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Introduction: Rhizosphere microorganisms are influenced by vegetation. 
Meanwhile, they respond to vegetation through their own changes, developing 
an interactive feedback system between microorganisms and vegetation. 
However, it is still unclear whether the functional diversity of rhizosphere soil 
microorganisms varies with different carbon storage levels and what factors 
affect the functional diversity of rhizosphere soil microorganisms.

Methods: In this study, the Biolog-Eco microplate technique was used to analyze 
the metabolic diversity of carbon source of rhizosphere soil microorganisms 
from 6 Pinus massoniana provenances with three levels of high, medium and 
low carbon storage.

Results: The results showed that the average well color development(AWCD) 
value of rhizosphere microorganisms was significantly positive correlated with 
carbon storage level of Pinus massoniana (p < 0.05). The AWCD value, Simpson 
and Shannon diversity of high carbon sequestrance provenances were 1.40 
(144h incubation) 0.96 and 3.24, respectively, which were significantly higher 
(p < 0.05) than those of other P. massoniana provenances. The rhizosphere 
microbial AWCD, Shannon and Simpson diversity of the 6 provenances showed 
the same variation trend (SM>AY>QJ>SX>HF>SW). Similarly, microbial biomass 
carbon (MBC) content was positively correlated with carbon storage level, 
and there were significant differences among high, medium and low carbon 
storage provenances. The PCA results showed that the differences in the carbon 
source metabolism of rhizosphere microorganisms were mainly reflected in 
the utilization of amino acids, carboxylic acids and carbohydrates. Pearson 
correlation analysis showed that soil organic carbon (SOC), total nitrogen (TN) 
and pH were significantly correlated with rhizosphere AWCD (p < 0.05).

Conclusion: Soil properties are important factors affecting rhizosphere microbial 
carbon source metabolism. The study confirmed that the microorganisms of 
high carbon storage provenances had relatively high carbon metabolic activity. 
Among them, the carbon metabolic activity of rhizosphere microorganisms 
of SM provenance was the highest, which was the preferred provenances in 
effective ecological service function.
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1 Introduction

As the largest carbon reservoir in the terrestrial ecosystem, forests 
play a vital role in mitigating greenhouse gas emissions and slowing 
down global warming (Chen et al., 2022). Forest ecosystems effectively 
regulate CO2 accumulation by converting it into organic carbon 
through plant photosynthesis and sequestering it in plants or soil, a 
process known as forest carbon storage (Cai et al., 2023). According 
to statistics, the total global forest carbon storage is 662PgC, with 
approximately 45% stored in above-ground biomass carbon (Li et al., 
2020). Recently, with the increasing problems of climate change and 
carbon emissions, forest carbon storage research has become a global 
priority. More and more studies have focused on the correlation 
between forest above-ground biological carbon storage and 
environmental factors such as climatic conditions (Labriere et al., 
2023), soil moisture and temperature (Mercado et al., 2009), total 
carbon content (Jiao et al., 2016), and total nitrogen (TN) content 
(Heinrich et al., 2021).

Pinus massoniana, with its substantial forest carbon storage, has 
become a primary afforestation species in barren mountains in 
China due to its adaptability, wide planting range, and ease of 
survival. It is the most widely distributed species of Pinus in China 
(Yao Z. et al., 2023). The distribution area of P. massoniana covers 
1.4 × 107 hm2, and its total area and stock volume rank first among 
conifer species in China (Hu et al., 2022). Furthermore, the total 
carbon stock of P. massoniana forest is approximately 908.21 million 
m3, making it the third most abundant tree species in China after 
Chinese fir and poplar (Ji et  al., 2022). In southern China, 
P. massoniana forests provide more significant ecological service 
benefits compared to other forest types, playing a key role in carbon 
sink ecosystems and subtropical forests in China (He et al., 2022). 
Studies have shown that there is a certain pattern of change in the 
average carbon storage of different P. massoniana families or 
provenances, with spatial distribution displaying regularity (Pan 
et al., 2017). Soil microorganisms are widely involved in various soil 
biochemical processes within forest ecosystems, such as organic 
matter decomposition, mineralization, and degradation (Zhou 
et al., 2023). They play a pivotal role in soil nutrient cycling and 
biogeochemical processes (Delgado-Baquerizo et  al., 2016). 
Previous research has demonstrated significant differences in 
rhizosphere soil microbial community structure among 
P. massoniana provenances with different levels of carbon storage, 
exhibiting certain correlations with the organic matter content of 
the rhizosphere soil (Huang et al., 2023).

The rhizosphere refers to the surface of roots and the microzone 
of the soil layer in close proximity to the roots. Rhizosphere soil is 
defined as the soil adhering to the roots within a thickness of 
approximately 1 mm, serving as an important site for communication 
between plants and rhizosphere microorganisms (Schweinsberg 
Mickan et  al., 2012). Rhizosphere microorganisms are not only 

influenced by plants (Lucas Borja et al., 2012) but also establish an 
interactive feedback system with plants through their own 
modifications (Zinn et  al., 2005). Within the rhizosphere, 
microorganisms are involved in nutrient cycling and metabolic 
processes. They indirectly impact plant growth and health by 
improving soil organic matter content (Delgado-Baquerizo et  al., 
2016; Deng et al., 2019). Microbial metabolic function diversity can 
be used to assess soil processes and ecological functions (Xia et al., 
2022). The functional diversity of soil microorganisms is affected by 
various factors such as vegetation cover, elevation gradient, and soil 
physical and chemical properties (Wei et al., 2009; Burton et al., 2010; 
Ibell et al., 2010). Researchers have found that land cover conversion 
significantly influences surface soil carbon and nitrogen storage as 
well as soil microbial functional diversity in alpine meadows on the 
Qinghai-Tibet (Zhu et  al., 2015). Additionally, different altitude 
gradients have significant effects on the metabolic diversity of 
microbial communities in alpine meadows (Wang et al., 2018). Forest 
ecosystems play a pivotal role in maintaining the functional diversity 
of soil microorganisms. There are differences in the maintenance of 
functional diversity among soil microorganisms across different forest 
stand types (Yao Z. W. et al., 2023). However, there have been limited 
studies on the effects of plant carbon storage levels on the functional 
diversity of soil microorganisms.

The main methods for assessing the structural composition and 
functional diversity of soil microbial communities are plate colony 
counting, cell morphology, and the 16S/ITS amplification technique 
(Ge et al., 2018). However, these methods often have disadvantages, 
including complex operation, time-consuming analysis, and poor 
repeatability. Researchers have developed the Biolog Eco microplate 
technology as a simpler and faster method to evaluate microbial 
metabolic functional diversity (Feigl et  al., 2017). The Biolog Eco 
microplates can characterize microbial functions based on metabolic 
activity and were specifically designed for analyzing bacterial 
communities in environmental samples (Li et al., 2021). They provide 
comprehensive information on the function of six types of soil 
microorganisms, including 31 carbon sources, for microbial 
community analysis (Zhang et al., 2023). Studies have shown that 
plant diversity (Zhu et al., 2015) and forest type are closely linked to 
soil microbial functional diversity (Yao Z. W. et al., 2023), influencing 
soil microbial structure, activity, and biomass. Although these studies 
have focused on the correlation between above-ground vegetation and 
soil microorganisms, few have investigated the impact of woody plants 
with different levels of carbon storage on soil microbial functional 
diversity using the Biolog Eco microplates.

In this study, we compared the functional diversity of rhizosphere 
soil microorganisms at high, medium, and low carbon storage levels 
of P. massoniana provenances. Our research addresses two questions: 
(1) Is there a significant difference in the microbial functional diversity 
of rhizosphere soil among P. massoniana provenances at different 
carbon storage levels? and (2) What are the key factors that influence 
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microbial functional diversity in the rhizosphere soil of P. massoniana 
plantations? Analyzing the microbial functional diversity in the 
rhizosphere soil of P. massoniana provenances with different carbon 
storage levels and identifying its influencing factors hold significant 
importance for the research on the carbon cycle system of 
P. massoniana plantation forests.

2 Materials and methods

2.1 Study site and experimental design

Our sampling location was the state-owned forest seed farm in 
Yu‘an District, Lu‘an City, Anhui Province, China. The farm is 
situated at an elevation between 80 and 100 m, with slopes ranging 
from 5°to 10°. The region experiences a north subtropical monsoon 
climate, with an annual rainfall of 1239.8 mm and an average annual 
temperature of 15°C. The soil predominantly consists of clay disks 
of yellow-brown soil derived from loess, with a slightly acidic 
pH. The soil depth is considerable, ranging mainly from 70 
to 150 cm.

The geographical provenance test forest of P. massoniana was 
established in 1981, covering a total area of 11.67 hm2. It consists of 64 
provenances, representing geographical locations in 14 provinces and 
autonomous regions in China. Each provenance was arranged in a 
completely randomized block experiment, divided into six cell groups 
separated by trails. There were 64 provenances in each plot, with 8 
provenances in each row and column and 9 duplicate provenances 
within each plot, with a plant spacing of 1 m x 1 m. The experimental 
forest has not undergone thinning for the past 41 years. Due to insect 
pests, diseases, and growth competition among individual trees, some 
provenances did not meet the requirements for statistical analysis. 
Biomass estimation for different provenances was carried out using a 
binary model based on diameter at breast height (DBH) and tree 
height measurements (Hu et  al., 2022) according to the Chinese 
Forestry Industry Standard (LY/T2263-2014). We  multiplied the 
biomass of different organs estimated by the model by the 
corresponding carbon content coefficient (Zeng and Xiao, 2011). The 
carbon storage of each organ was obtained. The carbon storage of each 
plant from various sources was obtained by summing. According to 
the order of carbon storage from high to low, six provenances 
representing high, medium, and low carbon storage levels of 
P. massoniana were selected: AnYuan (AY) and SanMing (SM) for 
high carbon storage, ShaoWu (SW) and QingJiang (QJ) for medium 
carbon storage, and ShengXian (SX) and HeFeng (HF) for low carbon 
storage (Supplementary Table S1).

2.2 Soil sampling

For each P. massoniana provenance, we selected three trees with 
DBH and height measurements that were close to the mean value, 
serving as three replicates. A total of three 20-cm sections were taken 
in three directions (120°) from each tree, allowing for multiple 
transverse sections of thin roots with varying diameters. 
We specifically focused on fine roots with a diameter smaller than 
2 mm and collected the rhizosphere soil adhering to their surfaces. 
The rhizosphere soil mixture of the three sections is mixed as a 

repetition. The collected soil was divided into two parts. One part was 
used for the determination of soil properties, while the other part was 
used for the assessment of soil microbial biomass carbon (MBC), 
nitrogen content, and the Biolog Eco microplate analysis.

2.3 Soil properties and microbial biomass

We used a glass composite electrode to determine the pH value 
with a ratio of water to soil of 1:2.5. Soil organic carbon (SOC) and TN 
were determined by an external heating method with potassium 
dichromate (Benbi, 2018) and a flow analyzer (Bunch and Bernot, 
2012), respectively. Soil MBC and microbial biomass nitrogen (MBN) 
were determined by chloroform fumigation (Setia et al., 2012).

2.4 Biolog Eco microplate analysis

To analyze the differential microbial utilization of carbon 
sources, we used the Biolog Eco microplate method (Garland and 
Mills, 1991). The information on 31 carbon sources is shown in 
Supplementary Figure S1. A volume of 45 mL of sterile deionized 
water was added to a 100-ml sterilized triangle bottle containing 5 g 
of wet soil. The bottle was sealed and shaken at room temperature 
for 30 min. Next, 1 ml of soil suspension was transferred to a sterile 
centrifuge tube using a pipette and centrifuged at 8,000 rpm for 
20 min. The supernatant was then discarded. A volume of 1 ml of 
sterile saline was added and thoroughly mixed. The tube was 
centrifuged at 8,000 rpm for 20 min. We  added 1.2 ml of sterile 
normal saline after discarding the supernatant and thoroughly 
mixed it. Then, we centrifuged it at 2000 rpm for 1 min. Finally, 
0.8 ml of the supernatant was transferred to a sterile test tube 
containing 20 ml of normal saline and mixed well. This mixture 
served as the reaction liquid. The Biolog Eco microplate was 
preheated to 25°C before use. A pipette was used to take 150 μl of 
the diluent into each well, adding double steaming water as a 
control. The microplate was then incubated at 28°C. At time 
intervals of 0, 24, 48, 72, 96, 120, 144, 168, 192, 216, and 240 h, the 
absorption value was measured at 590 nm.

The AWCD and its change over time serve as indicators of overall 
microbial metabolic activity. It is generally recognized that samples 
with a higher AWCD value exhibit greater carbon source metabolic 
activity, indicating higher microbial abundance characteristics. 
AWCD is calculated as follows:

 
AWCD Ci 31= ∑ −( ) R / .

Ci is the absorption value of the well, except for the control well. 
R is the absorption value of the control well.

The utilization values (OD595) of 31 carbon sources formed a 
multivariate vector of the microbial metabolic characteristics of each 
sample. Shannon diversity, richness index, and Simpson diversity were 
further used to assess the diversity of bacterial community metabolic 
functions. The diversity function in the R language’s vegan package 
was used to calculate the diversity index. SPSS 19.0 software was used 
to carry out principal component analysis (PCA). The remaining 
charts were created with Origin2022.
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3 Results

3.1 Soil properties

The SOC content exhibited significant differences among the six 
provenances (p < 0.05), with the order of SM > AY > QJ> > SW > HF > SX 
(Table 1). SM and AY, which were high carbon storage provenances, 
had significantly higher SOC content compared to other provenances. 
Meanwhile, the SOC content of HF provenance was significantly 
higher than that of SX provenance. Similarly, SM showed the highest 
TN content, followed by QJ. The TN content of SM and QJ was 
significantly higher than that of other provenances (p < 0.05). The 
descending order of TN content was SM > QJ > AY > SX > HF > SW. The 
TN content of SW, HF, and SX provenances was significantly lower 
than that of other provenances (p < 0.05). The pH values demonstrated 
significant variation among the six provenances. The descending order 
of pH values was SX > HF > QJ > SW > AY > SM. The trend observed 
was low carbon storage > medium carbon storage > high carbon 
storage. The pH value of the SM provenance was significantly lower 
than that of other provenances (p < 0.05).

There were significant differences in MBC content among the six 
provenances (Table  1). The MBC content followed the order of 
SM > AY > SW > HF > QJ > SX from high to low. The MBC content of 
high carbon storage provenances, AY and SM, was significantly higher 
than that of the medium and low carbon storage provenances 
(p < 0.05). Conversely, the MBC content of SX was significantly lower 
compared to other provenances (p < 0.05). The MBN content of the AY 
provenance (high carbon storage) was significantly higher than that 
of the medium and low carbon storage provenances (SW, HF, and SX), 
followed by the SM and QJ provenances (p < 0.05). Furthermore, the 
MBN content of SW was significantly lower than that of HF and SX 
(p < 0.05). The descending order of MBC/MBN was 
SM > QJ > AY > SW > SX > HF. The MBC/MBN ratio of SW 
provenances was significantly higher than that of other provenances 
(p < 0.05).

3.2 Functional diversity of soil 
microorganisms

The AWCDs of rhizosphere soil microorganisms from different 
P. massoniana provenances with varying carbon storage levels are 
shown in Figure 1. The results showed that AWCD values among the 
rhizosphere microorganisms of different P. massoniana provenances 
were significantly different (p < 0.05). Furthermore, the AWCD values 

of all rhizosphere microorganisms exhibited a distinct hysteresis effect 
after 24 h of culture. Then, with the increase in culture time, the 
AWCD value gradually increased. Notably, the AWCD dynamics of 
SM were significantly higher than those of other provenances 
(p < 0.05), followed by AY and QJ provenance. The results indicated 
that rhizosphere microorganisms from high carbon storage 
provenances exhibited the highest metabolic activity toward soil 
carbon sources. At the end of the culture period, the AWCD values for 
SM and AY were 1.39 and 0.78, respectively. Compared with SM and 
AY, the AWCD values for medium and low carbon storage provenances 
increased at a slower rate. The metabolic rate of SW was the lowest, 
with AWCD values reaching only 0.03 after 240 h of culture.

The metabolic function diversity of rhizosphere microorganisms 
was evaluated using the Shannon diversity index (H), Simpson 
diversity index (D), and richness indexes after incubation for 192 h 
(Figure 2). Higher diversity index values indicate a greater variety of 
carbon sources available to microbes (Xia et al., 2015). The Shannon 
diversity index exhibited the following descending order: 
SM > AY > QJ > SX > HF > SW. Among them, the Shannon diversity of 
SM provenances was significantly higher than that of medium and low 
carbon storage provenances, including QJ, SW, HF, and SX (p < 0.05). 
Overall, the Shannon diversity displayed the trend of high carbon 
storage>medium carbon storage > low carbon storage. The Simpson 
diversity index followed the order of SM > AY > QJ > HF > SX > SW 
from high to low. The Simpson diversity of high carbon storage 

TABLE 1 Rhizosphere soil properties of P. massoniana provenances.

MBC MBN MBC/MBN pH SOC TN

SM 335.05 ± 23.46a 15.63 ± 0.65ab 21.62 ± 2.38ab 4.61 ± 0.03c 27.59 ± 1.05a 2.61 ± 0.08a

AY 284.18 ± 35.31b 18.80 ± 1.89a 15.99 ± 4.34b 4.74 ± 0.05bc 26.51 ± 0.63a 1.68 ± 0.09b

SW 234.56 ± 16.98c 7.90 ± 1.44c 32.96 ± 9.28a 4.81 ± 0.07b 16.49 ± 0.10b 1.23 ± 0.05c

QJ 198.92 ± 13.70 cd 15.56 ± 1.28ab 12.81 ± 0.22b 4.85 ± 0.02b 25.11 ± 2.01a 2.59 ± 0.19a

HF 225.89 ± 36.17 cd 13.68 ± 2.85b 16.38 ± 2.14b 4.89 ± 0.05b 12.29 ± 0.41c 1.25 ± 0.02c

SX 175.90 ± 7.82d 12.81 ± 1.92b 14.23 ± 1.88b 5.09 ± 0.01a 9.00 ± 0.49d 1.29 ± 0.12c

AY, AnYuan provenance; SM, SanMing provenance; SW, ShaoWu provenance; QJ, QingJiang provenance; HF, HeFeng provenance; SX, Zhejiang Shengxian provenance; different letters indicate 
significant differences among provenances using a one-way ANOVA (LSD, P < 0.05).

FIGURE 1

AWCD of carbon sources in the rhizosphere soil microbial 
communities of P. massoniana provenances within the incubation 
time.
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provenances SM and AY and medium carbon storage provenance QJ 
was significantly higher than that of other provenances. Richness 
showed the descending order of AY > HF > QJ > SM > SX > SW. The 
richness of AY was significantly higher than SW (p < 0.05).

3.3 PCA of carbon source metabolization

PCA was conducted on absorbance values incubated for 144 h 
(Figure 3). The first and second principal components accounted 
for variance contribution rates of 64.35 and 11.60%, respectively. 
Figure 3 shows the distribution range of the six provenances, which 
were differentiated along the PC1 axis and PC2 axis. SM, AY, and 
QJ were located in the direction of PC1, while SW, HF, and SX were 
positioned in the negative direction of the PC1 axis. The 
distribution of high, medium, and low carbon storage provenances 
in different quadrants indicated that there were significant 
differences in the utilization of carbon sources among the 
various provenances.

Table 2 shows the loading scores of the 31 carbon sources in the first 
two principal components. Larger loading scores indicate a stronger 

FIGURE 2

Shannon diversity, Simpson diversity, and richness index of soil microorganisms in different P. massoniana provenances. Data are means  ±  standard 
errors, and different lower-case letters indicate significant differences among provenances (p  <  0.05).

FIGURE 3

Principal component analysis (PCA) for the carbon source utilization 
of soil microbial communities in different P. massoniana 
provenances.
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influence of the carbon source on the principal component. Carbon 
sources with an absolute value greater than 0.6 are considered the main 
types of carbon sources utilized by the soil microbial community (Yao 
Z. W. et al., 2023). As can be seen from the results in Table 2, there are 
10 types of carbon sources that primarily affect PC1. These sources 
include three types of amino acids, three types of carboxylic acids, one 

type of amine, two types of polymers, and one type of phenolic acid. 
Among them, 4-hydroxy benzoic acid is the carbon source most related 
to PC1 (load score = 0.881), followed by Tween 40 (0.870) and γ-hydroxy 
butyric acid (0.861). There are seven carbon sources primarily 
influenced by PC2, consisting of six types of carbohydrates and one type 
of amino acid. D-Cellobiose had the strongest connection with PC2 

FIGURE 4

Average well-color development of six types of carbon source microbial communities from different P. massoniana provenances after inoculation for 
240  h, including amines, amino acids, carboxylic acids, carbohydrates, phenolic acid, and polymers.
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(load score = 0.857), followed by D,L-α-glycerol phosphate (0.821) and 
glucose-1-phosphate (0.780).

3.4 Metabolic utilization of biochemical 
classification substrates

According to their biochemical properties, the 31 carbon source 
substrates in the Biolog Eco microporous plates can be divided into 
six types: amines, amino acids, carbohydrates, carboxylic acids, 
phenolic acids, and polymers (Table 2). The rhizosphere microbial 
communities of P. massoniana provenances have different capacities 
for utilizing the six carbon sources. We  summarized the AWCD 
results for the six types of carbon sources (Figure  4). The results 

showed significant differences in the utilization of carbohydrates 
among different P. massoniana provenances. The utilization capacity 
of the other five carbon sources, except for polymers, was significantly 
higher for SM than for other provenances (p < 0.05). Among them, AY 
had the second highest utilization efficiency for amino acids, amines, 
and carbohydrates, followed by SM. QJ exhibited the second highest 
utilization rate for carboxylic acids. There was no significant difference 
in the utilization efficiency of the mentioned four carbon sources for 
the two low carbon storage provenances (HF and SX). Both of them 
were lower than the AY and SM provenances. SW had the lowest 
utilization efficiency of the six carbon sources. Compared with other 
carbon sources, the utilization rate of polymers varies greatly. AY had 
the highest utilization rate for polymers, followed by QJ, while SM 
ranked third.

TABLE 2 Loading scores of 31 carbon sources on PC1 and PC2.

Type of carbon source Plate number Kind of carbon source PC1 PC2

Amino acids A4 L-Arginine 0.743 −0.033

B4 L-Asparagine 0.655 0.459

C4 L-Phenylalanine 0.702 0.544

D4 L-Serine 0.577 0.659

E4 L-Threonine 0.279 0.393

F4 Glycyl-L-glutamic acid 0.259 0.639

Carbohydrates G1 D-Cellobiose 0.222 0.857

H1 α-D-Lactose 0.042 0.56

A2 Methyl-D-glucoside 0.418 0.419

B2 D-Xylose 0.238 0.293

C2 i-Erythritol 0.199 0.407

D2 D-Mannitol 0.279 0.711

E2 N-Acetyl-D-glucosamine 0.202 0.696

F2 D-Glucosaminic acid 0.421 0.158

G2 Glucose-1-phosphate 0.227 0.78

H2 D,L-α-Glycerol phosphate 0.225 0.821

A3 D-Galactonic acid lactone 0.267 0.757

B3 D-Galacturonic acid 0.309 0.573

Carboxylic acids E3 γ-Hydroxy butyric acid 0.861 0.13

F3 Itaconic acid 0.125 0.265

G3 α-Keto butyric acid 0.069 0.131

H3 D-Malic acid 0.78 0.233

B1 Pyruvic acid methyl ester 0.702 0.522

Amines G4 Phenylethylamine 0.149 0.361

H4 Putrescine 0.661 0.51

Polymers C1 Tween 40 0.87 0.204

D1 Tween 80 0.698 0.33

E1 α-Cyclodextrin 0.304 0.071

F1 Glycogen 0.342 0.449

Phenolic acid C3 2-Hydroxy benzoic acid 0.205 0.183

D3 4-Hydroxy benzoic acid 0.881 0.113

Loading scores with absolute values greater than 0.6 are shown in bold.
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3.5 Correlation analysis between the 
utilization of C sources and environmental 
factors

We performed Pearson’s correlation analysis to examine the 
correlation between rhizosphere microbial carbon source utilization 
and carbon storage levels, as well as the soil properties of P. massoniana 
provenances (Figure 5). The results revealed a significant positive 
correlation between the utilization rates of each carbon source (PM, 
CH, PA, CA, AA, and AM) (p < 0.05). The rates were significantly 
positively correlated with SOC and TN (p < 0.05). The carbon storage 
levels of the provenances were also positively correlated with the 
utilization rates of these carbon sources (p < 0.05). Moreover, the soil 
MBC content had positive correlations with the utilization rates of 
PM, CH, and AM. Soil pH had a negative influence on the utilization 
rates of CH, AA, and AM. MBN content displayed positive correlations 
with the utilization rates of PM, CH, CA, AA, and AM (p < 0.05). In 
addition, the MBC content was significantly positively correlated with 
the SOC content and negatively correlated with the pH value (p < 0.05). 
The MBN content was significantly positively correlated with SOC 
and TN contents (p < 0.05). Moreover, MBC/N was significantly 
negatively correlated with the pH value (p < 0.05).

4 Discussion

4.1 Effects of different Pinus massoniana 
provenances on the contents of MBC, 
MBN, and MBC/N in rhizosphere soil

In this study, the MBC content of different P. massoniana 
provenances significantly varied. Studies have shown that different 
pine genotypes have differences in productivity resource allocation, 

leading to variations in underground root turnover rate and fine-root 
standing crop, which can impact microbial biomass (microbial 
activity) (Tyree et al., 2014). The MBC content of SM provenances was 
significantly higher than that of other provenances in this study. 
Therefore, we  speculate that SM provenances possess a higher 
turnover rate and a standing crop of fine roots. In this study, there was 
a significant positive correlation between MBC content and carbon 
storage of P. massoniana (p < 0.05). Plants sequester carbon through 
photosynthesis, and the products of photosynthesis are transported 
into the soil as root exudates and litter (Terrer et  al., 2019). 
Provenances with high carbon storage exhibit greater input of soil 
carbon into the rhizosphere soil, thereby increasing the MBC content. 
In this study, compared to other provenances, SW provenances 
demonstrated a significant reduction in MBN content, while MBC/N 
was relatively high. MBN represents the most active organic nitrogen 
component in soil, reflecting soil microbial nitrogen retention and 
mineralization dynamics (Dou et al., 2023). The soil MBC/N is also a 
reflection of the nitrogen supply capacity of the soil. Soil nitrogen 
shows higher bioavailability when the microbial carbon-to-nitrogen 
ratio is low (Fu et  al., 2012). Therefore, we  concluded that SW 
provenances exhibit lower rates of rhizosphere nitrogen 
mineralization. As a medium carbon storage provenance, the content 
of MBN and TN in the QJ provenance was similar to that of the SM 
provenance from the high carbon storage provenance. The MBC/N 
was lower in the QJ provenance, which suggested that the rhizosphere 
soil of the QJ provenance exhibited higher nitrogen bioavailability. 
This difference is likely attributed to changes in root exudation as well 
as the rate of fine-root turnover (Tyree et al., 2014).

4.2 Soil microbial functional diversity

The AWCD values of the high carbon storage provenances SM and 
AY were significantly higher than those of other provenances at each 
period of the 240 h culture in this study. These differences can be attributed 
to plant species, root exudates, litter decomposition, and plant residues 
(Yao Z. W. et al., 2023). Both Shannon diversity and Simpson diversity of 
rhizosphere microorganisms with high carbon storage provenances (SM 
and AY) were significantly higher than those from medium and low 
carbon storage (p < 0.05). The results showed that the microbial functional 
diversity of rhizosphere soil in high carbon storage provenances was 
significantly higher than that in medium and low carbon storage 
provenances. Rhizosphere microorganisms from high carbon storage 
provenance exhibited a greater ability to utilize various carbon sources 
(Yao Z. W. et al., 2023). On the whole, high carbon storage provenances 
exhibited enhanced forest ecological functions. Plant root secretions 
provide diverse nutrients to rhizosphere microorganisms, thereby 
improving soil microbial metabolic activity and increasing the utilization 
of carbon sources by soil microorganisms (Yao Z. W. et al., 2023). Studies 
have shown that the amount of carbohydrates secreted by plants into the 
rhizosphere soil positively correlates with the ability of rhizosphere 
microorganisms to utilize carbon substrates (Wu et al., 2014). In this study, 
high carbon storage provenances exhibited a high level of rhizosphere 
microbial carbon source metabolism, indicating that within the 
P. massoniana forest ecosystem, higher carbon storage levels corresponded 
to greater soil microbial functional diversity. In addition, the microbial 
carbon source metabolic diversity was also influenced by provenance 
differences. Variations in rhizosphere exudates among different 
provenances can lead to diversification in substrate utilization by 

FIGURE 5

Correlation analysis between the utilization of carbon sources, 
carbon storage levels, and soil properties. Those with significant 
correlations are circled. If there is no significant correlation, it is 
blank. Soil properties: pH, soil pH; SOC, soil organic carbon; TN, total 
nitrogen; MBC, microbial biomass carbon; MBN, microbial biomass 
nitrogen; MBC/N, microbial biomass carbon/nitrogen. Six carbon 
source types: CH, carbohydrates; CA, carboxylic acids; AA, amino 
acids; PM, polymers; PA, phenolic compounds; AM, amines.
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rhizosphere microorganisms, thereby affecting their functional diversity 
and community structure (Doornbos et al., 2012). It has been reported 
that rhizosphere soil microbial diversity differs among plants with different 
genotypes (Kaiser et al., 2001). Our study showed that the functional 
diversity of rhizosphere soil microorganisms was significantly different 
among P. massoniana provenances with varying carbon storage levels. The 
microbial functional diversity of high carbon storage provenances was 
significantly higher than that of medium and low carbon storage 
provenances. Among them, the soil microbial function diversity and MBC 
of the SM provenance were significantly higher than in other provenances. 
Thus, the SM provenance is favored for its effective ecological service 
function. The results of PCA analysis showed that the six P. massoniana 
provenances were positioned in different quadrants, indicating that there 
were differences in their utilization of different carbon sources (Yao 
Z. W. et al., 2023). Amino acids, carbohydrates, and carboxylic acids were 
the key carbon sources that distinguished the metabolic characteristics of 
soil microbial communities. In other words, the differences in carbon 
source metabolism of rhizosphere microorganisms among different 
P. massoniana provenances primarily involved the utilization of amino 
acids, carbohydrates, and carboxylic acids.

4.3 Environmental regulation mechanism

Previous studies have shown that different genotypes of pine affect 
rhizosphere microbial activity (Tyree et al., 2014). However, the effects 
of different carbon storage genotypes (provenances) on the metabolic 
capacity of rhizosphere microorganisms have not been reported. In this 
study, the carbon storage of P. massoniana provenances was significantly 
positively correlated with the total microbial carbon source AWCD and 
the AWCD of each carbon source species (p < 0.05). This indicates a 
significant positive correlation between the carbon storage function of 
P. massoniana and the metabolic capacity of microbial carbon sources. 
Furthermore, an increase in rhizosphere organic carbon input had a 
positive effect on the metabolic capacity of soil microbial carbon sources 
(Xia et al., 2015). Soil physical and chemical properties and nutrients 
are widely recognized as critical drivers of soil bacterial communities 
(Nguyen et al., 2018; Rath et al., 2019; Yang et al., 2020). In this study, 
the rhizosphere SOC and TN contents of high carbon storage 
provenances were generally high, providing necessary nutrients and 
energy for soil microorganisms and promoting microbial activity. In 
addition, the pH value was significantly negatively correlated with the 
AWCD of CA, CH, PM, PA, and AM. These results indicate that pH 
value is another key factor affecting the carbon source metabolism 
ability of rhizosphere soil microorganisms in P. massoniana plantations. 
Multiple studies have demonstrated the influence of soil pH on 
microbial communities’ structure and distribution. For example, the 
study by Liu et al. (2014) showed that the composition and diversity of 
the bacterial community were significantly correlated with soil pH in 
black soil farmlands in northeast China. The rhizosphere soil of 
P. massoniana forest tends to be weakly acidic. As the carbon storage of 
P. massoniana provenances increases, the rhizosphere soil pH value 
decreases. Weakly acidic conditions can stimulate the growth of certain 
eosinophilic bacteria (Wang et al., 2014). The bacteria adapted to the 
long-term weak acidic conditions through their own regulatory system. 
Under the dual influence of organic matter and pH value, rhizosphere 
microorganisms from different P. massoniana provenances performed 
different metabolic characteristics (Liu et al., 2017).

In this study, there was a significant positive correlation between soil 
MBC and the metabolic diversity of microbial carbon sources. MBC 
content is an important indicator of soil microbial activity (Mendoza et al., 
2020). A higher MBC content indicates greater microbial activity 
(Waldrop and Firestone, 2004). Accordingly, the metabolic activity of 
carbon sources also increases. Yao et al. also came to a similar conclusion 
that soil microbial biomass is an important indicator of the metabolic 
activity of microbial communities (Yao Z. W. et al., 2023). This relationship 
is primarily influenced by litter quantity and quality, as well as differences 
in fine-root turnover among different provenances (Brown and 
Markewitz, 2018). The diversity index of the SM provenance is 
significantly higher than that of other provenances, suggesting a relatively 
high rate of fine-root turnover. The results of the study confirmed that 
P. massoniana provenances with high carbon storage had a higher 
metabolic level in the rhizosphere microorganism, indicating their 
superior ability to maintain the diversity of the soil microbiotic 
community (Yao Z. W. et al., 2023). Among these provenances, the SM 
provenances showed a higher level of rhizosphere microbial metabolism 
compared to others, making it a preferable choice for establishing high 
carbon sequestration P. massoniana plantations in the future. These 
findings hold certain guiding significance for the scientific management 
of carbon storage forestry.

5 Conclusion

In this study, the Biolog Eco microplate method was used to study 
the rhizosphere microorganisms of different P. massoniana provenances. 
The results showed that there were significant differences in the carbon 
metabolism of rhizosphere microorganisms among the various 
P. massoniana provenances. Carbon metabolic activity increased with 
an increase in carbon storage levels, with the SM provenance exhibiting 
the highest carbon metabolic activity. The differences in carbon source 
metabolism among the rhizosphere microorganisms of different 
P. massoniana provenances were primarily reflected in the utilization of 
amino acids, carboxylic acids, and carbohydrates. The soil 
environmental factors that contributed to the variation in carbon 
metabolism utilization included pH, SOC, and TN.

The results of the study confirmed that P. massoniana provenances 
with high carbon storage had a higher metabolic level in the 
rhizosphere microorganism. The SM provenance is identified as a 
favorable provenance for maintaining soil microbial functional 
diversity in the P. massoniana ecosystem. The Biolog Eco microplate 
method can provide a fast and accurate assessment of the metabolic 
activity of the rhizosphere microbial community in P. massoniana. 
However, this method does have some limitations as it is only suitable 
for culturable bacterial communities, potentially missing other 
specialized functional microbiota. Therefore, to further explore the 
rhizosphere microbial community structure of different P. massoniana 
provenances, it will be  necessary to combine molecular biology 
methods to examine the community structure, species richness, 
molecular ecological network, and other relevant factors.
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