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Abstract

Rocky desertification, a common phenomenon in karst ecosystems, significantly
impacts soil fertility and vegetation restoration. Therefore, understanding the rela-
tionship between nitrogen-fixing bacteria and soil properties under different degrees
of rocky desertification is crucial. Our experiment was conducted to investigate

the bacterial community structure and the main environmental factors affecting the
distribution of the nitrogen-fixing bacteria in the nodules of V. villosa. Based on nifH
gene sequence analysis, we found that the community composition of nitrogen-fixing
bacteria in the nodules was significantly correlated with the degree of rocky deserti-
fication. The soil physicochemical properties affecting community composition were
analyzed. The results revealed that: (1) The soil water content, alkali-hydrolyzable
nitrogen content, and total nitrogen content in the slight rocky desertification area
GJ4 were significantly higher than those in the moderate rocky desertification areas
KY and MZ3. (2) There were significant differences in the community composition
of nitrogen-fixing bacteria across the four rocky desertification areas (R2=0.448,
P=0.001). Within the same area, the Shannon index in slight rocky desertification
was significantly higher than that of moderate rocky desertification. Rhizobium was
the dominant genus. (3) In Gejiu, Yunnan Province, it has been observed that there
is a clear negative correlation was observed among rocky desertification grade, soil
water content, and nitrogen-fixing bacterial diversity in the typical karst ecosystem.
Specifically, intensifying rocky desertification significantly reduces soil moisture and
bacterial diversity. The degree of soil rocky desertification, total nitrogen content,
total phosphorus content, and pH of soil are the main factors that play a key role in
the community composition of the nitrogen-fixing bacteria in the nodules of V. villosa.
This study provides a theoretical basis for the control of rocky desertification.
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Introduction

Rocky desertification, a severe form of land degradation, involves soil erosion, rock
exposure, destruction of land productivity, and overall deterioration in fragile karst
regions [1,2]. Karst landscapes, found across the globe, cover an estimated 50
million km? in total area [3]. China, known for having one of the widest distributions
and largest areas of karst worldwide, features 1.37 million km? of exposed karst
landscapes, which constitute approximately 13% of the country's total land surface
[4]. Yunnan Province has the second largest area of rocky desertification in south-
west China after Guizhou Province. It is characterized by a highland region where
carbonate rocks are concentrated and contiguous, along with a distinctive climate
and a less developed economy. All these factors contribute to its more severe rocky
desertification issues. The interaction between karst landform conditions and human
socioeconomic activities leads to vegetation destruction, severe soil erosion, and an
increasing rate of rock exposure. These side effects result in a karst rocky desertifi-
cation ecosystem that exhibits significant vulnerability and the phenomenon of rocky
desertification.

Karst rocky desertification is the most severe ecological and geological environ-
mental problem in southwest China, significantly hindering both environmental quality
and socioeconomic development in the region. This issue has also led to a drastic
reduction in biomass, affecting the ecological balance of the area [1,5,6]. Rocky
desertification has caused significant alterations in the species composition and
physiology within plant communities, impacting biodiversity and ecosystem health.
Rocky desertification is directly associated with a range of ecological degradation
outcomes, including exacerbated soil erosion, severe water and soil loss, extensive
bedrock exposure, and significant land degradation [7]. To address the issue of rocky
desertification, ecological restoration initiatives, including the protection of natural
forests and the conversion of farmland back to forest, have been put into practice
in the karst regions of southwest China [8,9]. The expansion of rocky desertification
adversely affects ecosystem productivity and the sustainability of socioeconomic
development, while also garnering increasing attention from both the public and the
scientific community [10]. Accordingly, studying the control of karst rocky deserti-
fication is crucial for achieving ecological restoration and sustainable agricultural
development.

Previous studies have shown that changes in rocky desertification in the south-
west region significantly affect soil properties, which in turn influence the structure
and function of microbial communities. [11—13]. Soil, a fundamental and crucial factor
in shaping phytocommunity structure and providing nutrients to plants in terrestrial
ecosystems, greatly influences vegetation cover, particularly in areas affected by
rocky desertification [14—16]. Soil properties show significant differences in total
nitrogen, pH, total potassium content, and the nitrogen-fixing bacterial community
among different grades of rocky desertification [17]. Potential relationships may exist
between communities of nitrogen-fixing bacteria, soil properties, and vegetation cov-
erage within karst ecosystems [5]. Microorganisms are involved in the biochemical
reactions that occur during both vegetation and soil restoration processes. Controlling
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karst rocky desertification largely depends on vegetation restoration, and microorganisms, especially nitrogen-fixing bac-
teria, play a vital role in either directly or indirectly enhancing plant growth [18-20].

Nitrogen-fixing bacteria are a group of bacteria that reside in the soil and can convert atmospheric nitrogen into ammo-
nia that plants can directly utilize [21,22]. Legumes form nodules with Rhizobia and effectively fix nitrogen in the air
[22,23]; Rhizobium and Baldaniorum strains were co-inoculated in Legumes to enhance their salt tolerance [24]. Research
on endophytic bacteria, including nitrogen-fixing bacteria, in extreme environments aims to foster plant growth and stress
resistance.

V. villosa is a species of annual or perennial herbaceous plants in the family Leguminosae [25]. It is characterized by
its wide adaptability, strong resistance, well-developed root system, robust main root, and high nitrogen content [26,27],
and is also a green manure crop. High-throughput sequencing was employed to evaluate the nitrogen-fixing bacteria of V.
villosa. The studies revealed that the nitrogen-fixing bacteria extracted from crops’ nodules in arid regions demonstrated
strong temperature adaptability, drought tolerance, and adaptability to various environmental factors [28,29]. Current
research on the nitrogen-fixing bacteria in nodules of V. villosa in rocky desertification areas is limited.

The karst area in Yunnan Province constitutes 28.1% of the province's total land area, ranking it among the most exten-
sively karstified provinces in China [30,31]. The total karst area encompasses 8 counties, and cities including Mengzi,
Gejiu, Kaiyuan, and Jianshui in Honghe Prefecture constitute over 53% of the province's total land area [32]. Currently,
research on V. villosa both domestically and internationally is primarily concentrated in the areas of feed and fertilizer.
Simultaneously, the ecological restoration potential of V. villosa is only beginning to be realized, offering significant
opportunities for further development and utilization. However, there is limited study available regarding the community
composition of the nitrogen-fixing bacteria in V. villosa nodules in Yunnan Province’s rocky desertification areas and their
correlation with soil physiochemical properties [33]. The nifH gene, which encodes an iron-containing nitrogenase protein,
is widely found in nitrogen-fixing microorganisms. Therefore, the nifH gene is an ideal genetic marker for studying these
microorganisms. In this study, V. villosa from the rocky desertification area of Yunnan Province served as the experimental
plant. High-throughput sequencing of the nifH gene was conducted on the nitrogen-fixing bacteria of V. villosa nodules,
along with analyses of a diversity, B diversity, species composition, species differences, and environmental factor associ-
ations. Concurrently, eight physical and chemical indexes including total nitrogen (TN), alkali-hydrolyzable nitrogen (AN),
total phosphorus (TP), available phosphorus (AP), total potassium (TK), available potassium (AK), soil water content
(SWC) and pH of the rhizosphere soil were assessed as environmental factors. A comprehensive analysis has examined
the relationship between the soil physicochemical properties and the community composition of the nitrogen-fixing bacte-
ria in V. villosa nodules from Yunnan Province’s rocky desertification areas. This analysis provides a theoretical basis for
developing strategies to improve soil quality during rocky desertification control efforts. Soil physicochemical properties,
by redistributing nutrients among microorganisms, influence the structure of microbial communities and enhance microbial
abundance; nitrogen-fixing bacteria are particularly key in soil improvement [34—36]. However, our comprehensive under-
standing of the interactions between the nitrogen-fixing bacteria in aboveground plants and soil properties remains limited
[37,38]. Therefore, studying how soil physicochemical properties affect the diversity and function of the nitrogen-fixing
bacteria communities in the host plants’ nodules is of great significance. This study aims to explore the relation between
soil physicochemical properties and the diversity and function of nitrogen-fixing bacteria communities in plant nodules. Are
there significant differences in soil physicochemical properties, nitrogen-fixing bacterial diversity, and community com-
position across different rocky desertification areas? Does soil physicochemical properties have a significant impact on
nitrogen-fixing bacteria?

Materials and methods

Root nodules of V. villosa were collected from four rocky desertification areas in China, Gejiu1 (GJ1), Gejiu4 (GJ4),
Mengzi3 (MZ3), Kaiyuan2 (KY2), respectively.
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According to the research by Dai Quanhou and other scholars, when the bedrock exposure rate is 30%-50%, it is clas-
sified as mild rocky desertification; when it is 50%—-70%, it is moderate rocky desertification; and when it is 70%—-100%,
it is severe rocky desertification [39,40]. This study uses this classification standard to divide the grades of rocky deserti-
fication. Among these areas, GJ1, MZ3, and KY2 represent moderate rocky desertification (MRD), while GJ4 represents
slight rocky desertification (SRD). Biological replication was performed three times for each group of samples, resulting in
a total of twelve samples. The sampling information is detailed in the S1 Table.

The whole plant of V. villosa was dug up with a sterile iron shovel, and the samples of V. villosa with a higher number
of nodules, full shape, and large volume were selected. The roots of different samples were placed into sterile storage
tubes and stored in a liquid nitrogen container, transported back to the laboratory. Rinse the soil from the root nodules
with tap water, then rinse them with sterile water, and soak them completely in sterile water until they are fully imbibed.
The root nodules were first blotted dry with filter paper and then soaked in 95% ethanol for 5 minutes. Afterward, they
were removed and placed into a 0.1% mercuric chloride solution for surface sterilization for 3 minutes. The nodules were
then washed five times with sterile water, and the final wash was spread onto YMA and NA media before being incubated
at 28°C for 4 days. If no colonies form, it indicates that the root nodules have been successfully surface-disinfected. The
surface-disinfected nodules were then placed into centrifuge tubes containing 0.5 mL of 0.85% NaCl solution for the total
DNA extraction of the bacteria within 2 days [41—43]. To obtain rhizosphere soil, we first removed the large hardened soll
from the roots of V. villosa. Next, we collected the soil that was attached to the root surface within the 0-2 mm layer. The
soil was then enclosed in sterile bags for the determination of the soil's physicochemical properties [44].

Determination of soil environmental factors

The soil physicochemical properties were assessed after natural drying and passing through a 2 mm sieve to remove peb-
bles, roots, and other debris. The soil pH was determined using a pH meter (PHS-3C) (water: soil=2.5: 1). The Kjeldahl
method was employed to measure the TN. The content of AN was calculated with the diffusion absorption method. TP
was quantified using molybdenum antimony anti-colorimetric UV spectrophotometry, and the extraction method was

used to determine the amount of AP. SWC was established by the constant weight method. TK was determined using

the NaOH melting-flame photometric technique, and AK was measured using the ammonium acetate extraction-flame
photometric method. For each sample, three biological replicates were set up. The data were analyzed using SPSS 25.0
software. The mean and standard error were used to express the statistical data. Significant differences were noted by
P<0.05 and highly significant differences were noted by P<0.01.

High-throughput sequencing of nitrogenase nifH gene

The nifH gene primers [45](nifH F: AAAGGYGGWATCGGGYAARTCCACCAC; nifH R: TTGTTSGCSGCRTACATSGC-
CATCAT) were used to amplify the nifH gene region. PCR ampilification conditions: 95°C for 3 minutes, followed by 30
cycles of 95°C for 30 seconds, 60°C for 30 seconds, 72°C for 42 seconds, and finally 72°C for 10 minutes. The PCR
reaction was performed in triplicate and analyzed using a 2% agarose gel electrophoresis.

The PCR products were identified and quantified using the QuantiFluor™ ST Blue fluorescence quantitation system
(Promega Corporation), and lllumina library preparation and sequencing were conducted based on the preliminary quanti-
fication from electrophoresis.

Bioinformatics analysis

Normal distribution and equal variance tests were used for all data. Single-factor analysis of variance (ANOVA) was used

to evaluate whether the change in rocky desertification had significant effects on the nitrogen-fixing bacteria community and
soil physicochemical properties. Details are shown in S2 Table and S3 Table. If the effects were found to be significant, the
least significant difference (LSD) test was used to compare the mean values of all soil parameters (P<0.05). After extracting
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genomic DNA from the samples, the V5-V7 region of the 16S rDNA was amplified using specific primers with barcodes. The
primer sequences were: 799F: AACMGGATTAGATACCCKG; 1193R: ACGTCATCCCCACCTTCC. After the purified ampilifi-
cation product was ligated to the sequencing adapter, the sequencing library was constructed and subsequently sequenced
on an lllumina platform. After obtaining raw reads from sequencing, the Usearch software was employed. Low-quality reads
were eliminated initially, then double-ended reads were assembled into tags, and subsequently, the low-quality tags were
removed. The resulting data were referred to as Clean Tags. Next, based on the Clean Tags, OTU clustering was conducted
on the QIIME platform for non-repeating sequences, excluding single occurrences, at a 97% similarity threshold. During the
clustering process, chimeric sequences were identified and removed, and a representative OTU sequence was selected
and tabulated. To obtain the species classification information of each OTU, the Ribosomal Database Project (RDP) Classi-
fier Bayesian algorithm was used for analyzing the representative sequences of each OTU with 97% similarity, and species
annotations and abundance information were generated at each classification level. Using OTU sequence and abundance
data, we conducted species annotation, species composition analysis, indicator species analysis, a diversity analysis [46,47],
B diversity analysis, and community function prediction. a diversity analysis is calculated as follows:

Chao Index: The Chao index, estimated using the Chao1 algorithm, is a measure used to estimate the number of OTUs
(Operational Taxonomic Units) in a sample. Commonly employed in ecology to estimate the total number of species, the
Chao1 index was first proposed by Chao.

The formula used in this analysis is as follows:

Schaol = Sobs + ;1([(’],;1—;11))

Schao1 = The estimated number of OTUs;

Sops = The actual number of observed OTUs;

ny=The number of OTUs containing only one sequence (i.e., “singletons”);

ny,=The number of OTUs containing only two sequences (i.e., “doubletons”),

ACE Index: The ACE (Abundance-based Coverage Estimator) index is used to estimate the number of OTUs (Opera-
tional Taxonomic Units) in a community. Proposed by Chao, it is one of the commonly used indices for estimating the total
number of species in ecology and differs from the Chao1 algorithm.

The formula used in this analysis is as follows:

Cace Cace

s n N2 N
Sabund + 32 + 7= 7 ace, for Yace < 0.08
Sace =

~2 A
Srare
Sabund + ¢2= + g ¥ ace, for Yace = 0.08
where:
abund n
Nrare = inf1 CACE =1- —L
; Nrare
abund ./ .
A2 Srare Y1y H(I=1)n;
Y Ace = Max -1,0
CACE Nrare(Nrare - 1)

~2 N2 Nrare(1— Cace) Z_a_bund i(i=1)n,
Y ace = max | 7 1+ = ,0
ACE l ACE { Nrare(Nrare - CACE)
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n; =Number of OTUs with 1 sequence;

Srare =Number of OTUs with “abund” sequences or fewer;

Sabung =Number of OTUs with more than “abund” sequences;

abund =The threshold for “abundant” OTUs, default is 10.

Simpson Index: One of the indices used to estimate microbial diversity in a sample, proposed by Edward Hugh Simp-
son in 1949. It is commonly used in ecology to quantitatively describe biodiversity in a given area. A higher Simpson index
value indicates lower community diversity.

Do T m(ni=1)
simpson — W

where:

Sons =Actual number of observed OTUs;

n; =Number of sequences in the i-the OTU;

N =Total number of sequences.

Shannon Index: One of the indices used to estimate microbial diversity in a sample. Similar to the Simpson diversity
index, it is often used to reflect community alpha diversity. A higher Shannon value indicates higher community diversity.

Sobs

H. shannon — — N N

i=1

niln@

where:

Sons =Actual number of observed OTUs;

n; =Number of sequences in the i-the OTU,;

N =Total number of sequences.

Coverage: Refers to the coverage of the libraries in each sample. The higher the value, the higher the probability that
sequences in the sample have been detected, and the lower the probability that they have not been detected. This index
reflects whether the sequencing results represent the true situation of microorganisms in the sample.

ny
:1——
c N

where:

ny=Number of OTUs containing only one sequence;

N =Total number of sequences in the sample.

If valid groups are identified, comparisons and statistical tests are performed to assess the differences among them.
Finally, we utilized R software (version 3.3.1) to perform a Spearman analysis, generate a heatmap, and used Canoco 5.0
software to examine the relationships between soil physicochemical properties and the microbial communities.Based on
nifH gene sequencing data, we conducted an analysis using the PICRUSt2 functional prediction software. In conjunction
with the Integrated Microbial Genomes database, we compiled high-quality bacterial and archaeal genomes and con-
structed a phylogenetic tree based on these sequences for functional prediction. All the data were processed using Excel
2010 to elucidate the relationship between microorganisms and the environment.

The raw sequence data presented in this article have been deposited in the NCBI platform [PRINA945808], which can
be reached by the below links https://www.ncbi.nlm.nih.gov/sra/PRJNA945808
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Results

Determination of environmental factors

The pH, TN, TP, and other five environmental factors of the rhizosphere soil collected from Gejiu, Kaiyuan, and Mengzi
were determined. As shown in Table 1: (1) The SWC in SRD was significantly higher than that in MRD, being 1.13 times,
1.11 times, and 1.17 times respectively. (2) The contents of TP were 1.40 times, 1.83 times, and 3.79 times higher in
Mengzi than those in Gejiu and Kaiyuan districts. Additionally, the contents of AP in Mengzi were 4.87 times, 6.67 times,
and 26.04 times greater than those in Gejiu and Kaiyuan districts. (3) The content of AN in GJ4 with SRD was 4.73 times
and 2.99 times that of MRD areas in Mengzi and Kaiyuan, respectively. (4) Soil TN content in SRD was significantly higher
than in MRD, being 3.2 times greater in Kaiyuan and 2.8 times greater in Mengzi. (5) In different rocky desertification
areas, there were no significant differences in TK or soil pH. SRD areas exhibited significantly higher SWC, AN, and TN
contents compared to MRD areas. The results indicated an inverse correlation between the SWC, AN, and TN contents in

the rhizosphere soil of V. villosa and the severity of rocky desertification.

Diversity of the nitrogen-fixing bacteria in nodules of V. villosa

The a diversity index of the nitrogen-fixing bacteria in nodules of V. villosa is presented in Table 2. The Shannon
index of the nitrogen-fixing bacteria in SRD was significantly higher than that of GJ1 in MRD, but no significant

Table 1. Soil properties related to V. villosa in different rocky desertification grades.

Environmental factor GJ1 GJ4 KY2 MZ3

pH 7.5+0.03° 7.62+0.042 7.96+0.142 7.54+0.252
TN(g/kg) 0.76+0.17¢2 0.50+0.058 0.24+0.03¢ 0.27+£0.03°
TP(g/kg) 0.38+0.04° 0.29+0.04° 0.14+0.07° 0.53+0.112
AN(mg/kg) 213.97+29.132 211.87+19.86° 44.80+28.318 70.93+33.788
AK(mg/kg) 5.86+0.93° 5.62+0.10° 4.29+0.278 1.46+0.08°
TK(mg/kg) 0.142+0.00° 0.26+0.002 0.98+1.412 0.26+0.002
AP(mg/kg) 11.81+1.858 8.63+0.42°8 2.21+1.49° 57.55+6.282
SWC (%) 13.89+0.76° 15.82+0.352 14.25+0.79° 13.49+0.87°

Note: TN: Total nitrogen content in the soil. TP: Total phosphorus content in the soil. AN: Alkali-hydrolyzable nitrogen content. AP: Available phosphorus
content. AK: Available potassium content. TK: Total potassium content in the soil. SWC: soil water content. This figure illustrates the variations in soil
physicochemical properties across different regions. In the table, lowercase letters indicate a significant difference (P<0.05), while uppercase letters
indicate an extremely significant difference (P<0.01).

https://doi.org/10.1371/journal.pone.0329408.t001

Table 2. Diversity metrics of the nitrogen-fixing bacteria in the root nodules of V. villosa.

Group Sobs Shannon Simpson Chao ACE Coverage
GJ1 27.67+4.932 0.89+0.31° 0.61+0.15° 30.22+4.55a 31.09+4.242 0.9997
GJ4 23.67+4.16° 1.04+0.092 0.42+0.022 28.10+5.90° 37.18+13.832 0.9997
KY2 24.00+£3.61° 1.48+0.35° 0.32+0.10° 26.00+3.50° 27.19+5.81° 0.9998
MzZ3 36.67+10.122 0.99+0.342 0.54+0.172 39.84+8.67¢2 39.93+7.992 0.9997

Note: Sobs (Species Observed): The number of observed species within each sample. Shannon Index: A measure of diversity that takes into account
both species richness and evenness. Simpson Index: A measure of diversity that emphasizes the dominance of the most abundant species. Chao Index:
An estimator of species richness that accounts for the presence of rare species. ACE (Abundance-based Coverage Estimator): An estimator of species
richness that combines abundance and incidence data. Coverage: A measure of how well the sample represents the true community. In the table, lower-
case letters indicate a significant difference (P<0.05).

https://doi.org/10.1371/journal.pone.0329408.t002
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differences were detected when compared to Mengzi and Kaiyuan. The Simpson index of the nitrogen-fixing bacteria
in the Kaiyuan area was significantly lower than those in the Gejiu and Mengzi areas. No significant differences were
found in the Sobs index of the nitrogen-fixing bacteria of V. villosa between the four groups. The results suggest

that the diversity of the nitrogen-fixing bacteria in the same area was inversely correlated with the degree of rocky
desertification.

Relationship between environmental factors and the a diversity index of nitrogen-fixing bacteria

The correlation between the a diversity index of the nitrogen-fixing bacteria and environmental factors revealed that TP
was strongly positively correlated with the Chao and Simpson indices, and strongly negatively correlated with the Shan-
non index (Table 3). AK exhibited a negative correlation with the Shannon index, whereas the Simpson index showed a
positive correlation. Both the Sobs and Chao indices exhibited a very strong positive correlation with AP. The diversity of
the nitrogen-fixing bacteria in V. villosa is anticipated to increase as soil AP content increases.

Composition of the nitrogen-fixing bacteria in nodules of V. villosa

lllumina MiSeq was used to sequence the nifH gene. A total of 173157 valid reads were yielded from the 12 samples,
and 165 operational taxonomic units (OTUs) were obtained by OTU division and clustering, which annotated to 6 phyla,
9 classes, 12 orders, 15 families, and 19 genera. At the phylum level (Fig 1A), the nitrogen-fixing bacteria were classified
into Proteobacteria, Chlorophyta, an unclassified bacterial phylum, Firmicutes, and Cyanobacteria. Among these, Pro-
teobacteria represented 92.43%, 99.48%, 85.21%, and 96.34% in GJ1, GJ4, MZ3, and KY2 respectively, and was the
dominant phylum among the nitrogen-fixing bacteria in the nodules of V. villosa.

The nitrogen-fixing bacteria of V. villosa were categorized into 12 orders at the order level (Fig 1B), with Rhizobiales,
Enterobacterales, and Rhodospirillales among them. In MRD samples, the dominant order Rhizobiales accounted for
87.67%, 84.28%, and 93.87% in GJ1, KY2, and MZ3 respectively. However, in SRD, this proportion was merely 43.97%.
This indicates that the relative abundance of Rhizobiales among the nitrogen-fixing bacteria of V. villosa declined as the
severity of rocky desertification decreased. Moreover, Enterobacterales were the predominant order, constituting 55.41%
of the nitrogen-fixing bacteria in SRD.

At the family level (Fig 1C), the nitrogen-fixing bacteria in V. villosa were annotated to 15 families, including Rhizobia-
ceae, Enterobacteriaceae, Bradyrhizobiaceae, Xanthobacteraceae, and Rhodospirillaceae. The proportion of Rhizobia in
GJ1, GJ4, KY2, and MZ3 were 85.51%, 42.23%, 81.28%, and 82.13%, respectively. The proportions of Bradyrhizobium

Table 3. Correlation between environmental factors and the a diversity index of nitrogen-fixing bacteria.

pH TN TP TK AN AP AK SWC Rocky desertification
(9/kg) (9/kg) (g/kg) (g/kg) (g/kg) (g/kg) (%) Degree (RD)
Sobs -0.254 -0.093 0.536 0.516 -0.354 0.750%* 0.045 -0.363 0.342
Shannon 0.427 -0.441 -0.600* 0.226 -0.532 -0.257 -0.690* 0.067 0.11
Simpson -0.351 0.452 0.681* -0.231 0.444 0.336 0.609% -0.302 0.194
Chao -0.249 -0.077 0.600* 0.451 -0.28 0.773%* 0.15 -0.358 0.236
ACE -0.22 0.006 0.421 0.313 -0.054 0.466 0.292 0.05 -0.22

Note: pH: Soil pH value. TN: Total nitrogen content in the soil (g/kg). TP: Total phosphorus content in the soil (g/kg). TK: Total potassium content in the
soil (g/kg). AN: Alkali-hydrolyzable nitrogen content (g/kg). AP: Available phosphorus content (g/kg). AK: Available potassium content (g/kg). SWC: Soil
water content (%). Rocky Desertification Degree (RD): Degree of rocky desertification. This table presents the correlation coefficients between various
environmental factors and the a diversity indices of nitrogen-fixing bacteria in the root nodules of V. villosa. The a diversity indices include Sobs, Shan-
non Index, Simpson Index, Chao Index, and ACE. In the table, * indicates a significant correlation (P<0.05), and ** indicates an extremely significant
correlation (P<0.01). Each value represents the correlation coefficient between the environmental factor and the corresponding a diversity index.

https://doi.org/10.1371/journal.pone.0329408.t003
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Fig 1. The species distribution stacking diagrams of the nitrogen-fixing bacteria within the nodules of V. villosa. (A) Phylum Level: Shows the
distribution of nitrogen-fixing bacterial communities at the phylum level among different sites (GJ1, GJ4, MZ3, KY2). (B) Order Level: lllustrates the
composition of nitrogen-fixing bacterial communities at the order level. (C) Family Level: Provides a breakdown of the bacterial communities at the family
level. (D) Genus Level: Details the distribution at the genus level of nitrogen-fixing bacteria.

https://doi.org/10.1371/journal.pone.0329408.9001

were 1.92%, 1.75%, 3.00%, and 6.22%, respectively. The relative abundance of Enterobacteriaceae in GJ4 was 55.41%,
rendering it the predominant family of nitrogen-fixing bacteria in V. villosa in SRD. The dominant family of the nitrogen-
fixing bacteria in V. villosa in MRD was Rhizobiaceae.

At the level of genus (Fig 1D), 19 genera in total, including Rhizobium, Pseudomonas, Klebsiella, Xanthobacter, Sker-
manella, Sinorhizobium, Pantoea, Paenibacillus, Enterobacter, Bradyrhizobium and Azospirillum, were identified in the
nitrogen-fixing bacteria within V. villosa. Rhizobium constituted 85.51%, 42.23%, 81.26%, and 82.13% of the bacterial
communities in GJ1, GJ4, MZ3, and KY2, respectively. Additionally, Enterobacter represented 41.28% of the bacterial
community in the SRD area. Rhizobium was identified as the predominant genus among the nitrogen-fixing bacteria in V.
villosa nodules across rocky desertification areas.

Based on the analysis, Rhizobium emerges as the dominant genus across the four rocky desertification areas. This
dominance may be attributed to Rhizobium’s nitrogen-fixation ability, enabling it to acquire additional nutrients and thus
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Fig 2. Non-metric Multidimensional Scaling (NMDS) analysis of nitrogen-fixing bacterial communities. Different colors represent samples from
various sites: blue for GJ1, red for GJ4, green for MZ3, and cyan for KY2. The statistical results reveal a significant separation among the groups, with a
stress value of 0.076, R?=0.4475, and P=0.001000. The ellipses depict the 95% confidence ellipses for each group, indicating the spread and clustering
of the samples within each group.

https://doi.org/10.1371/journal.pone.0329408.9002

adapt to harsh environments. Furthermore, Enterobacter is more prevalent in SRD, possibly because it is better adapted
to survive in areas with a lower degree of rocky desertification.

Community composition difference of the nitrogen-fixing bacteria

The f diversity principal coordinate analysis (NMDS) revealed whether the composition of the nitrogen-fixing bacteria
from four distinct areas was similar or not. This NMDS (Fig 2) analysis chart illustrates the differences in bacterial commu-
nity structure among samples at the OTU level. The stress value shown in the chart is 0.076, which is an indicator of the
goodness-of-fit of the NMDS analysis. The lower the stress value, the better the model fits the data. It can be seen from
the chart that the GJ4 samples have significant differences in bacterial community structure compared to the other sample
groups (GJ1, MZ3, KY2). The GJ4 group samples exhibit a relatively consistent community structure. The other groups
(GJ1, MZ3, KY2) also show a certain degree of consistency in their community structures, but the differences among them
are relatively small. The P-value is 0.001, indicating the statistical significance of the differences between the samples.

A P-value less than 0.05 is generally considered statistically significant, suggesting that there are significant differences

in the community structures between the different sample groups. Overall, this analysis demonstrates the differences in
bacterial community structure among various samples and points out that there are significant differences in community
structure among the sample groups. The results indicated the degree of rocky desertification significantly influenced the
community composition of the nitrogen-fixing bacteria across the four regions.
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Environmental factors’ impacts on the community structure of the nitrogen-fixing bacteria

The relationship between the top 20 nitrogen-fixing bacteria and soil environmental factors was analyzed using the Spear-
man correlation coefficient. As illustrated in the correlation heatmap (Fig 3), Pantoea demonstrated a significant positive
correlation with AK, TN, and AN, while exhibiting a negative correlation with pH and TK. Enterobacter and Klebsiella
presented a strong negative correlation with the RD, in contrast, Pseudomonas showed a significant positive correlation.
Klebsiella also manifested a positive correlation with SWC. The majority of bacterial species were closely and significantly
related to the degree of soil rocky desertification, suggesting that this factor exerted the most prominent influence on the
community composition of the nitrogen-fixing bacteria among the various environmental parameters.

The association between environmental factors and the community composition of the nitrogen-fixing bacteria across
four regions was evaluated through Canonical Correspondence Analysis (CCA) at the genus level, integrating soil phys-
ical and chemical factors with OTU data (Fig 4). The results revealed a significant correlation between TP content and
the nitrogen-fixing bacterial community composition (P<0.05). Meanwhile, in terms of projection of physical factors, the
relative length associated with TP was the longest, followed by pH, whereas TN had the shortest. TP was determined to
be the principal environmental factor shaping the community structure of the nitrogen-fixing bacteria, followed by pH and
soil TN content. GJ4 was mainly projected onto the positive half-axis of TN, while MZ3 was projected onto the positive
half-axis of TP. TN had a more significant impact on the community composition of the nitrogen-fixing bacteria in SRD.
Based on a comprehensive analysis of the heatmap and CCA, it is concluded that the degree of rocky desertification, TN,
TP, and pH are the primary factors influencing the community composition of the nitrogen-fixing bacteria in V. villosa root
nodules within rocky desertification areas.

Discussion

Rocky desertification, a significant ecological issue particularly in karst regions, refers to the process of land degradation
characterized by the exposure of bedrock and the formation of rocky surfaces due to soil erosion and vegetation loss. This

Rhizobium
Enterobacter ._ 0.5
-0

=l
e _]
- .ﬂ.]- unclassified_k__norank_d__Bacteria
[+ x Klebsiella
Bradyrhizobium

B -0.5
‘ ‘ \-- Xanthobacter .

Azospirillum --1

--- - unclassified_p__Proteobacteria

. - Pseudomonas
----- - unclassified_d__Unclassified
--- -- Pantoea

Anabaena
| | -- unclassified_f__Bradyrhizobiaceae
| | -- unclassified_p__Chlorophyta

| - \ Skermanella
----- unclassified_o__Burkholderiales
Paenibacillus
----- ' unclassified_c__Alphaproteobacteria
L] | Sinorhizobium

RD AK TN AN TP APSWCpH TK

Fig 3. Heat map of soil physicochemical properties and the nitrogen-fixing bacteria in the root nodules of V. villosa. Color Gradient: Correlation
coefficient ranging from -1 (strong negative) to 0.5 (strong positive).Significance:* indicates a significant correlation at the P<0.05 level; ** indicates an
extremely significant correlation at the P<0.01 level.

https://doi.org/10.1371/journal.pone.0329408.9003
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process is primarily driven by natural factors such as the region’s geological and climatic conditions, which include the pres-
ence of soluble rocks, high rainfall intensity, and a warm climate that accelerates rock dissolution. Additionally, human activ-
ities, including deforestation, overgrazing, and inappropriate agricultural practices, further exacerbate the problem. These
combined factors result in sparse vegetation cover, widespread soil erosion, and severe ecological degradation. In such
harsh environments, microbes play a crucial role. Nitrogen-fixing bacteria, which reside within plant tissues, show variations
in species and functions across different plant species and environmental conditions. Nitrogen-fixing bacteria can enhance
the growth of host plants [48], aiding them in tolerating stress conditions [49-51]. Nitrogen-fixing bacteria from arid regions
can enhance the host plants’ resilience to salt and drought, as well as promote the growth of non-host crops under stress
[52,53]. Therefore, studying the nitrogen-fixing bacteria within plants from rocky desertification areas is imperative.

In our investigation, Significant differences exist in soil physicochemical properties among different regions, and the
communities within V. villosa nodules varied significantly across the four rocky desertification areas of southwest China.
Moreover, the diversity of the nitrogen-fixing bacteria within these nodules was abundant. Compared to areas with MRD, the
community composition and biodiversity in SRD were significantly higher. An increasing body of research highlights the vast
diversity of microorganisms in arid and desert regions, capable of adapting to their surroundings and enduring harsh con-
ditions [54]. The extent of rocky desertification influences the diversity of the nitrogen-fixing bacteria associated with plants.
The composition of the nitrogen-fixing bacteria associated with V. villosa varies across different levels of rocky desertification.
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The nitrogen-fixing bacteria in rocky desertification areas are crucial for helping plants adapt to harsh environmental
conditions like drought, high temperatures, and infertile soils. Forming symbiotic relationships with plant roots, these bac-
teria improve plant absorption and utilization of water and nutrients, aiding in coping with adverse conditions. Additionally,
these bacteria contribute to nitrogen cycling in the soil, thereby enhancing soil fertility. Moreover, they aid in the restoration
of local vegetation and promote the overall health of the ecosystem. Research has shown that nitrogen-fixing bacteria can
protect plants, such as eggplants, from the detrimental effects of drought stress [55]. Previous studies have shown that
nitrogen-fixing bacteria can play a positive role in vegetation restoration and ecological improvement by enhancing soil
fertility and promoting plant growth. Especially in karst rocky desertification areas, the presence of nitrogen-fixing bacte-
ria may help improve the availability of soil nitrogen, thereby promoting the recovery of vegetation [56,57].Nitrogen-fixing
bacteria have important potential application prospects in the restoration and management of rocky desertification ecosys-
tems. Nitrogen-fixing bacteria play a significant role in improving soil fertility, restoring vegetation, and enhancing ecolog-
ical stability. The application of nitrogen-fixing bacteria can serve as a sustainable land management strategy, reducing
reliance on chemical fertilizers and lowering the risk of land degradation [58].

In this study, the community composition of the nitrogen-fixing bacteria in V. villosa nodules across four rocky deserti-
fication sites was significantly different. Within the same area, a negative correlation was observed between the diversity
of the nitrogen-fixing bacteria and the degree of rocky desertification. Specifically, the lower the degree of rocky desertifi-
cation was, the greater the diversity of the nitrogen-fixing bacteria was. All samples contained a significant amount of the
major phylum Proteobacteria, and the distribution of this phylum varied significantly across the various regions. Proteo-
bacteria, Acidobacteria, Bacteroidetes, and Actinobacteria were found to be the most abundant bacteria in the semi-arid
Horqin Sandy terrain [59], similar to our study. The nifH gene was identified in previous studies examining the genetic
diversity and abundance of culturable nitrogen-fixing bacteria in the maize phyllosphere of arid and semi-arid regions.
Approximately 31.82% of the 242 isolated strains contained N-fixing genes and were classified under the phyla Firmic-
utes, Proteobacteria, Actinobacteria, and Bacteroidetes [60]. The composition of the nitrogen-fixing bacteria in V. villosa
varied across different types of rocky desertification areas.

Furthermore, Rhizobium, with its nitrogen-fixing ability, can adapt to harsh rocky desertification areas. Studies have
shown that Pseudomonas increases the content of terpenoids in Cinnamomum camphora [61]. Rhizobium, Pseudo-
monas, Azospira, and Bacillus can enhance above-ground and underground biomass, positively impacting crops [62].
Furthermore, in our study, the distribution of Enterobacteriaceae in SRD is high. Conversely, in MRD, the distribution of
Enterobacteriaceae is very rare. This could be attributed to the lower stress resistance of the Enterobacteriaceae fam-
ily, or it might be associated with bacterial symbiosis. Recent studies suggest that ginger rhizome development may be
linked to the coexistence of Enterobacteriaceae and Pseudomonadaceae [63]. Enterobacteriaceae may also facilitate the
decomposition of organic matter [64].

A multitude of environmental and host-related factors have the potential to exert an impact on the microbial community
associated with plant hosts. These factors encompass geographical location, soil physicochemical properties, seasonality,
plant phenotypes, and genotypes, as well as growth period [65]. This study also found that soil physicochemical properties
have a significant impact on endogenous nitrogen-fixing bacteria. This investigation conducted in this study regarding the
interactions between nitrogen-fixing bacteria and environmental factors has led to the following conclusions: The principal
environmental factors that are likely to shape the community composition of nitrogen-fixing bacteria in V. villosa, are the
degree of rocky desertification, TN, TP, and pH. Previous research has demonstrated that the introduction of exogenous
Sonneratia apetala remarkably enhances the TN and alters the composition and structure of the nitrogen-fixing bacterial
community [63]. A study focusing on the richness, grouping, and co-occurrence patterns of nitrogen-fixing bacterial communi-
ties in karst rocky desertification areas in southwest China discovered that soil pH, TN, and soil moisture can jointly influence
bacterial community structure [66—68]. In our study, as the SWC in the rhizosphere of V. villosa increased, the degree of
rocky desertification decreased, and concurrently, the richness and diversity of nitrogen-fixing bacteria in the plant's nodules
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increased. Consistent with other reports, our study revealed that different forms of Karst rocky desertification significantly
affect the microbial community [69]. The influence of TN on microbial communities is more pronounced in the SRD area
than in the MRD area. Finally, we detected a substantially positive correlation between the degree of rocky desertification
and the dominant genus Rhizobium, which was inversely correlated with SWC in a significant manner. The degree of rocky
desertification had the most significant effect on the community composition of nitrogen-fixing bacteria. Plant-associated
nitrogen-fixing bacteria play a crucial role in improving soil quality, promoting vegetation restoration, and managing the
ecological environment in rocky desertification areas. Nevertheless, the current application technologies for nitrogen-fixing
bacteria remain immature. Therefore, further in-depth research is requisite to understand their mechanisms in soil improve-
ment and vegetation restoration, to identify more effective application strategies. Additionally, other potential environmental
variables, such as soil organic matter content, interactions among soil microorganisms, and changes in precipitation, may
also significantly influence nitrogen-fixing bacterial communities [70]. These factors could play important roles in shaping
bacterial community structure, highlighting their significance in future research. Although our research results are statistically
significant at the current sample size, in order to further verify these findings, future studies need to expand the sample size.
This will help improve the robustness and generalizability of the research results. Future research could further explore the
long-term effects of different environmental variables on the community structure of nitrogen-fixing bacteria and validate our
findings across a broader geographical range. Additionally, employing more advanced molecular techniques might provide
deeper insights into how nitrogen-fixing bacteria respond to environmental changes at the molecular level [71]. Furthermore,
land resources in rocky desertification areas are severely degraded, and the application of nitrogen-fixing bacteria should be
integrated with other land management practices to attain more favorable outcomes.

Conclusions

In the present study, a comprehensive analysis was carried out to investigate the diversity and community structure of
nitrogen-fixing bacteria in the root nodules of V. villosa sourced from four rocky desertification areas. Additionally, the
physicochemical properties of rhizosphere soil were also examined. The results of our research work indicated that there
were significant differences in the bacterial community composition among the V. villosa samples obtained from Jianshui,
Gejiu, and Mengzi in Southwest China. Notably, Rhizobium emerged as the dominant nitrogen-fixing bacteria across all
four rocky desertification areas under consideration. Probably, the degree of rocky desertification, along with the levels
of TN, TP, and pH constitute the primary environmental factors that have a significant influence on the composition of the
nitrogen-fixing bacterial community in V. villosa. The findings of this study offer valuable and profound insights into the
intricate relationships between nitrogen-fixing bacteria and environmental factors. Looking ahead, it is anticipated that by
augmenting the levels of soil TN, TP, and pH, the diversity of the nitrogen-fixing bacterial community could be enhanced.
This, in turn, might potentially lead to an increase in the diversity of other species within rocky desertification areas and
thereby contribute to the effective control and mitigation of rocky desertification.
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