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Abstract

To compare the rhizosphere communities under Masson pine trees with different carbon sequestration abilities, we sampled three

families of Masson pine that showed significant differences in their carbon sequestration ability and conducted high-throughput

sequencing of the 16S rRNA and ITS in the corresponding soil samples. The diversity of rhizosphere soil microorganisms, the

patterns of differences in relative abundance among the different samples and the responses of microorganisms to environmental

factors were analyzed. There was no significant difference in the diversity of soil bacteria or fungi among the different samples

from Masson pine families with different carbon sequestration abilities, but with the increase in carbon sequestration, the domi-

nant phyla of bacteria and fungi changed. The dominant phylum of soil bacteria changed from Proteobacteria to Acidobacteria,

and that of fungi changed from Ascomycota to Basidiomycota. In addition, we investigated the core microbial communities at

the genus level among the different samples, and a significant portion of the core genera were involved in carbon metabolism.

The microbial communities were greatly influenced by environmental factors such as soil carbon content, soil moisture and

altitude. Soil fungi were more sensitive than soil fungi to the rhizosphere activity of Masson pine.

KEYWORDS
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1 | INTRODUCTION

According to data from the Global Forest Resources Assessment (IPCC, 2013), the total amount of carbon
sequestered by global forests is as high as 1950-3150 Pg C each year; the carbon sequestration by vegetation
reaches 450-650 Gt, accounting for approximately 43.5% of the total. On the other hand, Schlesinger (1990)
noted that soil is the largest reservoir of carbon in terrestrial ecosystems, storing two-thirds of their organic
carbon. The rhizosphere microecosystem is the link between plants, soil and microorganisms, the most active
part of the global carbon biochemical cycle, and the focus of research on the systematic mechanisms of the
global carbon cycle (Schweinsberg-Mickan, Jorgensen, & Muller, 2012; Carrillo, Dijkstra, Pendall, LeCain, &
Tucker, 2014). Photosynthetic products are transported from leaves to various tissues, such as root tissues,
for storage, and this transport occurs through material flow caused by pressure differences. The remaining
photosynthetic products are released into the surrounding soil by the plant root system as various organic
and inorganic compounds that form rhizodeposits. In addition, carbon that enters the soil through a series of
biochemical processes is circulated and redistributed among roots, the soil and microorganisms to maintain
the balance of rhizosphere carbon absorption and release (Jones, Nguyen, & Finlay, 2009).

Studies have shown that carbon sequestration by plants is particularly important for rhizosphere microor-
ganisms. Over 40% of the complex carbon produced by photosynthesis enters rhizosphere soil through
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plant roots to nourish microorganisms and maintain their normal metabolic functions (Rodriguez, et al.,
2019). Cheng et al. (1996) noted that root exudates, as carbon sources for microbial utilization, increase
respiration by rhizosphere microorganisms. The differences in carbon utilization efficiency among micro-
bial communities mainly depend on the differences in their microbial functional families related to carbon
source utilization (Xu, 2012). Yin et al. (2018) found that increasing the atmospheric CO2 concentration
to promote carbon metabolism in Kandelia candel did not significantly increase the abundance of the rhizo-
sphere bacterial community. Moreover, Xiao et al. (2017) noted that carbon sequestration by Bothriochloa
ischaemumsignificantly increased the contents of total PLFAs (phospholipid-derived fatty acids) and fungal
PLFAs in rhizosphere soil. In addition, Feng et al. (2011) indicated that under increased carbon metabolism
conditions in rice, the proportions of aerobic, anaerobic and phototrophic bacteria in the bulk soil increased
(from 0.5% to 1.5%), while no significant effects were observed in rhizosphere soil. It has been noted that
among rhizosphere microorganisms, the response of fungi to photosynthetic carbon sequestration by plants
is clearer than that of bacteria (Xu, 2012) because fungal mycelia can accelerate the turnover cycle of the
fungal carbon metabolism (which takes approximately one week), while bacteria generally need more than
two weeks to turn over carbon (Ostle, et al., 2003; Staddon,Ramsey, Ostle, Ineson, & Fitter, 2003).

Masson pine (Pinus massoniana ) is a large perennial tree that is widely distributed in 17 provinces and
autonomous regions in the southern Qinling Mountains in China (Wu, et al., 2020). Masson pine thrives
in light, is shade intolerant and prefers a warm and humid climate. It can grow in red soil, gravel soil
and sandy soil and is used as a pioneer tree species for forest restoration in barren mountainous areas
(Wang, et al., 2019). Previous studies have shown that Masson pine has a high carbon sequestration ability.
Elisa et al. (2003) showed that the carbon sequestration in Masson pine organs ranged from 533.93 to
568.08 g·kg-1, which is higher than the carbon contents of 32 common tropical tree species (444.0-494.5
g·kg-1). The carbon sequestration ability of plants directly affects the quantity of root exudates (Ainsworth,
2008). However, the response of soil microbial communities, particularly rhizosphere microorganisms, to
plant carbon sequestration has rarely been studied, especially under Masson pine. In this study, based on
Masson pine from different families, samples with significant differences in carbon sequestration ability were
selected as experimental materials. The corresponding rhizosphere soil was obtained for 16S rRNA and ITS
sequencing to analyze the differences in in the number and taxonomic diversity of bacteria and fungi and their
patterns in response environmental factors. This research provides guidance toward further understanding
the response of microorganisms to plant carbon sequestration, which will be helpful in predicting the effects
of climate change on rhizosphere microbial communities.

2 | MATERIAL AND METHODS

2.1 | Study site

This study was conducted in the progeny test plantation of the Masson pine seed orchard at the Baisha State-
Owned Forest Farm (25°15’N, 116°62’E), Shanghang County, Fujian Province. The samples from the forests
were collected in 2001, and the experimental trees were planted in 2003. There were 68 families (Kang, 2012).
Before the experiment was carried out, it was found that due to human activities, the number of samples
in some families did not meet the requirements for statistical analysis. Therefore, given the situation, 24
families were selected as the experimental families (Table S2).

2.2 | Estimation of carbon storage in different Masson pine families

To avoid destroying trees, regression equations were used to estimate the average carbon sequestration by
each family. Approximately 30 individuals in each family were randomly selected as experimental samples,
and the height and DBH (diameter at breast height) of each sample were measured. The regression equations
in professional standards released by China’s Forestry Administration (Cai, et al., 2014) were used to estimate
the biomass of each organ (including the trunk, branches, leaves, bark, and roots) based on the tree height and
DBH. Then, the biomass of each organ was multiplied by the corresponding carbon coefficient (trunk: 0.5186,
branches: 0.5174, leaves: 0.5785, bark: 0.4994, and roots: 0.5082) to obtain the total carbon sequestration.
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The total carbon sequestered by a single tree was obtained by adding the carbon sequestered in each organ.
The mean value of all samples from the same family was used as an index to evaluate the carbon sequestration
level of the family. The relevant regression equations are provided in Table S1.

2.3 | Soil sampling

The families with high, low and intermediate carbon sequestration were selected for follow-up experiments.
Three individuals with carbon sequestration values that were close to the mean value for each experimental
family were selected as the samples. Five sampling points near each sample were chosen, and 5˜10 cm bulk
soil was dug up. The roots were carefully pulled out of the soil with a shovel, and the loosely attached soil
was gently shaken off. The rhizosphere soil was closely attached to the roots. Litter and humus were removed
from the soil surface before soil sampling, and the rhizosphere soil from the five sites near each sample tree
was mixed together to form a composite soil sample. The soil samples were divided into two parts; one part
was placed into a 5 ml freezing tube and immediately frozen in dry ice for sequencing, and the other part
was loaded into a 50 ml centrifuge tube for analyses of soil physical and chemical properties.

2.4 | Detection of the physical and chemical properties of rhizosphere soil

The rhizosphere soil total organic carbon was determined by the combustion oxidation nondispersive infrared
absorption method according to the Chinese Environmental Protection Standard (Jian, Zhai, Wang, & Cai,
2020). The experimental temperature was set at 900°C, and the oxygen pressure was 900 Mbar. The gas
flow rate in the analysis module was 150-165 mL·min-1. The soil total nitrogen was determined based on the
Kjeldahl method as provided in the Chinese Environmental Protection Standard (Zhang, et al., 2015). To
determine the rhizosphere soil pH, 5 g soil samples were ground and passed through a 100 mesh sieve, and
12.5 mL ddH2O was added. The samples were mixed by vortexing and oscillation and centrifuged at 5000
r·min-1 for 5 min, and the supernatant was separated and directly tested with a pH meter. To determine
the rhizosphere soil moisture, soil samples (20 g) were weighed and dried at 105°C for 6 h. After cooling to
room temperature and weighing again, the difference between the two weights was divided by the fresh soil
weight (20 g) to obtain the moisture content.

2.5 | DNA extraction, high-throughput sequencing and analysis

The FastDNATM Spin Kit for Soil (MP Biomedicals, California, USA) was used to extract DNA from 0.5
g soil samples. The operation process was performed in strict accordance with the instruction manual. The
barcode primers 515F (5’-GTGCCAGCMGCCGCGG-3’) and 907R (5’-CCGTCAATTCMTTTRAGTTT-
3’) were used to amplify the bacterial 16S rDNA. ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and
ITS2R (5’-GCTGCGTTCTTCATCGATGC-3’) were used to amplify the fungal ITS sequence. The PCR am-
plification procedure was carried out according to the instructions forTransStart (r) FastPfu DNA Polymerase
(TransGen Biotech, Beijing). Each sample was subjected to PCR three times. The PCR products from the
same sample were mixed and detected with 2% agar-gel electrophoresis, recovered using the AxyPrepDNA
gel recovery kit (Axygen Biosciences, CA, USA), and purified using the agar-gel DNA purification kit (Trans-
Gen Biotech, Beijing). The purified PCR products were sequenced according to the default parameters on
the MiSeq PE300 platform. The original data were stored in the NCBI Sequence Read Archive database
(accession number PRJNA662187 for bacteria and PRJNA662212 for fungi).

The raw sequence data were analyzed and quality-controlled using fastp (version 0.19.6,
https://github.com/OpenGene/fastp). Bioinformatics statistical analysis was performed using Use-
arch (version 7.0, http://drive5.com/uparse/) for OTUs (operational taxonomic units) at 97% similarity.
The OTUs were subsampled according to the minimum sample sequence number (35,000). The taxonomic
analysis of the OTU representative sequences was carried out by the RDP classifier Bayesian algorithm
(version 2.2, http://sourceforge.net/projects/rdp-classifier/, the default confidence threshold value was
0.7), and the community composition of each sample was counted at different taxonomic levels. The Silva
bacterial 16S comparison database and the Unite fungal ITS comparison database were used.
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2.6 | Statistical analyses

A Venn diagram of the microbial community diversity was constructed with the R Venn diagram package
(Chen, & Boutros, 2011) based on the common and unique OTUs in the different samples. The Chao and
Shannon index of α-diversity were calculated according to the corresponding formulas shown in Table S1.
The relative abundance histogram at the phylum level was plotted using the R ggplot2 package (Kahle, &
Wickham, 2013) based on the data sheet in the tax summary a folder. Welch T-tests were conducted to
determine the significance of differences among families (Garcia-Lledo, Vilar-Sanz, Trias, Hallin, & Baneras,
2011). The Bonferroni method was used to conduct multiple test corrections to evaluate the significance
level of taxonomic abundance differences and to identify the significantly different phyla among samples. For
the core microbiome analyses at the genus level, common OTUs with relative richness values higher than 1%
were extracted from different samples for graphical purposes. Pie and box charts were generated with the
R ggplot2 package and SPSS 16.0, respectively (Perez-Jaramillo, et al., 2019). RDA (redundancy analysis)
was used to clarify the relationships between soil physicochemical properties and the rhizosphere microbial
community using the R vegan package (Ng, et al., 2014). Correlation heatmap analysis was performed by
calculating the Pearson correlation coefficients between the environmental factors and the selected taxa and
drawing the heatmap diagram using the R Pheatmap package. One-way ANOVA and Duncan multiple
comparison tests were conducted using SPSS 16.0.

3 |

RESULTS

3.1 | Comparison of carbon sequestration among families

The height, DBH and carbon sequestration data for individuals are shown in Table 1 and Table S2. Family
No. 38 had the greatest mean tree height at 14.15 m; this was 1.22 times the lowest mean height (11.54 m),
which was observed in family No. 21. family No. 66 had the largest mean DBH (12.20 cm); this was 1.16
times the lowest mean DBH, which was observed in family No. 4 (10.49 cm). family No. 66 had the highest
mean carbon sequestration value at 28.245 kg; this was 1.45 times the lowest mean carbon sequestration,
which was observed in family No. 4 (19.501 kg). Duncan’s multiple comparison results showed that there
were significant differences in tree height, DBH and carbon sequestration among the different families. By
considering the data from all the three indicators, families No. 4, No. 64 and No. 66 were selected as the
representative families showing low, medium and high carbon sequestration for the subsequent experiments.

TABLE 1 Carbon sequestration statistics for the samples from different families

Family
Number

Sample Size Min Max Mean SD Duncan

1 29 9.674 49.532 20.360 8.053 efg
4 27 7.960 40.340 19.501 8.460 g
5 31 11.221 53.197 23.740 10.031 abcdefg
9 31 10.838 36.815 19.727 7.026 fg
12 30 10.527 46.036 22.728 8.023 bcdefg
13 32 8.097 55.123 20.991 9.001 defg
15 29 12.886 43.415 27.451 7.976 ab
21 32 14.657 42.851 25.984 8.176 abcd
25 31 12.387 52.871 22.724 8.463 bcdefg
27 30 17.823 49.459 27.733 7.894 ab
29 31 11.313 43.143 25.527 7.639 abcde
33 28 3.897 42.279 25.158 9.845 abcde
34 32 11.174 46.091 27.157 7.761 abc
38 32 14.665 45.641 24.676 6.951 abcdefg

4
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39 31 2.533 37.873 20.966 6.426 defg
40 31 11.861 50.361 24.974 8.259 abcdef
44 32 4.397 54.755 26.665 12.228 abc
49 29 10.645 35.901 23.869 7.097 abcdefg
51 28 7.925 35.535 19.776 6.960 fg
54 33 7.264 41.909 22.186 8.279 cdefg
64 30 13.026 42.476 24.475 7.614 abcdefg
66 26 13.026 56.274 28.245 9.575 a
67 27 10.096 41.002 21.291 9.190 defg
68 29 10.742 47.786 24.848 9.824 abcdef

Note : The corresponding unit of data in the table is kg

Abbreviations: SD, standard deviation; Duncan, Duncan multiple comparisons.

3.2 | Comparison ofrhizosphere soil properties

Table 2 shows that there were no significant differences in pH, total nitrogen content or C/N among the three
families. The total organic carbon content and soil moisture in the samples increased with increasing carbon
sequestration, and the differences among the three families were significant (P<0.05). In terms of altitude,
the mean values of families No. 4 and No. 64 were significantly higher than that of No. 66. Combining these
data with those in Table 1, we speculated that the growth and carbon sequestration capacity of samples
were directly proportional to their soil moisture and total organic carbon but inversely proportional to their
altitude.

TABLE 2 Properties of the rhizosphere soils of the different families

Family No.4 (Low) Family No.64 (Middle) Family No.66 (High)
pH 4.55±0.42a 4.97±0.35a 4.95±0.12a
Total organic Carbon (C, g·Kg-1) 14.17±1.69c 16.55±0.9b 21.78±1.78a
Tatal Nitrogen (N, g·Kg-1) 0.77±0.13a 0.86±0.07a 1.2±0.36a
C/N 18.40±1.98a 19.24±0.64a 18.15±1.32a
Soil Moisture (SM, %) 5.67±0.25b 8.53±0.67a 7.7±0.62a
Altitude (AL, m) 467.67±5.86a 476.67±5.77a 453±3.61b

3.3 | Diversity analysis of the rhizosphere microbial community

A total of 1,079,408 and 1,675,540 high-quality sequences were analyzed for bacteria and fungi, respectively.
In bacteria, the high, medium and low carbon sequestration rhizosphere soils contained 1704, 1641, and 1672
OTUs, respectively. A total of 1221 OTU sequences were common among the three kinds of samples (Figure
1 A). In contrast, 808, 654 and 838 fungal OTUs were identified from the high, medium and low carbon
sequestration rhizosphere soil samples, respectively. Only 254 soil fungal OTU sequences were common among
the three sample types (Figure 1 B). B). The OTUs of fungi in each sample were far fewer than those of
bacteria.

The Chao and Shannon index of bacteria and fungi are shown in Figure 1. C,D. For bacteria, the Chao index
of the different samples fluctuated between 1476 and 1521, and samples with high carbon sequestration had
slightly higher values that were not significantly different from those of the other samples. The Chao index
for fungi was approximately 400. The difference in the Chao index values between fungi and bacteria was
significant (Figure 1C). On the other hand, the Shannon index for bacteria and fungi from the different
families showed only slight differences, and the differences among samples were not significant (Figure 1D).
These results indicate that overall, combined with the other parameters used to evaluate the microbial
community α-diversity shown in Table S3, there was little difference in α-diversity among the rhizosphere
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microorganisms in the various samples.

FIGURE 1 Rhizosphere microbial α-diversity of the different samples. A-B, Bacterial and fungal OTU
Venn diagrams, respectively; C, Chao index; D, Shannon index. Orange and blue represent bacteria and
fungi, respectively.

3.4 |

Composition of rhizosphere soil bacterial and fungal communities

The composition of bacterial and fungal communities at the phylum level is shown in Figure S1. Six bacte-
rial phyla with relative abundances higher than 1% were detected, namely, Acidobacteria, Proteobacteria,
Chloroflexi, Actinobacteria, Planctomycetes and Bacteroidetes. Four fungal phyla with relative abundances
higher than 1% were detected, namely, Basidiomycota, Ascomycota, Mucoromycota, and one unidentified
phylum (Unclassified k Fungi). Based on the above bacterial and fungal data, taxonomic differences in
the rhizosphere microbial communities of the different samples were analyzed (Figure 2, Table S3-S8). In
terms of the bacteria, the relative abundance of Acidobacteria increased with increasing carbon sequestration
ability. The difference in its abundance between the medium and high families was not significant, while
the differences between the medium and low samples and the high and low samples were significant. The
relative abundance of Proteobacteria declined with increasing carbon sequestration ability. There was no
significant difference in its abundance between the middle and high samples, while the differences between
the medium and low samples and the high and low samples were significant. The other phyla showed no
significant differences among the three samples. This indicated that the carbon sequestration process in
Masson pine might have a positive effect on Acidobacteria and a negative effect on Proteobacteria. In terms
of the fungi, the relative abundances of Basidiomycota and Unclassified k Fungi increased with increasing
carbon sequestration ability. The relative abundances of Ascomycota and Mucoromycota decreased with
increasing carbon sequestration, but in general, the relative abundance of the four main fungi did not show
significant differences among the different samples.

6
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FIGURE 2 Differential abundance of bacterial (A) and fungal (B) OTUs in the rhizosphere soil of different
samples (at the phylum level). The Welch T-test was used for statistical analysis. The Bonferroni method
was used for multiple hypothesis test correction. ‘*’: P<0.05, ‘***’: P<0.01.

3.5 | Core microbial community

As shown in Figure 3, 5,017 bacterial OTUs were detected in the three families. Among them, 1,221 OTUs
were found in all samples, accounting for 24.34% of all OTUs. OTUs with an abundance of more than 1% were
selected as representative of the core bacterial family. These OTUs were assigned to various genera. Within
Acidobacteria,norank Subgroup2 accounted for the largest proportion of the genera (containing 12 OTUs,
with a relative abundance of 75.32%), followed by norank Acidobacteriales (3 OTUs, relative abundance
14.00%). Acidibacter (4 OTUs, relative abundance 34.19%),norank Xanthobacteraceae (2 OTUs, relative
abundance 19.85%),Burkholderia-Caballeronia-Paraburkholderia (2 OTUs, relative abundance 19.14%), and
Bradyrhizobium (1 OTU, relative abundance 8.91%) were the most abundant in Proteobacteria, and HSB -
OF53-F07 was the most abundant in Chloroflexi (1 OTU, relative abundance 2.90%). In the box plots
corresponding to each bacterial genus, the abundances ofAcidothermus and Bryobacter in Acidobacteria
showed a trend of leveling off or decreasing first and then increasing, respectively, with increasing carbon
sequestration. However, the relative abundance of each genus in Proteobacteria and Chloroflexi decreased
to different degrees with the increase in carbon sequestration in the samples (Figure 3).

A total of 2,300 fungal OTUs were detected in the three families. Among them, 254 OTUs were found in all
samples, accounting for 11.04% of all fungal OTUs. According to the bacterial classification method, these
OTUs belonged to unclassified Basidiomycota (1 OTU, relative abundance 33.74%), Russula (1 OTU, relative
abundance 26.36%),Saitozyma (1 OTU, relative abundance 19.30%) andGeminibasidium (1 OTU, relative
abundance 19.16%) in Basidiomycota. Unclassified Ascomycota (4 OTUs, relative abundance 37.91%), Peni-
cillium (1 OTU, relative abundance 32.25%), Archaeorhizomyces (2 OTUs, relative abundance 14.32%),Oid-
iodendron (1 OTU, relative abundance 6.70%), andunclassified Helotiales (1 OTU, relative abundance 4.89%)
were the most abundant genera in Ascomycota, and Umbelopsis (1 out, relative abundance 4.38%) was the
most abundant in Mucoromycota. In the box plots, in Basidiomycota, the relative abundance of all genera

7
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exceptSaitozyma showed an increasing trend with the increase in carbon sequestration. However, the relative
abundances of fungi in Ascomycota and Mucoromycota showed a continuously decreasing trend except that
the relative content of Penicillium decreased first and then increased (Figure S2).

FIGURE 3 Bacterial communities in the core rhizosphere of different samples. The inner (various colors)
and outer (yellow) pie charts represent the core bacterial phyla and genera, respectively. The size of each
phylum and genus in the pie chart represents their contribution to the overall abundance. The box plots
show the relative abundance of the corresponding genus in the different samples. Some genera appeared in
the taxonomy database with no corresponding scientific name and are labeled ‘norank’.

3.6 | Relationships between the rhizosphere microbial community and soil environmental fac-
tors

The RDA results show that for bacteria, the first axis explained 53.97% of the variation in the data, and
the second axis explained 14.06%, representing a cumulative explanatory power of 68.03% (Figure 4A). The
first two axes reflected the relationships between the genera and their influencing factors well. As shown in
Figure 4A, norank Subgroup 2 had the strongest correlation with environmental factors, whilenorank Gem-
mataceae had the weakest correlation. On the other hand, Acidothermus was greatly affected by the total
organic carbon, total nitrogen content and C/N but was less affected by pH and soil moisture. Norank -
Xanthobacteraceae andnorank Acidobacteriales had strong positive correlations with pH and soil moisture
and weak correlations with altitude, total organic carbon, total nitrogen and C/N. For the fungi, Figure 4B
shows that the first axis explained 35.27% of the variation, and the second axis explained 27.06%, repre-
senting a cumulative explanatory power of 62.87%. Of the top 10 fungal genera, unclassified Basidiomycota
andunclassified Fungi showed strong positive correlations with total organic carbon, total nitrogen, moisture,
C/N and pH, as didSebacina .

The heatmap results show that, for the bacteria, there was a very significant positive correlation between
norank Subgroup2 and soil moisture (P<0.01). There was a significant negative correlation between norank -
Elsterales and pH (Figure 4C). OfAcidibacter , Acidothermus and Bryobacter , the three confirmed genera,
Bryobacter had a significant negative correlation with pH and moisture (P<0.05), andAcidothermus showed
a significant positive correlation with total organic carbon and total nitrogen. For the fungi, there was a
significant positive correlation between Sebacina and total organic carbon and total nitrogen (P<0.05). There
was a significant negative correlation between Saitozyma and soil pH (Figure 4D). The other microorganisms
showed different degrees of positive and negative correlation with environmental factors, but none of these
correlations were significant. The analysis results shown in the heatmap are consistent with the RDA.

FIGURE 4 Correlation analysis of the soil microbial community and environmental factors. A and B, RDA
of the bacterial and fungal community at the genus level and environmental factors in rhizosphere soil. The
different shapes of the points represent different families. The green and red arrows indicate the genus and the
environmental factor, respectively. C-D, Analysis of the correlations between rhizosphere soil bacteria and
fungi and environmental factors in the heatmap. Pearson coefficients were used to evaluate the correlations
between environmental factors and selected genera (the 10 with the highest relative abundances). R values
are shown in different colors in the diagram. For each genus, White, red and blue indicates no change,
increased abundance, and decreased abundance, respectively. A, 1, norank Subgroup2 ; 2,Acidothermus ; 3,
Acidibacter ; 4,Burkholderia-Caballeronia-Paraburkholderia ; 5,norank Elsterales ; 6, Bryobacter ; 7,norank -
Gemmataceae ; 8, norank Xanthobacteraceae ; 9,Candidatus Solibacter ; 10, norank Acidobacteriales . B,
1, unclassified Basidiomycota ; 2, unclassified Fungi ; 3,Sebacina ; 4, Penicillium ; 5, Geminibasidium ;
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6,unclassified Ascomycota ; 7, Archaeorhizomyces ; 8,Saitozyma ; 9, Russula ; 10, Tricholoma .

4 |

DISCUSSION

4.1 | The relative abundance of rhizosphere soil microbial community changed

At the phylum level, the difference in the carbon sequestration level of Masson pine families did not change
the dominant phylum of soil bacteria, but the relative abundance of the bacterial phyla changed significantly.
The dominant phyla mainly included Acidobacteria, Proteobacteria and Chloroflexi (Figure 2); this result
is consistent with the results of previous studies (Bei, Moser, Wu, Müller, & Liesack, 2019). The relative
abundance of Acidobacteria increased with increasing carbon sequestration in the different families, and the
differences among families reached significant and extremely significant levels (Figure 2). Acidobacteria are
important soil microorganisms that play a very important role in the soil carbon cycle and in structuring
ecosystems (Wang, et al., 2016). In this experiment, the total organic carbon content in the samples from the
three families gradually increased with increasing carbon sequestration (Table 2), showing the same change
trend as that of Acidobacteria. This result suggests that some members of Acidobacteria use soil carbon as
the substrate for their metabolic activities and that the carbon content in the soil promotes this process.
Previous research has also confirmed this view (Pankratov, et al., 2008). On the other hand, in our study, the
relative abundance of Proteobacteria decreased with increasing carbon sequestration in the three families,
although previous studies have shown that the relative abundance of Proteobacteria was associated with
a higher carbon utilization rate (Fierer, Bradford, & Jackson, 2007). Zheng (2014) explored the impact of
ecological restoration on the structure of the soil bacterial community of mangroves (Rhizophora apiculata
) and found that the relative abundance of Proteobacteria was negatively correlated with the content of
soil organic carbon. The phenomenon observed in our study may be due to the decisive influence of carbon
sequestration in the Masson pine on Proteobacteria; there is evidence that the abovementioned vegetation
had a greater impact on the bacterial taxa involved in soil carbon sequestration than other factors, such as
soil environmental factors (Zhao, 2019). However, the specific mechanism of this influence and its process of
action are still unclear and need to be further explored. Notably, Actinobacteria have been demonstrated to
use mycelia to break down recalcitrant organic carbon (Dang, Yu, Le, Liu, & Zhao, 2017), and Chloroflexi
showed strong carbon sequestration (Li, 2019). However, the results of this study showed that the relative
abundance of these two phyla did not change significantly with the increase in carbon sequestration in the
different families (Figure 2 A). We speculated that the cause of this phenomenon might be the low proportion
of the two bacteria in the total rhizosphere community.

In terms of fungi, the dominant phyla mainly included Basidiomycota, Ascomycota, Mucoromycota and an
unclassified phylum (Unclassified k functional). The relative abundance of Basidiomycota increased with the
increase in the carbon sequestration level of the Masson pine families. The relative abundance of Ascomycota
gradually decreased with increasing carbon sequestration, and the dominant rhizosphere fungi changed from
Ascomycota to Basidiomycota (Figure 2, Figure S1). Wang et al. (2019) investigated the influence of grassland
restoration in a Chinese pine (Pinus tabuliformis ) forest on fungi and found that when the carbon content in
the soil decreased, the relative abundance of Ascomycota decreased significantly, and Basidiomycota replaced
Ascomycota as the dominant fungal phylum; these results are consistent with the results of this experiment.
Although the corresponding molecular mechanism is not fully understood, there is evidence that up to 30%
of plant photosynthetic products can be transferred from plant roots to fungi (Gonzalez, et al., 2018; Nehls,
Grunze, Willmann, Reich, & Kuester, 2007). Moreover, some families of Basidiomycota have been confirmed
to have enzymes that degrade complex macromolecular organic matter in the soil (Floudas, et al., 2012).
When the soil carbon content increased, the abundance of Agaricomycetes significantly increased (Li, et al.,
2020). Therefore, this might be the reason why Basidiomycota became the dominant fungus after the soil
carbon content increased.

4.2 | Most members of the core microorganic community are involved in soil carbon metabolism

Among the three Masson pine families with different carbon sequestration abilities, the core microorganisms
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in the rhizosphere soil were abundant. For bacteria, the core genera mainly includedBryobacter , Acidibacter
, Acidothermus andBradyrhizobium (Figure 3). Among them, Acidothermus andBryobacter can directly
utilize carbon in soil as a primary energy source and participate in the soil carbon cycle ( Du, et al.,
2017; Pankratov, et al., 2008; Kalyuzhnaya, Lidstrom, & Chistoserdova, 2008). Therefore, with the increase
in carbon sequestration in the Masson pine families, these genera both became core rhizosphere bacteria.
On the other hand, both Acidibacter andBradyrhizobium are affiliated with Proteobacteria; their relative
abundance declined with increasing carbon sequestration in the Masson pine families because these two
genera are mainly involved in the nitrogen rather than the carbon metabolism process in soil ( Wang, Lin,
Huang, Yang, & Qu, 2019; Zhong, 2019; Liu, 2019). However, the carbon sequestration process in Masson
pine had no significant impact on the nitrogen content of rhizosphere soil (Table 2). Therefore, both of these
genera may have become core microbial genera simply because of their high overall abundance in soil, since
Proteobacteria are common in almost all soil types (Zhang, & Xu, 2008).

In terms of fungi, the core genera of the microorganism community were fewer, only Russula , Geminibasidium
, Saitozyma andPenicillium (Figure S2). Because the structure of the fungal community was less stable than
that of the bacterial community, the soil environment had a more obvious influence on the fungal community
(Chen, et al., 2018; Xiao, Zhao, Yan, & Guan, 2018). In this experiment, the core fungal genera were related
to the carbon sequestration process in the Masson pine families to a certain extent. Studies have shown
that carbon sequestration by plants stimulates the growth of Russulaand Geminibasidium and that these
fungi regulate the uptake and accumulation of carbon by plants in a feedback system (Zhou, et al., 2011;
Qiao, Zhou, Chai, Jia, & Li, 2017). The relative abundance ofPenicillium is mainly influenced by the soil
carbon content (Hu, 2015; He, 2016). The carbon content of the rhizosphere soil increased due to carbon
sequestration by Masson pine (Table 2), which led toPenicillium becoming one of the core fungi in the
microbial community.

4.3 | The soil properties affect the microorganic community

Previous studies have shown that the composition of the soil microbial community is significantly correlated
with soil nutrient levels (Tian, et al., 2017). Nitrogen limitation is common in most terrestrial ecosystems,
and it often leads to intense competition between microorganisms and plants (Liu et al., 2016) as well as to
changes in the classification and functional characteristics of the microbial community (Leff et al., 2015). The
most typical changes observed in this study were decreases in the relative abundance of some rhizosphere
fungal communities, such as Acidibacter and Bradyrhizobium(Figure S2). On the other hand, soil moisture
is another important limiting factor in forests and has a strong influence on the soil bacterial community
(Zhang, Liu, Xue, & Wang, 2016), especially Proteobacteria (Figure 2, Table 2). Liu et al. (2020) found that
the relative abundance of Proteobacteria in rhizosphere and nonrhizosphere soil under safflower (Carthamus
tinctorius ) was significantly negatively correlated with soil moisture, which was similar to the results of this
study. However, other studies have noted that the relative abundance of Proteobacteria in the nonrhizosphere
soil of grassland vegetation (including Stipa bungeana and Artemisia vestita ) was positively correlated with
soil moisture (Liu, Huang, & Zeng, 2016). This suggests that the effects of soil moisture on Proteobacteria
might also be influenced by vegetation types and rhizosphere effects. However, the experimental results
showed that soil moisture had little influence on fungi (Figure 4 B). Zhao et al. (2016) demonstrated that
in semiarid grasslands, water restriction reduced the relative abundance of bacteria but did not change that
of fungi, which increased the ratio of fungi to bacteria. Notably, pine forest soil has a higher carbon content
than soils of other forest types, making it possible to identify fungal taxa that degrade low-quality substrates
(Macdonald, et al., 2009). For instance, due to the lower substrate mass in coniferous forests, the diversity
of Basidiomycetes and other lignin-degrading fungi was higher than that in prairie soils with lower carbon
content (Allison, Hanson, & Treseder, 2007). In this study, with the increase in the carbon content in soil,
the relative abundance of Basidiomycetes also increased (Figure S1 B). Soil pH has been reported to play
a key role in controlling microbial community composition (Cao et al., 2017). However, in this study, the
effects of differences in soil pH among the different families were not significant; it is speculated that pH has
little influence on the bacterial and fungal communities in Masson pine rhizosphere soil, except on genera
that are relatively sensitive to pH, such as Saitozyma (Figure 4 B, D).
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Notably, previous studies have shown that there is a strong relationship between rhizosphere microbes and
plant root exudates (He, 2017). The changes in rhizosphere microbial communities among Masson pine
families with different carbon sequestration capacities were discussed in this study, but the specific effects
of rhizosphere exudates on soil microorganisms under these conditions were not analyzed. With the increase
in carbon sequestration, was there a dominant substance that influenced the relative abundance of different
rhizosphere bacteria or fungi? What were the patterns and mechanisms of the influence of these exudates?
Were there any interactions between these secretions? These topics should be addressed in further research.

5 | CONCLUSIONS

In this study, there were significant differences among the soil rhizosphere microorganisms in samples from
Masson pine families with different carbon sequestration abilities. With the increase in the carbon sequestra-
tion ability of the families, the dominant phylum of the soil rhizospheric bacteria changed from Proteobacteria
to Acidobacteria, and the dominant phylum of fungi changed from Ascomycota to Basidiomycota. Compa-
red with bacteria, fungi were more sensitive to carbon sequestration by Masson pine. On the other hand, by
comparing the rhizosphere bacterial and fungal genera among samples from different families, we discovered
a rich core bacterial and a fungal community, indicating the homogeneity of rhizosphere microbial diversity
as the carbon sequestration activity of Masson pine varied. A significant proportion of the core microbiome
was involved in carbon metabolism; these microorganisms might be better adapted to the acidic conditions of
the native soil and respond more efficiently to root signals than other microorganisms. The composition and
abundance of rhizosphere bacterial and fungal communities were greatly affected by the soil carbon content,
soil moisture and altitude but were less affected by soil pH (exceptSaitozyma ). This experiment provides
early guidance for future in-depth research on the specific mechanisms and patterns of the soil microbial
response to carbon sequestration by Masson pine.
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