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Introduction: Plant invasion can profoundly alter ecosystem processes driven by 
microorganisms. The fundamental mechanisms linking microbial communities, 
functional genes, and edaphic characteristics in invaded ecosystems are, 
nevertheless, poorly understood. 

Methods: Here, soil microbial communities and functions were determined 
across 22 Amaranthus palmeri (A. palmeri) invaded patches by pairwise 22 native 
patches located in the Jing-Jin-Ji region of China using high-throughput amplicon 
sequencing and quantitative microbial element cycling technologies. 

Results: As a result, the composition and structure of rhizosphere soil bacterial 
communities differed significantly between invasive and native plants according 
to principal coordinate analysis. A. palmeri soils exhibited higher abundance of 
Bacteroidetes and Nitrospirae, and lower abundance of Actinobacteria than native 
soils. Additionally, compared to native rhizosphere soils, A. palmeri harbored 
a much more complex functional gene network with higher edge numbers, 
average degree, and average clustering coefficient, as well as lower network 
distance and diameter. Furthermore, the five keystone taxa identified in A. palmeri 
rhizosphere soils belonged to the orders of Longimicrobiales, Kineosporiales, 
Armatimonadales, Rhizobiales and Myxococcales, whereas Sphingomonadales 
and Gemmatimonadales predominated in the native rhizosphere soils. Moreover, 
random forest model revealed that keystone taxa were more important indicators 
of soil functional attributes than edaphic variables in both A. palmeri and native 
rhizosphere soils. For edaphic variables, only ammonium nitrogen was a significant 
predictor of soil functional potentials in A. palmeri invaded ecosystems. We 
also found keystone taxa in A. palmeri rhizosphere soils had strong and positive 
correlations with functional genes compared to native soils. 

Discussion: Our study highlighted the importance of keystone taxa as a driver of 
soil functioning in invaded ecosystem.
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1. Introduction

Invasion of exotic plants is thought to be a result of globalization, agriculture and human 
activity (Seebens et al., 2015; Linders et al., 2019; Jin et al., 2022). The loss of native biodiversity 
caused by plant invasion has a significant negative impact on ecosystem processes and services 
(Craig et al., 2015; Wang et al., 2020; Zhang and Suseela, 2021). Microorganisms can either 
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respond to plant invasion or cause it (Zhang G. L. et al., 2022). The soil 
microbiome is involved in numbers of biogeochemical processes in 
terrestrial ecosystems (Wang et al., 2019), including organic carbon 
(C) decomposition, carbon fixation, the nitrogen (N) cycle, the 
phosphorus (P) cycle, and the sulfur (S) cycle (Lynn et al., 2017; Xiang 
et al., 2020; Cheng et al., 2021). These processes are crucial in the 
survival and success of alien plants (Anthony et al., 2020; Yin et al., 
2020). There is growing proof that alien plants modify microbial 
functioning in many ways, such as altering microbial assemblages to 
promote their successful invasion (Huang et al., 2016; Kamutando 
et al., 2019; Zhao et al., 2019; Sun et al., 2022). It is yet unknown, 
nevertheless, how these alterations take place under plant invasion 
settings and whether these modifications apply to all invasive species 
or only some of them (Nasto et al., 2022). Therefore, understanding 
the invasive mechanisms and evaluating their impact on 
environmental function may greatly benefit from revealing how the 
functional potentials of microbial communities respond to plant 
invaders (Shannon-Firestone et  al., 2015; Rodríguez-Caballero 
et al., 2017).

In addition to forming ecological clusters and coexisting closely 
with one another, soil microorganisms also engage in a variety of 
partnerships, including competitive and cooperative ones (Berry and 
Widder, 2014; Ding et  al., 2015a). The efficiency of resource 
transmission and ecological processes can both be  improved by 
greater cooperation among microbial species (Lin et al., 2021). Recent 
research has used ecological co-occurrence networks and their 
topological features to examine the complexity and connectedness 
between taxa, taxa and edaphic qualities, or taxa and functional genes. 
These topological variables include modularity, net average degree, net 
path length, clustering coefficient and so on (Cordero and Datta, 2016; 
Shi et al., 2020; Xu et al., 2022). Co-occurrence patterns have been 
shown to be  effective in examining the structure of microbial 
communities at various taxonomic levels, opening up fresh insights 
into potential interaction networks, and locating the keystone taxa in 
challenging situations (Ma et al., 2016; Fan et al., 2021). Understanding 
the composition and stability of microbial communities and their 
contributions to ecosystem processes depends on understanding the 
keystone taxa, which are highly connected taxa that, alone or in a 
guild, have a high explanatory power of network structure and 
function, regardless of their abundance (Berry and Widder, 2014; 
Chen et al., 2019). Numerous studies have shown that keystone OTUs 
may influence nutrient cycling and the functional stability of 
subterranean systems more than other OTUs due to their functional 
characteristics (Cheng et al., 2022). But we still do not know whether 
the introduction of foreign plants has an impact on the keystone taxa.

In the Jing-Jin-Ji regions of North China, Amaranthus palmeri 
(A. palmeri) encroaches into several habitats, posing a large threat and 
damage to agricultural security and ecosystem functions. A. palmeri 
adapts to environmental changes in heterogeneous habitats by 
controlling functional features, such as the leaf C/N ratio (Zhang et al., 
2020). In the meantime, their invasion alters the enzyme stoichiometry 
and soil properties, providing favorable conditions for their own 
development and reproduction (Zhang M. et al., 2022). However, to 
our knowledge, no one has explored the underlying mechanisms 
linking keystone taxa, functional genes and edaphic properties in 
A. palmeri-invaded ecosystems. In the present study, we collected 
rhizosphere soil samples from 22 adjacent pairs of A. palmeri and 
native vegetation across a large spatial scale in North China. We used 

high-throughput sequencing and the QMEC approach to analyze the 
soil bacterial communities and functions involved in CNPS cycle. The 
aims of the present study were to (1) investigate the effects of 
A. palmeri invasion on the community compositions and microbial 
functions. (2) identify the keystone taxa and test whether the keystone 
taxa of A. palmeri would differ from native plants. (3) explore the 
major factors that influence microbial functional potentials in the 
invaded ecosystems. Our study may offer thorough understandings of 
the influencing elements and mechanisms of the soil microbes’ 
functional capacities during the invasion of A. palmeri, which may 
provide crucial details about possible management measures for 
A. palmeri.

2. Materials and methods

2.1. Sampling site and soil collection

This study was carried out at 22 sites (with each site including 
adjacent pairs of A. palmeri and native plants) located in Beijing-
Tianjin-Hebei Province, China (38.74°–40.04°N, 116.36°–
117.85°E) (Supplementary Table S1). Forty-four rhizosphere soil 
samples were taken from 22 sites (Supplementary Figure S1) in 
September 2021. All soil samples were delivered right away to the 
lab in an ice box. To get rid of stones and plant materials, soil 
samples were sieved (~2 mm). A portion of the soil was utilized to 
determine the soil’s physical and chemical qualities, while another 
portion was kept in a freezer at −20°C for DNA extraction. The soil 
pH, total carbon (TC), total nitrogen (TN), total phosphorus (TP), 
ammonium nitrogen (AN), nitrate nitrogen (NN) and available 
phosphorus (AP) content were determined. Our earlier 
investigations provided comprehensive descriptions of the study 
locations, sample collection, and measurement of physicochemical 
properties (Zhang M. et al., 2022).

2.2. DNA extraction, PCR, and 
high-throughput Illumina sequencing

Total genomic DNA was isolated from 0.5 g of soil samples 
according to the kit’s (MagaBio Soil Genomic DNA Purification Kit) 
instructions. NanoDrop One (Thermo Fisher Scientific, Waltham, 
United States) instrument was used to measure the total quantity and 
purity of DNA. Amplification of the V3-V4 region of the bacterial 16S 
rRNA gene using the primers 338F-806R (Cui et  al., 2017) was 
performed using the Illumina MiSeq instrument (Illumina, San Diego, 
CA, United States) by Guangdong Magigene Biotechnology Co., Ltd. 
(Guangzhou, China). Primers were synthesized by Invitrogen 
(Invitrogen, Carlsbad, CA, United States). PCRs, containing 25 μl 2x 
Premix Taq (Takara Biotechnology, Dalian Co., Ltd., China), 1 μl each 
of the forwards and reverse primers (10 μM) and 50 ng of template 
DNA in a volume of 50 μl were amplified by thermocycling: 5 min at 
94°C for initialization; 30 cycles of 30 s denaturation at 94°C, 30 s 
annealing at 52°C, and 30 s extension at 72°C, followed by 10 min final 
elongation at 72°C. The PCR instrument was a Bio-Rad S1000 
(Bio-Rad Laboratory, CA, United States). Sequencing techniques and 
data analyses were also performed by Guangdong Magigene 
Biotechnology Co., Ltd. (Guangzhou, China). Trimmomatic software 
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was used for the quality filtering of the raw fastq files. The pair-ended 
sequences were assembled using FLASH software after removing the 
primers and nucleotide barcodes. Subsequently, UPARSE was used to 
cluster these sequences into operational taxonomic units (OTUs) with 
a sequence similarity threshold of 97% (Edgar, 2013). Blast was used 
to annotate the representative sequences taxonomically (Geng 
et al., 2022).

2.3. Quantitative microbial element cycling

Quantitative microbial element cycling (QMEC) was further 
applied to illustrate the patterns of soil microbial functional-gene 
structures in the SmartChip Real-Time PCR System (WaferGen 
Biosystems United States) following the manual’s instructions (Zheng 
et  al., 2018). QMEC, a high-throughput qPCR chip, contains 71 
prokaryotic microbial CNPS genes, including 35\u00B0C-cycling 
genes, 22 N-cycling genes, 9 P-cycling genes, 5 S-cycling gene primers 
and one 16S rRNA gene primer (Supplementary Table S2). The 
amplification conditions were as follows: predenaturation at 95°C for 
10 min was followed by 40 cycles of denaturation for 30 s at 95°C, 
annealing for 30 s at 58°C and extension for 30 s at 72°C. WaferGen 
software was used to perform qPCR and fluorescence signal detection, 
and automatically generated amplification and melting curves. When 
the amplification efficiency was less than 1.8 or greater than 2.2, the 
gene was eliminated. For quality assurance, the CT values were 
collated, and a CT of 31 served as the detection threshold. The absolute 
16S copy number was utilized as a reference to determine the absolute 
abundances of functional genes (Zhu et al., 2017).

2.4. Statistical analysis

Taxonomic richness, Chao1, Ace, Shannon diversity, and Simpson 
diversity indices were calculated in the R 4.0.5 statistical environment 
(R Core Team, 2013)1 after rarefying the number of sequences per 

1 http://www.R-project.org/

sample. The bacterial beta diversity was examined using principal 
coordinate analysis (PCoA) by calculating the Bray-Curtis distance 
matrices. The analysis of similarities (ANOSIM) method was used to 
assess significant differences in the bacterial community composition 
between invaded and native rhizosphere soils. The R package ggplot2 
was used to display histogram plots of the soil bacterial community at 
the phylum (top 10) and family (top 20) levels across the 22 sites. 
Nonparametric statistical tests were applied to evaluate the community 
properties of invaded and native rhizosphere soils (e.g., significant 
differences at the phylum and family levels) (Kruskal-Wallis test, 
p < 0.05) in R 4.0.5. The Kruskal-Wallis test was also used to investigate 
the statistical significance of the relative abundance of functional 
genes in the north and south areas. The connections between the 
average standardized abundance of keystone taxa and the abundance 
of soil functional potentials were examined by linear regressions 
(OriginLab, United States). Both keystone OTUs and functional genes 
were ln transformed to make them close to normal distribution. The 
inverse distance weighted (IDW) approach was applied to examine the 
spatial distribution of soil functional genes using ArcGIS 10.2 
(Environmental Systems Research Institute, United States). Random 
forest analysis was used to determine the contributions of soil 
physicochemical properties and keystone taxa on the soil microbial 
functional genes (Breiman, 2001). This analysis was performed using 
the lm and calc.relimp functions in the “relaimpo” package using R 
software Version 4.0.5.

Co-occurrence networks of soil functional genes were constructed 
with the “picante,” “reshape2” and “dplyr” packages in R 4.0.5 based 
on the Spearman correlation matrix. Functional molecular ecological 
networks between functional genes and OTUs were generated 
(fdr-adjusted p-values <0.05, correlation coefficients >0.6) (Zhu et al., 
2017). OTUs or functional genes that were present in more than 80% 
of all samples were chosen to ensure reliable correlation. Gephi 0.9.2 
was used to visualize each network (Bastian et  al., 2009). The 
“multifunc” package was used to calculate the co-occurrence 
networks’ topological properties, such as degree, transitivity, and 
modularity. Keystone OTUs were identified as the top  5 degree 
centralities of OTU nodes (Xu et al., 2021).

3. Results

3.1. Bacterial abundance, diversity and 
community assemblage

No significant difference was observed in alpha diversity (richness, 
Chao1, ACE, Shannon and Simpson indices) between A. palmeri and 
native rhizosphere soils (Supplementary Table S3). PCoA and 
ANOSIM analysis revealed a significant difference in β-diversity of 
soil bacterial communities between invasive and native rhizosphere 
soils (R = 0.122, p = 0.005, Figure 1). Proteobacteria, Bacteroidetes, 
Acidobacteria and Actinobacteria were the top 4 most abundant phyla 
in A. palmeri and native rhizosphere soils, accounting for 75% of the 
relative abundance (Supplementary Figure S2). The relative abundance 
of Bacteroidetes and Nitrospirae increased dramatically, while 
Actinobacteria declined significantly in A. palmeri rhizosphere soils 
compared with native rhizosphere soils (p < 0.05, Figure  2; 
Supplementary Table S4). The bacterial communities of A. palmeri 
and native rhizosphere soils at the family level consisted mainly of 

FIGURE 1

Bacterial community beta diversity. PCoA analysis of bacterial 
community in A. palmeri (AP) and native(N) rhizosphere soils, 
respectively; R and p values were calculated via ANOSIM test.
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Sphingobacteriaceae, Chitinophagaceae and Burkholderiaceae 
(Supplementary Figure S3). Except for Nitrospiraceae, Kruskal-Wallis 
analysis revealed no significant difference in the relative abundance of 
the top 20 phyla between A. palmeri and native rhizosphere soils, 
while pronounced changes in less abundant families, including 
Archangiaceae, Azospirillaceae, Deinococcaceae, Fimbriimonadaceae, 
and Solirubrobacteraceae were observed (Supplementary Table S5).

3.2. Functional gene profiles of rhizosphere 
soil

Functional gene profiles were analysed by quantitative microbial 
element cycling (QMEC) technology. A total of 52 functional genes 
involved in N, C, P, and S cycling were measured in 44 soil samples. 
We identified 26 genes involved in C cycling, including C-degradation 
genes (12), C-fixation genes (10), and methane-metabolism genes (4). 
In addition, we also identified 16, 6 and 4 functional genes involved 
in N cycling, P cycling and S cycling, respectively 
(Supplementary Table S6). Based on inverse distance weight (IDW) 
analysis, the spatial variations in CNPS genes were investigated. 
We  found that the C-degradation, C-fixation, C-methanol and 
P-cycling genes of native rhizosphere soils displayed similar spatial 
distribution patterns, with higher abundance in the northern region 
than in the southern region. This pattern was observed only in 
C-degradation genes of A. palmeri (Figure 3). This finding was further 
supported by the significance test in Supplementary Figure S4.

Functional molecular ecological networks (fMENs) of A. palmeri 
rhizosphere soils had 42 nodes and 154 edges, which was much higher 
than the 75 edges of native rhizosphere soils. All nodes in the 
A. palmeri and native soil networks were positively correlated with one 
another (Figure 4). The functional network topologies of A. palmeri 

and native rhizosphere soils were markedly different. The average 
degree and clustering coefficient were higher in A. palmeri soils than 
in native soils. In contrast, the distance and diameter were lower for 
the A. palmeri network (Supplementary Table S7).

3.3. Keystone taxa of rhizosphere soils

Co-occurrence networks of bacterial OTUs and functional genes 
were contrasted to explore the potential links between the bacterial 
community and functional capability (Figure 5). The top 5 node OTUs 
were considered as keystone taxa. Ultimately, OTU_437 
(Longimicrobiales), OTU_1155 (Kineosporiales), OTU_1461 
(Armatimonadales), OTU_1690 (Rhizobiales) and OTU_2132 
(Myxococcales) were selected as keystone taxa in A. palmeri 
rhizosphere soils. It is noteworthy that the five keystone selected in 
A. palmeri rhizosphere soils were rare taxa, with an average abundance 
ranging from 6.3 × 10−5 to 3.24 × 10−4. In native rhizosphere soils, 
OTU_2751 (Gemmatimonadales), OTU_3 (Sphingomonadales), 
OTU_394 (Sphingomonadales), OTU_704 (unclassified order, 
Proteobacteria) and OTU_730 (SBR1031) were recognized as keystone 
OTUs (Table 1).

3.4. Drivers of soil functional genes

We further performed random forest analysis to reveal the most 
important predictors (with a higher value of increase in MSE) for soil 
functional gene profiles. The results showed that keystone taxa played 
a stronger role in predicting gene profiles than physicochemical 
properties did (Figures  6A,B). Besides, more than 60% of the 
functional genes were positively or significantly positively linked to 

FIGURE 2

Kruskal-Wallis test at the phylum level of A. palmeri (AP) and native (N) rhizosphere soils. Significant level: * p < 0.05.
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the relative abundance of the five keystone taxa in A. palmeri 
rhizosphere soils (Supplementary Table S8). In contrast, more than 
80% of the functional genes were negatively or significantly negatively 
correlated with relative abundance of the five keystone OTUs in native 
rhizosphere soils (Supplementary Table S9). The relative abundance 
of keystone within A. palmeri rhizosphere soils presented significant 
positive correlations with the abundance of functional genes 
(R2 = 0.19, p = 0.04, Supplementary Figure S5A), while there were 
significant negative associations between keystone and functional 
genes within native rhizosphere soils (R2  = 0.60, p  < 0.01, 
Supplementary Figure S5B). This result was also reflected in network 
analysis of bacterial OTUs and functional genes, with a drastic 
increase of negative edges from 378 in A. palmeri rhizosphere soils to 
878 in native rhizosphere soils (Figure 5; Supplementary Table S10). 
Among the soil physicochemical parameters, ammonium nitrogen 

was the major predictor driving the variations of functional genes, 
especially carbon-degradation, carbon-fixation, carbon-methanol, 
nitrogen-cycling and phosphorus-cycling genes (p < 0.05) in 
A. palmeri rhizosphere soils (Figures 6A, 7A). However, pH was the 
most important factor for phosphorus-cycling genes (p < 0.05) in 
native rhizosphere soils (Figure 7B).

4. Discussion

4.1. Bacterial community respond to 
Amaranthus palmeri invasion

Different vegetation recruits different soil microbes, creating a 
variety of microhabitats. Our research revealed that the predominant 

A

B

FIGURE 3

Spatial distribution of the abundances of the functional genes involved in CNPS cycles in A. palmeri (A) and native (B) rhizosphere soils. Black dots 
indicate the sampling sites.

A B

FIGURE 4

The co-occurrence network visualization of functional genes (R > 0.8 and p < 0.05) in A. palmeri (A) and native (B) rhizosphere soils. Nodes indicate 
functional genes. The size of each node is proportional to the relative abundance of each gene. And the thickness of each connection between two 
nodes (that is, edge) is proportional to the value of Spearman’s correlation coefficients. Edge color represents positive (red) correlation.
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phyla were Proteobacteria, Bacteroidetes, Acidobacteria and 
Actinobacteria. These bacterial taxa are prevalent in numerous 
terrestrial habitats and are widely dispersed around the world (Bai 
et al., 2017; Wolińska et al., 2017; Chen Q. L. et al., 2020). We noticed 
that the rhizosphere soils of A. palmeri contained more Bacteroidetes 
and Nitrospirae and less Actinobacteria than in native plants. 
Bacteroidetes are found in many different habitats and are crucial to 
the turnover of organic matter. In order to facilitate the nitrogen 
cycle in soil, Mohan et al. (2004) proposed that Bacteroidetes could 
mediate nitrate reduction to ammonium. Additionally, Bacteroidetes 
have the ability to degrade chitin and cellulose (Trivedi et al., 2013). 
Delgado-Baquerizo et  al. (2017) emphasized the significance of 
Bacteroidetes in controlling the breakdown of organic matter and 
the cycling of carbon in soils. The observable alterations in 
Nitrospirae appeared to be  caused by the large increase in the 
abundance of the Nitrospiraceae family (Supplementary Table S5). 
The Nitrospiraceae family is known to support important soil 
processes, with some members participating in soil nitrification 
(Chen L. et al., 2020; Delgado-Baquerizo et al., 2020; Vuko et al., 
2020). Actinobacteria, known as copiotrophic bacteria, prefer to live 
on abundant resources (Ramirez et al., 2012; Ding et al., 2015b). This 
outcome was in line with the variations in soil properties 
(Supplementary Table S11).

4.2. Effect of Amaranthus palmeri invasion 
on keystone species

Keystone taxa are highly linked groups that are essential to the 
upkeep of complex networks (Berry and Widder, 2014; Ma et al., 

2016; Herren and McMahon, 2018). Five keystone taxa were found 
in the rhizosphere soils of A. palmeri, including the unclassified 
family Longimicrobiaceae, Kineococcus endophyticus 
(Kineosporiaceae), unclassified order Armatimonadales, 
uncultured_Rhodoplanes_sp. (Xanthobacteraceae) and uncultured_
bacterium (Haliangium). Kineococcus endophyticus (OTU_1155), 
the unclassified family Longimicrobiaceae (OTU_437), and the 
unclassified order Armatimonadales (OTU_1461) were found to 
have positive or significant positive associations with the relative 
abundance of 52 functional genes (Supplementary Table S8). 
Longimicrobiaceae (Gemmatimonadetes) has been found in 
Mediterranean forest soils. Members of the Longimicrobiaceae 
family can help with phosphate dissolution in soils. Some bacterial 
groups in this family can survive in harsh environments, and they 
are commonly found in semiarid soils with little organic matter 
(Korkar et  al., 2022; Wu et  al., 2022). Kineococcus endophyticus 
(Actinobacteria) can synthetize the plant hormone indole-3-acetic 
acid (IAA), and some IAA’s effects can encourage root lengthening 
and the number of root branches and hairs, which may enable host 
plants to have more capacity for absorbing moisture and nutrients. 
In addition, Kineococcus has a high level of metal tolerance (e.g., Zn, 
Cu, etc.) (Vannucchi et  al., 2021). The members of the genera 
Sphingomonas and Gemmatirosa were categorized as keystone taxa 
in native rhizosphere soils. Gemmatirosa play important roles in 
mediating P cycling, The genera of Sphingomonas are major 
degraders of herbicide and polycyclic aromatic hydrocarbons (Guo 
et al., 2011; Jiao et al., 2019; Liu et al., 2022). Our findings highlighted 
the importance of keystone taxa in multiple communities, the 
alterations in keystone taxa may play essential roles in the survival 
and success of A. palmeri.

A B

FIGURE 5

Functional molecular ecological networks between functional genes and bacterial OTUs in A. palmeri (A) and native (B) rhizosphere soils. The OTU 
nodes are colored according to taxonomy at the phylum level. Nodes in green are functional genes. Node size is proportional to its abundance. The 
red and green edges indicate the positive and negative correlations, respectively.
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4.3. Cooccurrence patterns of functional 
genes

Changes in microbial communities could have a dramatic 
impact on the C, N, S, and P metabolic cycles that they mediate 
(Banerjee et al., 2019; Fan et al., 2021). However, we still do not 
know if and how plant invasion affects the complexity of 
interconnection among cooccurring functional networks. Previous 
studies have mostly concentrated on the α and β diversity patterns 
of invasive plants on soil microorganisms. Our findings showed 
that cooccurrence networks of functional genes varied between 
invasive and native rhizosphere soils (Figure  4; 
Supplementary Table S7). The positive linkages increased from 
75 in the native network to 154 in the A. palmeri network, showing 
greater cooperation of microbial functional genes as a result of 
plant invasion. The topological features of the A. palmeri network 
had higher average degree and clustering coefficient, and lower 
average distance and diameters, reflecting more potential 
complexity of soil functional networks (Ma et al., 2016; Jiao et al., 
2022). The enhancement of network complexity and positive 
linkages under A. palmeri-invaded soils with respect to native soils 
might be  an advantageous response of the soil microbiome to 
environmental changes (Santolini and Barabási, 2018; Jiao et al., 
2022). The changes in topological attributes may be combined with 
the replacement of keystone OTUs (Lin et al., 2021). For instance, 
the unclassified family Longimicrobiaceae (OTU_437) had a net 
degree of up to 27, which was strongly connected to more than half 
of the CNPS-cycling genes found in our analysis (Figure  5; 
Supplementary Table S12).

4.4. Drivers of soil functions

The effects of plant invasion on local vegetation and microbial 
community in the soil are well documented (Mamet et al., 2017; 
Wang et al., 2018; Shen et al., 2021; Mo et al., 2022). However, there 
is no empirical evidence to support the relative importance of soil 
edaphic characteristics vs. keystone taxa in regulating microbial 
functional processes involved in CNPS cycling. Predictions of 
complex, dynamic microbial networks enable us to establish 
mechanistic models connecting community composition, edaphic 
features, and functional properties in metagenomic datasets (Chen 
et al., 2019; Mamet et al., 2019). We found that the keystone taxa best 
explained the functional genes with the explanation of 32.27 and 
37.61% in A. palmeri rhizosphere soils and native rhizosphere soils, 
respectively (Figures 6A,B). This outcome corroborated previous 
findings that keystone taxa play critical roles in controlling soil 
microbial functional capacity (Zhang et al., 2019; Shi et al., 2020; 
Tian et al., 2021). Besides, we further found that the keystone taxa 
in A. palmeri rhizosphere soils were significantly positively 
correlated with the functional genes of soil microbial communities 
compared with native plants (Supplementary Figure S5A). Therefore, 
changes in keystone taxa due to plant invasion may be related to 
functional alterations in the soil microbial community. Our finding 
highlighted the importance of keystone taxa in functional stability 
in the invaded ecosystems.

The indicators driving the soil microbial functions differed 
between A. palmeri and native plants. For instance, significant T
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driving factors of soil N-NH4 on the function profiles of A. palmeri 
were found based on random forest analysis (Figure 6A). Besides, 
N-NH4 was identified as the major driver for the variation of 
C-degradation, C-fixation, C-methanol, N-cycling and P-cycling 

genes (Figure  7A). The abundances of these genes also had a 
significantly negative relationship with N-NH4 
(Supplementary Figure S7), which is consistent with our earlier 
research suggesting that A. palmeri may prefer to absorb and utilize 

A B

FIGURE 6

Mean predictor importance of the relative abundances of keystone taxa and edaphic factors on microbial functions of A. palmeri (A) and native 
(B) rhizosphere soils. The contribution (% of increased mean square error) is calculated based on random forest analyses. Higher MSE% values imply 
more important predictors (* p < 0.05, **p < 0.01). TN, total nitrogen; TC, total carbon; TP, total phosphorus; AN, ammonium nitrogen; NN, nitrate 
nitrogen; AP, available phosphorus.

A

B

FIGURE 7

The importance of edaphic variables in explaining the variations functional genes’ abundances in A. palmeri (A) and native (B) rhizosphere soils. 
Random forest was used to determine the variable importance. Percentage increases in the MSE (mean squared error) of variables were used to 
estimate the importance of these predictors, and higher MSE% values imply more important predictors. Significance levels are as follows: *p < 0.05. 
MSE, mean squared error. The redundancy analysis (RDA) of edaphic variables on functional gene structure in A. palmeri (A) and native (B) rhizosphere 
soils. * p < 0.05, **p < 0.01). TN, total nitrogen; TC, total carbon; TP, total phosphorus; AN, ammonium nitrogen; NN, nitrate nitrogen; AP, available 
phosphorus.
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N-NH4 (Zhang M. et al., 2022). These findings demonstrated that 
invasive plants impacted the soil nutrient status and fundamentally 
altered ecosystem processes (Zhao et al., 2019). The pH effect on 
bacterial communities is well documented (Pan et al., 2014; Hill 
et al., 2016; Cheng et al., 2021). Under conditions of plant invasion, 
keystone species that were insensitive or less sensitive to pH were 
replaced by species that were sensitive to pH 
(Supplementary Figure S6), and the invasion of A. palmeri shaped 
keystone species, resulting in the development of environmental 
adaptation patterns that were distinct from those of native 
communities (Lin et al., 2021). Our study provides a theoretical 
underpinning and support for the prevention and management of 
invasive A. palmeri. For instance, adding organic fertilizer or lime 
to the soil to regulate its pH or altering other soil qualities to modify 
the functions of the invaded ecosystems’ soils can make the 
environment unsuitable for the flourishing of A. palmeri.

5. Conclusion

In conclusion, A. palmeri distinctly altered the structure and 
functional potential of the soil microbial community. A. palmeri 
had higher levels of Bacteroidetes and Nitrospirae and lower levels 
of Actinobacteria than native plants. The complexity of 
co-occurrence networks of soil functional genes was increased by 
A. palmeri invasion. The spatial distribution patterns of C 
degradation, C fixation, C methanol, N cycling, P cycling and S 
cycling genes differed between A. palmeri and native rhizosphere 
soils. The edaphic characteristics were less important in controlling 
the abundance of microbial functional genes than the keystone 
taxa. The relative abundance of keystone within A. palmeri 
rhizosphere soils demonstrated significant positive correlations 
with the abundance of functional genes, indicating that keystone 
taxa played important ecological roles in supporting soil function 
in the invaded ecosystems.
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