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Abstract: The previous studies show soil microbes play a key role in the material and nutrient cycles
in the forest ecosystem, but little is known about how soil microbes respond to plant distribution,
especially in the soil bacterial community in woody bamboo forests. Cephalostachyum pingbianense
(Hsueh & Y.M. Yang ex Yi et al.) D.Z. Li & H.Q. Yang, 2007 is known as the only bamboo species
producing shoots all year round in natural conditions. Endemic to the Dawei mountain in Yunnan of
China, this species is a good case to study how soil bacteria respond to plant endemic distribution.
In this work, we assayed the soil chemical properties, enzyme activity, changes in the bacterial
community along the distribution range of the C. pingbianense forest. The results showed that soil
nutrients at the range edge were nitrogen-rich but phosphorus-deficient, and soil pH value and soil
urease activity were significantly lower than that of the central range. No significant difference was
detected in soil bacterial diversity, community composition, and function between the central and
marginal range of C. pingbianense forest. Notably, the relative abundance of heterotrophy bacteria,
such as Variibacter and Acidothermus, in the soil of the C. pingbianense forest was significantly higher
than that of the outside range, which may lead to a higher soil organic carbon mineralization rate.
These results imply that abundant heterotrophy bacteria were linked to the endemism and full-year
shooting in C. pingbianense. Our study is amongst the first cases demonstrating the important role of
heterotrophy bacteria in the distribution formation of endemic woody bamboos in special soil habitats,
and provides insight into germplasm conservation and forest management in woody bamboos.

Keywords: Cephalostachyum pingbianense; bacterial community; distribution range limit; soil chemical
properties; soil urease

1. Introduction

Cephalostachyum pingbianense (Hsueh & Y.M. Yang ex Yi et al.) D.Z. Li & H.Q. Yang,
2007 is a rare species in the bamboo subfamily of Poaceae and is known as the only woody
bamboo that produces delicious shoots all year round in the wild [1,2]. Endemic to the
Dawei mountain in southern Yunnan of China, C. pingbianense is mainly distributed in the
elevation range of 1600-2000 m [1,3]. The vertical distribution of vegetation is obvious in the
Dawei mountain area [3]. The upper and lower range margins of the C. pingbianense forest
are adjacent to the Lithocarpus glaber (Thunb.) Nakai, 1916 forest and Cyclobalanopsis kerrii
(Craib) Hu, 1911 forest, respectively. Although C. pingbianense has been introduced and
cultivated in several areas in Yunnan in the past 30 years, there is no successful record so far.
Due to human interference, gregarious flowering, and genetic restriction, C. pingbianense
faces the danger of extinction. It is urgent to study its adaptability to the environment and
formulate corresponding management and protection strategies.

The formation of the geographical range boundary of the plant has always been an
important topic in evolutionary biology and ecology. Based on genetics and evolution, a

Forests 2022, 13, 121. https:/ /doi.org/10.3390/£13010121

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f13010121
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-0404-6685
https://doi.org/10.3390/f13010121
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f13010121?type=check_update&version=1

Forests 2022, 13, 121

20f13

gene flow hypothesis regarding plant distribution range limits deemed that the populations
at range edges did not greatly adapt to their local environments due to inadequate gene
flow from the range interior [4,5]. Ecologically, the plant geographic range boundary is
influenced by both biotic and abiotic factors. Among abiotic factors, temperature and pre-
cipitation determine the distribution pattern of terrestrial plants worldwide [6,7]. Biological
factors, such as herbivores and pollinators, affect the expansion of the plant distribution
boundary [8-10]. In turn, the change of the plant distribution area also reflects the shift of
external biological factors, including the symbiotic microbial community [11,12]. However,
how plant distribution impacts soil bacterial communities is largely unclear.

Close links between plants and soil bacteria have been supported by many studies.
Plants directly or indirectly affect soil bacteria through secretion and litter [13-16]. On the
other hand, soil bacteria participate in nutrient cycling and inhibiting pathogens to facilitate
plant growth and health [17]. Microbial distributions were once considered to follow the
Bass-Becking hypothesis that “everything is everywhere, but the environment selects” [18],
implying that microbes possessed high dispersal abilities. Namely, the microbial distribu-
tion pattern is mainly driven by environmental factors and is not restricted by geographical
distance. However, contrary to this long-held assumption, many recent studies indicate that
the distribution pattern of microbes is affected by geographical distance, environmental
factors, and plant species [19]. To sum up, studies on microbial geographical distribution
are not rare, but the responses of microbes to plant distribution remains largely ambiguous.
In order to clarify the response of the soil microbial community to plant distribution, it is
necessary to determine the changes of the soil microbial community within and beyond the
plant distribution range.

As far as we know, C. pingbianense is strictly restricted to the tropical mountain mon-
soon forests in Dawei mountain [1-3], which provides a good chance to study the dis-
tribution formation of endemic woody bamboos in special soil habitats. Meanwhile, the
attribute of full-year shooting demands a high material and nutrient cycling rate in C.
pingbianense forest accordingly. As soil bacteria play a crucial role in the material and
nutrient cycle in the forest ecosystem [13,15], in this study, we detected the changes of the
bacterial community along distribution range limits. We investigated the soil bacterial
community at the central, marginal, and outside the range of C. pingbianense forest through
high-throughput sequencing, determined the soil and chemical properties and enzyme
vitality, and analyzed the correlation between environmental factors and the soil bacte-
rial community. We hypothesized that: (1) The soil bacterial diversity and composition
are different along the distribution range of C. pingbianense forest; (2) Specific bacteria in
the soil of C. pingbianense forest are associated with the endemic distribution of this rare
woody bamboo.

2. Materials and Methods
2.1. Site Selection and Soil Sampling

The research location was Dawei mountain national forest park (22°54' N, 103°42’ E)
in the southern Yunnan Province of China. Dawei mountain is on the tropical edge with a
tropical monsoon climate [3], characterized by wet all year round, warm in winter, and hot
in summer. The annual >10 °C cumulative temperature is 2216 °C, and the precipitation is
1700-1900 mm. The soil type is mainly red soil below 1000 m above sea level and yellow soil
above 1000 m. C. pingbianense is the only species of the genus Cephalostachyum distributed
at Dawei mountain, and usually aggregates into natural bamboo forests. The vertical
vegetation is clearly evidenced at Dawei mountain. The upper and lower range margins of
C. pingbianense forest are adjacent to L. glaber forest and C. kerrii forest, respectively. The
main compositions of undergrowth vegetation in the three forests are as follows: Selaginella
tamariscina (P. Beauv.) Spring, Polygonatum odoratum (Mill.) Druce, and Ophiopogon bodinieri
H. Lév. in C. pingbianense forest; Ternstroemia gymnanthera (Wight & Arn.), Elaeocarpus
sylvestris (Lour.) Poir. 1811, and Imperata cylindrica in C. kerrii forest; Ternstroemia gymnan-
thera, Eurya hebeclados, and Dryopteris simasakii in L. glaber forest. We established five sites
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to take soil samples: C. kerrii forest (1550 m, site A); the lower range limit of C. pingbianense
forest (1650 m, site B); the range center of C. pingbianense forest (1850 m, site C); the upper
range limit of C. pingbianense forest (2050 m, site D); and L. glaber forest (2150 m, site E).
For each site, we established three 5 m x 5 m plots, totaling 15 plots. At each plot, soil
samples were collected from the top 0-20 cm soil layers in 5 randomly selected locations in
November 2020. The soil samples were sieved at 2 mm to remove stones and plant residues.
Five samples were combined to form a single composite sample from each plot, which were
then divided into three sub-samples. The first part of the soil samples was air-dried for
chemical analysis, the second was stored in an icebox to determine enzyme activity within
two weeks, and the third portion was stored in a dry ice box, transferred to the laboratory,
and stored at —80 °C in a freezer for DNA extraction.

2.2. Soil Chemical Characterization and Enzyme Activity Measurements

Soil pH, organic matter (OM), total nitrogen (TN), total phosphorus (IP), available
nitrogen (AN), and available phosphorus (AP) were determined based on Lu’s methods [20].
Three soil enzyme activities (invertase, urease, and acid phosphatase) were assayed according
to Guan [21]. The invertase activity was determined by the 3,5-dinitrosalicylic acid colorimetric
method, calculated by the milligram number of glucose in 1 g soil after the air-dried soil was
cultured at 37 °C for 24 h. Urease activity was determined by the sodium phenate-sodium
hypochlorite colorimetric method, calculated by the milligram number of ammonia nitrogen
in 1 g soil after culturing at 37 °C for 24 h. The colorimetric method of phenyl disodium
phosphate was adopted to determine acid phosphatase activity, which was estimated by the
milligram number of phenol in 1 g soil after culturing at 37 °C for 12 h.

2.3. DNA Extraction, PCR Amplification, and MiSeq Sequencing

FastDNA® SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) was used to extract
the soil DNA from 0.25 g fresh soil samples according to the manufacturer’s instructions.
The quality and concentration of DNA were verified with NanoDrop2000 and agarose gel.
The V3V4 variable regions of bacterial 165 rRNA genes were amplified using the Primers
338F (ACTCCTACGGGAGGCAGCA) and 806R (GGACTACHVGGTWTCTAAT) [22]. The
PCR amplification system (20 pL): 4 uL 5xFastPfu buffer, 2 uL 2.5 mM dNTPs, 0.8 uL
forward primer (5 uM), 0.8 uL reverse primer (5 uM), 0.4 pL FastPfu polymerase, 0.2 puL
BSA; 10 ng DNA template, and finally replenish to 20 uL with ddH,O. The PCR conditions
included an initial denaturation at 95 °C for 3 min, 35 cycles of denaturation at 95 °C for
30 s, annealing at 55 °C for 30 s, extension at 72 °C for 45 s, and then final extension at
72 °C for 10 min. Amplicon quality was visualized using gel electrophoresis. The products
were sequenced on an Illumina MiSeq PE300 platform at the Shanghai Majorbio Bio-pharm
Technology Co., Ltd. (Shanghai, China).

2.4. Bioinformatics and Statistical Analysis

For raw sequences, quality control was performed on paired-end raw reads using
Trimmomatic (v0.33, USADEL lab, Aachen, Germany). Clean reads were merged using
FLASH (v1.2.11, Johns Hopkins University, Baltimore, MD, USA). Chimeric sequences
were removed using UCHIME software (v4.1, Robert C Edgar, Mill Valley, CA, USA). Effec-
tive sequences with >97% similarity were clustered into the same operational taxonomic
units (OTUs) by UPARSE (v7.0.1090, Robert C Edgar, CA, USA). Representative sequences
were chosen for each OTU, and taxonomic data were then assigned to each representative
sequence according to the Silva database. The richness (number of OTUs), Shannon index,
Phylogenetic diversity, and the richness estimator in Chaol were calculated with MOTHUR
(v.1.30.2, University of Michigan, Ann Arbor, MI, USA) to estimate the bacterial alpha
diversity. The Kruskal-Wallis H test was performed to analyze differences in soil micro-
bial diversity and abundance among five sites. FAPROTAX (v1.0, University of British
Columbia, Vancouver, Canada) was used to predict bacterial ecological function. The rela-
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tionships of the bacterial community with soil chemical properties and altitude in different
soil samples were analyzed by redundancy analysis and spearman correlation analyses.

3. Results
3.1. Soil Chemical Properties and Soil Enzymatic Activities

Soil chemical properties and enzyme activities were significantly different among the
five sites (Figure 1). The soil samples of each site were acidic. The soil organic matter
content in the C. kerrii forest (A) was significantly lower than that of the other four sites
(p < 0.05), and the activities of three soil enzymes were the lowest among the five sites.
The contents of available phosphorus and total phosphorus in the L. glaber forest soil were
significantly higher than the remaining four sites (p < 0.05). Among C. pingbianense soil
sites, the soil pH value, available phosphorus content, and urease activity at the range
boundaries (B and D) were significantly lower than those of range center (C) (p < 0.05),
while available nitrogen exhibited an opposite trend.

(a) . (b) ©
a
12 4 b p b . N a a
EIN 2 2
< . (@)]
2 ° £ 2 sdb
~ o
L
i O
24 % < 4+
0- 0 4
A B CDE A B C D E A B C D E
204 : 2 207
— — 1.2 -
gso-b g b b g15-
R S 084 ¢ bc =
€ 10 -
= pd =
O 40 < 0.4- % 5
0- 0 - 0
A B C D E A B C D E
(h) g
a
891 b
A7-
EEEREN I
S 57
Z 3 7
= 24
1 4
0 - ;
A B C DE A B C D E A B C D E

Figure 1. Soil enzyme activity and soil chemical properties. (a), INV, Invertase activity; (b), URE,
urease activity; (c), ACP, acid phosphatase activity; (d), OM, organic matter content; (e), AN, available
N content; (f), AP, available P content; (g), pH value; (h), TN, total N content; (i), TP, total P content. A,
Cyclobalanopsis kerrii (Craib) Hu, 1911 forest; B, the lower range limit of Cephalostachyum pingbianense
(Hsueh & YM. Yang ex Yietal.) D.Z. Li & H.Q. Yang, 2007 forest; C, the range center of C. pingbianense
forest; D, the upper range limit of C. pingbianense forest; E, Lithocarpus glaber (Thunb.) Nakai, 1916
forest. Different letters (a, b, ¢, d) meant significant differences at the 0.05 level.
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3.2. Changes in Soil Bacterial Community Composition and Diversity

[llumina sequencing of bacterial 165 rRNA gene amplicons resulted in 316,515 effective
sequences. The sequencing coverage of each sample is more than 96%, indicating that the
sequencing results include most microbial groups. As shown in Table 1, the Shannon index,
Chaol index, Phylogenetic Diversity index, and Richness of bacterial community in the
C. kerrii forest (A) soil were significantly higher than at the other four sites. There was no
significant difference in soil bacterial diversity between the range center and edges of the
C. pingbianense forest.

Table 1. Alpha diversity of soil bacterial community.

Types Shannon Chaol Richness Phylogenetic Diversity
A 6.47 £+ 0.07 a 3325 +£211a 2431 £ 174 a 210+ 10a
B 5.90 £ 0.08 ¢ 2762 £29Db 1830 £44Db 154 £6b
C 5.83 +0.09 ¢ 2757 £ 168 b 1736 £ 138 b 148 £9Db
D 590+ 0.04c 2764 £52b 1860 £31b 155£2b
E 6.15+0.05b 2780 £97Db 1963 £ 58 b 163 +4b

The data in the table is the mean + standard deviation. Different letters (a, b, ¢) in the same column meant
significant differences at 0.05 level. A, Cyclobalanopsis kerrii (Craib) Hu, 1911 forest; B, the lower range limit of
Cephalostachyum pingbianense (Hsueh & Y.M. Yang ex Yi et al.) D.Z. Li & H.Q. Yang, 2007 forest; C, the range center
of C. pingbianense forest; D, the upper range limit of C. pingbianense forest; E, Lithocarpus glaber (Thunb.) Nakai,
1916 forest.

The bacterial OTUs spanned 38 phyla, 93 classes, 189 orders, 370 families, 642 genera,
and 1287 species. At the phylum level, there are 10 bacterial taxa with a >2% relative
abundance (Figure 2). Among all five sampling sites, the dominant bacterial phyla (relative
abundance >20%) were Proteobacteria and Acidobacteria. The relative abundance of Acti-
nobacteria in the C. pingbianense forest soil (B-D) is about 1.4-2.4 times that in broad-leaved
forest soil (A, E). The relative abundance of Chloroflexi and Nitospirae in the C. kerrii forest
(A) was significantly higher than that in the other four sites (p < 0.05) (Table 2).

" B Proteobacteria
I — —_—
— amm N = Acidobacteria
0.8 - B Actinobacteria
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10}
2 B Firmicutes
S 064 .
% ' Planctomycetes
% Gemmatimonadetes
g 0.4 B Verrucomicrobia
g - Nitrospirae
[0}
o GAL15
0.2 others
0 —
A B C D E

Figure 2. Bacterial community composition at the phylum level. A, C. kerrii forest; B, the lower range
limit of C. pingbianense forest; C, the range center of C. pingbianense forest; D, the upper range limit of
C. pingbianense forest; E, L. glaber forest.
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Table 2. Bacterial phyla and genera with significant difference among five sites.

Bacteria with Significant Differences A (%) B (%) C (%) D (%) E (%)

Actinobacteria 824 +1.74b 16.84 2094ab 16.80+279ab 2046+ 149a 12.13 £3.76 b

Chloroflexi 1822 +4.14a 3.83 £3.23b 6.82 =258 b 2.61 +0.21b 720£287b
Gemmatimonadetes 1.76 =048 a 1454+ 046a 142 +£0.65a 1.23+0.31b 2.04 £0.26 a
Nitrospirae 2.61 £0.52a 0.56 = 0.63 b 0.75 4+ 0.48Db 0.21 = 0.04b 1.63£042b

Variibacter 433+ 1.45b 8.60 = 1.12a 834+ 125a 8.37 £0.12a 6.66 & 0.45 ab

Acidothermus 227 +£0.83b 6.94 + 0.75 ab 759 £191ab 9.59 +2.02a 419+ 1.23b

Acidibacter 1.88 £0.28b 2.89 4+ 0.62 ab 2.53 +0.43 ab 3.03+0.74a 2..02+0.39b

Roseiarcus 0.69 £ 0.15b 321+153a 1.76 £ 0.38 ab 2.28 +0.23 ab 1.13£0.39b

Nitrospira 2.61 £052a 0.56 + 0.63 b 0.754+048Db 0.21 +£0.04b 1.09 £ 0.56 b

The data in the table is the mean = standard deviation. Different letters (a, b) in the same line meant a significant
difference at the 0.05 level. A, C. kerrii forest; B, the lower range limit of C. pingbianense forest ; C, the range center
of C. pingbianense forest; D, the upper range limit of C. pingbianense forest; E, L. glaber forest.

Among the bacterial genera of the top 20 genera with relative abundance, Variibacter,
Acidothermus, Acidibacter, Roseiarcus, Nitrospira varied significantly among five sites (p
< 0.05) (Table 2). Meanwhile, the relative abundance of Acidothermus, Roseiarcus, and
Variibacter in the C. pingbianense forest (B-D) is higher than that of broad-leaved forests
(A, E). At the phylum and genus level, there was no significant difference in the relative
abundance of soil bacteria between the range center(C) and the range boundaries (B, D) of
C. pingbianense forest.

3.3. Ecological Function of Soil Bacterial Community

FAPROTAX was used to predict the ecological functions of the soil bacterial commu-
nity. The relative abundance of the bacterial community related to chemoheterotrophy, aero-
bic_chemoheterotrophy, cellulolysis, nitrogen_fixation, nitrification, aerobic_nitrite_oxidation,
predatory_or_exoparasitic varied significantly among five sites (p < 0.05) (Figure 3). In
addition, the relative abundance of bacterial community related to chemoheterotrophy and
cellulose hydrolysis in the C. pingbianense forest soil was higher than that in the broad-
leaved forest soil, while the relative abundance of the bacterial community related to
nitrification and aerobic nitrite oxidation was lower in C. pingbianense forest soil.

3.4. Relationships between Soil Chemical Properties, Altitude, and Soil Bacterial Community

To determine relationships between the bacterial community and soil chemical proper-
ties and altitude, redundancy analysis was carried out. The results showed that soil organic
matter (R? = 0.7351, p = 0.001), soil pH (R? = 0.6231, p = 0.006) and soil available nitrogen
(R? = —0.6955, p = 0.028) significantly affected soil bacterial community (Figure 4).

According to results of the spearman correlation analysis (Figure 5), soil pH was
positively correlated with autotrophic bacteria (e.g., Nitrospira) and was negatively corre-
lated with heterotrophic bacteria (e.g., Acidothermus) (p < 0.05). However, compared with
soil pH, the soil organic content, total nitrogen, and available nitrogen had an opposite
correlation with bacterial groups. Meanwhile, there was a significant positive correlation
between available phosphorus and Gemmatimonas, and available nitrogen was significantly
positively correlated with Candidatus_Solibacter and Bradyrhizobium (p < 0.05). No significant
correlation between soil bacterial community and altitude was detected.
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Figure 3. Differences in ecological functions of soil bacteria among 5 sites. A, C. kerrii forest; B, the

lower range limit of C. pingbianense forest; C, the range center of C. pingbianense forest; D, the upper
range limit of C. pingbianense forest; E, L. glaber forest. * 0.01 <p < 0.05.
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Figure 4. Redundancy analysis between soil chemical properties, altitude, and bacterial community.
A, C. kerrii forest; B, the lower range limit of C. pingbianense forest; C, the range center of C. pingbianense
forest; D, the upper range limit of C. pingbianense forest; E, L. glaber forest. OM, organic matter content;
AN, available N content; AP, available P content; TN, total N content; TP, total P content; ALT, altitude.



Forests 2022, 13, 121

8of 13

- - Mycobacterium

Burkholderia-Paraburkholderia
Candidatus_Koribacter
Candidatus_Xiphinematobacter
Haliangium

Pedomicrobium

Nitrospira

H16

Candidatus_Solibacter
Gemmatimonas

Bradyrhizobium 1
Variibacter .
Acidibacter -0.5
Acidothermus

Acidobacterium -0
Roseiarcus

Sorangium l -0.5
Bryobacter

Rhizomicrobium

Granulicella

TP ALT TN OM AN AP pH

Figure 5. The Spearman correlation analysis between soil chemical properties, altitude and bacterial
genus. Top 20 abundant bacterial genera are listed. * 0.01 < p < 0.05; ** 0.001 < p < 0.01; *** p < 0.001.
OM, organic matter content; AN, available N content; AP, available P content; TN, total N content;
TP, total P content; ALT, altitude.

4. Discussion
4.1. Soil Chemical Properties and Soil Enzymatic Activities

Soil chemical properties and enzyme activities were significantly different among
the five sites. Concerning soil pH, the pH values of three sites in C. pingbianense forest
were lower than those in two broad-leaved forests. Within C. pingbianense forest, the
soil pH values of the range boundary (pH = 3.7-4.0) were significantly lower than that
of the range center (pH = 4.5). Woody bamboos generally prefer acidic soil with a pH
value of 4.5-5.8 [23-25]. However, phosphorus deficiency and aluminum toxicity are two
interrelated problems in acid soil. Phosphorus usually reaches its maximum availability
when the soil pH value is 5.5-7.0 [26]. With the soil pH value decrease, the mineral
aluminum in the soil can be transformed into ionic aluminum, which will inhibit the growth
of plant roots [27]. At the same time, ionic aluminum can combine with free phosphorus to
form insoluble salt, which reduces the soil’s available phosphorus content [28]. The soil pH
value and available phosphorus content at the boundaries of C. pingbianense forest were
significantly lower than those at the range center. It is, therefore, suggested that the low soil
pH value and available phosphorus content limit the growth and distribution expansion
of C. pingbianense at the range boundaries, and it may indicate that nutrient resorption
efficiency of C. pingbianense is lower here, resulting in higher soil available nitrogen content
at the range boundaries than at the range center.

Soil organic matter is positively correlated with soil invertase, urease, and phos-
phatase [29]. Among five sites, the lowest organic matter content was detected in C. kerrii
forest soil, which was probably caused by its lowest soil enzyme activities. On the other
hand, forest soils of C. pingbianense and L. glaber had similar soil enzyme activities and
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organic matter content. Urease activity is generally positively correlated with the available
nitrogen [30,31]. However, among three sites of C. pingbianense forest, the soil of the range
center had higher urease activity but lower available nitrogen content than those of range
limits. The trend of urease activity at those three sites was consistent with their soil pH
value, implying that urease activity was significantly affected by soil pH.

4.2. Changes of Soil Bacterial Community

Among the top 20 genera in relative abundance, Acidothermus, Roseiarcus, and Vari-
ibacter in C. pingbianense forest soil were higher than those in broad-leaved forest soil.
Acidothermus belongs to Actinobacteria, which can degrade cellulose [32]. Roseiarcus and
Variibacter are two genera of Rhizobiales. Roseiarcus can fix nitrogen and is significantly posi-
tively correlated with the nitrogen content of plant leaves [33]. Variibacter is the dominant
group in many subtropical forest soils [34,35], and its relative abundance increases with
the increase of soil C/N [34]. Furthermore, at the phylum level, the relative abundance of
Actinobacteria in the C. pingbianense forest soil was more than 15%, much higher than that
of broad-leaved forest soil. Actinobacteria are generally considered probiotics to promote
plant growth. The previous studies on the bacterial community in woody bamboo forests,
e.g., Phyllostachys edulis (Carriere) . Houz, 1906 and Dendrocalamus giganteus (Wall.) Munro,
1868, also found that Actinobacteria was the dominant bacterial taxa in soil [25,36]. On the
other hand, in the C. kerrii forest soil, the relative abundance of Chloroflexi and Nitrospira
was significantly higher than that of the remaining four sites. Chloroflexi can produce energy
through photosynthesis and prefer a low nutrient environment [37]. Compared with other
nitrifying microbes, Nitrospira, an oligotrophic microbe with a slow growth rate, can per-
form nitrification independently [38,39]. In terms of soil bacterial diversity, no significant
difference was detected among the remaining sites except for C. kerrii forest. Moreover, no
obvious trend was found in soil bacterial diversity along the elevation gradient, indicating
that altitude had little effect on soil bacterial diversity.

Based on the prediction of the ecological function for the soil bacterial community,
the relative abundance of heterotrophy bacteria in the soil of C. pingbianense forest was
significantly higher than that of the outside range, which implied that heterotrophic bacteria
played an important role in the endemism of C. pingbianense. Woody bamboos have a strong
capability for capturing and reserving soil N and P, which may reduce the cycling rate
of soil nutrients in a bamboo forest and lead to soil degradation [40]. Fortunately, most
heterotrophic bacteria have a complete coding system of carbohydrate-active enzymes, the
main driving force involved in carbohydrate degradation [41]. Since C. pingbianense can
produce bamboo shoots all year round and need enough long-term nutrient supply from
the soil [3], abundant heterotrophic bacteria in C. pingbianense forest soil can accelerate the
soil nutrient cycle rate and meet the nutrient demands of C. pingbianense forest. On the other
hand, the bacterial community associated with nitrification and aerobic nitrite oxidation
was lower in C. pingbianense forest soil than in broad-leaved forest soil. The ammonium
nitrogen is generally preferentially absorbed at the early stage of plant growth [42]. A
probable reason for the low nitrification bacterial community in C. pingbianense forest soil is
that a vast amount of young bamboos absorb a large amount of ammonium nitrogen all
year round, resulting in inhibited nitrification in C. pingbianense forest soil. Similarly, the
expansion of Phyllostachys edulis to the evergreen broad-leaved forest would weaken soil
nitrification in the previous broad-leaved forest [43].

Why does the microbial community change according to the host plants” distribution?
It was believed to be determined by plant biological characteristics or genotype [44]. The
central-marginal hypothesis deems that populations at the central range grow better than
those at the range boundaries. The ecological environment at establishment sites might
reflect the genetic diversity, which has been supported by several studies [45,46]. So, the
symbiotic bacterial community is often affected by the distribution of host plants. In the
current paper, we saw no significant difference in the soil bacterial community between
the range center and margins of C. pingbianense forest, but the relative abundance of
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heterotrophy bacteria in the soil of C. pingbianense forest was significantly higher than in
that of neighboring broad-leaved forests. It may reflect the biological characteristics of C.
pingbianense and is consistent with the central-marginal hypothesis.

4.3. Effects of Soil Chemical Properties and Altitude on Soil Bacterial Community

Results of correlation analysis indicated that soil pH was a major factor affecting the
soil bacterial community structure, while no significant correlation between altitude and
soil bacterial community was detected. A previous study on global topsoil microbiome
also revealed that environmental factors, especially soil pH, had a stronger impact on the
soil bacterial community than geographical distance [47]. Soil pH can be regarded as a
key variable integrating many other environmental factors [48]. Globally, environmental
factors such as temperature and precipitation affect microbial alpha diversity by regulating
soil pH [49]. In the present paper, the relative abundance of some key chemoautotrophic
bacteria, such as Nitrospira, H16, and Pedomicrobium [39,50,51], was positively correlated
with soil pH values; while heterotrophic bacteria, e.g., Acidothermus and Roseiarcus, were
negatively correlated with soil pH values. Therefore, adaptability to different soil pH val-
ues can be an indicator for distinguishing between autotrophic and heterotrophic bacteria.
Acidobacteria is considered an oligotrophic bacteria often found in soil with deficient organic
matter, but in this study, three representative genera of Acidobacteria, namely Granulicella,
Bryobacter, and Acidobacterium, were significantly positively correlated with soil organic
matter. This was probably because autotrophic bacterial groups weakened the differences
in environmental preference between eutrophic and oligotrophic bacteria. Furthermore,
among the top 20 abundant bacterial genera, Gemmatimonas metabolized phosphate and hy-
pophosphoric acid, and it was significantly positively correlated with available phosphorus
accordingly [52].

4.4. Endemism of C. pingbianense and Implication on Forest Management

Documented as only one species that produces edible shoots in all four seasons in
natural conditions [1-3], C. pingbianense is of great value in germplasm conservation and
utilization, and in understanding the shooting mechanism diversity in woody bamboos. C.
pingbianense is endemic to the Dawei Mountain in tropical monsoon forests, and the soil
bacterial community is characterized by a high relative abundance of heterotrophy bacteria,
such as Variibacter and Acidothermus. More abundant heterotrophy bacteria may lead to
a higher soil organic carbon mineralization rate and is compatible with the attribute of
full-year shooting in C. pingbianense. Abundant heterotrophy bacteria in forest soil may
be linked to the endemism of this distinctive woody bamboo. C. pingbianense, as yet, is
not successfully ex situ introduced and cultivated in other areas of Yunnan. In addition
to biological characteristics, we may also ignore the function and characteristics of the
soil microbial community, especially the bacterial community, in C. pingbianense forests.
Therefore, in order to facilitate asexual reproduction (namely producing shoots) and growth
of C. pingbianense, we should concern the changes of the heterotrophic bacterial community
in its forest soil management [26,36,43].

5. Conclusions

Our results revealed for the first time the characteristics of soil bacterial community
and changes along the distribution range in C. pingbianense forests. Compared with the out-
side ranges, C. pingbianense forest soils possessed a significantly higher relative abundance
of heterotrophy bacteria, implying that heterotrophy bacteria play an important role in the
endemism of C. pingbianense. Therefore, in future germplasm conservation and introduction
of C. pingbianense, in addition to its biological characteristics, more attention should be
paid to the changes of the soil in the heterotrophic bacterial community in long-term forest
management. In addition, the bacterial community structure and diversity will evolve with
time and space. Strengthening studies on variation characteristics of bacterial community
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at a temporal and spatial level along plant distribution range can better reveal the response
of soil bacteria to plant distribution.

Author Contributions: Conceptualization, H.Y. and L.L.; formal analysis, T.X., B.L. and P.D.; funding
acquisition, H.Y.; investigation, T.X., L.L., B.L. and P.D.; writing—original draft, T.X.; writing—review
and editing, TX. and H.Y,; L.L. and T.X. contributed equally to this paper. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Fundamental Research Funds of the Chinese Academy of
Forestry (CAFYBB20215Z001) and the National Natural Science Foundation of China (31870574).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Thanks to the Pingbian administration branch of the Daweishan National Nature
Reserve in Yunnan of China for providing support and help with this experiment, and to Wei Mao
(Southwest Forestry University) for constructive suggestions that helped improve this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yang, H.Q.; Li, D.Z. Revision on Cephalostachyum Munro (Poaceae: Bambusoideae) in China. Plant Divers. Resour. 2015,
37, 546-550.

2. Zheng, X.Q.; Cui, Y.Z.; Chen, L.N.; Yang, H.Q. Study on bamboo shooting and shoot growth of Cephalostachyum pingbianense. For.
Res. 2018, 31, 131-136. [CrossRef]

3. Yang, YM.; Xue, J.R. The preliminary study on natural bamboo forest in Yunnan Dawei mountain area. J. Southwest For. Univ.
1990, 1, 21-30.

4. Mayr, E. Change of Genetic Environment and Evolution; Allen and Unwin: London, UK, 1954; pp. 157-180.

5. Angert, A.L.; Schemske, D.W. The evolution of species’ distributions: Reciprocal transplants across the elevation ranges of
Mimulus cardinalis and M. lewisii. Evolution 2005, 59, 1671-1684. [CrossRef] [PubMed]

6. Ettinger, AK,; Ford, K.R.; HilleRisLambers, J. Climate determines upper, but not lower, altitudinal range limits of Pacific
Northwest conifers. Ecology 2011, 92, 1323-1331. [CrossRef]

7. Grinnell, J. The Niche-Relationships of the California Thrasher. Auk 1917, 34, 427-433. [CrossRef]

8.  Benning, ] W.; Moeller, D.A. Maladaptation beyond a geographic range limit driven by antagonistic and mutualistic biotic
interactions across an abiotic gradient. Evology 2019, 73, 2044-2059. [CrossRef]

9. Theobald, E.J.; Gabrielyan, H.; HilleRisLambers, J. Lilies at the limit: Variation in plant-pollinator interactions across an elevational
range. Am. J. Bot. 2016, 103, 189-197. [CrossRef]

10. Benning, J.W.; Eckhart, V.M.; Geber, M.A.; Moeller, D.A. Biotic Interactions Contribute to the Geographic Range Limit of an
Annual Plant: Herbivory and Phenology Mediate Fitness beyond a Range Margin. Am. Nat. 2019, 193, 786-797. [CrossRef]

11. Lankau, R.A.; Keymer, D.P. Ectomycorrhizal fungal richness declines towards the host species’ range edge. Mol. Ecol. 2016, 25,
3224-3241. [CrossRef]

12.  Wallace, J.; Laforest-Lapointe, I.; Kembel, S.W. Variation in the leaf and root microbiome of sugar maple (Acer saccharum) at an
elevational range limit. Peer] 2018, 6, €5293. [CrossRef]

13.  Schiitz, V.; Frindte, K.; Cui, J.; Zhang, P.; Hacquard, S.; Schulze-Lefert, P; Knief, C.; Schulz, M.; Dérmann, P. Differential Impact of
Plant Secondary Metabolites on the Soil Microbiota. Front. Microbiol. 2021, 12, 666010. [CrossRef]

14. Huang, A.C,; Jiang, T.; Liu, Y.-X.; Bai, Y.-C.; Reed, J.; Qu, B.; Goossens, A.; Niitzmann, H.-W.; Bai, Y.; Osbourn, A. A specialized
metabolic network selectively modulates Arabidopsis root microbiota. Science 2019, 364, eaau6389. [CrossRef]

15. Sanchez-Galindo, L.M.; Sandmann, D.; Marian, E; Krashevska, V.; Maraun, M.; Scheu, S. Leaf litter identity rather than diversity
shapes microbial functions and microarthropod abundance in tropical montane rainforests. Ecol. Evol. 2021, 11, 2360-2374.
[CrossRef]

16. Becklin, K.M.; Pallo, M.L.; Galen, C. Willows indirectly reduce arbuscular mycorrhizal fungal colonization in understorey
communities. J. Ecol. 2012, 100, 343-351. [CrossRef]

17. Trivedi, P; Leach, J.E.; Tringe, S.G.; Sa, T.; Singh, B.K. Plant-microbiome interactions: From community assembly to plant health.
Nat. Rev. Genet. 2020, 18, 1-15. [CrossRef]

18. de Wit, R,; Bouvier, T. ‘Everything is everywhere, but, the environment selects’; what did Baas Becking and Beijerinck really say?
Environ. Microbiol. 2006, 8, 755-758. [CrossRef]

19. Burns, ].H.; Anacker, B.L.; Strauss, S.; Burke, D.J. Soil microbial community variation correlates most strongly with plant species

identity, followed by soil chemistry, spatial location and plant genus. AoB Plants 2015, 7, plv030. [CrossRef]


http://doi.org/10.13275/j.cnki.lykxyj.2018.05.018
http://doi.org/10.1111/j.0014-3820.2005.tb01817.x
http://www.ncbi.nlm.nih.gov/pubmed/16329239
http://doi.org/10.1890/10-1639.1
http://doi.org/10.2307/4072271
http://doi.org/10.1111/evo.13836
http://doi.org/10.3732/ajb.1500416
http://doi.org/10.1086/703187
http://doi.org/10.1111/mec.13628
http://doi.org/10.7717/peerj.5293
http://doi.org/10.3389/fmicb.2021.666010
http://doi.org/10.1126/science.aau6389
http://doi.org/10.1002/ece3.7208
http://doi.org/10.1111/j.1365-2745.2011.01903.x
http://doi.org/10.1038/s41579-020-0412-1
http://doi.org/10.1111/j.1462-2920.2006.01017.x
http://doi.org/10.1093/aobpla/plv030

Forests 2022, 13, 121 12 of 13

20.
21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

Lu, RK. Analysis Methods of Soil Agrochemistry; China Agricultural Science and Technology Press: Beijing, China, 2000; pp. 147-195.
Guan, S.Y. Soil Enzymes and Their Research Methods; Agriculture Press: Beijing, China, 1986.

Xu, N.; Tan, G.; Wang, H.; Gai, X. Effect of biochar additions to soil on nitrogen leaching, microbial biomass and bacterial
community structure. Eur. J. Soil Biol. 2016, 74, 1-8. [CrossRef]

Kaushal, R; Singh, I.; Thapliyal, 5.D.; Gupta, A.K.; Mandal, D.; Tomar, ].M.S.; Kumar, A.; Alam, N.M.; Kadam, D.; Singh, D.V,;
et al. Rooting behaviour and soil properties in different bamboo species of Western Himalayan Foothills, India. Sci. Rep. 2020,
10, 1-17. [CrossRef]

Zhao, T.X.; Mao, X.W.; Cheng, M.; Chen, ].H; Qin, H.; Li, Y.C.; Liang, C.F.; Xu, Q.F. Effects of Phyllostachys edulis cultivation on
soil bacterial and fungal community structure and diversity. Chin. J. Appl. Ecol. 2017, 28, 3740-3750.

Zhang, X.; Gao, G.; Wu, Z.; Wen, X.; Zhong, H.; Zhong, Z.; Yang, C.; Bian, E; Gai, X. Responses of soil nutrients and microbial
communities to intercropping medicinal plants in moso bamboo plantations in subtropical China. Environ. Sci. Pollut. Res. 2019,
27,2301-2310. [CrossRef]

Ahemad, M.; Zaidi, A.; Khan, M.S.; Oves, M. Biological Importance of Phosphorus and Phosphate Solubilizing Microbes; Nova Science
Publishers: New York, NY, USA, 2009; pp. 1-14.

Bojorquez-Quintal, E.; Escalante-Magafia, C.; Echevarria-Machado, I.; Martinez-Estévez, M. Aluminum, a Friend or Foe of Higher
Plants in Acid Soils. Front. Plant Sci. 2017, 8, 1767. [CrossRef]

Onweremadu, E. Predicting Phosphorus Sorption Characteristics in Highly Weathered Soils of South-Eastern Nigeria. Res. J.
Environ. Sci. 2007, 1, 47-55. [CrossRef]

Peng, Y.; Jiang, Y,; Liu, D.L.; Ruan, J.J. Effects of organic matter and microbial inoculants on agronomic characters of tartary
buckwheat continuous cropping and soil enzyme activities. Mol. Plant Breed. 2021, 1-16. Available online: https://kns.cnki.net/
kems/detail /46.1068.5.20210415.1516.008.html (accessed on 6 November 2021).

Chunyan, X.; Tao, W.; Chenbo, J.; Yang, G.; Jianyu, S. Effects of different desert plants on the soil chemical properties and enzyme
activities in Helanshan eastern region. Ecol. Environ. Sci. 2020, 29, 2346-2354. [CrossRef]

Haiyan, Z.; Fuli, X.; Weiling, W.; Weidong, W.; Qincheng, C.; Yafang, Z.; Yajuan, M. Soil nutrients and enzyme activities in Larix
principis-rupprechtii plantations in the Qinling Mountains, China. Acta Ecol. Sin. 2015, 35, 1086-1094. [CrossRef]

Talia, P; Sede, S.M.; Campos, E.; Rorig, M.; Principi, D.; Tosto, D.; Hopp, H.E.; Grasso, D.; Cataldi, A. Biodiversity characterization
of cellulolytic bacteria present on native Chaco soil by comparison of ribosomal RNA genes. Res. Microbiol. 2012, 163, 221-232.
[CrossRef]

Morvan, S.; Meglouli, H.; Sahraoui, A.L.; Hijri, M. Into the wild blueberry (Vaccinium angustifolium) rhizosphere microbiota.
Environ. Microbiol. 2020, 22, 3803-3822. [CrossRef]

Nie, H.; Qin, T.; Yan, D.; Lv, X.; Wang, J.; Huang, Y.; Lv, Z; Liu, S.; Liu, F. How do tree species characteristics affect the bacterial
community structure of subtropical natural mixed forests? Sci. Total Environ. 2021, 764, 144633. [CrossRef]

Zi, H,; Jiang, Y.; Cheng, X.; Li, W.; Huang, X. Change of rhizospheric bacterial community of the ancient wild tea along elevational
gradients in Ailao mountain, China. Sci. Rep. 2020, 10, 1-11. [CrossRef]

Liu, W.; Wang, F,; Sun, Y.; Yang, L.; Chen, H.; Liu, W.; Zhu, B.; Hui, C.; Wang, S. Influence of dragon bamboo with different
planting patterns on microbial community and physicochemical property of soil on sunny and shady slopes. J. Microbiol. 2020, 58,
906-914. [CrossRef]

Fierer, N.; Bradford, M.; Jackson, R.B. Toward an ecological classification of soil bacteria. Ecology 2007, 88, 1354-1364. [CrossRef]
Daims, H.; Lebedeva, E.V.; Pjevac, P; Han, P; Herbold, C.; Albertsen, M.; Jehmlich, N.; Palatinszky, M.; Vierheilig, ].; Bulaev, A;
et al. Complete nitrification by Nitrospira bacteria. Nature 2015, 528, 504-509. [CrossRef]

Kits, K.D.; Sedlacek, C.; Lebedeva, E.V.; Han, P; Bulaev, A.; Pjevac, P.; Daebeler, A.; Romano, S.; Albertsen, M.; Stein, L.Y.; et al.
Kinetic analysis of a complete nitrifier reveals an oligotrophic lifestyle. Nature 2017, 549, 269-272. [CrossRef] [PubMed]

Song, Q.N. The Effects for Phyllostachys pubscens Expansion on Nitrogen and Phosphorus Distribution Pattern and Process of
Evergreen Broadleaved Forest. Ph.D. Thesis, Tsinghua University, Beijing, China, 2017.

Junjie, X.; Zhonghua, C.; Jin, Z. Research progress of carbohydrate-active enzymes and the degradation mechanisms by marine
bacteria. Acta Microbiol. Sin. 2021; accepted. [CrossRef]

Li, S.X. Soil and Plant Nitrogen in Dryland Areas of China; Science Press: Beijing, China, 2008.

Song, Q.N.; Yang, Q.P; Liu, J.; Yu, D.K,; Fang, K.; Xu, P.; He, Y.J. Effects of Phyllostachys edulis expansion onsoil nitrogen
mineralization and its availability in evergreen broadleaf forest. Chin. J. Appl. Ecol. 2013, 24, 338-344. [CrossRef]

Rheault, K.; Lachance, D.; Morency, M.-].; Thiffault, E,; Guittonny, M.; Isabel, N.; Martineau, C.; Séguin, A. Plant Genotype
Influences Physicochemical Properties of Substrate as Well as Bacterial and Fungal Assemblages in the Rhizosphere of Balsam
Poplar. Front. Microbiol. 2020, 11, 575625. [CrossRef]

Kitamura, K.; Uchiyama, K.; Ueno, S.; Ishizuka, W.; Tsuyama, I.; Goto, S. Geographical Gradients of Genetic Diversity and
Differentiation among the Southernmost Marginal Populations of Abies sachalinensis Revealed by EST-SSR Polymorphism. Forests
2020, 11, 233. [CrossRef]

Wei, X.; Sork, V.L.; Meng, H.; Jiang, M. Genetic evidence for central-marginal hypothesis in a Cenozoic relict tree species across its
distribution in China. J. Biogeogr. 2016, 43, 2173-2185. [CrossRef]

Bahram, M.; Hildebrand, F.; Forslund, S.K.; Anderson, J.L.; Soudzilovskaia, N.A.; van Bodegom, P.; Bengtsson-Palme, J.; Anslan,
S.; Coelho, L.P,; Harend, H.; et al. Structure and function of the global topsoil microbiome. Nature 2018, 560, 233-237. [CrossRef]


http://doi.org/10.1016/j.ejsobi.2016.02.004
http://doi.org/10.1038/s41598-020-61418-z
http://doi.org/10.1007/s11356-019-06750-2
http://doi.org/10.3389/fpls.2017.01767
http://doi.org/10.3923/rjes.2007.47.55
https://kns.cnki.net/kcms/detail/46.1068.S.20210415.1516.008.html
https://kns.cnki.net/kcms/detail/46.1068.S.20210415.1516.008.html
http://doi.org/10.16258/j.cnki.1674-5906.2020.12.005
http://doi.org/10.5846/stxb201404260830
http://doi.org/10.1016/j.resmic.2011.12.001
http://doi.org/10.1111/1462-2920.15151
http://doi.org/10.1016/j.scitotenv.2020.144633
http://doi.org/10.1038/s41598-020-66173-9
http://doi.org/10.1007/s12275-020-0082-8
http://doi.org/10.1890/05-1839
http://doi.org/10.1038/nature16461
http://doi.org/10.1038/nature23679
http://www.ncbi.nlm.nih.gov/pubmed/28847001
http://doi.org/10.13343/j.cnki.wsxb.20210495
http://doi.org/10.13287/j.1001-9332.2013.0164
http://doi.org/10.3389/fmicb.2020.575625
http://doi.org/10.3390/f11020233
http://doi.org/10.1111/jbi.12788
http://doi.org/10.1038/s41586-018-0386-6

Forests 2022, 13, 121 13 of 13

48.

49.

50.

51.

52.

Yao, F; Yang, S.; Wang, Z.; Wang, X.; Ye, J.; Wang, X.; De Bruyn, J.; Feng, X,; Jiang, Y.; Li, H. Microbial Taxa Distribution Is
Associated with Ecological Trophic Cascades along an Elevation Gradient. Front. Microbiol. 2017, 8, 2071. [CrossRef]

Zhou, Z.; Wang, C.; Luo, Y. Meta-analysis of the impacts of global change factors on soil microbial diversity and functionality.
Nat. Commun. 2020, 11, 1-10. [CrossRef] [PubMed]

Huntemann, M.; Lu, M.; Nolan, M.; Lapidus, A.; Lucas, S.; Hammon, N.; Deshpande, S.; Cheng, J.-F; Tapia, R.; Han, C.; et al.
Complete genome sequence of the thermophilic sulfur-reducer Hippea maritima type strain (MH 2 T). Stand. Genom. Sci. 2011, 4,
303-311. [CrossRef] [PubMed]

Cheng, Q.; Liu, Z.; Huang, Y,; Li, F; Nengzi, L.; Zhang, J. Influence of temperature on CODyy, and Mn2* removal and microbial
community structure in pilot-scale biofilter. Bioresour. Technol. 2020, 316, 123968. [CrossRef]

Xun, W,; Liu, Y.; Li, W,; Ren, Y,; Xiong, W.; Xu, Z.; Zhang, N.; Miao, Y.; Shen, Q.; Zhang, R. Specialized metabolic functions of
keystone taxa sustain soil microbiome stability. Microbiome 2021, 9, 1-15. [CrossRef] [PubMed]


http://doi.org/10.3389/fmicb.2017.02071
http://doi.org/10.1038/s41467-020-16881-7
http://www.ncbi.nlm.nih.gov/pubmed/32555185
http://doi.org/10.4056/sigs.1814460
http://www.ncbi.nlm.nih.gov/pubmed/21886857
http://doi.org/10.1016/j.biortech.2020.123968
http://doi.org/10.1186/s40168-020-00985-9
http://www.ncbi.nlm.nih.gov/pubmed/33517892

	Introduction 
	Materials and Methods 
	Site Selection and Soil Sampling 
	Soil Chemical Characterization and Enzyme Activity Measurements 
	DNA Extraction, PCR Amplification, and MiSeq Sequencing 
	Bioinformatics and Statistical Analysis 

	Results 
	Soil Chemical Properties and Soil Enzymatic Activities 
	Changes in Soil Bacterial Community Composition and Diversity 
	Ecological Function of Soil Bacterial Community 
	Relationships between Soil Chemical Properties, Altitude, and Soil Bacterial Community 

	Discussion 
	Soil Chemical Properties and Soil Enzymatic Activities 
	Changes of Soil Bacterial Community 
	Effects of Soil Chemical Properties and Altitude on Soil Bacterial Community 
	Endemism of C. pingbianense and Implication on Forest Management 

	Conclusions 
	References

