitats (Shi et al.,
2018; Wang et al., 2019).

The formation of microbial biogeography is simulta-
neously determined by two general factors that, to vary-
ing degrees, include local environmental factors
(i.e. contemporary factor/deterministic processes) and
regional process of geographic distance (i.e. historical
factor/stochastic processes) (Fierer and Jackson, 2006;
Nemergut et al., 2011; Liu et al., 2014). Similarly, the
effects of neutral and niche-based theory in microbial
community assemblages and their interaction on shaping
biogeographic patterns have been widely debated
(Hanson et al., 2012). The deterministic processes
include selection imposed by biotic factors that trigger
interactions among species and abiotic factors via envi-
ronmental filtering (Lozupone and Knight, 2007), and the
stochastic processes include probabilistic dispersal, eco-
logical drift, and random birth—death events (Zhou and
Ning, 2017). Recently, a new method has been
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developed to separate the relative effects of deterministic
and stochastic processes according to the framework of
Stegen and colleagues (2015). The biogeography of agri-
cultural bulk and rhizosphere soil bacterial communities
has been increasingly investigated (Fan et al., 2017; Fan
et al., 2018; Shen et al., 2019), while the biogeographic
variations and DDRs of plant-tissue associated endo-
phytic bacterial communities are rarely studied.

Plant tissues provide unique ecological habitats for the
diverse microorganisms that live in them, and the plant-
associated microbiome and complex plant-microbe inter-
actions play an essential role in plant performance and
resistance to abiotic stress (lkeda et al., 2010; Bulgarelli
et al., 2013). Some studies have investigated the biogeo-
graphic patterns and their assembly processes of soil-
root-associated microbial communities (Zhang et al.,
2018a; Zhang et al., 2018b). There are also studies that
have briefly examined the biogeographic distribution of
the plant microbiome in Agave species (Coleman-Derr
et al., 2016) and in Cycas panzhihuaensis (Zheng and
Gong, 2019), but the assembly processes of the plant
shoot-associated endosphere (stem and leaf) remain
unknown. Such that bacterial biogeographic patterns and
community assembly processes have not been com-
pared among the bulk soil, rhizosphere soil and plant-
associated endosphere. Considering the critical roles of
these communities in agricultural fields, understanding
their community assembly processes could provide
explanations for biogeographic patterns, facilitate their
management for enhanced agricultural production and
enable predictions of ecosystem sustainability in
response to environmental changes (Chen et al., 2017).
Therefore, more sampling types associated with distinct
soil-plant associated compartments are needed to com-
pare with each other. The coexistence of species pro-
vides insights into the interactions of complex microbial
communities (Barberan et al., 2012; Shuo et al., 2016).
The interactions of species as biotic factors and the com-
munity assembly processes interact with each other
(Stegen et al., 2012; Jiao et al., 2020). However, the vari-
ation in coexistence patterns and how community assem-
bly processes are related to the ecological strategies of
species interactions have not been comprehensively
characterized among different soil-plant associated
compartments.

Applying a core bacteria approach, in which the focus
is only on the persistent members of the microbial com-
munity that appear in almost all assemblages associated
with a particular host, is becoming increasingly popular
(Kumar et al., 2017; Lemanceau et al., 2017; Hamonts
et al., 2018; Shuo et al., 2019). The plant core micro-
biome is critical for plant performance based on evolu-
tionary processes and strong plant filtering effects that
result in selection and enrichment of the microbiota

among different plant compartments (Lemanceau et al.,
2017; Hamonts et al., 2018). Therefore, identification of
the core bacteria communities may be an important step
in identifying key members of the bacterial community
that sustain plant heath and development. Defining the
biogeographic variations and assembly processes of the
core bacterial community in plants could thus help
expand our knowledge of bacterial communities in
general.

Common bean (Phaseolus vulgaris L.) is a legume
species that represents an important source of protein in
the human diet (Yéyinou et al., 2018), and it is grown as
a major crop in the worldwide region (Rendon-Anaya
et al., 2017), particularly in China because of dense pop-
ulation. This enables sampling across a broad range
(~1000 km) of geographical locations and environmental
gradients in an agroecosystem at a regional scale. In this
study, five soil-plant associated compartments (bulk soil,
rhizosphere soil, root, stem and leaf endosphere) across
five sampling sites were subjected to high quality, long-
read single-end lon S5™XL DNA sequencing (Mehrotra
et al., 2017) of the bacterial nuclear 16S rRNA gene with
the goals of (i) assessing the geographical variations in
alpha and beta diversity; (ii) characterizing the DDRs and
dynamics regulated by environmental factors; and
(iii) elucidating distinction of community assembly pro-
cesses and coexistences of the core bacterial communi-
ties among the five compartments. Accordingly, we
hypothesized that (i) biogeographic patterns vary mark-
edly among the five compartments, and (ii) the effect of
stochastic processes on the aerial compartments are
stronger due to specific niche adaptation to plant
habitats.

Results
Biogeographic distribution of bacterial communities

After filtering low-quality reads, 7 773 758 clean sequenc-
ing reads remained with an average of 77 737 +7 527
reads/sample from 100 samples (20 samples per soil-
plant associated compartment). In total, 5 748 450 reads
could be classified as bacteria, and most (98.2%) could
be classified at the phylum level. A total of 5954 opera-
tional taxonomic units (OTUs) were clustered with an
average of 962 + 609 OTUs. After homogenization, sub-
sequent analyses were performed based on a minimum
of 38 957 reads per sample. The different soil-plant
associated compartments lead to the adaptation of niche-
specialized bacterial inhabitants. To identify the general-
ist (ubiquitous) taxa in each compartment, core microbial
taxa were primarily selected from the OTUs appearing
(100% of prevalence) in all of the 100 samples. In total,
611 core OTUs were shared among all plant
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compartments (Fig. 1A), and they accounted for 10.3% of
all observed taxa. These core taxa accounted for 57.8%
of all bacterial sequences on average, and they were
also classified to different phylum, including abundant
taxa of Proteobacteria (46.2%), Actinobacteria (29.9%)
and Bacteroidetes (8.5%), with Firmicutes (4.9%) at
lower relative abundance. Additionally, their relative
abundance also varied across different compartments
and sampling sites at various levels (Figs S2A and S3).
The core communities were not only strongly related to
the other communities (exclusion of core communities)
(r =0.84, p =0.001) (Fig. S2B), but had similar alpha
diversity and composition with the overall communities
(Fig. 1B). Specifically, the Shannon index was ordered
BS > RS > R > S > L and differed significantly (p < 0.05)
among the bulk soil, root-associated (RS and R), and
shoot-associated (S and L) compartments across the
overall and core communities. The ACE index had similar
varied patterns compared with the Shannon diversity
(except that L > S) (Fig. S2C). In addition, these two
alpha diversity indices of the core communities were
lower than for the overall communities and also varied
from distinct sites in each compartment (Fig. S4). Particu-
larly, the factors of compartments and sites always had
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(Table S1). The composition of the overall and core com-
munities were clearly clustered in accordance with the
greatest influence of soil-plant associated compartments
[core (overall): Adonis: R? =0.466 (0.443), analysis of
similarities  (Anosim): R =0.752 (0.753), multiple
response permutation procedure (MRPP): 6 =0.595
(0.618), p <0.001] (Figs 1C and Fig. S2D, Tables S2
and S3). The whole community was then split into five
compartments that were significantly separated into dis-
tinct sites to varying degrees in each compartment
(Figs 1D and S2E) and were confirmed by three test
methods (i.e. S: R? = 0.522 (0.521), R = 0.495 (0.505),
6 =0.436 (0.443), p <0.001). In general, the diversity
and composition of the core and overall communities var-
ied in a manner similar to the different biogeographic pat-
terns in each compartment. Therefore, we focused on
these core communities and further explored them.

DDRs and dynamics of the core bacterial communities

The DDRs among the core community similarity and the
geographic and environmental (including edaphic and cli-
matic) distances were elucidated across all sites. We
found that community similarity in the different compart-

significantly varied effects on these two indices ments had significantly distinct decay patterns with the
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Fig 1. Distribution patterns from aspects of alpha and beta diversity of core bacterial communities among the five soil-plant associated compart-

ments across the five sampling sites.

A. Venn diagrams of the core taxa shared among the five compartments across all sites and their relative abundance in the dominant phyla.

B. Boxplots of the alpha-diversity (Shannon and ACE index) of core bacterial communities among the five compartments. Different lowercase let-
ters above indicate significant differences (p < 0.05, ANOVA, Tukey’s HSD test).

C. Principal coordinate analysis (PCoA) of the core bacterial community composition across all compartments and sites based on Bray—Curtis

distances.

D. Principal coordinate analysis (PCoA) of core bacterial community composition across all sites in each compartment based on Bray—Curtis

distances.

BS, bulk soil; D, Dayangshu, Neimeng; K, Keshan, H, Harbin, Heilongjiang; Heilongjiang; L, plant leaf endosphere; N, Nenjiang, Heilongjiang; R,
root endosphere; RS, rhizosphere soil; S, plant stem endosphere; X: Xinzhou, Shanxi.
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increase in these four kinds of distances, except that the selected for further regression analyses. We found that
stem endosphere did not vary significantly across minimal temperature of coldest month (MIT) and mean
edaphic distance (p > 0.05) (Fig. 2). The geographic annual temperature (MAT) were major factors in shaping
decay trend gradually declined from the bulk soil into the the core community composition of the bulk soil and stem
leaf endosphere based on the flattened slopes of the endosphere, respectively. Additionally, total carbon
model (BS: slope = -0.020, RS: slope = —-0.009, R: (TC) and available nitrogen (AN) were major factors in
slope = —0.006, S: slope = —0.005, L: slope = —0.004). shaping the core community composition of the rhizo-
The slopes of the environmental decay patterns were sphere, leaf and root endosphere, separately (Table 4).
ranked in the order BS (-0.058) < RS (-0.051) < R TC and AN were not the most important factors in the rhi-
(—0.048) < L (-0.042) < S (—0.017), which was similar to zosphere and root endosphere from the results of random
the edaphic and climatic decay patterns. Moreover, the forest, but they always had significant effects (p < 0.05)
degree of the geographic decay patterns was always (Table S6). In particular, the regulatory dynamics of the
lower than the environmental patterns in each compart- core bacterial communities were corresponded with the
ment resulting from the higher slope values. The degree results of the (partial) Mantel tests. Thus, we concluded
of the edaphic decay patterns was higher in the rhizo- that there were stark differences in the dynamics among
sphere, root, and leaf endosphere; however, the bulk soil five soil-plant associated compartments, suggesting that
and stem endosphere had steeper decay patterns across distinct specific drivers have essential roles for community
climatic distance (Table 2). assembly in each compartment (Table 1).

Additionally, the distance-decay patterns were con-
firmed by the results of (partial) Mantel tests. In general,
the environmental distance had greater effects on all of
the communities (partial Mantel test: BS: r = 0.420, RS:
r=0.509, R: r =0.675, L: r = 0.432, p = 0.001) except for

Assembly processes and coexistence patterns of the
core bacterial communities

stem endosphere, which was more affected by geo- The neutral and null models were combined to investi-
graphic distance (Table S4). Furthermore, the edaphic gate the community assembly in each soil-plant associ-
distance had stronger correlations with community dis- ated compartment across all sites. Firstly, part of the
similarity in rhizosphere soil, root and leaf endosphere, relationship was estimated by the Sloan neutral model
and the climatic distance was closely related to bulk soil between the occurrence frequency of the OTUs and their
and stem endosphere (Table 3). relative variation in abundance, with 73% (BS), 56%

Because of the stronger multicollinearity among envi- (RS), 69% (R), 71% (S) and 63% (L) of the explained
ronmental variables, the multiple stepwise and random core community variance. The metacommunity size times
forest regression methods synthetically elucidated the immigration between communities (Nm-value) was higher
best predictors driving the dynamics of core bacterial for the leaf (Nm = 36 206) and stem (Nm = 36 477) endo-
communities. The environmental variables that showed sphere than for the bulk soil (Nm = 21 762). The migra-
significant correlations with the dissimilarity of bacterial tion rates (m values) were enhanced from 0.09 (L) to
community in each compartment (Table S5) were 0.24 (R), which showed different variation tendencies
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Fig 2. Distance-decay relationships between the core community similarity (1-Bray—Curtis distance) and the geographic, environmental, edaphic,
and climatic distance were elucidated among the five soil-plant associated compartments across the five sampling sites (n = 190, cgo).
The environmental, edaphic, and climatic distances were calculated as Euclidean distances. The shaded region represents the 95% confidence

limits of the regression estimates.
BS, bulk soil; L, plant leaf endosphere; R, root endosphere; RS, rhizosphere soil; S, plant stem endosphere.
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Table 1. Summary of the locations, edaphic and climatic characteristics across the five sampling sites in China.

Site D N K H X
GPS coordinates
Latitude (°N) 49.76 49.23 48.01 45.83 38.81
Longitude (°E) 124.62 125.34 125.83 126.85 111.65
Edaphic characteristics
pH 5.11 +0.12d 6.29 + 0.07c 716 £0.11b 7.19 £ 0.16b 8.37 + 0.34a
SWC (%) 0.51 £ 0.03a 0.3 +0.01c 0.37 £ 0.01b 0.23 +0.01d 0.12 £ 0.02e
SOM (g/kg) 117.23 + 3.94a 53.81 £ 0.77b 41.68 £ 0.27¢c 29.63 + 1.92d 11.99 + 2.6e
TN (g/kg) 6.01 +0.2a 2.56 +0.21b 2.16 + 0.07c 1.38 + 0.04d 0.84 + 0.23e
TC (g/kg) 67.21 £ 2.89a 29.73 £ 1b 22.93 £ 0.58¢c 13.35 £ 0.43d 13.76 = 1.17d
AN (mg/kg) 418.99 + 7.8a 171.01 £ 1.67b 149.49 + 11.46¢ 99.61 + 10.42d 57.96 + 16.63e
TP (g/kg) 1.41 £0.18a 0.89 + 0.04b 0.63 + 0.02c 0.48 + 0.03d 0.62 + 0.01c
AP (mg/kg) 18.85 + 4.85ab 2911 £7.77a 32.03 + 13.54a 13.33 + 10.07b 7.91 +1.88b
AK (mg/kg) 220.42 + 35.08c 333.98 + 23.61b 396.99 + 33.81a 194.63 + 3.8d 131.39 + 11.62¢
Climatic characteristics
MAT (°C) -0.8 0 1.3 3.3 5.2
TS (°C) 1569.3 1569.6 1528.7 1468.1 1086.5
MT (°C) 25.8 26.1 26.4 27.7 25.8
MIT (°C) -32.3 -30.6 -28.2 -26 -18.4
TR (°C) 58.1 56.7 54.6 53.7 44.2
MAP (mm) 493 495 493 568 486
PS (mm) 108 107 111 103 103

The coordinates of each site were recorded with a Global Positioning System unit. Values for soil chemical properties within the same row
followed by different letters indicate significant differences (p < 0.05, ANOVA, Tukey’s HSD test).

AK, available potassium; AN, available nitrogen; AP, available phosphorus; D, Dayangshu, Neimeng; H, Harbin, Heilongjiang; K, Keshan, Hei-
longjiang; MAP, mean annual precipitation; MAT, mean annual temperature; MIT, min temperature of coldest month; MT, max temperature of
warmest month; N, Nenjiang, Heilongjiang; pH, soil pH; PS, precipitation seasonality; SOM, soil organic matter; SWC, soil water content; TC, total
carbon; TN, total nitrogen; TP, total phosphorus; TR, annual temperature range; TS, temperature seasonality; X, Xinzhou, Shanxi.

with the fit of the neutral model (R?) and manifested leaf
and stem endosphere had more migrators between com-
munities despite the low migration rate (Fig. 3A). Despite
the fact that the model explained most of the microbial
community variation, other community assembly mecha-
nisms still existed at the same time, which caused the
unneutral distribution. For example, there were more root
endosphere OTUs below the expectation (underrepre-
sented), and there were more rhizosphere OTUs above
the expectation (overrepresented) (Fig. 3B).

Secondly, we deeply elucidated the assembly pro-
cesses based on the null model. The B-nearest taxon
index (BNTI) scores of the core communities in the range
of —2 to +2 accounted for 50.5% in bulk soil, 62.1% in rhi-
zosphere soil, 77.9% in the root endosphere, 99.5% in
the stem endosphere and 100% in the leaf endosphere,
and these scores are indicative of neutral processes that
are greater in the stem and leaf endosphere (Fig. 4A).
These results were further identified by combining values
of BNTI with the Bray—Curtis-based Raup—Crick (RCgay).
We found that the aerial plant tissues (stem and leaf)
were more affected by undominated processes. Homoge-
nous dispersal dominated in leaf and stem endosphere in
the absence of undominated processes. Variation selec-
tion dominated in bulk soil, and dispersal limitation had
greater effects on the root endosphere, rhizosphere soil,
bulk soil and stem endosphere communities to declining
degrees (Fig. 4B). Consequently, stochastic processes

dominated the assembly of the core community across
different compartments to varying degrees (Table S7). In
addition, significantly higher mean community-level B
values (B.om) Were observed in bulk and rhizosphere soil,
while the root, stem and leaf endosphere had lower
values (Fig. 4C). This indicated that wider microbial habi-
tat breadth existed in bulk and rhizosphere soil, compared
with plant inner tissues (root, stem and leaf endosphere).
The community assembly was also affected by biotic
factors represented by species interactions. The net-
works topological features were similar based on the
three methods, which were also identified by each other
(Tables 5, S8 and S9). And we finally chose the Spear-
man correlated networks to conduct further investigation
because of appropriate number of nodes and edges.
There were significantly distinct interactions between
neutral and unneutral species based on the coexistence
patterns of core communities among the five compart-
ments (Fig. 5). The content of neutral species in the
corresponding networks was higher in the stem (72.2%)
and leaf (67.7%) endosphere, which indicated the contri-
bution of species interactions to the stochastic pro-
cesses. The soil of bulk and rhizosphere had more
complex interactions that resulted from the edges and
other network topographical features, such as average
degree (Table 5). More competition relationships
between species were manifested in the bulk solil
according to the most negative edges (557). The ratio of

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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s5s5s positive links increased from bulk soil (77.9%) to stem
= % % % endosphere (100%), which manifested the higher cooper-
ation in the stem endosphere corresponding with the
L leegr highest modularity values (0.748). It was also the largest
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distinct best predictors shaping the bacterial community

The parameters originated from the ordinary least square linear regression among the five different plant compartments. Bold p values denote that the slopes were significantly less than zero by

Table 2. Model parameters of distance-decay relationships of core community similarity (1-Bray—Curtis distance) among the five soil-plant associated compartments.
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Table 3. The results of Spearman correlation tests between the core bacterial community dissimilarity (Bray—Curtis distances) and edaphic dis-
tance or climate distance for the different compartment samples using Mantel and partial Mantel tests.

BS RS R S L
r p r p r p r p r P

Correlation between bacterial dissimilarity and

Edaphic distance 0.664 0.001 0.591 0.001 0.711  0.001 -0.025 0.526 0.520 0.001

Climate distance 0.777 0.001 0.354 0.003 0.291  0.01 0.221 0.038 0.276  0.009
Controlling for

Climate distance 0.488 0.002 0.510 0.002 0.684 0.001 -0.166 0.9 0.459  0.001

Edaphic distance 0.678 0.001 0.071 0213 -0.125 0.894 0.273 0.031 0.011 0.429

Edaphic and climate distances are the soil chemical properties and climate characteristics heterogeneity matrix calculated using Euclidean dis-
tance. Bold p values indicate p < 0.05. p Values are one-tailed tests based on 999 permutations. For abbreviations, see Table 2.

Table 4. Multiple stepwise regression analysis of the effect of environmental factors on bacterial communities (Beta-PCoA1) in each compartment
across all sites.

BS (R? = 98.36%) RS (R? = 95.89%) R (R? = 91.62%) S (R? = 75.26%) L (R? = 84.66%)
Contribution Contribution Contribution Contribution Contribution

Variable (%) Variable (%) Variable (%) Variable (%) Variable (%)
MIT 19.31 TC 21.42 AN 40.17 MAT 38.85 TC 14.80

TR 18.77 SOM 18.98 MT 23.66 PS 17.06 TN 14.15

TS 18.04 MT 13.29 MIT 15.01 MAP 12.51 SOM 13.46
MAT 16.77 TS 10.07 MAT 14.54 MT 12.05 AN 13.40

pH 13.21 MIT 9.48 - - - - pH 11.43
SWC 12.78 pH 9.14 - - - - MAT 8.80

- - MAT 7.62 - - - - MIT 7.22

- - AK 7.61 - - - - MT 6.15

- - - - - - - - PS 2.51

Only significantly correlated variables were used in the analysis based on the Mantel test, and only significantly contributing variables are shown
in the table based on p values (p < 0.01). For other abbreviations see Table 2.

AK, available potassium; AN, available nitrogen; MAP, mean annual precipitation; MAT, mean annual temperature; MIT, min temperature of col-
dest month; MT, max temperature of warmest month; pH, soil pH; PS, precipitation seasonality; SOM, soil organic matter; SWC, soil water con-
tent; TC, total carbon; TN, total nitrogen; TP, total phosphorus; TR, annual temperature range; TS, temperature seasonality.

o ° ° o o
2 [m=0.17,R*=0.73 2 [m=0.16,R%=0.56 + [m=024,RP=069, = [m=011,R=071 ~ — [m=008,F=063 , — y
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Fig 3. Sloan neutral modelling of core bacterial communities among the five soil-plant associated compartments across five sampling sites.

A. OTUs that occur more frequently than the value predicted by the model are shown in orange, while those that occur less frequently than
predicted are shown in purple. Grey points represent the frequency of occurrence within the 95% confidence interval (blue dotted lines) ranging
around the model prediction (red line). Values of m and Nm indicate the estimates of dispersal rate between communities and the met-
acommunity size times immigration, respectively; R indicates the fit to this model.

B. Relative abundances of the core bacterial communities in neutrally distributed, overrepresented, and under-represented OTUs among the five
compartments.

BS, bulk soil; L, plant leaf endosphere; R, root endosphere; RS, rhizosphere soil; S, plant stem endosphere.

Cyanobacteria phylum and the Heliobacteriaceae family alpha and beta variation tendencies with the overall com-
of Firmicutes could help plants fix CO, due to their ability munities. Generally, the alpha diversity decreased with
to photosynthesize (Meeks and Elhai, 2002; Cardona, the root proximity, which is consistent with previous stud-
2015). Thus, they were more abundant in the leaf and ies (Fan et al., 2017; Zhang et al., 2018a). However, the
stem endosphere. The representativeness of the core stem and leaf endosphere manifested lower diversity,
bacterial communities was further confirmed by similar possibly because aerial plant tissues may have a more
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Fig 4. Null model of core bacterial communities among five soil-plant associated compartments across five sampling sites.

A. Distribution of the beta nearest-taxon index (BNTI) according to the spatial distance among the five compartments. Positive (negative) pNTI
values indicate greater (less) than expected turnover in the phylogenetic composition. The horizontal dotted red line (above —2 or below +2 are
statistically significant) shows the 95% confidence intervals around the expectation under neutral community assembly (above —2 or below +2
are statistically significant). The explained percent of the stochastic processes is shown in red numbers. The grey line and shaded region repre-
sent the 95% confidence limits of the regression estimates.

B. The average relatively explained degree of core community assembly processes based on the values of pNTI and RCgay.

C. Boxplots of mean habitat niche breadths (B.om) among the five compartments. Different lowercase letters above the boxes indicate significant
differences (p < 0.05, ANOVA, Tukey’s HSD test).

BS, bulk soil; RS, rhizosphere soil; R, root endosphere; S, plant stem endosphere; L, plant leaf endosphere

Table 5. Topological features of networks in the different soil-plant associated core bacterial communities across all sites based on the Spear-
man correlation method.

BS RS S L
Empirical networks Nodes 380 464 379 273 297
Edges 2518 2453 1264 581 892
Edges (+) 1961 2245 1188 581 889
Edges (-) 557 208 76 0 3
Edges (+)/Total edges 77.88% 91.52% 93.99% 100% 99.66%
Diameter 15 11 13 19 15
Density 0.035 0.023 0.018 0.016 0.02
Average degree (avgK) 13.253 10.573 6.67 4.256 6.007
Average path distance (GD) 4.347 4.243 4.874 6.785 5.764
Average clustering coefficient 0.501 0.431 0.436 0.347 0.442
(avgCC)
Modularity 0.430 0.590 0.622 0.748 0.679
Random networks Average path distance (GD) 2.583 +0.002 2.848 +0.003 3.335+0.009 3.989 +0.033 3.366 + 0.014
(n =1000) Average clustering coefficient 0.036 £ 0.002 0.023+0.002 0.017 +0.002 0.015+0.003 0.022 + 0.004

(avgCC)

n = 1000, numbers of Erdés-Réyni random networks. For abbreviations, see Table 2.

homogeneous homeostasis without soil disturbances or
have plant filtering effects such as the ‘root enrichment
process’ (Edwards et al., 2015), which needs to be fur-
ther studied.

The core bacterial communities were mostly clustered
by compartment, which is similar with a study showing
that niche differentiation shapes the diversity and compo-
sition of the Cycas panzhihuaensis microbiome (Zheng

and Gong, 2019). In addition, the differences in certain
environmental factors [e.g. TC, total nitrogen (TN), MAT
and MIT] among the sampling sites were significant in
our study. The composition was significantly separated
by sampling sites to varying degrees in each compart-
ment but with less variation in the stem. This is identified
by a previous study that reported how biogeography
affects the microbiome composition in three species of
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Neutrally distributed OTUs
Unneutrally distributed OTUs

Positive links
— Negative links

S( ) L( )

Fig 5. Coexistence networks of the core bacterial communities based on correlation analysis among the five soil-plant associated compartments
across the five sampling sites. Node colours represent the distributed types resulting from the Sloan neutral model; the size of each node is pro-

portional to the degree.

A connection stands for a robust (Spearman’s r > |0.8|) and significant (p < 0.01) correlation; the thickness of each connection between two
nodes (edge) is proportional to the value of the Spearman correlation coefficients. Positive and negative relationships are illustrated in pink and
green, respectively. The occurrence rates of neutrally distributed nodes in the corresponding networks is illustrated by pink numbers in brackets.
BS, bulk soil; R, root endosphere; RS, rhizosphere soil; S, plant stem endosphere; L, plant leaf endosphere.

Agave from distinct sites (Coleman-Derr et al., 2016).
Therefore, the interactions among different geographical
and environmental conditions can shape the distinct
microbial community composition (Lopez et al., 2020).

Effects of geographical and environmental factors on the
core bacterial communities

Four types of DDRs were compared. This enriched the
general distance-decay models that were reported by
other studies (Chen et al., 2017; Chen et al., 2019;
Feng et al., 2019), because environmental factors also
varied with geographical distance. The flattened geo-
graphic DDRs were mostly exhibited in the stem and
leaf endosphere. This was not surprising because the
stem and leaf faced less dispersal limitation in our study
according to Hubbell’s neutral theory (Rosindell
et al., 2011). However, decreasing geographic DDRs
were found from the bulk soil to the rhizosphere, this
was contrary to other studies (Zhang et al., 2017;
Zhang et al., 2018b). These differences could possibly
result from distinct microbial taxa or sampling scales.
The most flattened environmental and climatic DDRs
occurred in the stem endosphere where community
compositions are homogenized to single homeostasis.
Moreover, the stem endosphere was more affected by
geographical distance. In general, these results con-
firmed our initial prediction that biogeographic patterns
remarkably varied among the five compartments.

There were distinct best predictors shaping the core
bacterial community compositions among the five com-
partments, and the results were consistent with (partial)
Mantel correlations. Despite of significantly different soil
pH among our sampling sites, the climatic factors
(e.g. MIT) were important in the bulk soil in our study,
which is different from many studies where soil pH was a
dominant factor (Fan et al., 2018; Feng et al., 2019; Shen
et al., 2019). That may be due to the inhomogeneous bio-
geographic distribution of sampling sites in our data sets.

And there is another published study showing that cli-
matic factors have significant effects on bulk soil bacterial
communities (Zhang et al., 2018a). Soil TC played a
major role in the leaf endosphere and rhizosphere soil,
and this may be due to photosynthesis in the leaf and
more root secretions of carbon sources into the rhizo-
sphere. Soil AN dominated in the root endosphere, which
could correlate with the role of root nodules in common
bean (lkeda et al., 2010).

Effects of stochastic processes and species interactions
on the core community assembly

The influence of stochastic processes on community
assembly should not be inferred only from the neutral
model (Hanson et al., 2012); thus, the combined results
of two popular models were considered in the current
study. The results synthetically elucidated that stochastic
processes dominated the assembly of core communities
among the different compartments. This supports our
second hypothesis and is related to more homogeneous
homeostasis in the leaf and stem endosphere. Not only
were the stem and leaf less affected by the soil, but the
stem endosphere was more stable compared with the
leaf based on the fact that leaves have larger areas of
contact with the outside and are sensitive to changes in
the environment. It was inferred that microbes in the air
can invade aerial compartments (i.e. especially in the
leaf) at random, but that soil properties and root exudates
exert stronger selection forces in the belowground com-
partments (Mendes et al., 2014). Additionally, decreased
niche differentiation among species in a more homoge-
neous environment occurs in plant inner tissues and
could lead to increased neutrality in community assembly
(Bar-Massada et al., 2014). This is similar to the phenom-
enon that stochastic processes in planktonic micro-
eukaryotes are higher in the wet seasons where well-
stocked rivers make the environment more uniform
(Chen et al., 2019).

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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Correspondingly, the dominance of environmental fil-
tering and soil heterogeneity selection was less in the
stem and leaf endosphere resulting from DDRs and Man-
tel tests in our study. Hence, homogenous dispersal
dominated in the leaf and stem endosphere. Some stud-
ies have demonstrated that deterministic processes dom-
inate the assemblage of microbial communities in the soil
of bulk and rhizosphere (Fan et al., 2017; Zhang et al.,
2018b). While, dissimilar results emerged in our study
showing that variation in selection occurred in the bulk
soil, but the stochastic processes still dominated in the
compartments. This might require further research and
discussion based on a wider range of sampling sites in
future. The degree of influence of stochastic processes
was also confirmed by the Nm and migration rates
(m) values. The core OTUs were regarded as generalist
in each compartment, and the wider habitat breadth
(Becom) means higher metabolic flexibility (Wu et al.,
2018), suggesting that generalist may be more distributed
in the soil of bulk and rhizosphere where there were rich
nutrients (Pandit et al., 2009). We inferred that lower hab-
itat breadth may limit the migrated spaces of some core
species in the stem and leaf endosphere, and thus dis-
persal limitation may contribute to the assembly of these
core bacterial communities. Despite the clear division of
community assembly processes, there is still debate
about their mechanisms (Hanson et al., 2012; Zhou and
Ning, 2017). The niche differentiation was significant,
which was different from other studies including the con-
sistency of sample types (Fierer and Jackson, 2006;
Chen et al., 2017). Therefore, more in-depth studies and
clear evidence are needed in future.

The neutrally distributed taxa were mostly derived from
stochastic processes (Chen et al., 2019) and had differ-
ent coexistence patterns and occurrence rates in our net-
works. The coexistences among species should also be
responsible for the community assembly (Hanson et al.,
2012; Hu et al., 2020). Thus, coexistence patterns were
inferred to have a certain effect on the stochastic pro-
cesses as biotic factors in our study, but the specific
quantification of the effect is still challenging (Feng et al.,
2019). Niche habitability leads to distinct environmental
(Coleman-Derr et al., 2016) and coexistence patterns
among the different compartments. The soil of bulk and
rhizosphere had more complicated networks with respect
to heterogeneous bulk soil properties and the rapid need
for high speed element cycling and signal transmission in
the rhizosphere soil (Hinsinger, 2001). The competition
was robust in bulk soil, which is consistent with the
results of a study finding bulk soil has complicated envi-
ronments (Fan et al., 2017). Greater resource availability
is thought to reduce competition in microbial communities
(Hubbell, 2005). Hence the stem had the largest and
sparsest network with higher cooperated links according

to their stably enriched nutrients. And then, the endo-
phytic bacteria may be transmitted from other compart-
ments. Moreover, this could result from stronger
stochastic processes in the stem endosphere according
to the mass effect (Lindstrém and Langenheder, 2012),
and that the sparse network is likely to be associated with
stochastic processes (Cornwell et al., 2006). Overall, we
inferred that species coexistences may interact with sto-
chastic processes resulting from the sparser network
structure and higher occurrence rates of neutrally distrib-
uted taxa appeared in the stem and leaf endosphere.

Conclusions

The biogeographic patterns of core bacterial communities
in aerial plant compartments (stem and leaf endosphere)
were significantly different than the belowground com-
partments (root endosphere, soil of bulk and rhizosphere)
based on the results of varied alpha diversity and com-
munity composition under regional sampling scales. The
different DDRs were manifested from the gradient of spa-
tial, edaphic, and climatic factors among the five compart-
ments. Differential niche adaptations were found for
bacterial communities in each compartment where there
were distinct environmental drivers specifically domi-
nated. We have considerably advanced this research by
showing that stochastic processes dominated the com-
munity assembly to varying degrees among the five com-
partments based on the combined results from neutral
and null modes. In addition, coexistence patterns were
distinct from the five compartments and partially inter-
acted with stochastic processes. This study provides an
integrated understanding of biogeographic patterns,
assembly processes, coexistence patterns and the
underlying mechanisms of core bacterial communities
among different compartments. Further studies are
needed with more extensive sampling sites to dissect the
specific functional roles of core species, which could
make it easier to predictably manipulate the core bacte-
rial communities to produce better soil sustainability out-
comes and crop yields.

Experimental procedures
Soil sampling and characteristics collection

Five sampling sites across from the northeast to the
northwest of China, extending between 38.81-49.76°N
and 111.65-126.85°E (Fig. S1), were selected based on
their larger scale distribution and long-term planting of
cultivated common bean. One large field (1-1.5 ha) was
selected in each site, and four plots (15 x 15 m? per plot)
in each field were sampled based on a Z-shaped pattern
as biological replicates in July 2017 during the flowering

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology



period of P. vulgaris. And the entire fields in our study
were subjected to similar fertilization and management
practices. The samples consisted of five soil cores
(0-20 cm) and the corresponding six intact and growing
well plants that were collected randomly and pooled as
one biological replicate of bulk soil (BS) and plant sam-
ples in each plot, respectively.

The soil and plant samples were transported to the lab-
oratory on dry ice as quickly as possible. The bulk soil
was sieved through a 2-mm mesh to remove visible
roots, residues and stones, and the plants were carefully
divided into the roots, stems and leaves to further obtain
rhizosphere soil (RS), root (R), stem (S) and leaf
(L) endosphere samples based on a routine sampling
method, the details of which are given in Zheng and
Gong (2019) and Xiao and colleagues (2017). Conse-
quently, a total of 100 samples (five sites x five compart-
ments x four plots) were obtained and stored at —80°C
prior to further processing.

A subset of bulk soil samples was air-dried and
analysed for edaphic properties using standard test
methods (Bao 2005). The tests conducted were soil pH,
soil water content (SWC), soil organic matter (SOM), TN,
TC, AN, total phosphorus (TP), available phosphorus
(AP) and available potassium (AK) as our previously
described (Liu et al., 2020). The climatic data, namely,
MAT, temperature seasonality (TS), maximum tempera-
ture of warmest month (MT), MIT, annual temperature
range (TR), mean annual precipitation (MAP) and precipi-
tation seasonality (PS) for all sampling sites were taken
from the WorldClim database (http://www.worldclim.org)
(Hijmans et al., 2005). The information of all characteris-
tics across all five sampling sites in China was given in
Table 1.

DNA extraction, sequencing and bioinformatic analyses

The total DNA was extracted from bulk and rhizosphere
soil samples (0.5 g each) using the Fast DNA® SPIN Kit
(MP Biochemicals, Solon, OH) and from the root, stem,
and leaf endosphere samples (0.5 g each) using a DNA
Secure Plant Kit (Tiangen Biotech, Beijing, China) follow-
ing the manufacturers’ procedures. The DNA concentra-
tion and purity were estimated using a Nanodrop 1000
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA) and electrophoresis in 1% (w/v) agarose gels (Xiao
etal., 2017).

Because of the sample heterogeneity, we selected the
hypervariable V5-V7 region of the 16S rRNA gene for
amplification using the primers pair 799F2 (5'-GAT GGC
CAT TAC GGC C-3) and 1193R (5'-ACG CAT CCC
CAC CTT CCT C-3') (Bai et al., 2015). The polymerase
chain reaction (PCR) amplifications were performed in
triplicate for each sample, and the PCR products were

Stochastic processes shape core bacteria 11

mixed in equidensity ratios. The mixed PCR products
were then purified using a GeneJET™ Gel Extraction Kit
(Thermo Scientific). DNA sequencing libraries were gen-
erated using the lon Plus Fragment Library Kit (48 rxns,
Thermo Fisher Scientific). The library quality was
assessed using the Qubit@ 2.0 Fluorometer (Thermo
Fisher Scientific). Finally, the library was sequenced on
an lon S5™XL platform (Thermo Fisher Inc., Waltham,
MA) and 400 bp single-end reads were generated by
Novogene (Beijing, China). Sequencing data sets are
available on the NCBI website under the accession num-
bers SRR12276901 through SRR12276999. The
processed data and scripts are available at https:/github.
com/YangLiu0910/Stochastic-processes-shape-the-
biogeographic-variations-in-core-bacterial-communities.

Cleaned sequence reads were obtained from the pro-
cess of shearing of low-quality sequences using
Cutadapt (Martin, 2011), followed by quality-filtering using
the QIIME pipeline (v1.7.0) (Caporaso et al., 2010) and
removal of chimeric sequences using the USEARCH tool
in the UCHIME algorithm (Edgar et al., 2011). The
cleaned sequence reads were then assigned to OTUs at
similarities of 97% using the UPARSE pipeline (Edgar
et al., 2011). OTUs lacking more than two sequences
were removed. Taxonomic information was annotated for
a representative sequence of each OTU using the ribo-
somal database project RDP classifier at a confidence
level of 80% (Wang et al., 2007) using the SILVA data-
base release 132.

Statistical analyses

All statistical analyses were conducted in the R software
environment (v3.6.1; http://www.r-project.org/). Most of
the results were visualized using the ‘ggplot2’ package
(Ginestet, 2011), unless otherwise indicated. And all of
the p values were adjusted using the false discovery rate
method (Benjamini and Hochberg, 1995). The
corresponding variables were log or log (x + 1) trans-
formed across distinct sampling sites and soil-plant
associated compartments, respectively. The analysis of
variance (ANOVA) and multiple comparisons (Tukey’s
HSD test) were then performed using the ‘multcomp’
package (Torsten et al., 2008) after the normality of resi-
dues and homogeneity of variance were checked using
the Shapiro-Wilk and Bartlett tests, respectively. The
core communities were selected by identifying the com-
monly shared OTUs among five compartments in 20 sam-
ples (5 sites x 4 plots per each compartment) and
visualized using the ‘VennDiagram’ package (Chen and
Boutros, 2011). The overall and core bacterial community
compositions were illustrated by a principle coordinate
analysis (PCoA) based on Bray—Curtis distances using
the ‘ape’ package (Paradis et al., 2004) and tested by
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three different but complementary non-parametric multi-
variate statistical analysis methods; permutational multi-
variate  ANOVA, Anosim, and the MRPP using the
‘vegan’ package (Dixon, 2003). Heatmaps were illus-
trated based on Z-score-normalized relative abundance
of taxa using the ‘pheatmap’ package (Kolde, 2015).

The DDRs were investigated between the core com-
munity similarity and geographic, environmental, edaphic
and climatic distances using liner regression analysis.
The slopes of the DDRs can vary based on habitat, which
reflects different rates of species turnover. The effects of
geographic, environmental, edaphic and climatic factors
on core community dissimilarity were conducted with the
Spearman Mantel and partial Mantel tests using the
‘vegan’ package in each compartment. The significantly
correlated environmental factors were selected by the
Spearman Mantel test. These environmental factors were
then scaled and further selected as best predictors for
the corresponding core communities by combining two
model analyses of multiple stepwise regression and ran-
dom forest using the ‘relaimpo’ and ‘rfPermute’ packages
(Shuo et al., 2019), respectively. The significance of the
random forest model was tested using the ‘randomForest’
and ‘A3’ packages (Svetnik et al., 2003).

The assembly processes of core communities were
investigated by both neutral and null models among the
five soil-plant associated compartments across all sites.
Firstly, to determine the potential importance of stochas-
tic processes on community assembly, we used the
Sloan neutral community model to predict the relationship
between OTU detection frequency and their relative
abundance (Sloan et al., 2006). In this model, Nm and
migration rates (m) were defined as the metacommunity
size times immigration and estimates of dispersal rate
between communities. And metacommunity size (N) is
the total number of reads of core OTUs in each compart-
ment. The parameter R? represents the overall fit to the
neutral model. Calculation of 95% confidence intervals
around all fitting statistics was done by bootstrapping with
1000 bootstrap replicates. All of them were fitted using a
custom program reported previously by Burns and col-
leagues (2016). In addition, the core species from each
compartment were subsequently separated into three
partitions depending on whether they occurred more fre-
quently than (overrepresented OTUs), less frequently
than (underrepresented OTUs) or within (neutrally distrib-
uted OTUs) the 95% confidence interval of the neutral
model predictions. Secondly, a null-modelling-based sta-
tistical framework (Stegen et al., 2015) was used to quan-
tify the contributions of various ecological processes to
bacterial community structure and biogeography. The
model expectation was generated using 999 randomiza-
tions. In this framework, the variation in both phylogenetic
diversity and taxonomic diversity was measured using

null-model-based phylogenetic and taxonomic B-diversity
metrics, namely, BNTI and the Bray—Curtis-based Raup—
Crick (RCagray) using the ‘picante’ (Kembel et al., 2010)
and ‘ecodist’ packages (Goslee and Urban, 2007),
respectively. Four assembly processes were then quanti-
fied as variation (heterogeneous) selection, homogenous
selection, dispersal limitation, homogenous dispersal and
undominated based on the threshold of the absolute
values of pNTI (2) and RCgray (0.95) (Zhou and Ning,
2017). The ‘niche breadth’ approach (Levins, 1970) was
used to quantify habitat specialization, and the
community-level B value (B.om) Was calculated as the
average of B-values from all species occurring in one
community to reveal the contributions of species selec-
tion and dispersal limitation to microbial community
assembly using the ‘spaa’ package (Zhang et al., 2016).

Coexistence patterns of core bacterial communities
(homogenized absolute sequences or relative abundance
matrixes) in each soil-plant associated compartment
were constructed based on robust Spearman correlation
(Il >0.8, p <0.01) [igraph’ package (Csardi and
Nepusz, 2006)], SparCC [SparCC module (|r] > 0.8,
p <0.01) in python (Friedman and Alm, 2012)], and
SPIEC-EASI [SpiecEasi’ package (method = ‘glasso’, A.
min.ratio = 0.01 and ni =30) (Kurtz et al., 2015)]
methods, separately. Topological features of nodes
(i.e. degree, betweenness and closeness centrality) and
networks (i.e. diameter, density, average degree, aver-
age path distance, average clustering coefficient and
modularity) were also calculated. And only the Spearman
correlated networks were visualized with the interactive
platform Gephi (Heymann, 2014). Meanwhile, 1000
Erdds—Réyni random networks of equal size were con-
structed as real networks for each compartment based
on the Spearman correlated networks (Erdos and
Rényi, 2012).
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graphic distance or environmental distances for the different
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Table S5 Spearman Mantel correlations (r) and significance
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across five different soil-plant associated compartments.
Table S6 Random forest mean predictor importance of the
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Table S7 Relatively explained degree of core community
assembly processes based on the values of BNTI and
RCBray.

Table S8 Topological features of networks in the different
soil-plant associated core bacterial communities across all
sites based on SPIEC-EASI method.
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soil-plant associated core bacterial communities across all
sites based on SparCC method.

Fig. S1 Distribution of five sampling sites across three prov-
inces in China. D: Dayangshu, Neimeng; N: Nenjiang, Hei-
longjiang; K: Keshan, Heilongjiang; H: Harbin, Heilongjiang;
X: Xinzhou, Shanxi.

Fig. S2 A, Heatmaps showing the relative abundance of the
dominant phyla of the core bacterial communities among the
five soil-plant associated compartments, and the five sam-
pling sites in each compartment. B, Correlations between
core bacterial communities with the remaining communities
across all sites. C, Boxplots of the alpha-diversity (Shannon
and ACE index) of the overall bacterial communities among
the five compartments. Different lowercase letters above the
boxes indicate significant differences (P < 0.05, ANOVA,
Tukey’s HSD test). D, Principal coordinate analysis (PCoA)
of the overall bacterial community composition across all
compartments and sites based on Bray-Curtis distances. E,
PCoA of the overall bacterial community composition across
all sites in each compartment based on Bray-Curtis dis-
tances. BS, bulk soil; RS, rhizosphere soil; R, root
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endosphere; S, plant stem endosphere; L, plant leaf endo-
sphere. D: Dayangshu, Neimeng; N: Nenjiang, Heilongjiang;
K: Keshan, Heilongjiang; H: Harbin, Heilongjiang; X:
Xinzhou, Shanxi.

Fig. S3 Heatmaps showing the relative abundance of the
dominant (top ten) core bacterial communities among the
five soil-plant associated compartments at class, order and
family levels. For abbreviations see Fig. S2.

Fig. S4 Boxplots of the alpha-diversity (Shannon and ACE
indices) of the overall and core bacterial communities among
the five sampling sites in each soil-plant associated com-
partment. For abbreviations see Fig. S2.

Fig. S5 Topological features of nodes in the different soil—
plant associated core bacterial communities across all sam-
pling sites based on Spearman correlation method. For
abbreviations see Fig. S2.
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