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SUMMARY

Root exudates and rhizosphere microorganisms play key roles in the colonization
of toxic plants under climate change and land degradation. However, how root
exudates affect the rhizosphere microorganisms and soil nutrients of toxic plants
in degraded grasslands remains unknown. We compared the interaction of soil
microbial communities, root exudates, microbial carbon metabolism, and envi-
ronmental factors in the rhizosphere of toxic and non-toxic plants. Deterministic
processes had a greater effect on toxic than non-toxic plants, as root exudates
affected rhizosphere microorganisms directly. The 328 up-regulated compounds
in root exudates of toxic plants affected the diversity of rhizosphere microorgan-
isms. Rhizosphere bacteria-enriched enzymes were involved in the phenylpropa-
noid biosynthesis pathway. Root exudates of toxic plants form complex networks
of rhizosphere microorganisms, provide high rhizosphere nutrients, and increase
microbial carbon metabolism. The interaction between root exudates and rhizo-
sphere microorganisms is the key mechanism that enables toxic plants to spread
in degraded grassland habitats.

INTRODUCTION

The expansion of plants that are toxic to grazing animals has become a global concern (Colautti and Bar-
rett, 2013; Savary et al., 2019), as it is causing a substantial loss in grassland ecosystem services under
climate change and anthropogenic activities (Humphries et al., 2021). Identifying the driving forces that
enable the infestation of toxic plants would be beneficial in grassland management. Recent research on
the spread of toxic plants has focused mainly on factors such as grazing livestock and climate change (Ric-
ciardietal., 2017; Liu et al., 2020). However, how toxic plants adapt to the poor soil conditions of degraded
grassland is unknown.

The self-reinforcement ability of toxic plants is closely associated with the root system in degraded land (Wagg
etal., 2011; Liu et al., 2018), as root exudates play a key role in plant growth and in the structure, diversity, and
functioning of the rhizosphere microbial community (Koprivova et al., 2019; Zhou et al., 2021; Gross, 2022). For
example, the tryptophan-derived molecule, camalexin, inhibited fungal pathogens and specific bacteriain Ara-
bidopsis, thereby, altering the root microbiota (Koprivova et al., 2019). Umbelliferone in Stellera chamaejasme
influenced cell division and induced membrane lipid peroxidation, which inhibited the growth of plants (Yan
et al., 2016). Toxic plants produce a broad range of secondary metabolites (Shang et al., 2012; Yan et al.,
20716), which have a substantial impact on the root environment (Goldschmidt et al., 2018).

Root exudates are the main driving forces regulating the diversity and metabolic activities of rhizosphere
microorganisms during plant growth (De Vries et al., 2019). It was reported that wild oat (Avena fatua) had a
more complex network in the rhizosphere than bulk soil, and microbial diversity decreased as network size
decreased (Shi et al., 2016). Rhizosphere with a highly selective environment could promote species taxo-
nomic co-occurrence, which could be indicative of increased metabolic specifics (Fan et al., 2018; Wang
et al., 2020). It has been reported that microbial communities in the rhizosphere are shaped by determin-
istic processes (niche) and in bulk soil by stochastic processes (neutral) (Dumbrell et al., 2010; Mendes et al.,
2014; Lima-Mendez et al., 2015). As habitat heterogeneity declines at smaller scales, a more apparent
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Figure 1. Fit of the neutral community model of community assemblies

(A) the bulk soil microorganisms in 2017 (n = 12); (B) the rhizosphere microorganisms of toxic plants in 2017 (n = 51); (C) non-toxic plants rhizosphere
microorganisms in 2018 (n = 6); (D) rhizosphere microorganisms of toxic plants in 2018 (n = 21). The solid blue lines represent the best fit, and the dashed blue
lines represent 0.95 confidence intervals around the model prediction. Different colors represent the frequency of OTUs. R? = the coefficient of

determination, Nm = the meta-community size times immigration rate.

Toxic plants are capable of spreading and dominating degraded grasslands with nutrient-poor soil, unlike
non-toxic plants (Figure S1) (Sui et al., 2015; Yao et al., 2019; Humphries et al., 2021). We hypothesized that
the interaction between rhizosphere microorganisms and root exudates facilitates the spread of toxic
plants in degraded grasslands. To test this hypothesis, we measured microbial carbon metabolic activity,
compounds, and functions of root exudates, and integrated taxonomic and functional data to describe the
soil microbial communities of toxic and non-toxic plants in degraded alpine grasslands. The study was
guided by the following predictions: (1) specific root exudates mediate the composition, network and car-
bon metabolic activity of rhizosphere microorganisms of toxic plants; (2) deterministic processes could
explain the assembly of microorganisms in the rhizosphere of toxic plants better than stochastic processes;
(3) the network complexity of the microbial community in toxic plants is greater than in non-toxic plants;
and (4) the interaction of root exudates and rhizosphere microorganisms is the key factor that enables
the toxic plant to spread in degraded grasslands.

RESULTS
Community assembly and composition of the microbial community

For all plant species, the assemblies of microorganisms in different habitats and in rhizospheres of toxic or
non-toxic plants were better described (R? > 0.6) by the neutral theory than the niche theory (Figure 1), and
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Figure 2. Factors shaping the structure of microbial communities in 66 soil samples and 4 habitats

(A) Bray-Curtis similarity-based dendrogram showing average bacterial (left) and fungal (right) community compositions.
OTUs with relative abundances >1% were considered. Levels of degradation are represented by colored squares (pink:
lightly degraded grassland (L); gray: moderately degraded grassland (M); green: degraded sown grassland (S); and black:
heavily degraded grassland (H)). For each sample, the community composition of bacteria and fungi at the class level is
indicated by bar plots, and microbial a-diversity is represented by gray bars according to the number of observed OTUs.
(B) effect of compartment (n = 2), habitat (n = 4), plant species (n = 11) and habitat x plant species on bacterial and fungal
community compositions. The explained variance for each factor is shown for bacteria and fungi, based on PERMANOVA
(p < 0.001 in bacteria and p > 0.05 in fungi), habitat X plant species (Adonis: degrees of freedom (d.f.) = 21; bacterial:
coefficient of determination (R?) = 0.53, p < 0.001; fungal: R? = 0.32, p = 0.59), compartment (d.f. = 1; bacterial: R? = 0.04,
p <0.0017; fungal: RZ2=0.01,p=0.62), degradation level (d.f. = 3; bacterial: R2=0.16,p <0.001; fungal: R%2=0.05,p =0.91),
plant species (d.f. = 10; bacterial: R? = 0.27, p < 0.001; fungal: R? = 0.15, p = 0.29). Compartments include bulk soil and
rhizosphere.

(C) PCoA based on Bray-Curtis distances between samples across 66 samples in 4 levels of degradation. Nr, bulk soil, that
is, non-rhizosphere soil. Al, Ajuga lupulina; Ef, Euphorbia fischeriana; Sg, Sphallerocarpus gracilis; Oo, Oxytropis
ochrocephala; Mk, Morina kokonorica; Pk, Pedicularis kansuensis; An, Artemisia nanschanica; Ad, Artemisia dubia; Ap,
Aconitum pendulum; Lv, Ligularia virgaurea.

R2 > 0.6 indicated that the assemblies were affected strongly by stochastic processes. In 2017, stochastic
processes in the rhizosphere of toxic plants (R? = 0.858, Figure 1B) were more evident when compared
with bulk soil (R? = 0.779, Figure 1A). Stochastic processes in the rhizosphere of toxic plants (R? = 0.769,
Figure 1D) were also more evident when compared with non-toxic plants (R? = 0.690, Figure 1C), but
Nm, meta-community size (N) times immigration rate (m), was lower (Figure 1).

The AIC value for toxic plants was lower than for non-toxic plants, indicating that the niche theory was more
appropriate for the assembly of microorganisms in toxic plants. The Nm value in low density (135,334) Ligu-
laria virgaurea was lower than in high (248,244) and medium densities (186,542) (Table S1). Because the
number of sequences in the sample was 103,157, the m value in the high, medium, and low densities
were 2.116, 1.808, and 1.312, respectively (Table S1), which indicated that as the density of L. virgaurea
decreased, the niche theory was more applicable and species dispersal was more restricted. Compared
with bulk soil, both theories existed in the rhizosphere of plants.

Distribution of microorganisms and influencing factors

Atotal of 12,282 OTUs were identified in 2017 (5923, 8031, 3110, and 6877 in degraded sown grassland (S),
heavily degraded grassland (H), moderately degraded grassland (M), and lightly degraded grassland (L),
respectively) and 5447 OTUs were identified in 2018 (2730, 2898, 1992 and 2525in S, H, M, and L, respec-
tively). The OTUs were classified into 44 microbial phyla in 2017 and 41 microbial phyla in 2018, with Pro-
teobacteria, Actinobacteria, Acidobacteria, and Planctomycetes the four most abundant in all soil groups
(Figure S2). The bulk soil of L grassland had the lowest a-diversity indices of bacterial and fungal commu-
nities across all samples (Kruskal-Wallis with Kruskal test, p < 0.05) (Figure 2A).

When roots establish stable associations with microbial communities across different degradation levels, a
strong host-filtering effect on degradation level is expected. Analysis of microbial community structure,
based on average Bray-Curtis distances across the four degraded grasslands (Figure 2A) revealed that bac-
terial and fungal communities in bulk soil and in rhizosphere clustered by degradation level (Figure 2C).
This pattern was corroborated by permutational multivariate analysis (PERMANOVA), which indicated
that the interactions between plant species and habitat explained more of the variation in the microbial
community than either compartment, degradation level, or plant species (Figure 2B). Bacterial commu-
nities were affected to a greater extent than fungal communities by degradation level and plant species.

Principal coordinate analysis (PCoA) revealed marked differences in soil bacterial and fungal communities
in the 4 degraded grasslands. The bacterial community in M and the fungal community in S, in particular,
were separated clearly from the others. These differences appeared in the same plant species at different
degradation levels, suggesting divergence in the microbial community composition in the plant rhizo-
sphere (Figure 2C). Nitrate nitrogen (NO3-N) in L grassland was lower (p < 0.05) than in the other three
degradation levels, while ammonium nitrogen (NH4-N) exhibited an opposite trend (Figure S3A). The con-
centrations of TN, AP, and TOC in bulk soil of the four degraded grasslands were lower than in the rhizo-
sphere (Tables S2 and S3). Redundancy analysis showed that soil physico-chemical properties explained
28.3% (p < 0.05) of the variation in rhizosphere bacterial communities (Figure S3B), but had no effect on
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Figure 3. Ecological clusters based on microbial networks

(A) microbial network graph with nodes colored according to each of the six main ecological clusters (Module #0-5); (B) OTU number properties of the
dominant phylotypes in the main ecological clusters; (C) regression relationships between soil biodiversity of key-stone ecological clusters (Module #0-2)
and soil multi-functionality. Gray indicates confidence intervals; (D) dominant phylotypes from Module #0-2, the connection stands for a strong (Spearman’s
r > 0.6) and significant (p < 0.05) correlation. The size of each node is proportional to the degree, and the thickness of edge is proportional to the value of
Spearman’s correlation coefficient. A red edge indicates a positive correlation, while a green edge indicates a negative correlation.

fungal communities. Bacterial communities were correlated positively with TP, pH, and AP, but negatively
with TN, TOC, NO3, NHy4, and WC (Figure S3B).

Key-stone ecological cluster link to soil functions and root exudates

Ecological networks were used to identify clusters of microbial taxa highly correlated with each other, which
could share environmental preferences and functional potentials. Six main ecological clusters (Module #0—
5) were generated from the microbial network (Figures 3A and 3B). The gene network displayed that the
relative abundances of microorganisms in key-stone ecological clusters were greater in most rhizospheres
than in bulk soil (Table S4). The positive correlations among microbial taxa (density: 0.316-0.389) in rhizo-
sphere were higher than in bulk soil (Figure 3D). Module #0-1 was correlated significantly and positively
with soil chemical properties, and negatively with Module #2 (Figure S4).

The richness of bacteria and fungi was correlated positively with soil multi-functionality in Module #0 and
Module #1, but negatively in Module #2 (Figure 3C). Given the soil multi-functionality of the three modules,
Modules #0-2 were referred to as the key-stone ecological cluster and were dominated by the bacteria
Alphaproteobacteria: Rhizobiales and Rhodospirillales; Betaproteobacteria: Nitrosomonadales;
Deltaproteobacteria: Myxococcales, Planctomycetes: Tepidisphaeraceae, Gemmatimonadetes, Chloro-
flexi, Actinobacteria; and Nitrospirae; Acidobacteria (Figure 3B) and the fungi Dothideomycetes and Sor-
dariomycetes. A complete list of the microbial taxa in the three modules is presented in Table S5. There
were many positive correlations among the key-stone phylotypes (Figure 3D).

Correlations between root exudates and microorganisms

A total of 864 compounds were screened for analysis from 1092 compounds. The significantly up-regulated
328 compounds (Figure 4A) were selected through volcano analysis. The up-regulated compounds
included benzoquinones, naphthoquinone (NQ), cinnamic acid (7), lignin (8), terpenoids (46), flavones
(8), amino acids (11), coumarin (11), naphthalene family (17), phenolic acids (21), and alkaloids (20) (Fig-
ure 4B). Root exudates were species specific and the similarity of root exudates between different toxic
plants was higher than with non-toxic plants (Figure S5).

In total, 9852 microbial OTUs (bacteria: 5447; fungi: 4405) were generated and 15 modules (ME1-15). The
microbial module eigengene was correlated significantly and positively with the up-regulated compounds
in toxic plants (Figure 4B) and negatively in non-toxic plants (Figure S6). The ME12, which was correlated
significantly with soil multi-functionality (Figure S7), was selected and analyzed for the network structure
composition of microorganisms. The relative abundances of microorganisms in ME12 in toxic plants
were greater than in non-toxic plants (Figure 4C). ME12 had 67 OTUs (Bacteria: 51; Fungi: 16) belonging
to 10 phyla, with Proteobacteria (31%) and Planctomycetes dominant in bacteria, and Ascomycota and Ba-
sidiomycota dominant in fungi. The main classes of bacteria were Alphaproteobacteria and Planctomyce-
tacia (Table Sé).

Based on Spearman correlations, 14 phyla in ME12 were correlated positively (p < 0.05) with up-regulated
compounds in toxic plants (Figure S8A), but most were correlated negatively in non-toxic plants (Figures 4D
and S8B). The network density in toxic plants (0.43) was greater than in non-toxic plants (0.07) (Figure 4D).
Based on pathway analysis on root exudates and 16s function analysis, the rhizosphere microorganisms of
toxic plants were involved in phenylpropanoid biosynthesis (map00940) (Figure 4E).

Relationships of microbial diversity, soil properties, carbon metabolism and root exudates

Structural equation modeling (SEM) was used to determine the drivers of changes in soil microbiota (Fig-
ure 5). Rhizosphere and plant species were the strongest direct drivers of soil properties. Soil pH and mi-
crobial a influenced microbial B diversity directly, whereas, rhizosphere, pH, microbial community, and soil
properties influenced microbial C metabolism (Figure 5A). The average well-color developments (AWCDs)
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Figure 4. The distribution of root exudates and microbial taxa in rhizospheres of toxic and non-toxic plants

(A) The volcano plot of root exudates. Root exudates were selected with fold change threshold (x) 5 and t-test threshold (y) 0.05. The red circles represent
features above the threshold.

(B) The correlation heatmap between microbial module eigengene and root exudates in toxic plants.

(C) The relative abundance of microorganisms in the rhizosphere of toxic and non-toxic plants in ME12. Values are mean + SEM of non-toxic (n = 6) and toxic
plants (n = 21).The Wilcoxon rank-sum test compared the difference between toxic and non-toxic plants.

(D) Microbial network structure of toxic and non-toxic plants in ME12. Node represent individual OTU. Node color denotes microbial phyla. A red edge
indicates a positive correlation, while a green edge indicates a negative correlation.

(E) Metabolic pathways associated with toxic plants. Phenylpropanoid metabolism was significantly greater in toxic than non-toxic plants. All enzymes and
enzyme nomenclature (EC) numbers were obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The red and blue arrows
indicate the compound or pathway showing a significant increase/decrease.

of rhizosphere in toxic plants were greater than in bulk soil in the four levels of degraded grasslands (Fig-
ure S9A). The first principal component in the four degraded grasslands of S, H, M, and L were 54.2%,
50.5%, 48.5%, and 47.0%, respectively, and indicated that the microorganisms of different plant rhizo-
spheres and bulk soil used C sources differently (Figure S9B).

Plant species, root exudates, soil pH, soil properties, and microbial diversity explained 95% of the variation of
the microbial complex network (Figure 5B). Plant species (0.81), microbial a diversity (0.34), and microbial B
diversity (0.34) and benzoquinones, flavones, and alkaloids in root exudates were correlated positively
(p < 0.05) and soil properties were correlated negatively with the microbial complex network (Figure 5B). Plant
species, soil properties, root exudates, and microbial a diversity explained 57% of the variation in microbial
community compositions (Figure 5B). Naphthoquinones, terpenoids, and phthalates in root exudates affected
microbial a diversity significantly; alkaloids, coumarin, cinnamic acid, and naphthoquinones affected soil pH
directly, while amino acids, coumarin, and flavones affected the rhizosphere microbial community (Figure 5B).

DISCUSSION
Assembly of rhizosphere bacterial community

The microbial community assemblies are shaped by a multitude of trophic influences, which depend upon bio-
logical diversity (Caruso et al., 2011; Lebeis et al., 2015). Neutral theory predicts that if limited dispersal and
demographic stochasticity are the main drivers of community dynamics, then the random pattern in species
and spatial auto-correlation of the environment should be the main factors determining community structure
(Sloan et al., 2006; Mendes et al., 2014). In contrast, deterministic processes influence biodiversity and species
composition, if niche partitioning interacts with environmental factors (Chase, 2007). The present study indi-
cated that the microbial assemblies of rhizospheres were shaped mainly by niche filtering, which supported
our hypothesis. The selection at the functional level in the rhizosphere was based on deterministic processes
according to the niche-based theory. Furthermore, habitat and species affected the composition of microbial
community structure. This trend was evident for toxic plants, which indicated that the rhizosphere of toxic
plants had a strong influence in shaping the bacterial community in degraded grassland.

Three densities of L. virgaurea were identified in the present study. There was a high death rate with high
density, which may have been caused by autotoxicity and/or ‘self-thinning’. Autotoxicity is allelopathy in
which an individual inhibits the growth of other individuals of the same species by releasing autotoxins
(Singh et al., 1999). Some autotoxins, including phenolics, omilactone B, artemisinin, phenolic acids, and
cyclic hydroxamic acids (Ni et al., 2012), inhibit or delay the germination and growth of conspecific plants
(Miller, 1996). Owing to overlapping and interference mechanisms, roots provide a specific micro-habitat
for the proliferation of specific soil microorganisms, with new interactions developing among colonizing
microbes in densely colonized rhizospheres (Petermann and Buzhdygan, 2021; Tian et al., 2022).

Microbial network complexity in rhizosphere microorganisms of toxic plants

Rhizosphere assemblages formed larger and more complex networks than bulk soil assemblages, which
supported our prediction. The network modules likely resulted from microbe interactions or covariation
in response to shared niches in the rhizosphere (Shi et al., 2016; Wang et al., 2021), owing to better nutrition
and greater microbial C metabolism activity than in bulk soil microbes. In contrast to rhizosphere microbes,
networks in bulk soil remained relatively simple, which indicated that interactions or niche sharing were
minimal. The low activity of soil bacteria was another reason for the lack of networks in bulk soil (Fierer
and Lennon, 2011).
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Figure 5. Effects of soil properties and microbial structure on microbial carbon metabolism (A) and the
complexity of microbial networks (B)

The rectangles represent variables of soil (rhizosphere and bulk soil); soil pH; species (toxic and non-toxic plants); soil
property, the first axis of PCA analysis of soil total organic carbon (TOC), total nitrogen (TN), total phosphorous (TP),
available phosphorous (AP), nitrate nitrogen (NO3-N), ammonium nitrogen (NH4-N), dissolved organic nitrogen (DON),
available potassium (AK), available sodium (ANa) and water content (WC); microbial o diversity; microbial B diversity;
compounds, the relative abundance of root exudates; AWCD, the average well-color development. Microbial network
complexity, the edge of co-occurrence networks. The proportion of explained variance (R?) appears alongside variables in
the model. XZ, Chi-square; df, degrees of freedom; p, probability level; RMSEA, root-mean squared error of
approximation are the goodness-of-fit statistics for each model. Significance levels of each predictor were *p < 0.05,
*p < 0.01.,
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Within rhizosphere modules, 15 modules were identified, which further indicated that the rhizosphere mi-
crobial networks were more complex than in bulk soil. The related properties of network modules were
closely related to soil multi-functionality, suggesting that microorganisms influenced soil nutrient cycling
processes (Wagg et al., 2019; Marqués-Gélvez et al., 2021). In the process of grassland degradation, soil
nitrate nitrogen content increased, while ammonia nitrogen content decreased, which may be owing to
enhanced nitrification and decreased denitrification by microorganisms. Studies have reported that low
denitrification in soil may be related to plant interactions (Dassonville et al., 2011). The root exudates of
toxic plants contained higher contents of biologically active compounds (coumarin, cinnamic acid, fla-
vones) than in non-toxic plants, and they were correlated positively with the dominant taxa in the module.
Flavonoid compounds could interfere with bacterial respiration, especially with denitrification (Bardon
et al., 2014). Therefore, root exudates promoted the development of the niche occupied by dominant
taxa, and greater interactions owing to the shared ecological niche, which resulted in more complex co-
occurrence patterns in toxic than in non-toxic plants. This could explain the greater abundance of
microorganisms in toxic than in non-toxic plants.

In degraded sown grassland in this study, high-density L. virgaurea had a related exudate module, and
the middle and low densities L. virgaurea had related bacterial modules (Figure S10). It is probable that
the root-associated microbial populations were determined not only by the available C sources but also
by selective and inhibitory interactions (Trivedi et al., 2020). Compared with high-density L. virgaurea,
the rhizosphere microbes of low-density L. virgaurea had less nutrients available. The roots of low-density
L. virgaurea provided less C for their rhizosphere microorganisms, and, as a result, the rhizosphere micro-
organisms may have been affected by nutrient stress. Therefore, the stronger the positive interaction
between microbes, the more restricted the dispersal of species (Table S1), which was consistent with the
stress gradient hypothesis (David et al., 2020), and further emphasized the importance of root exudates
to the assemblies of rhizosphere microorganisms.

Root exudates affect rhizosphere microorganisms

In the present study, root exudates of toxic plants were correlated positively with rhizosphere microorgan-
isms (Figure S11), which supported the first and fourth hypotheses. This relationship has been observed in
many plant species and soil types (Liu et al., 2020); however, this is not always the case. Roots of Morina
kokonorica and Aconitum pendulum released unique compounds that were not correlated with rhizo-
sphere microorganisms. This may have been caused by sampling time or plant communities, as the adja-
cent plants or different growth stages of plants release complex root exudates that enrich different rhizo-
sphere microorganisms (Kong et al., 2018). When roots of Lupinus albus mature, organic acids are released
that decrease the pH of the soil to inhibit bacteria (Weisskopf et al., 2006). In the current study, the pH and
organic matter and nitrogen contents in the rhizosphere were higher than in bulk soil. In addition, the SEM
demonstrated that pH influenced the bacterial communities directly. As reported by Hermans et al. (2020),
an increase in pH affected the solubility of elements, promoted the growth of plants, and led to an increase
in root exudates and soil organic matter content. Furthermore, soil surface nutrient cycling was enhanced,
as plants extracted more nutrients (K and NO3), which were decomposed and mineralized at the surface
(Liddicoat et al., 2019).

The concentrations of coumarin derivatives, naphthoquinones, salicylic acid, cinnamic acid, and terpenoids
were greater in the root exudate of toxic than non-toxic plants in the present study. This is consistent
with the report that toxic plants have improved chemical defense substances (terpenoids and phenols),
potentially contributing to their reproductive success. Mendes et al. (2011) reported that Proteobacteria
and Actinobacteria were associated with disease suppression, and Proterobacteria was correlated
positively with bio-active compounds of root exudates in toxic plants (Figure S8). In addition, the relative
abundances of Bradyrhizobium, Pseudomonas, Rhizobium, and Sphingomonas, mainly plant growth
promoting rhizobacteria (PGPR), were greater in toxic than non-toxic plants.

The significantly up-regulated compounds in this study were correlated positively with bacterial phyla (Fig-
ure S8). Root exudates have been shown to affect the composition of the rhizosphere microbial community.
Salicylic acid plays an important role in plant resistance to pathogens (Leibold and McPeek, 2006), and
coumarin is beneficial to the interaction among probiotics (Voges et al., 2019; Harbort et al., 2020). Huang
et al. (2019) reported that Arabidopsis produced specialized triterpenes that shaped and customized the
microorganisms within and around its roots and maintained specific microbiota. Naphthoquinones possess
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antimicrobial activity (Brigham et al., 1999), are derived from phenylpropanoid and isoprenoid precursors
(Gaisser and Heide, 1996), and enhance the self-growth and defense of the next-generation of plants (Hu
et al., 2018). These compounds may play a similar role in toxic plants by inhibiting the growth of nearby
plants, enriching beneficial bacteria, and helping plants resist pathogens. The effects of bio-active com-
pounds in root exudates of toxic plants on rhizosphere microorganisms warrant further studies.

Life cycle influenced the adaptation of toxic plants

According to our survey, L. virgaurea has a long pre-flowering vegetative growth stage, generally 3-6 years,
and produces rhizomes, which store nutrients for clonal growth. In the current study, L. virgaurea had a
wider niche than other toxic plants; perhaps the spatial colonization mechanisms of clonal plants are driven
by the growth of the rhizome. The rhizosphere bacterial communities had higher positive correlations with
root exudates in L. virgaurea and Pedicularis kansuensis than with other toxic plants. The samples were
taken in August, which was the peak time for the development of plants and L. virgaurea, a perennial,
was at the stage of asexual reproduction. In addition, P. kansuensis, an annual, parasitizes the host during
growth and reproduction (Sui et al., 2015). As root exudates could be affected by the developmental stage
of plants (Zhalnina et al., 2018), further studies are needed to determine the effect of the growth stage on
microbial communities.

Conclusions

Overall, the convergence of root functions in toxic plants could improve their adaptability in different
degraded grasslands. Toxic plants secrete more bio-active compounds beneficial to plant growth than
non-toxic plants. These compounds include naphthoquinones, terpenoids, phthalates, amino acids,
coumarin, and flavones, which alter microbial diversity. The assembly of rhizosphere microorganisms
was mainly a stochastic process. The deterministic process (niche theory) also contributed and had a
greater effect on toxic than non-toxic plants, as root exudates directly affected the assembly of
rhizosphere microorganisms. Compared with bulk soil, the rhizosphere had higher nutrients and
greater microbial C metabolism activity. In addition, the network of the microbial community in the rhizo-
sphere of toxic plants was more complex and had higher positive correlations among microorganisms
than bulk soil and rhizosphere of non-toxic plants, indicating greater interaction and niche sharing
potential among microorganisms in the rhizosphere of toxic plants. Bacteria in the rhizosphere of toxic
plants were enriched in the phenylpropanoid biosynthesis pathway. It is concluded that the strong inter-
action between root exudates and microorganisms is the key mechanism for the divergent habitat adap-
tation of toxic plants in different degraded grasslands, supporting above-ground plant growth and
reproduction.

Limitations of the study

Climate warming may affect the metabolism of plants, increase the defense substances and promote the
invasion of weeds (Rice et al., 2021). In the present study, increased content of defensive substances was
present in the roots of toxic plants in a degraded alpine grassland on the Qinghai-Tibetan Plateau. These
substances have a direct effect on the assembly process of rhizosphere microorganisms, which may have a
positive effect on the reproduction of toxic plants. Studies that support this argument directly are few. In
addition, since toxic weeds are usually perennial plants, it is not clear whether responses are similar at
different stages of growth. Further studies on different growth stages of toxic weeds are needed, in partic-
ular in the later stages. Whether rhizosphere microorganisms and root exudates are similar in different
growth stages also requires further research.
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Software and algorithms
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Deposited data

Datasets and statistical analyses This paper N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Zhanhuan Shang (Shangzh@Izu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
@ All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Neutral and niche theories

Stochastic (birth/death, speciation/extinction and immigration) and deterministic [biotic (e.g., competition
and predation) and abiotic (e.g., temperature and nutrients) environmental factors] processes of the plant
rhizosphere microbial assembly could explain the self-adjustment response ability of plant rhizosphere to
changes in the soil environmental (Mendes et al., 2014). The neutral and niche theoretical models of micro-
bial assembly tested the adaptive mechanisms of plant roots to the soil environment (Jiao et al., 2020).
When the assembly of rhizosphere microorganisms conforms to the neutral theoretical model, then the
root exudates have little impact on rhizosphere microorganisms. When the rhizosphere microbial assembly
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conforms to the niche theoretical model, then the root exudates strongly influence the rhizosphere micro-
bial assembly to improve the survival and growth of plants. We calculated the rank abundance distribution
and migration rate of each toxic and non-toxic plant in different habitats. The abundance of each was fitted
into two theoretical assembly models: the neutral community model (NCM) and niche-based model (log-
normal) (Dumbrell et al., 2010) for both the rhizosphere and bulk soil microorganisms. In this model, there
were Ntspecies in the community. For a community to change, a species must die or leave the community
at a speed (3) independent of the species. The dead species is replaced immediately by an immigrant spe-
cies from the community (with probability m), or by the regeneration of a member of the local community
(with probability 1-m). Assuming that deaths are distributed evenly over time, it is expected that 1/3 indi-
viduals will die within a period of time, and the i-th species with initial absolute abundance N; will either
increase by 1, remain unchanged, or decrease by 1. The probabilities are presented by the Equations 1,
2, and 3 (Sloan et al., 2006):

P(Ni +1/N;) = <NTN;TN'> [mp,- +(1+a)(1—m) (NL)] (Equation 1)

B

o) = - ()] (52 o -1+ 0 m ()

(Equation 2)

P(N; = 1/N;) = NﬁT [m('] —p) + (1+a)(1—m) (%TT%';’)] (Equation 3)

where pi is the relative abundance of the i" species in the community. If a; is positive, the probability
of obtaining an individual for the it" species increases, but, if a; is negative, the probability decreases.
Ni/Ntis the relative abundance of i species. In the NCM, Nm is an estimate of dispersal between commu-
nities, with N the community size and m the immigration rate. It represents the link between occurrence
frequency and regional relative abundance. The coefficient of determination (R?) represented the overall
fit to the NCM (Chen et al., 2019), while the 95% confidence intervals around all fitting statistics were
done by 1000 bootstrap replicates. Log-normal model assumes that the logarithmic deformation of the
number of individuals conforms to normal distribution, that is, Z = In(N) is distributed normally. The
model was compared based on the Akaike Information Criterion (AIC) — the lower the value, the better
the microbial community fitted to a specific model. AIC values were calculated based on the equation
AIC = - 2log-likehood + 2 x n, where n represents the number of parameters in the fitted model (Feinstein
and Blackwood, 2012), and ut was generated using the function “radfit” from the Vegan package. All sta-
tistical analyses were done in R (version 3.6.1).

METHOD DETAILS

Study sites and design

The study was done on 100 ha at the headwater region of the Yellow River in the eastern Tibetan plateau in
Magin County, Guoluo Tibetan Autonomous Prefecture, Qinghai Province (34°28'N, 100°12'E; 3740 m
above sea level) (Figure S1). The site is characterized by a highland continental climate and no absolute
frost-free days, with an annual average temperature range between —0.1 and 1.2°C, precipitation between
463 and 602 mm, total sunshine between 2272 and 2632 h, and evaporation of approximately 1460 mm. The
grassland type was alpine meadow (Shang et al., 2013, 2016), with the dominant plant species consisting of
Kobresia pygmaea, Stipa spp. and Kobresia humilis. Traditionally, the site is used for winter grazing of yaks
and sheep from December to March.

The study site includes grasslands at different levels of degradation. Sown grassland, with mainly Elymus
nutans and Poa annua, was established more than 10 years ago to restore heavily degraded grassland,
but this grassland became degraded again with the invasion and spread of toxic plants (Shang et al.,
2013; Gao et al,, 2019). Lightly (L), moderately (M) and heavily (H) degraded native grasslands, and
degraded sown grassland (S) were selected (Table S1).

Vegetation survey and root and soil sampling

Field sampling was done in August 2017 and 2018, when alpine plants reached peak growth. Four plots,
each of 5 ha were selected randomly at each level of degradation. The distance between any two plots
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was greater than 100 m, which exceeded the spatial dependence of microbial variables (Franklin and Mills,
2003), and, thus, the samples in each plot were independent. Three sub-plots, with more than 20 m be-
tween any two, were selected in each plot. Fifteen random quadrats (50 cm X 50 ¢m) in each sub-plot
were selected to measure plant cover, height and composition (Wang et al., 2012). After a vegetation sur-
vey, some plants with high frequency and coverage were selected (Table S7). Toxic plants secrete second-
ary compounds, which are poisonous to livestock, wild herbivores and humans (James et al., 2005). We
selected Aconitum pendulum, Ajuga lupulina, Artemisia dubia, Artemisia nanschanica, Euphorbia fischeri-
ana, Ligularia virgaurea, Morina kokonorica, Oxytropis ochrocephala, Pedicularis kansuensis, and Sphaller-
ocarpus gracilis, which were the dominant toxic plants (Gao et al., 2011; Shang et al., 2012; Zhao et al., 2013;
Lietal., 2014; Xie et al., 2014; Ma et al., 2015). Kobresia pygmaea and Elymus nutans, native forages which
are highly palatable with a high nutritive value for livestock (Long et al., 1999), were selected as non-toxic
plants.

Rhizosphere was collected from M. kokonoricain L; A. pendulum, A. lupulina, E. fisheriana, L. virgaurea, and
M. kokonoricain M; A. lupulina, E. fisheriana, S. gracilis, L. virgaurea, M. kokonorica, Artemisia dubia, Arte-
misia nanschanica, and A. pendulum in H; and L. virgaurea, M. kokonorica, O. ochrocephala, S. gracilis, and
P. kansuensis in S (Figure S1 and Table S7). In addition, bulk (non-rhizosphere) soil was collected in each
habitat as control. In total, 66 samples (3 replicates) in 4 the habitats were collected in 2017; 6 in L, 18 in
M, 27 in H and 15 in S. Rhizosphere and root exudation were collected from L. virgaurea, M. kokonorica,
and K. pygmaea in L; A. pendulum and L. virgaurea in M; L. virgaurea in H; and P. kansuensis, E. nutans
and low (<120 plants/mz), medium (120-240 plants/mz) and high (>360 plants/mz) densities of
L. virgaurea in S (Figure ST and Table S7). In total, 33 samples (3 replicates) in the 4 grasslands were
collected in 2018; 9inL, 6inM, 3inHand 15in S.

Rhizosphere was collected as described by Edwards et al. (2015). In brief, the whole plantwas dug out with a
shovel, the soil surrounding the root was removed manually by gentle shaking, and the soil within 2 mm of
the root surface was shaken into a sterile self-sealing bag and mixed well. Then, roots and litter were
removed manually, and a small amount of soil was placed into a 3 mL sterile centrifuge tube and stored
in liquid nitrogen for determining the diversity of the soil microbial community. The remaining soil was
divided into two parts: one part, covered by an ice pack, was brought to the laboratory and refrigerated
at 4°C for determination of soil microbial C metabolism, and the other part was air-dried and passed
through a 2-mm sieve. Nine soil core samples (3.5 cm in diameter) at a depth of 0-10 cm were collected
at each plot, mixed and homogenized, and three core soil samples were combined into one composite
sample. This sample was termed ‘bulk soil’ and was free from the influence of plants. Fifteen individuals
of each toxic plant species were collected, the roots were rinsed with distilled water and then immersed
in 500 mL distilled water for 10 h. The exudates were placed into five 100 mL plastic bottles and refrigerated
at 4°C.

Soil chemical properties

Soil pH was measured using a pH meter (Sartorius PB-10, Goettingen, Germany) in a 1:2.5 soil:water solu-
tion (w/v). Soil total N (TN) was determined by the micro-Kjeldahl method with digestion in H,SO, followed
by steam distillation. Soil total phosphorous (TP) was digested with HF-HCIO4 and ammonium and nitrate
were extracted by 2 mol/L potassium chloride. TN, TP, ammonium and nitrate were measured with a flow
injection analyzer (FIA star5000 Analyzer, Hoganas, Sweden). Soil total organic carbon (TOC) content was
determined by wet digestion using the potassium dichromate method and available P (AP) was determined
by the molybdenum-blue method using an UV spectrophotometer (Hitachi U-2910, Tokyo, Japan), after
extraction with sodium bicarbonate. Soil nitrate nitrogen (NO3-N) and ammonium nitrogen (NH4-N)
were extracted with a 1 M KCI solution for 1 h at 25°C. Available potassium (AK) and available sodium
(ANa) were measured by flame photometry after extraction with sodium hydroxide and ammonium acetate,
respectively. Dissolved organic nitrogen (DON) was measured using the alkaline hydrolysis diffusion
method. Data were standardized using Z-score, and then the average Z-score was used to calculate the
soil multi-functionality.

Microbial community sequencing and data processing

To extract DNA from soil samples, the E.ZN.A. Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA)
was used according to the manufacturer’s protocol. Illumina sequencing was performed by amplifying
the V4/V5 region of the bacterial 16S rRNA gene using individually bar-coded forward primers 515F
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(5'-GTGCCAGCMGCCGCGG-3') and reverse primers 907R (5-CCGTCAATTCMTTTRAGTTT-3') and ITS1
region of ITS using individually bar-coded forward primers ITS1F (5-CTTGGTCATTTAGAGGAAGTAA-
3) and reverse primers ITSTR (5-GCTGCGTTCTTCATCGATGC-3'). The PCR reactions were done in tripli-
cate 20 plL mixtures containing 4 pl of 5 x FastPfu Buffer, 2 uL of 2.5 mM dNTPs, 0.8 uL of each primer
(5 uM), 0.4 plL of FastPfu Polymerase, and 10 ng of template DNA. Amplicons were extracted from 2%
agarose gels, purified according to the manufacturer’s instructions and quantified using QuantiFluor™-
ST (Promega, Madison, WI, USA). The PCR conditions were as follows: 95°C for 2 min, followed by 25 cycles
at95°Cfor30s, 55°Cfor 30's, and 72°C for 30 s and a final extension at 72°C for 5 min. Purified PCR products
were quantified by Qubit®3.0 (Life Invitrogen Technologies, Carlsbad, CA, USA). The pooled DNA product
was used to construct an lllumina Pair-End library following lllumina’s genomic DNA library preparation
procedure. The amplicon library was paired-end sequenced on an lllumina HiSeq 2500 according to stan-
dard protocols.

Sequence data are deposited in the NCBI Sequence Read Archive under the accession number
PRINA693171. Raw fastq files were demultiplexed and quality-filtered using quantitative insights into mi-
crobial ecology (QIIME, version 1.17). Operational taxonomic units (OTUs) were clustered with 97% similar-
ity cutoff using USEARCH and chimeric sequences were identified and removed by denovo. The rarefaction
curves of alpha diversity index were drawn by QIIME. The phylogenetic affiliation of each 16S rRNA gene
sequence was aligned against the SILVA database for 16S rRNA of bacterial sequences and against the
UNITE database for fungal sequences. After classification, the OTU abundance table was obtained accord-
ing to the number of sequences in each OTU, and subsequent analyses were done according to the OTU
abundance table (Caporaso et al., 2010).

Microbial carbon metabolism assay

Soil microbial C source metabolism was determined using microplates (Biolog-Eco, Hayward, CA, USA).
Ten g of soil were placed in a 250 mL conical bottle, 90 mL sterile saline (0.85% NaCl solution) were added,
the bottle was sealed with sealing film, shaken at 200 r/min at 25°C for 30 min and left to stand for 10 min.
The supernatant was brought to a 10 final dilution (Nair and Ngouajio, 2012), and then 150 uL of diluted
supernatant were added to the microplate and placed in an incubator at 25°C in the dark for 9 days. Absor-
bance at 590 nm and 750 nm were measured every 24 h with a microplate reader, and the distribution of 31C
sources were identified.

The relative absorbance indicates the ability of the microbial community to utilize the C source. The
average well color development (AWCD) of the pores reflects the average metabolic capacity of the micro-
bial community with 31C sources, indicating the overall metabolic activity of the microorganisms. To calcu-
late AWCD, Equation 4 was used:

AWCD = Y *(C; — Ry)/31 (Equation 4)

where C; is the absorbance at 590 nm minus 750 nm of each C source, and Ry is the absorbance of the
control.

Root exudate determination

A ligquid chromatograph mass spectrometer (Ultimate 3000LC, Q Exactive Thermo Fisher Scientific, San
Jose, CA, USA) was used to measure the composition of root exudate. Five mL of exudate were freeze-
dried, 300 plL of methanol and 10 pL of internal standard (3 mg/mL, dichlorophenylalanine) were added,
homogenized for 1 min, centrifuged at 12,000 rom for 15 min at 4°C, and 200 plL of supernatant were trans-
ferred into a vial. Compounds with positive and negative ion modes were determined with a Hypersil Gold
C18 column (100 mm % 2.1 mm, 1.9 um). Column temperature was 45°C, the flow rate was 0.35 mL/min and
mobile phase composition A was: water +5% acetonitrile +0.1% formic acid, and B was: acetonitrile +0.1%
formic acid. The injection volume was 10 pL and auto-sampler temperature was 4°C. Compound databases
(Predicted Compositions, mzCloud Search, ChemSpider Search) were used for comparison.

Network construction and visualization

The scale function standardized the original data and then the network analysis of microbial communities
and root exudates were completed with weighted gene co-expression network analysis (WGCNA) in R. To
reduce the redundancy of data, some values with little information were removed, and the mad function in
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R was used to screen the OTUs/exudates (75% before the median absolute deviation and greater than
0.01). The network was constructed as an unsigned type, and the Pearson correlation coefficient was
used to test for relationships between variables. For the constructed network to conform more closely
to the scale-free feature, the appropriate soft threshold was calculated to complete the integration of
the modules. The OTUs/exudates were classified into modules, which were represented by different colors.

Correlation analysis was employed between modules (module eigengenes, ME) and plant species after
modules merged. The adjacency and colSums functions in the WGCNA package were used to calculate
the connectivity of the nodes. The Pearson correlation coefficient tested the relation between root exu-
dates and microorganisms. Significance was accepted at p < 0.05, and the Holm method was used for mul-
tiple test adjustment. The visualization of the network was completed by Gephi 0.9.2 and Cytoscape 3.7.0,
which only showed the nodes and edges with significant correlations. The colors of nodes were consistent
with the colors of the modules where they were located.

QUANTIFICATION AND STATISTICAL ANALYSIS

One-way analysis of variance (ANOVA) for three or more treatments, or t-test for two treatments were used
to test for differences among or between means (SPSS 25.0, SPSS Inc., Chicago, IL, USA). Values are pre-
sented as mean + S.D. or S.E.M. Statistical analysis and graphing were done with R 3.6.1, and principal
component analysis (PCA), principal coordinates analysis (PCoA), permutational multivariate analysis
(PERMANOVA) and redundancy analysis (RDA) were done in R. Structural equation modelling (SEM)
used AMOS Graphics based on the site score of the first axis of PCoA for bacterial communities, and
PCA for root exudates and AWCD. Bacterial communities were based on weighted UniFrac distances,
and PCA of root exudates and AWCD were based on Bray-Curtis distances. Data of soil physico-chemical
properties were log transformed. The initial model was simplified by a stepwise removal of uninformative
paths until a suitable model was generated. In addition, modification indices were used to identify missing
paths. The %? and the root mean square error of approximation (RMSEA) tested the overall goodness of fit,
which was indicated by a low %2, a high probability (p > 0.05), and a RMSEA near 0. Screening of root ex-
udates was based on Kyoto Encyclopedia of Genes and Genomes (KEGG), and statistical analysis and
pathway analysis used MetaboAnalyst 5.0.
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