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Abstract: Rhizosphere bacteria affect the diversity of soil functions, playing important roles in the
growth and expansion of Chinese fir. Understanding the driving factors of rhizosphere bacterial
distribution is imperative when comparing bacterial diversity and composition under different
Chinese fir provenances. We investigated the growth of Chinese fir belts and the effects of climate,
geographic location, and soil nutrients. Using 16S rDNA next-generation sequencing analysis, the
bacterial communities of 16 Chinese fir provenances were compared. The bacterial compositionsof
Dechang, Junlian, Shangrao, Zhenxiong, Yangxin, Xinyang, Luotian, and Tianmushan provenances
weredistinct from others. Generally, higher-latitude provenances showed more biomarkers (LDA = 2).
Rhizosphere bacterial α-diversity was the highest in Hunan Youxian and lowest in Henan Xinyang
(p < 0.05). From south to north, bacterial α-diversity initially increased and then decreased. From
east to west in the middle belt, bacterial α-diversity followed a “W” trend, with the eastern middle
belt having the highest values, especially near Hunan, Fujian, and Zhejiang provinces. Amongst
environmental factors, soil nutrient content (Mg, P and K) and stoichiometric ratio (Ca/Mg, K/Ca
and N/P), along with precipitationrate primarily controlled rhizosphere bacterial diversity. Soil pH
had a significant impact on the relative abundance of rhizosphere soil bacteria. Our findings offer
insight into the evolution of Chinese fir and provide a scientific basis for soil microbial community
improvement of Chinese fir provenances.

Keywords: Chinese fir; provenance; rhizosphere bacteria; community structure; environmental factors

1. Introduction

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.), an important timber species in
south China, is widely distributed within 101◦30′–121◦53′ E and 21◦41′–34◦03′ N. Under
different environmental conditions, various types of Chinese fir were identified [1–4]: C.
unica, C. lanceolata var. Luotian, C. lanceolata (Lamb.) Hook. cv. Zhaotongensis, and Chen-
shan red-heart Chinese fir. By studying their different characteristics, we can determine
well-grown Chinese fir provenances [5]. One way is to correlate Chinese fir characteristics
and their geographical location [6]. In addition, some studies have applied modern molec-
ular technology to cluster the genetic diversity of different Chinese fir provenances, such
as sequence-related amplified polymorphism [7]. Other studies show that the evolution
of plant traits may be related to soil microorganisms [8,9]. The diversity of soil bacteria
affects the multiple functions of soil [10]. In a complex and dynamic environment, plants
transmit signals through the rhizosphere [11,12] and assemble health-promoting micro-
biomes to adapt to biotic stress [13]. Thus, rhizosphere microorganisms, as the second
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genome of plants, have received extensive attention. As 99% of bacteria cannot be cultured
under a restricted range of media and cultivation conditions [14], there are few reports
on the differences between rhizosphere bacterial communities amongst different Chinese
fir provenances, which limits the prediction of bacterial diversity and the development of
ecological theory.

In recent years, next-generation sequencing has become an important method for
microbial ecology research [15], especially in characterizing soil bacterial community
and its driving factors [16]. According to a study of the global soil bacterial community,
soil bacteria are the most diverse in temperate zones, and environmental factors have
a stronger influence on the bacterial community than geographical location [17]. In the
southern hemisphere, soil bacterial diversity decreases with increasing latitude, whereas
the opposite is true in the northern hemisphere [18]. The distribution of soil bacteria
may be affected by a variety of environmental factors. Soil diversity and fertility can
indicate the characteristics of the rhizosphere bacterial communities [19–21]. Soil pH is
related to a number of other soil properties including soil moisture deficit, soil organic
C content, and soil C:N ratio; the differences in bacterial community composition across
ecosystems can largely be explained by differences in soil pH alone. Therefore, soil pH is a
key factor driving bacterial diversity [22]. Annual average temperature and precipitation,
which correlate with the abundance of some bacteria, such as Gemmatimonadetes, affect the
altitude distribution of soil bacteria [23]; other studies suggest that vegetation type and
soil carbon content, which can regulate the composition of the bacterial community and
influence the metabolism of carbon-fixing bacteria, are globally important factors for soil
bacterial diversity [24]. Therefore, large-scale soil microbial biogeography has become a
research hotspot.

Chinese fir is one of the important timber tree species of south China, and rhizosphere
soil bacteria are important for Chinese fir management. However, to date, most studies
on soil bacterial communities in Chinese fir plantations have focused on management
measures [25–27], development stage [28], seasons [29,30], or the effects of climate change
and nitrogen deposition [31]. There is a scarcity of studies focusing on the comparison
of bacterial community diversity and its driving factors, or on the composition of the
rhizosphere under different Chinese fir provenances on a large scale. In this experiment,
we utilized 16S DNA high-throughput sequencing to characterize the rhizosphere bacterial
communities of 16 Chinese fir provenances in 11 provinces of China. The objective was
to determine the geographical distribution of the rhizosphere bacteria of Chinese fir and
to understand the effect of different environmental factors so as to provide a basis for
using the rhizosphere bacterial community to improve production. We hypothesized that
(1) some rhizosphere bacteria of Chinese fir may change with geographical gradients,
(2) that the central production area, which has well-grown Chinese fir plantations, may
have higher bacterial diversity and (3) that soil nutrients may be an essential factor driving
the distribution of soil rhizosphere bacteria.

2. Method and Materials
2.1. Study Site

The natural Chinese fir provenances in China were distributed within 102◦17′–119◦30′ E
and 23◦2′–32◦5′ N. The Chinese fir provenances were divided into five blocks, and at least
two local Chinese fir provenances were selected for each block. Finally, the study was
carried out in 16 provenances, located within 11 provinces of China; there were a total of
48 plots (Figure 1). The study area has a humid subtropical climate, with an annual average
temperature of 11.3–19.8 ◦Cand precipitation of 1050–1813 mm. The stands were located
at an altitude of 137–1735 m with an average slope of approximately 25◦. The growth of
Chinese fir in every sample plot was investigated (Table 1), and the soil at 0–40 cm depth in
different Chinese fir plantations was analyzed. The range of soil pH was 4.00–4.75, while
that of total C content was 5.50–37.24 g/kg, total N content was 0.34–3.03 g/kg, total P
content was 0.03–0.42 g/kg, total K content was 7.45–41.35 g/kg, total Ca content was
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0.25–6.24 g/kg, and total Mg content was 0.64–9.18 g/kg. The vegetation type was mainly
Chinese fir. The soil types were mainly red soil, yellow soil and yellow-brown soil.
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Figure 1. Natural distribution of Chinese fir and the location of sample plots. N, northern belt; M1,
western middle belt; M2, central middle belt; M3, eastern middle belt; S, southern belt. MG, Yunnan
Maguan; RS, Guangxi Rongshui; SH, Fujian Shanghang; LC, Guangdong Lechang; RJ, Guizhou
Rongjiang; JP, Guizhou Jinping; HNYX, Hunan Youxian; DC, Sichuan Dechang; QY, Zhejiang
Qingyuan; ZX, Yunnan Zhenxiong; JL, Sichuan Junlian; SR, Jiangxi Shangrao; HBYX, Hubei Yangxin;
TMS, Zhejiang Tianmushan; LT, Hubei Luotian; XY, Henan Xinyang.

2.2. Sample Collection

Three 20 m × 20 m plots were set for each provenance. The growth of all Chinese
fir trees in 48 plots was measured using a ruler. Five soil profiles were collected at the
center and four corners 1 m away from the boundary of each plot. Finally, 1 kg of mixed
soil samples at 0–40 cm depth was obtained to determine soil pH and nutrient content.
For uniform random sampling, we divided the air-dried soil samples to 20 g per quarter.
The samples were then sieved in a 0.149 mm mesh for better digestion and analysis.
The total C and N concentrations were determined using an Element Analyzer (VARIO
MAX CN, Hanau, Germany), whereas the total P, K, Ca, and Mg concentrations were
measured using inductively coupled plasma optical emission spectrometry (PerkinElmer,
Richmond, CA, USA). The pH of each soil sample was measured in 1:2.5 mixtures of soil
and deionized water using a pH meter (PHS-3C, Lei-ci, Shanghai, China). The annual
average precipitation and temperature were gathered from the China Meteorological
Administration. Geographic coordinates and altitude were gathered using handheld
Magellan GPS (eXplorist310, ThalesNavigation, Paris, France).
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Table 1. Sample plot details, including geographical location (longitude, latitude, and altitude), climate factors (annual average precipitation (AAP) and annual average temperature
(AAT))and growth conditions.

Producing Regions Provenances Longitude Latitude Altitude (m) AAP (mm) AAT (◦C) Stand Age
(year)

Average Tree
Height (m)

Average DBH
(cm)

Average
Crown (m)

Southern belt (S)
MG 104◦25′58′′ 23◦2′5′′ 1594 1345 16.9 45 28.7 39.4 4.7
RS 109◦8′37′′ 25◦3′54′′ 550 1813 19.6 42 25.4 37.9 3.9

Eastern middle belt (M3)

SH 116◦38′7′′ 25◦9′47′′ 571 1518.2 19.8 40 29.1 36.7 3.4
LC 113◦18′44′′ 25◦10′34′′ 501 1464 19.8 39 21.3 35.6 3.5

HNYX 113◦46′55′′ 27◦18′58′′ 582 1410 17.8 37 29.3 34.5 4.5
QY 118◦50′51′′ 27◦25′38′′ 930 1760 17.4 37 34.4 43.1 2.6
SR 117◦59′13′′ 28◦26′47′′ 150 1780 18.3 42 30.3 35.9 3.3

HBYX 115◦1′6′′ 29◦55′53′′ 436 1389.6 16.8 40 29.3 32.1 4.3
TMS 119◦30′7′′ 30◦23′57′′ 708 1613.9 11.7 40 36.2 42.3 4.1

Central middle belt (M2)
RJ 108◦25′45′′ 25◦57′48′′ 560 1250 18.1 43 37.1 44.1 2.9
JP 109◦8′9′′ 26◦24′32′′ 531 1300 16.4 43 38.7 43.7 3.8
JL 104◦36′46′′ 28◦12′50′′ 990 1100 17.6 32 31.4 40.6 3.1

Western middle belt (M1)
DC 102◦17′2′′ 27◦23′30′′ 735 1074.4 17.7 39 28.1 37.5 2.5
ZX 104◦47′32′′ 27◦32′27′′ 1722 1334.6 11.3 40 33.6 41.5 4.2

Northern belt (N)
LT 115◦32′25′′ 31◦7′15′′ 443 1330 16.4 38 27.6 38.7 3.7
XY 113◦59′52′′ 32◦5′58′′ 137 1050 15.5 39 26.8 30.8 4.3
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Three trees with average diameter breast height were selected for each plot. Five main
lateral roots in different directions were found along the average tree base. The surrounding
deciduous layer was removed. The covering soil was excavated with a soil knife, and
the fine root system was gently removed. Only rhizosphere soils [32] attached to roots
were collected into a sterile bag and three bags of mixed rhizosphere soil samples were
gathered from three plots for each provenance. The rhizosphere soil samples were stored in
an ice-bag incubatorand then transferred to a −20 ◦C freezer for storage. The rhizosphere
soil samples were immediately transported to the laboratory. After being sieved through a
2.0 mm mesh, all rhizosphere soil samples were stored in an ultra-low temperature freezer
at −80 ◦C for DNA extraction. The rhizosphere soil samples of 16 provenances of Chinese
fir were collected from September to November 2019.

2.3. Sequencing and Analysis of Soil Bacterial Community

Soil microbial DNA was extracted using HiPure soil DNA Kits (Magen, Guangzhou,
China) following the manufacturer’s protocols; the DNA integrity was detected using
Nanodrop (Thermo Scientific, Waltham, MA, USA) [33]. The 16S rDNA target region of
the ribosomal RNA gene was amplified through polymerase chain reaction (PCR). Primers
341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-GGACTACHVGGGTATCTAAT-3′)
were used to amplify the V3-V4 hypervariable region of the 16S rDNA gene of the bacteria
with the following reaction procedure: 94 ◦C for 2 min, 98 ◦C for 10 s, 62 ◦C for 30 s, 68 ◦C
for 30 s (30 cycles), and a final extension at 68 ◦C for 5 min. AMPure XP Beads (Beckman
Agency, Muskogee, OK, USA) were used to purify the amplified products, and the ABI
StepOnePlus Real-Time PCR System (Life Technologies, Carlsbad, CA, USA) was used to
quantify the products. The products were sequenced using Illumina Novaseq 6000.

2.4. BioinformaticsAnalysis

FASTP (version 0.18.0) [34] was used to further filter raw reads. Paired-end clean
reads were merged as raw tags using FLASH [35] (version with a minimum overlap of
10bp and mismatch error rates of 2%). Noisy sequences of raw tags were filtered using
the QIIME(version 1.9.1) [36] pipeline to obtain high-quality clean tags. Clean tags were
searched against the database (version r20110519, http://drive5.com/uchime/uchime_
download.html; accessed on 24 July 2020) to perform reference-based chimaera checking
using the UCHIME algorithm [37]. Using UPARSE software (version 9.2.64) [38], effective
tags were clustered into operational taxonomic units (OTUs) of ≥97% similarity. The tag
sequence with the highest abundance was selected as a representative within each cluster.

2.5. Data Analysis

Shannon, Simpson, Chao1, and ACE indices, and rarefaction curves were calculated
in the QIIME software (version 1.9.1). One-way variance analysis with the least significant
difference (p < 0.05) was used to test the significance utilizing the SPSS Statistics (version
19.0) software. Origin (version 2018) was used to create point-line graphs. The LEfSe
software was used for linear discriminant analysis effect size (LEfSe) analysis. Based on
the distance algorithm, the R “vegan” package was used for principal coordinate analysis;
the “Pheatmap” package was used for creating heatmaps. Groups were derived from
hierarchical clustering. Using Canoco (version 5.0), redundancy analysis determined the
degree and relationship between different environmental factors and bacterial diversity.

3. Results
3.1. Quality Analysis of Sample Sequencing

A total of 4,807,304 16S rRNA v3-v4 effective sequences were identified from the
rhizosphere soil samples in the 16 Chinese fir provenances. All effective rates of the
sequencing data were more than 91% and had an average of 92.96% (±0.52), indicating
reliable data. Based on ≥97% similarity, taxa tags were clustered into 125,081 (average:
2194) OTUs ranging from 1329 to 3072 per sample. When the number of bacteria sequenced
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reached 68,400, the rarefaction curve of each sample flattened, and the sequencing depth
generally covered most species in the sample, which could better reflect the bacterial
community structure and diversity (Figure 2).
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3.2. Analysis of the Rhizosphere Soil Bacterial Community Compositionunder Different Chinese
Fir Provenances

A total of 36 phyla, 96 classes, 189 orders, 276 families and 431 genera of known
bacteria were identified in rhizosphere soil under different Chinese fir provenances. Planc-
tomycetes, Verrucomicrobia, Acidobacteria, Chloroflexi, Proteobacteria, Actinobacteria, Gemma-
timonadetes, Patescibacteria, Firmicutes and Rokubacteria were the main phyla of bacteria,
and the average relative abundance reached 90%–96%. Planctomycetes were the dominant
bacteria amongst all samples. With increasing latitude, the relative abundance of Plancto-
mycetes decreased (Figure 3a). The dominant bacteria of MG and RS in the southern belt
were Planctomycetes (Singulisphaera), Verrucomicrobia (Candidatus_Udaeobacter and Candida-
tus_Xiphinematobacter), Acidobacteria, Proteobacteria and Acidothermus. The dominant bacteria
in other belts were Planctomycetes (Singulisphaera), Verrucomicrobia (Candidatus_Udaeobacter
and Candidatus_Xiphinematobacter), Acidobacteria (Candidatus_Solibacter), Chloroflexi (1921-2
and HSB_OF53-F07), Proteobacteria (Acidibacter and Burkholderia-Caballeronia-Paraburkholderia),
and Actinobacteria (Acidothermus) (Figure 3a,b). Based on Bray distances, at the phylum
level, most provenances were distributed in the origin, except for DC, JL, SR, ZX, HBYX,
and XY (Figure 3c). At the genus level, most provenances were distributed below axis-1,
except for DC, JL, LT, TMS, SR, and ZX (Figure 3d). Based on a cluster analysis of bacterial
abundance, the Chinese fir provenances were clustered into three groups: north (N), middle
(M1, M2 and M3), and south (S). In the middle belt, M3 and M2 clustered together, and M1
was separate (Figure 3e). The northern belt was dominated by Actinobacteria (Conexibac-
ter); the western middle belt was dominated by Verrucomicrobia (Candidatus_Udaeobacter)
and Chloroflexi (HSB_OF53-F07); the central middle belt was dominated by Proteobacteria
(Burkholderia-Caballeronia-Paraburkholderia), Acidobacteria (Candidatus_Solibacter), Chloroflexi
(G12-WMSP1), and Planctomycetes (Aquisphaera); the easternmiddle belt was dominated by
Chloroflexi (1921-2 and FCPS473); and the southern belt was dominated by Verrucomicrobia
(Chthoniobacter and ADurbBin063-1), Proteobacteria (Roseiarcus and Pajaroellobacter), Acidobac-
teria (Bryobacter and Candidatus_Koribacter), Planctomycetes (Gemmata and Singulisphaera),
and Actinobacteria (Acidothermus) (Figure 3e,f).
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analysis of Bray distances amongst various samples at phylum (c) and genus (d) levels. Bacterial phylum and genus
compositions of rhizosphere soil under different Chinese fir provenances. (e) Heat map showing the distribution of the
20 most abundant genera. (f) Distribution of the 10 most abundant phyla. N, northern belt; M1, western middle belt; M2,
central middle belt; M3, eastern middle belt; S, southern belt.

3.3. Analysis of Biomarkers in the Rhizosphere of Chinese Fir Provenances

LEfSe analysis showed that the biomarkers were primarily distributed in the higher
latitudes and that the number of biomarkers at a higher latitude was greater than that at
lower latitudes (Figure 4). The provenances and corresponding bacteria of relatively higher
abundance were as follows: LT: Entotheonellaeota, Subgroup_6, Chloroflexales, Microtrichales,
Rhizobiales_Incertae_Sedis, Pirellula, Gitt_GS_136, Amb_16S_1323 and AT_s3_28; XY: Gem-
matimonadetes, Thermoleophilia, Roseiarcus, SC_I_84 and Subgroup_13; JL: Xanthomonadales,
Betaproteobacteriales and Saccharimonadia; ZX: Dependentiae, KF_JG30_C25 and Simkaniaceae.
HNYX: BD7_11 and Phycisphaera; TMS: Salinisphaerales and Subgroup_25. The biomarkers
in HBYX, MG, RJ, RS, SH, and SR were Eel_36e1D6, Candidatus_Nomurabacteria, Candida-
tus_Solibacter, Beijerinckiaceae, Aquisphaera, and Ktedonobacteria, respectively.
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Figure 4. Linear discriminant analysis effect size (LEfSe) analysis of biomarkers in the rhizosphere of different Chinese fir
provenances from domain to genus. Linear discriminant analysis (LDA) score = 2 was used to check biomarkers. The yellow
node in the figure indicates no significant difference in the abundance of this bacterium at this level amongst different
provenances; other node colors indicate that the abundance of bacteria in this provenance was significantly higher than that
in other provenances (p < 0.05).
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3.4. α-Diversity Analysis of Bacterial Community in Rhizosphere Soil

The α-diversity was described based on the Chao1, ACE, Shannon, and Simpson
indices. Species richness was measured using the Chao1 and ACE indices, and species
diversity was measured through the Shannon and Simpson indices. We found a significant
difference in bacteria α-diversity in Chinese fir provenances. Based on the Shannon and
Simpson indices, the diversity of rhizosphere bacteria in HNYX was the highest, whereas
that in XY was the lowest. The Chao1 and ACE indices identified the order of bacterial
abundance as follows: HNYX > LT > TMS > LC > DC > QY > SH > MG > HBYX > JP > RJ >
RS > JL > SR > ZX > XY.

From south to north, bacterial diversity and richness fluctuated (Figure 5a). In general,
the bacterial diversity and richness of Chinese fir provenances in the middle belt were
slightly higher than those in the northern and southern belts, but without significant
differences (Figure 5c). From west to east, the diversity and richness in the middle belt
initially increased and then followed a “W” trend. The diversity and richness of rhizosphere
bacteria near Hunan, Fujian, and Zhejiang provinces were higher than those in other
provinces (Figure 5b). Generally, the bacterial diversity in the eastern middle belt was the
highest, whereas that in the western middle belt was significantly lower than that in the
eastern and central middle belts. The bacterial richness in the eastern middle belt was the
highest, followed by the western middle belt, and then the central middle belt (Figure 5d).
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Figure 5. Shannon, Simpson, Chao1, and ACE indices of bacterial communities in the rhizosphere 
of Chinese fir provenances. Indices changed with latitude (a), longitude (b), and different blocks 
(c,d). For every provenance with three replicates, one-way variance analysis with the least 
significant difference test (p < 0.05) was performed using SPSS Statistics 19.0. Letters display the 
significant shift amongst provenances or blocks. N, northern belt; M1, western middle belt; M2, 
central middle belt; M3, eastern middle belt; S, southern belt. 

3.5. Correlation Analysis of Rhizosphere Bacterial Community Composition and α-Diversity 
with Environmental Factors 

The cumulative explanatory degree of soil, climate, and geographical factors to 
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Figure 5. Shannon, Simpson, Chao1, and ACE indices of bacterial communities in the rhizosphere 
of Chinese fir provenances. Indices changed with latitude (a), longitude (b), and different blocks 
(c,d). For every provenance with three replicates, one-way variance analysis with the least 
significant difference test (p < 0.05) was performed using SPSS Statistics 19.0. Letters display the 
significant shift amongst provenances or blocks. N, northern belt; M1, western middle belt; M2, 
central middle belt; M3, eastern middle belt; S, southern belt. 
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with Environmental Factors 

The cumulative explanatory degree of soil, climate, and geographical factors to 
rhizosphere bacteria α-diversity was 70.20%. Moreover, soil factors (Mg, P, Ca/Mg, K, 

Figure 5. Shannon, Simpson, Chao1, and ACE indices of bacterial communities in the rhizosphere
of Chinese fir provenances. Indices changed with latitude (a), longitude (b), and different blocks
(c,d). For every provenance with three replicates, one-way variance analysis with the least significant
difference test (p < 0.05) was performed using SPSS Statistics 19.0. Letters display the significant shift
amongst provenances or blocks. N, northern belt; M1, western middle belt; M2, central middle belt;
M3, eastern middle belt; S, southern belt.

3.5. Correlation Analysis of Rhizosphere Bacterial Community Composition and α-Diversity with
Environmental Factors

The cumulative explanatory degree of soil, climate, and geographical factors to rhizo-
sphere bacteria α-diversity was 70.20%. Moreover, soil factors (Mg, P, Ca/Mg, K, K/Ca,
and N/P) and annual average precipitation were the main factors, which significantly
affected α-diversity indices (Table 2).

Table 2. Redundancy analysis of environmental factors on bacterial α-diversity by permutationtest
(p < 0.05) using Canoco 5.0.

Factor Explains/% F P

Ca/Mg 8.1 4.0 0.032 *
AAP 6.9 3.7 0.044 *

K 9.0 5.2 0.014 *
Mg 10.9 7.2 0.006 **

K/Ca 5.3 3.7 0.032 *
N 4.2 3.1 0.090
P 9.8 8.5 0.006 **

AAT 2.4 2.1 0.132
LO 2.5 2.3 0.118
LA 2.3 2.2 0.114

N/P 3.9 4.0 0.022 *
AL 1.8 1.9 0.128

K/Mg 0.9 0.9 0.362
C/N 1.0 1.1 0.312
C/P 0.5 0.6 0.516
pH 0.4 0.4 0.624
C 0.2 0.2 0.812
Ca 0.1 0.1 0.874

[LO, Longitude; LA, Latitude; AL, Altitude; AAP, annual average precipitation; AAT, annual average temperature.
“*” indicates a significant explanation (p < 0.05) and “**” indicates an extremely significant explanation (p < 0.01)].

At the phylum level, axis-1 and axis-2 explained 60.45% of the variance in the bac-
terial relative abundance amongst provenances (Figure 6a). Soil factors had significant
effects on the relative abundance of most phyla, such as Planctomycetes, Acidobacteria,
Proteobacteria, Patescibacteria, Firmicutes and Rokubacteria. Some phyla had a strong asso-
ciation with geographical factors and climate, such as Planctomycetes, Actinobacteria and
Gemmatimonadetes, Verrucomicrobia and Chloroflexi had no significant relationship with soil,
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climate or geographical factors. At the genus level, axis-1 and axis-2 explained 60.79%
of the variance in bacterial relative abundance amongst provenances (Figure 6b). Most
bacterial genera, such as Candidatus_Udaeobacter, HSB_OF53-F07, Acidibacter, Aquisphaera,
and Burkholderia-Caballeronia-Paraburkholderia, were influenced significantly by soil factors.
Some genera, such as Candidatus_Xiphinematobacter and 1921-2, had a strong association
with geographical factors and climate.
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4. Discussion
4.1. Geographical Distribution of Rhizosphere Soil Bacteria

The distribution of the soil microbial community on a large scale has been widely in-
vestigated [39]. However, the rhizosphere bacterial community in Chinese fir provenances
is still poorly constrained. This study shows the spatial distribution of the rhizosphere
bacteria of the provenances. Proteobacteria, Acidobacteria, Actinobacteria, Verrucomicrobia,
Chloroflexi, Planctomycetes, Gemmatimonadetes, and Firmicutes are widespread in the rhizo-
sphere soil of Chinese fir, which is consistent with a previous study [40]. Owing to different
environmental conditions, varying bacterial communities were identified (Figure 3e). Only
a few bacteria showed marked geographical distribution in relative abundance. For exam-
ple, owing to the significant effects of latitude, precipitation and temperature (Figure 6a),
the relative abundance of Planctomycetes decreased with increasing latitude. The Chinese
fir provenances in the northern margin have many more biomarkers (Figure 4), e.g., En-
totheonellaeota, Chloroflexales, Gitt_GS_136, AT_s3_28, and Gemmatimonadetes, which may
play a major role in the geographical expansion of Chinese fir. This may be due to the active
involvement of rhizosphere bacteria in the interaction between plants and the environment,
such as soil organic matter transformation [41] and anammox [42], producing plant growth
hormones [43,44] and improving plant viability [13,45,46]. Thus, rhizosphere bacteria and
plants coevolved [47]. Furthermore, we found no significant change in bacterial α-diversity
with latitude, which is consistent with the study of Delgado-Baquerizo [18]. This may
be due to soil nutrient distribution, which may have stronger effects than latitude. Rhi-
zosphere soil bacterial diversity and richness in Hunan, Fujian, and Zhejiang provinces,
which are consideredthe central production area with well-grown Chinese fir plantations,
are relatively high. This indicates that rhizosphere soil bacterial diversity and richness
may be important factors affecting the distribution of the central production area. The
rhizosphere soil bacterial communities in the central production area warrant further study,
and biomarkers should be further ascertained in terms of their functional relationship
withChinese fir.

4.2. Driving Factors of the Geographical Distribution of Rhizosphere Bacteria

Understanding the driving factors of bacteria in the Chinese fir rhizosphere is signif-
icant for developing and utilizingbacterial resources and for improving the adaptability
and growth characteristics of Chinese fir. Environmental factors such as soil nutrients and
precipitation significantly affect the diversity of the rhizosphere bacterial community in
Chinese fir (Table 2), which is consistent with the findings of other studies [17,48]. The
reason why soil nutrients have a stronger impact on bacterial diversity than latitude may be
because soil nutrients and precipitation are directly related to bacterial metabolism and the
living environment. Moreover, changes in soil nutrients and precipitation with latitude are
not always systematic. Soil pH had a significant influence on the relative abundance of the
most active rhizosphere soil bacteria but this cannot always explain the differencesin rela-
tive abundance (Figure 6). Other studies also agree that soil pH is the key factor affecting
the soil microbial community [49,50]. However, in addition to environmental factors, other
studies have found that biological factors are closely related to the rhizosphere bacterial
community. The carbon source for soil bacterial activity is primarily litter and root exu-
dates [51]. Therefore, the interaction between the surface and underground plant parts is
considered the main factor affecting the large-scale diversity of rhizosphere bacteria [52,53].
In addition, plant roots can regulate the diversity and relative abundance of rhizosphere
soil bacteria and maintain their health through rhizosphere recruitment [54,55]. Other
studies have shown that a high C/N ratio of soil can induce fungi that produce antibiotics
that can control the relative abundance of the bacterial community [17]. The relationship
between biological factors (such as types of Chinese fir provenances and fungi) and the
rhizosphere bacterial community should be further studied in the future.
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5. Conclusions

The rhizosphere bacterial compositions of Dechang, Junlian, Shangrao, Zhenxiong,
Yangxin, Xinyang, Luotian, and Tianmushan provenances weresignificantly different from
other provenances. Based on the relative abundance of bacteria, the easternand central
middle belts clustered together but were separated from the western middle belt. The
biomarkers of Chinese fir provenances were primarily distributed in northern marginal
areas. The α-diversity of rhizosphere bacteria was significantly different, and the diversity
and richness of bacteria near Hunan, Fujian, and Zhejiang provinces were relatively high.
Hunan Youxian had the highest α-diversity, whereas Henan Xinyang had the lowest. The
diversity and richness of bacteria in the middle belt increased from south to north and
were slightly higher than those in the southern and northern belts. From east to west, the
diversity and richness of bacteria in the middle belt followed a “W” trend, and the diversity
and richness of bacteria in the eastern middle belt were the highest. Soil properties and
precipitation rate were the main driving factors of rhizosphere soil bacterial diversity, and
soil pH had a strong influence on the relative abundance of rhizosphere soil bacteria. In the
future, large-scale rhizosphere fungal communities of Chinese fir provenances should be
analyzed. Understanding the correlation between growth traits (such as wood properties)
of Chinese fir provenances and rhizosphere bacteria and fungi may be useful to improve
the production of Chinese fir. The effects of types of Chinese fir provenances on rhizosphere
microorganisms also need to be further analyzed.
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