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Soil bacteria participate in nutrient cycling above and below ground to promote
ecosystem stability and health. However, the relationship of soil bacteria and
environmental factors following the Grain for Green (GfG) program remains poorly
understood in southwest China. Soil samples were collected from seven Grain for Green
sites that had been revegetated for 15 years. Four of these sites were afforested with
a different tree species: Zenia insignis (Z1), Toona sinensis (TS), Castanea mollissima
(CM), and Citrus reticulate (CR). One site was revegetated with Zenia insignis and
Guimu-1 elephant grass (ZG), and one with only Guimu-1 elephant grass (GM). The
remaining site, abandoned cropland (AC), was left to regenerate naturally. Here, we
used lllumina sequencing of 16S rBNA genes to explore how the Grain for Green
project affected soil bacterial community. We found that Actinobacteria, Proteobacteria,
Chloroflexi, and Acidobacteria were the dominant phyla in these soils. The dominant
genera at each revegetation site were also different. The CM, ZI, TS, and AC sites
were dominated by Micromonospora, ZG was dominated by Streptomyces, and CR
and GM were dominated by Subgroup 6. The bacterial structure was most similar in
AC and TS. Correlation analysis showed that the ratio of C:P had positive effects on
KD4-96, Intrasporangiaceae, and Gaiella. The ratio of soil N:P was significantly positively
correlated with Cupriavidus and Kribbella. The combination of planting Zenia insignis and
Guimu-1 elephant grass had the best edaphic benefits, and the approach of planting
Citrus reticulate and Toona sinensis needs to be improved. Redundancy analysis (RDA)
revealed that plant Simpson index, and soil N:P contributed to 16 and 15.7% of the
total variations in the soil bacterial community composition, respectively. Our results
suggested that plant diversity (Simpson index) and soil stoichiometric ratio (N:P) were
the important factors affecting the bacterial community, and phosphorus was the limiting
factor of the bacterial community in the Grain for Green karst region. In the future,
revegetation should be accompanied with phosphorus fertilizer and polycultures should
be considered.
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INTRODUCTION

Bacteria are the most abundant microbes in soil and are crucial
for ecosystem stability and nutrient cycling, especially carbon
and nitrogen (Pan et al, 2014; Eo and Park, 2016; Zeng
et al,, 2017). Although bacteria are tiny, their function for soil
could promote and keep biodiversity by driving and regulating
ecosystem processes (Herzog et al., 2015). Furthermore, bacteria
are sensitive to minor changes in ecosystems and can be regarded
as an indicator of soil quality, and their structure and diversity are
determined by their external environment (Sui et al., 2019). It has
been reported that microbial communities were not stochastically
distributed on a wide scale and their biogeographical patterns
were more influenced by soil type and land use (Ranjard et al.,
2010). Recently, many anthropogenic activities were carried out
to promote agricultural production and ecological restoration
(Turley et al., 2019; Bonner et al., 2020; Tian et al., 2020). The
Grain for Green program (GfG), a reforestation and ecological
restoration program, changed local edaphic characteristics by
shaping the structure of bacterial community (Ren et al., 2017;
Zhao et al., 2019). Due to the wide geographic implementation of
the GfG project, the effect of the project has not been evaluated at
many local sites.

The GfG program, which was initiated by China to alleviate
poverty and hasten rural development, has changed soil
properties notably. For example, Shao et al. (2019) found that
afforestation changed soil properties and affected soil quality
(Zhang et al., 2019). The GfG also promoted soil carbon and
nitrogen accumulation in secondary forests in the subtropical
karst region, which were relative to soil depth (Hu et al,
2018). Afforestation might affect the soil bacterial community
by changing soil properties (Zhao et al., 2019), while the soil
environment determines soil bacteria community composition
and structure directly (Zhao et al., 2019; Zhang et al., 2020). Due
to quite distinctive physiographies, climates, and ecosystems in
the different regions, the universal revegetation method was not
applicable. When the GfG was set to end in 2017, knowledge of
the ecological impacts of the program on the soil environment
was urgently needed to determine the best implementation of the
revegetation methods used in the GfG program. Therefore, it is
important to explore the internal relationships between the soil
bacterial community and external environment under different
revegetation practices at local scales.

The karst region of southwestern China, one of the largest
continuous karsts in the world, is known for its unique landscapes
and rich biodiversity (Wang et al., 2019). The increasing human
population has driven land overuse and deforestation, and it has
intensified poverty (Peng et al., 2008). Reforestation has been
widely adopted to restore soil fertility and ecosystem services
in the rocky desertified region of southwestern China (Hu
et al,, 2016). Previous studies have investigated the relationships
between vegetational and topographic factors (Du et al., 2013;
Yu et al, 2014; Han, 2017). It was also found that agricultural
abandonment could recover soil aggregation in this karst region
(Liu et al,, 2020). Furthermore, Song et.al (2018) and Peng
et al. (2019) explored the driver of the spatial distribution
of the main microbial taxa and soil microbial richness and

diversity in a 25-ha karst broadleaf forest in southwest China,
respectively. However, few studies focused on the bacteria
community and environmental factors under several different
vegetation restoration practices. Here, we conducted our search
at Guzhou Village, Guangxi Province, China. The overall goals of
our study were: (1) to explore how the soil bacterial community
and environmental factors vary among the different sites; and
(2) to determine the relationship between soil bacteria and
environmental factors. For the same cropland substrate, different
revegetation strategies (such as managed and natural vegetation
restoration) may have different ecological benefits, which makes
a comparison among each strategy necessary. Our findings could
be used to guide the future selection and combination of species
for the revegetation of degraded karst regions in southwest China.

MATERIALS AND METHODS

Study Area and Sampling

Our study was conducted at Guzhou Village (24°50°’N, 107°55’E),
Huanjiang County, Guangxi Province, China, which has typical
karst ecosystems. This region has a subtropical monsoon climate
with a mean annual precipitation of 1,389 mm and a mean
annual temperature between 16.5°C and 20.5°C. The calcareous
soil developed from a limestone base (Lu et al., 2012). The
Guzhou catchment was extremely disturbed by deforestation and
cultivation. From 2002 onward, some croplands were abandoned
with the introduction of the Grain for Green project (Hu et al.,
2018) and were listed as pilot areas for ecological restoration
and the reconstruction of depressions in karst hills. We chose
seven GfG sites on slopes that were formally cropland (Zea mays-
Glycine max). Four of the sites were afforested using one of the
following tree species: Zenia insignis (ZI), Toona sinensis (TS),
Castanea mollissima (CM), and Citrus reticulate (CR). One site
was revegetated with Zenia insignis and Guimu-1 elephant grass
(ZG), and the other with only Guimu-1 elephant grass (GM).
The remaining site was abandoned cropland (AC), in which
vegetation regenerated naturally.

We sampled one plot (20 m x 20 m) in December 2017 at
each site, and the plots had a similar slope position, degree, and
aspect. We removed the litter layer and collected 15 samples
in an “S” shape from the top 20 cm of soil using a soil auger
(2.5 cm inner diameter), and then homogenized these samples
to provide one final soil sample. This sampling method was
performed in triplicate at each site, giving us a total of 21
samples. At the same time, we investigated plants in the plots.
For arboreal layers, all trees with a diameter at breast height
(DBH, or 1.30 m above grade) > 1 cm were tagged, identified,
and measured. For the shrubby and herb layers, the fascicles,
heights, and growth status of each plant species were recorded.
The plant diversities (Species richness, Shannon-Wiener index,
Simpson index, and Pielou evenness index) were calculated using
the method detailed by Song (2016).

Soil Chemical Parameters
For soil analysis, each composite sample was divided into two
parts. One part was put in a liquid nitrogen tank immediately
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and stored at —80°C for DNA extraction after sieving and
removing debris thoroughly. Another was packed temporarily.
All soil samples were then sent to the lab. The remaining
samples were sieved through 0.15-mm and 1-mm mesh, air-
dried, and stored at ambient air temperature before chemical
analysis for total and available elements. We determined soil
pH, organic carbon (SOC), total nitrogen (TN), total phosphorus
(TP), total potassium (TK), available nitrogen (AN), available
phosphorus (AP), and available potassium (AK) according to
methods described by Bao (2000).

DNA Extraction and Purification

Soil bacterial DNA was extracted from 0.5 g fresh soil with
a soil DNA kit (Fast DNASPIN Kit for Soil, MP). The
concentration and purity of the extracted DNA were measured
by electrophoresis on 1.0% agarose and then stored at —80°C
until use. The V3-V4 domain of bacterial 16S rRNA was
targeted and amplified via PCR amplification with the primers
for bacteria, 338F (5-ACTCCTACGGGAGGCAGCAG-3’) and
806R (GGACTACHVGGGTWTCTAAT-3’; Biddle et al., 2008).
The reaction mixture contained 4 wL 5 x FastPfu buffer, 2 pL
2.5 mM dNTPs, 0.2 pL BSA, 0.8 pL each primer (5 wM), 10 ng
template DNA, and H,O to a final volume of 20 pL (Liang et al.,
2017). The samples were set at 95°C for 3 min to be denatured,
and then amplified by 30 cycles of 95°C for 10's, 55°C for 30 s, and
72°C for 45 s, followed by an extension at 72°C for 10 min. All
samples were amplified in three replicates and then the relative
amplicons were mixed to one final PCR product. In addition, each
mixed gene was detected using electrophoresis detection on 2%
agarose gels. Finally, a total of 21 PCR products were achieved
and conducted on the Illumina MiSeq platform (PE300, Majorbio
Bio-Pharm Technology, Co., Ltd., Shanghai, China).

Bacterial 16S rRNA Gene Sequencing
and Processing

Bacterial raw reads were deposited in the NCBI sequence
read archive (SRA) under the submission ID SUB6443418 and
BioProject ID PRJNA636983. The reads were processed using
QIME (Caporaso et al., 2010). Partial 16S rRNA bacterial
sequences were filtered using Mothur version 1.22.2 (Schloss
et al., 2009) using the criteria of mean quality score > 20
and length > 250 bp. Sequences, appointed to samples, were
conducted by exact matches of 10 bp barcodes. Then we used
the Uchime algorithm to detect chimeric sequences (Edgar
et al.,, 2011) via the Usearch tool. All chimeras were removed
before further analysis. Operational taxonomic units (OTUs)
were clustered at the 97% similarity level using UPARSE version
7.1 (Edgar, 2010). The representative sequences were searched
against Silva (SSU132) database and analyzed by RDP Classifier
using confidence threshold > 70% to generate the final OTUs
(Wang et al., 2007).

Statistical Analyses

All data were tested for normal distribution and variance
homogeneity before analysis. The taxonomic alpha diversity
indices, Shannon index and Simpson index, and species richness

indices, Chaol and abundance-based coverage estimators (ACE),
of soil bacterial community were determined using Mothur
software (Version v.1.30.1) based on individual samples with
97% similarity of OTUs. The shared and unique OTUs among
samples were used to generate Venn diagrams. Significant
differences in soil properties among the different sites were
tested using the Kruskal-Wallis non-parametric test. Pairwise
comparisons were made with the Wilcoxon rank-sum test
and the adjusted p-value was used to determine significance.
Differences in bacterial diversity indices and differential OTUs
(relative abundance > 1%) among sites were tested by one-
way analysis of variance (ANOVA), and multiple comparisons
were made with Duncan’s test and the least significant difference
(LSD), respectively. The p-value of the latter were adjusted
using the Bonferroni method, of which the p-value was divided
by the number of comparisons (i.e., the statistical significance
was determined at p < 0.0024). The Pielou index could
not be calculated at the GM site, so we only calculated
the mean value and standard error of all plant diversity
indices. To investigate the differences in the soil bacterial
communities of the seven revegetation sites, we used a heatmap
analysis of the most abundant genera with total relative
abundance > 1%. The bacterial genera data were centered
log-ratio (clr) transformed to fulfill normality of residuals.
Correlations between the environmental factors and the soil
bacterial genera were investigated using Pearson’s correlation
analysis, and the correlation among environmental factors were
also analyzed. We reported the Pearson correlation values
among environmental factors that were over 0.3 and were
significant (p < 0.05), and reported all Pearson correlation
values between environmental factors and soil bacterial genera.
We used the R environment (v3.2.2') for the above-mentioned
statistical analyses. Redundancy analysis was performed at
the genus level. The analysis with Monte Carlo permutations
(999 repetitions) was performed with Canoco (version 5.0 for
Windows; Ithaca, NY, United States). The RDA was with forward
selection to select the explanatory environmental factors that
contributed significantly (p < 0.05) to the variation of the soil
bacterial community.

RESULTS

Soil Properties and Plant Diversity in

Different Sites

All soil properties had significant differences (p < 0.05) among
the different Grain for Green sites (Figure 1). The median
content of SOC varied from 3.90 to 52.58 g.kg~!. The SOC
content was highest in ZG and lowest in TS. The sites ZI
and ZG had a more concentrated distribution of SOC, while
CM had the largest variance. The C:N ratio was highest in
CM with a large variance, and the ratio was from highest
to lowestt CM > CR > GM > ZI > ZG > AC > TS
The C:P ratio and N:P ratio had the same descending order:
ZG > GM > CR > AC > ZI > TS. The C:P ratio at TS was

'http://www.r-project.org/
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FIGURE 1 | The soil properties at different sites. Boxplots that do not share a letter are significantly different among different sites (o < 0.05). ZI, Zenia insignis; TS,
Toona sinensis; CM, Castanea mollissima; CR, Citrus reticulate; ZG, Zenia insignis and Guimu-1 elephant grass; GM, Guimu-1 elephant grass; AC, abandoned
cropland; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AP, available phosphorus; AK, available potassium; AN, available

significantly lower than at under other sites (p < 0.05). The N:P
ratio fluctuated gently, ranging from 1.44 to 2.36, compared to
the other two ratios. The N:P ratio was significantly higher in ZG
that at the other sites (p < 0.05). Our study area for the Grain for
Green sites had slightly acidic and neutral soil with pH values that
ranged from 6.0 to 7.2. The TN and TK contents were highest in
ZG. The sites TS and CM had the highest median content of TP
compared to the other sites.

The plant species richness (S) and Shannon-Wiener indices
were low in all sites, especially in GM site (Table 1), because of the
lack of species diversity among the plants used for revegetation.
The four indices were all highest in the XC site. The plant species
richness and Shannon-Wiener indices, from highest to lowest,
were for the TS, ZG, AC, ZI, CM, CR, and GM sites. The plants

at each site were distributed evenly with high values of Pielou
evenness index (Table 1).

Composition and Structure of Soil
Bacteria Under Different Approaches

A total of 1,028,285 raw sequences were obtained from the seven
sites, and the average length of valid sequences was 457.02.
Rarefaction curves for bacterial community at distance levels
of 0.03 had reached an asymptote (Supplementary Figure S1),
which indicated that the sequence was sufficient to represent the
different bacterial communities. Thus, our data were sufficient
to allow an analysis of bacterial communities. We illustrated
the similarities and differences among the OTUs of the sites in
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TABLE 1 | Plant diversity indices for different sites.

S Shannon Simpson Pielou

ZG 6.00 +1.53 1.43+0.22 0.70 £ 0.05 0.83 £+ 0.01
Zl 5.334+0.88 1.16 + 0.09 0.59 + 0.05 0.71 4+ 0.08
CR 3.334+0.88 0.81 +0.17 0.48 +0.08 0.72 +0.02
CM 3.67 +£0.33 1.00 +0.08 0.56 4+ 0.03 0.78 4+ 0.03
AC 5.67 £ 0.67 1.31 £0.18 0.63 + 0.09 0.76 + 0.11
TS 6.33 + 1.20 1.60 + 0.23 0.76 + 0.05 0.88 4 0.03
GM 1.00 £ 0.00 0.00 4 0.00 0.00 4+ 0.00 NA

Data are mean + standard error. ZI, Zenia insignis; TS, Toona sinensis; CM,
Castanea mollissima; CR, Citrus reticulate; ZG, Zenia insignis and Guimu-1
elephant grass; GM, Guimu-1 elephant grass; AC, abandoned cropland.

two four-set Venn diagrams (Supplementary Figures S2, S3).
The unique OTUs were 51, 48, 54, and 125 for the ZI, ZG, CR,
and AC sites, respectively; the four patterns shared 1285 OTUs
(Supplementary Figure S2). The unique OTUs were 96, 57, 53,
and 63 for the CM, TS, GM, and AC sites, respectively; the four
patterns shared 1225 OTUs (Supplementary Figure S3).

The dominant bacterial OTUs (relative abundance > 1%)
belong to Actinobacteria and Proteobacteria  phyla
(Supplementary Table S2). These dominant OTUs were assigned
to a total of 6 bacterial genus including Micromonospora,
Streptomyces, Lysobacter, Micrococcaceae, Bradyrhizobium,
Intrasporangiaceae. And a higher relative abundance of
Micromonospora  (OTU2141, 2139, 2459), Lysobacter
(OTU2463), and Streptomyces (OTU2136, 1650) were observed
in TS and ZG sites, respectively. The relative abundance of the
bacterial taxa at the phylum level varied among the different
sites (Figure 2). Actinobacteria, Proteobacteria, Chloroflexi, and
Acidobacteria were the dominant bacterial phyla, which occupied

86.0% of the total bacterial abundance (Figure 2). Actinobactria
was the most abundant phylum (34.67%) with only one class.
Moreover, the relative abundance of Actinobacteria in the ZG,
CM, ZI, and AC sites were more than 37%. Proteobacteria
was the second most abundant phylum in these revegetated
sites, with Gamma- (12.71%) and Alpha-proteobacteria (9.75%)
being the most dominant classes next to Actinobacteria
(Supplementary Figure S4). At the genus level, the dominant
bacterial taxa were Micromonospora, Lysobacter, Subgroup
6, and Streptomyces, which belonged to the Actinobacteria,
Proteobacteria, Acidobacteria, and Actinobacteria phyla,
respectively (Supplementary Figure S5). The genera in the
Chloroflexi phylum division, such as A4b, Roseiflexaceae,
SBR1031, and KD4-96, were in medium relative abundance.
Micromonospora had the highest average relative abundance
and dominated in the AC and XC sites, but was depressed in the
CR and GM sites. The Streptomyces (Actinobacteria phylum)
and Subgroup 6 (Acidobacteria phylum) was dominant in the
ZG and GM sites, respectively.

Our heatmap showed that the bacterial community could be
divided into five clusters (Figure 3). The abundances of these
bacterial genera were different among the seven revegetation
sites. The dominant genera in each revegetation site were also
different. For example, the CM, ZI, TS, and AC sites were
dominated by Micromonospora, whereas the ZG, CR, and GM
sites were enriched by Streptomyces and Subgroup 6. Overall,
the Micromonospora almost had the highest abundance among
all sites (Supplementary Figure S5). The bacterial composition
and distribution were similar in the AC and TS sites. These two
sites all had a higher abundance of Micromonospora, Lysobacter,
and Subgroup 6. Nevertheless, the GM site had the lowest
amount of Cupriavidus, unclassified Gemmatimonadaceae, and

M Actinobacteria

W Proteobacteria

M Chloroflexi
Acidobacteria

m Gemmatimonadetes
Bacteroidetes

m Rokubacteria
Planctomycetes

m Firmicutes

W others

GM HiN
1S N
4e HEN
g om Il
=
CR il
Z Hil
26 H il
0 0.2 0.4 0.6 0.8 1
Relative abundance (%)
FIGURE 2 | The average relative abundance of soil bacterial phylum. ZI: Zenia insignis; TS: Toona sinensis; CM: Castanea mollissima; CR: Citrus reticulate; ZG:
Zenia insignis and Guimu-1 elephant grass; GM: Guimu-1 elephant grass; AC: abandoned cropland.
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sinensis; CM: Castanea mollissima; CR: Citrus reticulate; ZG: Zenia insignis and Guimu-1 elephant grass; GM: Guimu-1 elephant grass; AC: abandoned cropland.
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Hamadaea. The differences in bacterial abundance in the other
four sites were not large.

Diversity of Bacterial Communities

Under Different Approaches

The depth of all sample sequences was over 98% (Table 2),
which indicated that sequence coverage was adequate and met
the criteria of our experiments. The diversity indices for the soil
bacterial community varied among the different sites (Table 2).
The ACE and Chaol indices had the same decreasing trend in
the order of ZI, CM, GM, CR, AC, TS, and ZG. Site GM had
the highest richness of bacteria, followed by CM, GM, CR, AC,
TS, and ZG. The Chaol index was higher in ZI, CM, GM, and
CR, followed by AC, TS, and ZG. The ACE index was highest
in ZI, and there was no significant differences among all sites.
The Shannon-Wiener index was highest in GM and lowest in TS,

and there was no significant differences in the index among the
other sites. The Simpson index was highest in TS site, which was
significantly higher than in GM (p < 0.05) site.

Effects of Environmental Factors on

Bacterial Communities

The three soil stoichiometric ratios and plant diversity indices
had a significant effect on soil bacterial genera (Table 3).
Bacterial Shannon-Wiener index was significantly negatively
correlated with plant Shannon-Wiener and Simpson indices
(Supplementary Figure S6). The relative abundance of KD4-
96 was largely affected by soil properties and plant diversity
indices. The ratio of C:P had positive effects on KD4-96,
Intrasporangiaceae, and Gaiella, and negative effects on RB41
and Rubrobacter. The ratio of N:P was significantly positively
correlated with Cupriavidus and Kribbella, and negatively with

Frontiers in Microbiology | www.frontiersin.org

6 October 2020 | Volume 11 | Article 577242


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Chen et al.

Bacterial Community Under Revegetation

TABLE 2 | Soil bacterial diversity indices of different sites.

Shannon Simpson ACE Chaot Coverage
ZG 5.55 &+ 0.33ab 0.01 £ 0.00ab 1544.34 + 141.65 1588.81 &+ 143.07 0.99 + 0.00
Zl 5.87 4+ 0.05ab 0.01 =+ 0.00ab 1787.63 + 46.79 1816.77 £+ 50.13 0.98 + 0.00
CR 5.92 + 0.03ab 0.01 + 0.00ab 1689.90 + 108.74 1717.89 £ 99.50 0.99 + 0.00
CM 5.76 + 0.03ab 0.01 + 0.00ab 1766.77 + 57.96 1785.30 £ 40.39 0.98 + 0.00
AC 5.61 &+ 0.44ab 0.02 + 0.02ab 1638.50 + 83.20 1673.24 + 85.51 0.99 + 0.00
TS 5.43 + 0.09b 0.03 + 0.00a 1615.95 + 31.97 1615.86 + 38.70 0.99 + 0.00
GM 6.21 + 0.05a 0.01 & 0.00b 1737.09 £ 58.17 1773.05 £ 49.06 0.99 + 0.00

Data are mean =+ standard error. Different lowercase letters in the same column indicate significant difference at 0.05 level. ZI, Zenia insignis; TS, Toona sinensis; CM,
Castanea mollissima; CR, Citrus reticulate; ZG, Zenia insignis and Guimu-1 elephant grass; GM, Guimu-1 elephant grass; AC, abandoned cropland.

Microtrichales. Only one genus of Proteobacteria (Cupriavidus),
Acidobacteria (RB41), and Gemmatimonadetes (unclassified
Gemmatimonadaceae) were very significant correlated with soil
stoichiometric ratios (p < 0.01).

For highly correlation of plant Shannon index with other
environmental factors, it was removed from RDA analysis.
Redundancy analysis of the main bacterial genera showed that the
first two axes of the redundancy analysis accounted for 20.88% of
the total variance in the bacterial community composition, with
the first axis accounting for 11.05% of the variance (Figure 4).
Plant Simpson index, and soil N:P were more correlated to
bacterial community composition than other environmental
factors, contributing 16% (P = 0.05), and 15.7% (P = 0.04),
respectively, which suggested that they were the main factors
shaping soil bacterial community (Figure 4).

DISCUSSION

Soil Properties Under Revegetation

The GfG program used afforestation and revegetation as tools for
ecological restoration, but the program also aimed to alleviate
poverty and hasten rural development. Farming in Guzhou
Village intensified soil erosion, and the soil was nutrient deficient
and characteristic of the thin, nutrient-poor soils of undisturbed
karst systems (Green et al., 2019). Zhang et al. (2019) found that
vegetation restoration (e.g., natural restoration, artificial forests,
and artificial grassland) significantly improved soil quality, which
was confirmed in our study. We also found that plant richness
was significantly negatively correlated with the ratio of C:N and
C:P (Supplementary Figure S6), which indicated higher plant
diversity might contribute to decreasing nutrient limitation.

Soil organic matter plays a key role in soil function, soil
quality, water holding capacity, and the susceptibility of soil to
degradation (Fragoso et al., 1997). The soil at our study sites had
a relatively lower SOC content (15.66 + 8.41 gkg~!, data not
shown) than what was found at other sites (81.12 & 15.89 g.kg 1,
21.07-77.13 gkg™!; Liu et al, 2016; Zhu et al, 2017). The
difference might be because of the distinctive geology and
climate, and the leaching of solubilized microelements from the
soil (Beynen, 2011). Due to intensive soil erosion via water in the
sub-tropical karst ecosystem, SOC loss was accelerated (Green
etal., 2019) and complicated afforestation efforts. The content of
humic acid in soil has been found to be positively correlated with

organic matter content (Wu et al., 2019), which we also found in
our study in that the soils with higher SOC had lower pH in ZG,
Z1, AC, and TS sites (Figure 1). However, SOC and pH did not
show a strong correlation (Supplementary Figure S6), perhaps
because pH was near neutral.

Fengetal. (2018) pointed out that soil nitrogen availability was
a major constraint for plant growth and consequently impacted
soil carbon sequestration following afforestation, and we found
that SOC content was significantly positively correlated with AN
and TN (Supplementary Figure S6). This finding indicated that
our soil nitrogen might constrain soil carbon storage by affecting
the productivity of plants. The contents of other soil properties
and stoichiometric ratios were not high, especially the parameters
related to phosphorus, which further indicated that the soils
were phosphorus deficient. During the latter period of the GfG
program, the values of SOC, TN, TK, AN, AK, C:P, and N:P at the
Z1 and GM sites were less than at ZG (Figure 1), which indicated
that the soil nutrient accumulation of revegetation with both tree
and grass species on soil was prior than that of single-planted
trees or single-planted pastures (Han, 2017). Furthermore, the
contents of soil properties and the stoichiometric ratios in the
ZG site were almost the highest, which indicated that the ZG
approach had the best effects on soil nutrients accumulation. The
SOC was lowest in the TS site, which indicated that planting
Toona sinensis is not very conducive of SOC accumulation.
Due to fertilization and other human management in our study
area during the early stages of the GfG program, plant residues
decomposed rapidly into the soil and the alkaline substances
in the soil were neutralized (Han, 2017). The reduction human
interference during the mid-stages of the project caused the soils
to be slightly acidic or neutral at all sites (Figure 1).

Soil Bacterial Community Under

Revegetation

Actinobacteria, Proteobacteria, Chloroflexi, and Acidobacteria
were the dominant phyla at all sites (Figure 2), and similar
results were observed in soils in different environments (Eo and
Park, 2016; Xue et al., 2016). Proteobacteria and Actinobacteria
were promoted by soil organic carbon, while Acidobacteria,
an oligotrophs (Hartman et al, 2008), was suppressed by
soil organic carbon (Zhou et al., 2017). Even Acidobacteria
thrived in soils with low resource availability, which was
widespread in soil (Fierer et al., 2007). Therefore, every site
had Acidobacteria (Figure 2). Soil was neutral or slightly acidic,
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TABLE 3 | The correlation coefficients between soil bacterial genera and environmental variables.

pH SOC TN TP TK AN AP AK C:N C:P N:P S Shan Simp
Micro 0.17 —0.18 -0.19 0.16 —0.05 —0.21 0.17 —0.23 -0.13 —0.37 —0.37 0.32 0.45* 0.49*
Lys 0.04 —0.07 —-0.13 0.13 —0.06 —0.18 0.12 —0.16 —0.06 —0.25 —0.33 0.10 -0.01 —0.09
Sub 6 —0.02 0.00 -0.12 —0.16 —0.03 —0.23 —0.10 0.09 0.04 0.10 —0.01 —0.09 —0.19 -0.21
Strep -0.19 0.03 0.26 0.00 0.18 0.28 —0.11 0.09 -0.12 0.09 0.33 0.20 0.34 0.43
Gem 0.16 0.12 0.10 —0.05 0.04 0.12 —0.14 0.11 0.08 0.24 0.18 —0.07 -0.14 -0.16
A4b 0.15 —0.03 -0.12 0.08 0.02 -0.18 0.10 0.01 0.03 —0.11 -0.27 -0.10 —0.30 —0.39
Rose 0.02 —0.06 —0.03 -0.13 —0.07 0.08 —0.08 0.15 0.08 0.14 0.16 —0.02 0.11 0.20
SBR —-0.20 -0.19 —0.18 —0.10 —0.02 —0.09 —0.01 0.01 -0.12 -0.21 -0.21 —0.04 -0.15 -0.16
Xan —0.01 0.22 0.10 0.01 —0.29 0.34 0.12 —0.15 0.32 0.25 0.15 0.02 0.08 0.14
Roku —0.11 —0.21 —0.20 -0.18 0.02 —0.39 —0.10 —0.02 —0.20 —0.11 —0.08 0.15 —0.00 -0.07
KD4 0.30 0.13 -0.27 —0.42 —0.58** 0.10 -0.10 —-0.19 0.60** 0.58** 0.19 —0.48* —0.50* —0.46*
Gai -0.10 0.19 0.27 —0.16 0.10 0.23 -0.23 0.34 0.13 0.43 0.53* —0.26 —0.26 -0.22
Micoc 0.52* 0.30 0.04 0.11 —0.22 0.24 0.30 —0.02 0.51* 0.36 0.06 —0.39 —0.40 -0.37
Brad 0.04 0.18 0.12 0.05 -0.22 0.39 0.13 —0.23 0.26 0.20 0.13 0.08 0.15 0.20
Mimon ~ —0.23 0.07 0.27 0.05 0.17 0.30 —0.05 0.09 —0.09 0.03 0.25 0.32 0.42 0.49*
RB41 0.04 —0.34 —0.21 0.13 0.08 —0.22 0.11 —0.10 -0.32 -0.45* —-0.37 0.44* 0.50* 0.52*
Int —0.10 0.18 0.17 —0.21 —0.04 0.28 —-0.19 0.24 0.25 0.44* 0.47* 0.38 —-0.32 —0.25
IMC -0.23 0.21 0.29 -0.15 0.00 0.39 -0.19 0.16 0.15 0.40 0.52* —0.05 0.02 0.08
67-14 0.17 —0.04 —0.06 0.03 —0.02 —0.13 0.00 —0.05 0.01 —0.03 —0.11 —0.06 —0.11 —0.14
Actin -0.17 0.01 0.11 —0.07 0.15 0.03 —0.06 0.36 —0.04 0.13 0.25 -0.12 —-0.11 —0.06
Sph —0.07 0.02 0.00 -0.15 0.11 —0.16 —0.26 0.11 —0.06 0.09 0.07 —0.26 —0.36 —0.45*
Cup —0.16 0.04 0.27 —0.19 0.25 0.13 -0.27 0.34 —0.11 0.30 0.60* —0.11 0.21 0.28
Hal 0.00 —-0.12 -0.19 —-0.17 -0.12 —0.14 -0.14 —0.07 —0.02 0.02 —0.06 —0.20 —0.22 —0.25
Gaie 0.11 0.11 0.00 —0.41 -0.10 0.03 -0.35 0.23 0.28 0.57** 0.48* —0.53* —0.59 —0.58**
Mitri 0.24 —0.20 —0.29 0.11 —0.14 —0.31 0.14 —0.38 -0.14 —0.37 —0.49* 0.12 0.06 0.00
Sub 17 0.08 0.03 —0.10 —0.02 0.02 —0.23 0.03 0.10 0.04 —0.01 -0.15 —0.25 —0.44* —0.52*
Bact 0.04 0.03 —-0.11 0.10 -0.12 —-0.17 0.11 —-0.17 —0.08 —0.15 —0.31 —0.03 —0.16 -0.24
Sol 0.08 —0.08 —0.03 0.19 0.14 —0.05 0.15 0.13 —0.05 —0.20 —0.23 -0.13 —0.16 -0.15
Ram 0.01 0.11 0.06 —0.07 0.08 —0.01 —0.06 0.23 0.10 0.24 0.16 —0.03 —0.21 —0.29
Rub 0.02 -0.21 —0.05 0.34 0.16 —-0.17 0.24 —-0.19 —0.36 -0.53* —-0.42 0.48* 0.48* 0.46*
MN -0.13 0.10 0.15 0.11 0.04 0.24 0.10 0.29 0.03 0.07 0.12 0.24 0.30 0.36
NB —0.06 0.01 —0.04 —0.01 0.07 —0.21 —0.06 0.07 —0.08 —0.06 -0.13 —0.08 —0.24 —0.34
Gema 0.14 0.12 —0.05 0.18 —0.38 0.32 0.20 —0.38 0.23 —0.05 -0.27 0.09 0.21 0.28
Ana -0.17 0.02 0.14 -0.12 0.10 0.25 —0.10 0.18 —0.02 0.16 0.31 0.03 0.09 0.14
Ham —0.26 0.04 0.26 —0.01 0.17 0.27 —0.09 0.10 —0.11 0.08 0.32 0.19 0.28 0.35
Gemat 0.06 —0.16 —0.16 0.25 —-0.10 —0.02 0.28 —0.24 -0.12 —0.40 —0.45* 0.40 0.46* 0.50*
Kri -0.16 0.17 0.36 —0.07 0.17 0.32 —0.20 0.18 0.00 0.31 0.54* 0.00 0.14 0.22

*Indlicated that correlation was significant at the 0.05 level (two-tailed). **indicated that correlation was significant at the 0.01 level (two-tailed). The bold values meant
that the correlation values were significant at 0.05 or 0.01 level. SOC, soil organic carbon, TN, total nitrogen; TR, total phosphorus; TK, total potassium, AP, available
phosphorus; AK, available potassium; AN, available nitrogen; C:N, C:N ratio; C:F, C:P ratio; N:F, N:P ratio;, S, Species richness; Shan, Shannon-Wiener index; Simp,
Simpson index; Micro, Micromonospora;, Lys, Lysobacter; Sub 6, Subgroup 6; A4b, A4b; Rose, Roseiflexaceae; Gem, norank Gemmatimonadaceae; SBR, SBR1031; Xan,
Xanthobacteraceae; Roku, Rokubacteriales; KD4, KD4-96; Kri, Kribbella; Gai, Gaiellales; Micoc, Micrococcaceae; Brad, Bradyrhizobium; Mimon, Micromonosporaceae;
Int, Intrasporangiaceae; IMC, IMCC26256; Actin, Actinobacteria;, Mitri, Microtrichales; Sub 17, Subgroup 17; Bact, bacteriap25; NB, NB1-j; Gema, Gemmatimonas;
Strep, Streptomyces; Sph, Sphingomonas, Cup, Cupriavidus; Hal, Haliangium; Micro, Microtrichales; Sol, Solirubrobacter; Ram, Ramlibacter; Rub, Rubrobacter; MN,

MND1; Gaie, Gaiella; Ana, Anaeromyxobacter; Ham, Hamadaea; Gemat, unclassified Gemmatimonadaceae.

which was more suitable for the survival of Streptomyces
(Actinobacteria phylum). Proteobacteria and Bacteroidetes were
carbon- and nitrite-oxidizing bacterial group with higher relative
abundance in all sites, which indicated that these bacterial
groups had positive effects on the fertility of soil under the
revegetation approaches.

Due to its multi-layer canopy structure, the combination
of Zenia insignis and Guimu-1 elephant grass site had the
best edaphic benefits (Figure 1). Although Zenia insignis grows

rapidly and consumes a lot of nutrients, Guimu-1 elephant
grass created an abundant source of SOC and nutrients (Han,
2017). A more diverse plant community could also provide
more diverse ecological niches that increase the growth and
abundance of soil bacteria. The soil at the CM site had the lowest
concentration of potassium (Figure 1) and the highest abundance
of Actinobacteria (Figure 2), which might be because the CM
site had the highest C:N ratio to meet the need of Actinobacteria
growth. The Toona sinensis site had median edaphic property
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FIGURE 4 | Ordination plots of the redundancy analysis (RDA) to identify the relationship between the abundance of bacterial taxa (black arrows) and environmental
variables (red arrows). Plant Shannon index was highly correlated with plant Simpson index and species richness (Pearson R = 0.97, R = 0.92, respectively), thus
was removed from this analysis. These are the abbreviations of environmental variables and bacterial taxa: N:P, soil N:P ratio; Simpson, plant Simpson index; Micro,
Micromonospora; Lys, Lysobacter; Sub 6, Subgroup 6; Adb, Ad4b; Rose, Roseiflexaceae; Gem, norank Gemmatimonadaceae; SBR, SBR1031; Xan,
Xanthobacteraceae; Roku, Rokubacteriales; KD4, KD4-96; Kri, Kribbella; Gai, Gaiellales; Micoc, Micrococcaceae; Brad, Bradyrhizobium; Mimon,
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Ramlibacter; Rub, Rubrobacter; Ana, Anaeromyxobacter; Ham, Hamadaea; Gemat, unclassified Gemmatimonadaceae; Gaiella, Gaie.

1.0

contents and stoichiometric ratios (Figure 1) and a higher relative
abundance of dominant bacteria (Figure 3 and Supplementary
Table S1), which might have been due to its high total phosphorus
as a source for AP transformation. The variation of relative
abundance among the different bacterial phyla (Figure 2) at
the GM site, which consumed a large amount of phosphorus
and yielded vigorous plant growth (Han, 2017), was smaller
than other sites. Thus, when planting Guimu-1 elephant grass,
phosphate fertilizer was needed. The Zenia insignis site had
relatively low soil nutrients (Figure 1) due to the consumption
of a considerable amount of phosphorus (Lu et al., 2012) and

necessitated soil fertilization management. The Citrus reticulate
and abandoned cropland sites had the worst edaphic effect
(Figure 1), and the introduction of other plant species was
considered to hasten ecological restoration.

The bacterial community structure differed with vegetation,
which indicated that the plant species chosen for afforestation
and revegetation were good indicators of soil bacterial
community structure. The bacterial composition and distribution
were similar in the AC and TS sites (Figure 3), and they all had
the highest abundance of same OTUs (OTU2141, 2463, 649,
219 et al.). This similarity could have been due to the two sites
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having the most proximate values of soil properties and C:N,
such as SOC, TN, and AK. Compared to the monoculture GM
site, the plants in the AC site were a mixture of trees and grasses,
thus the plant-soil environment was closer to that in the TS
site. Another reason might be that they had similar species of
grasses and a similar plant root environment. FCPU426 and
Fibrobacteres were only found at the ZG and CR sites, where
there might be some special plant root exudates that attracted
these bacteria. The Toona sinensis site had the lowest SOC and
soil stoichiometric ratios, which might be because they preferred
fertile soil. However, our soil was not fertile originally, which
affected their subsequent growth and litter quantity. Therefore,
monocultures of Toona sinensis needs to be improved.

Effects of Revegetation on Soil Bacterial

Community

Proteobacteria and Actinobacteria were the most abundant phyla
in soil bacterial communities and were powerful competitors in
carbon utilization (Fierer et al., 2007; Ganz et al., 2012), exhibiting
rapid growth in carbon-enriched soil (Goldfarb et al., 2011). The
abundance of Proteobacteria and Actinobacteria indicated that
all revegetation methods in our study had relatively enough soil
carbon. At the class level, Actinobacteria was the most abundant
(Supplementary Figure S4), and their competitive advantage
was evident through their production of antibiotics (D’Costa
et al,, 2007) and a multitude of degradative capabilities (Zhou
et al., 2017). With the accumulation of soil organic matter and
nutrients, the relative abundance of Actinobacteria decreased and
Proteobacteria increased (Figures 1, 2), which may be caused by
the increase in available nutrients (Zeng et al., 2017).

Significant relationships of N:P and C:P with bacterial genera
except most dominant genera were observed, which indicated
that the variables associated with phosphorus availability may
be crucial determinants of bacterial community structure, and
the dominant bacterial taxa had the preference of phosphorus.
Plant diversity had significant positive effects on some soil
bacterial genera, especially the most abundant bacterial genus,
Micromonospora, which indicated that revegetation with an
abundance of plant species could improve the growth of soil
bacteria (Figure 4). The tight connection between soil bacterial
genera and plant diversity indices indicated that plant diversity
participated in shaping the soil bacterial community (Table 3).
The bacterial Shannon-Wiener index was significantly negatively
correlated with plant Shannon-Wiener and Simpson indices
(Supplementary Figure S6), which indicated that higher plant
diversity does not necessarily promote soil bacterial diversity
at the intermediate stage of revegetation. An imbalanced
fertilization experiment found the percentage of Acidobacteria
abundance had a positive correlation with potassium and
negative correlation with calcium (Eo and Park, 2016), but we
did not find the same correlations in our study (Table 3). The
reason might be that high calcium in karst region suppressed
the uptake of potassium by Acidobacteria taxa. They also found
the percentages of Chloroflexi were positively correlated with
pH and negatively correlated with nitrate concentration (Eo and
Park, 2016), but we did not observe these correlations (Table 3).

The possible reasons for this difference could be that our soil
was lacking nitrates and a high pH may suppress the growth of
Chloroflexi (Deng et al., 2018). Firmicutes was found to be more
adaptable to dry and cold soil environments and used limited
soil nutrients (Zhu et al., 2017), while under a humid subtropical
climate the abundance of Firmicutes was lower (Figure 2). Zhu
et al. (2017) also found that Gemmatimonadetes was more
suitable for living in low soil water content environment. Thus, it
is likely that the sites AC, ZG, and GM had the lowest abundance
of Gemmatimonadetes due to their deep soil and potential to
hold water. The Bacillus class, the predominant bacteria for their
phosphate-solubilizing abilities, had low abundance in our soil
(Supplementary Figure S3) and further indicated that our soils
were deficient in phosphorus (Figure 2).

Many studies demonstrated that soil pH was the factor driving
soil bacterial community structure (Lauber et al., 2009; Kaiser
et al., 2016). However, we found a weak correlation between
soil pH and bacterial distribution in our study, which could
be due to the relatively wide growth tolerances exhibited by
most bacterial taxa. Hu et al. (2016) also found that the karst
microorganisms were possibly very tolerant of the poor soil
habitat. Although pH correlated well with bacterial community
change (Williams et al., 2013), it was not well correlated with
similar bacterial community changes when pH was uniform
(Jangid et al., 2013). Another reason might be the homogenic soil
pH with narrow range of variation (6.0-7.2) in our study area.
Combined with nutrient limitation, our bacterial community was
affected by the dominance of competitive species and competitive
exclusion (Kaiser et al, 2016). Liang et.al (2017) investigated
bacterial communities in soils in a karst rocky desertified area
in Yunnan, and they found that soil pH, Ca** content, organic
carbon, total nitrogen, and soil moisture jointly influenced
bacterial community structure. Their lower pH value might due
to acidification caused by coniferous afforestation, and their
higher SOC content was due to the input of forest litter. There was
more Acidobacteria than in the soils we studied due to acidity,
and soil bacteria phyla in our study were in accordance with
the previous findings with no significant differences, except for
Betaproteobacteria and Armatimonadetes.

Bacterial community structure and diversity were influenced
by a range of physicochemical properties (Hu et al., 2016; Sui
et al., 2019). All the bacterial diversity indices in a mountainous
region (Deng et al., 2018) were higher than those in our study,
which might be due to the soil in our study being nutrient limited.
Correlation analysis between environmental factors and soil
bacterial genera indicated that variables associated with nitrogen
and phosphorus transformations may be crucial determinants
of bacterial community (Shi et al., 2015), especially phosphorus
content (Table 3). The ZG site had the highest soil C:P, lowest AP,
and low bacterial diversity, which indicated that soils with low
phosphorus and high C:P ratio may constrain bacterial diversity
(Delgado-Baquerizo et al., 2017)., and phosphorus availability
affected the quantity of N within ecosystems by affecting N
fixation (Vitousek et al., 2010). Soil microbial species were usually
abundant in habitats with sufficient carbon sources, but our
soil bacteria had low diversity when SOC was relatively high,
which suggested that the bacterial communities in our soil were
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constrained by other nutrients, such as nitrogen and phosphorus.
We found soil N:P and plant Simpson index jointly influenced
bacterial community structure (Figure 4), which indicated that
our bacteria community was affected by soil nutrient limitation
and plant diversity. In addition, plants had a greater effect on soil
bacterial community than soil nutrients. Though revegetation
increased SOC content, soil fertility was not adequate. Moreover,
the deficiency of nitrogen and phosphorus was characteristic
of karst soils in a subtropical climate. Thus, the low nitrogen
and phosphorus became the more important limited factors.
Fierer and Jackson (2006) and Lauber et al. (2009) described a
peak of soil bacterial diversity in near neutral soils. Our soils
were near neutral but were limited by soil nutrients, which
indicated that soil bacterial diversity may not have peaked.
Compared to phosphorus, which was supplied only from parent
material, the carbon and nitrogen contents were relatively high
enough due to recharging via photosynthesis and nitrogen
deposition. Additionally, the massive demand for phosphorus by
fast-growing bacteria for the synthesis of ribosomal RNA (Ren
et al., 2016) further aggravated phosphorus deficiency. A study
in a prairie suggested that increasing plant community richness
significantly altered soil bacterial community composition and
was negatively correlated with bacterial diversity (Schlatter et al.,
2015). The unexplained part of our study may be related to plant
productivity and other edaphic properties such as soil matrix,
including pore size, particle size, and the availability of water and
carbon (Zhu et al., 2017; Song et al., 2018).

CONCLUSION

We investigated soil bacterial community structure and diversity
at seven revegetated sites in a typical karst rocky ecosystem
in southwest China that were part of the GfG program. Our
results indicated that the different afforestation and revegetation
approaches had different impacts on soil properties and bacterial
communities. Actinobacteria, Proteobacteria, Chloroflexi, and
Acidobacteria, were the dominant bacterial phyla and occupied
86.0% of the total bacterial abundance. Actinobacteria was the
most abundant phylum (34.67%) with only one class. The AC
and TS sites had similar bacterial structure. The dominant genus
in each revegetation site was also different. The CM, ZI, TS, and
AC sites were dominated by Micromonospora, and the ZG, CR
and GM sites were dominated by Streptomyces and Subgroup
6. Soil stoichiometric ratio (N:P) and plant Simpson index were
the important factors shaping the structure of the bacterial
community, and phosphorus was the factor limiting the bacterial
community in the GfG program areas in this region. From
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