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Abstract. The aim of this study was to investigate the effects of tree age on the growth and development 

of rhizosphere and non-rhizosphere microbial community structure and diversity of Tsuga chinensis. The 

Illumina MiSeq high-throughput sequencing platform was employed to analyze the composition and 

diversity of bacterial and fungal communities in the rhizosphere and non-rhizosphere soils of mature and 

young trees in the Yuanbaoshan National Nature Reserve. The results revealed significant differences in 

microbial community structure under different tree ages and soil microenvironments. At the phylum level, 

the dominant bacterial phyla in both rhizosphere and non-rhizosphere soils of T. chinensis at different tree 

ages were Proteobacteria, Actinobacteriota, and Acidobacteriota. For fungi, the dominant phyla included 

Basidiomycota, Ascomycota, Mortierellomycota, unclassified_k__Fungi, and Rozellomycota. Genus-level 

analysis showed high similarity in the composition and abundance of bacterial communities between 

mature and young tree soils, regardless of rhizospheric influence. In contrast, fungal communities exhibited 

notable specificity. Archaeorhizomyces was identified as a dominant fungal genus unique to the non-

rhizosphere soil of young T. chinensis, while Russula was dominant in the non-rhizosphere of mature trees 

and in both rhizosphere and non-rhizosphere soils of young trees. Alpha diversity analysis indicated that 

the diversity of bacterial and fungal communities in the rhizosphere of mature trees was generally higher 

than that of young trees, and the diversity in rhizosphere soils was higher than in non-rhizosphere soils. 

This study deepens the understanding of the interactions between T. chinensis and soil microorganisms and 

provides theoretical support for its resource conservation and scientific management. 

Keywords: rhizosphere effect, microbial ecology, bacterial and fungal diversity, alpha diversity indices, 

soil microbial diversity 

Introduction 

Tsuga chinensis (family Pinaceae) is an evergreen tree species endemic to China and 

a Tertiary relict plant. It is primarily distributed in southwestern Jiangxi, southern Hunan, 

northern Guangdong, northeastern Guangxi (Jinxiu and Longsheng), and southeastern 

Guizhou, mostly growing at elevations ranging from 600 to 2,100 meters. It typically 

forms mixed forests with other coniferous and broad-leaved species and serves as a key 

constructive species in subtropical montane forest ecosystems (Zhang et al., 2011). Due 

to habitat fragmentation and human disturbance, the population of T. chinensis has 

drastically declined, and it is currently listed as a key protected plant species in the 

Guangxi Zhuang Autonomous Region (Wei et al., 2023). A deeper understanding of its 
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ecological adaptation mechanisms, particularly its interactions with soil microorganisms, 

is essential for the effective conservation and sustainable utilization of T. chinensis. 

Rhizosphere soil represents the interface between plants and soil microorganisms. The 

microbial community in this zone not only regulates plant nutrient uptake and activates 

secondary metabolite production but also plays crucial roles in disease resistance, root 

development, and responses to environmental stress (Trivedi et al., 2020). Previous 

studies have shown that rhizosphere microbes contribute significantly to the stability of 

forest ecosystems by enhancing nutrient cycling and improving plant stress tolerance 

(Mendes et al., 2013). Compared with non-rhizosphere soil, the microbial composition 

and functional complexity of rhizosphere soil are greater due to the influence of root 

exudates, resulting in high spatial heterogeneity (Bulgarelli et al., 2013). 

Current research on T. chinensis mainly focuses on its population structure (Zhao et 

al., 2022), regeneration mechanisms (Lin et al., 2019), ecological niche characteristics 

(Zhao et al., 2021), and ectomycorrhizal diversity (Qian et al., 2007), with limited 

attention to the structure and diversity of microbial communities in its rhizosphere and 

non-rhizosphere soils. T. chinensis may exhibit varying root activity and ecological 

regulation capacity at different developmental stages. Therefore, in this study, tree age 

was used as a variable, and high-throughput sequencing technology was employed to 

systematically analyze the microbial community structure and diversity in rhizosphere 

and non-rhizosphere soils of T. chinensis at different ages in the Yuanbaoshan National 

Nature Reserve. The objective is to reveal the interaction mechanisms and community 

variation patterns between T. chinensis and soil microorganisms across developmental 

stages and to explore, the impact of tree age on the soil microenvironment, thereby 

providing theoretical support for the scientific conservation and ecological function 

maintenance of T. chinensis. 

Materials and methods 

Overview of the study area 

The study area is located in the Yuanbaoshan National Nature Reserve in the central 

part of Rongshui County, Guangxi (Fig. 1). The terrain is complex, with elevations 

ranging from 1,000 to 1,500 m, the highest peak reaching 2,081 m, and the lowest 

elevation being 285 m. This area belongs to the mid-subtropical monsoon climate zone, 

characterized by abundant heat and precipitation. The annual average temperature is 

approximately 16.4°C, and the annual average precipitation is around 2,379 mm, making 

it one of the areas with the highest rainfall in Guangxi. Soil types change progressively 

with elevation, including mountain red soil, mountain yellow soil, and mountain yellow-

brown soil. In some regions, mountain meadow soil is also present. 

Sample collection and processing 

Soil sampling was conducted in May 2022 at the mountaintop of the Yuanbaoshan 

National Nature Reserve, following the method described by Bao et al. (2000). One 

sampling plot was established, within which three healthy mature T. chinensis trees 

(height > 10 m, diameter at breast height > 35 cm) and three healthy young trees 

(height > 50 cm, diameter at breast height > 3 cm) were randomly selected. For each tree, 

soil was excavated to a depth of 50–60 cm approximately 1 m from the trunk using a 

spade to expose the roots. Soil particles (<1 cm in diameter) adhering to the roots were 
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collected as rhizosphere soil samples, while soil located approximately 30 cm away from 

the root zone was collected as non-rhizosphere soil samples. Two samples were collected 

from each tree, corresponding to rhizosphere and non-rhizosphere zones, resulting in a 

total of 12 soil samples. Sampling information was recorded using labeled tags. All 

samples were immediately placed in a portable cooler in the field and transported to the 

laboratory, where they were stored at –80 °C for subsequent soil DNA extraction and 

high-throughput sequencing of bacterial 16S rRNA and fungal 18S rRNA genes. 

 

Figure 1. Map of the study area and the location of the test sample 

 

 

Determination of soil microbial community diversity 

Total DNA of soil microorganisms was extracted using the Fast Soil Genomic DNA 

Extraction Kit provided by Shanghai Sangon Biotech Co., Ltd. The extracted DNA 

samples were shipped on dry ice to Shanghai Majorbio Bio-Pharm Technology Co., Ltd. 

for sequencing. Sequencing procedures included PCR amplification, pooling and 

purification of PCR products, and library construction. The bacterial V5–V7 region was 

amplified in two rounds. The first-round PCR used primers 799F (5'-

AACMGGATTAGATACCCKG-3') and 1392R (5'-ACGGGCGGTGTGTRC-3'), with 

the following program: initial denaturation at 95°C for 3 min; 30 s denaturation at 95°C; 

30 s annealing at 55°C; 45 s extension at 72°C; 27 cycles; final extension at 72°C for 10 

min. The second-round PCR used primers 799F (5'-AACMGGATTAGATACCCKG-3') 

and 1193R (5'-ACGTCATCCCCACCTTCC-3'), with the following program: initial 

denaturation at 95°C for 3 min; 30 s denaturation at 95°C; 30 s annealing at 55°C; 45 s 

extension at 72°C; 13 cycles; final extension at 72°C for 10 min. The fungal ITS region 

was amplified in a single round using primers ITS1F (5'-

CTTGGTCATTTAGAGGAAGTAA-3') and ITS2R (5'-

GCTGCGTTCTTCATCGATGC-3'), with the program: initial denaturation at 95°C for 3 

min; 30 s denaturation at 95°C; 30 s annealing at 55°C; 45 s extension at 72°C; 35 cycles; 

final extension at 72°C for 10 min. The amplification products were sequenced using the 

Illumina platform provided by Majorbio. 
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Quality control and analysis of microbiome sequencing data 

Raw sequencing data were subjected to quality control and merging to obtain high-

quality valid data. OTU (Operational Taxonomic Unit) clustering and taxonomic analysis 

were performed using the Uparse software platform. The OTU clustering procedure was 

as follows: (1) extract non-redundant sequences from optimized sequences to reduce 

redundancy in intermediate analysis; (2) remove singleton sequences without duplicates; 

(3) cluster non-redundant sequences (excluding singletons) at 97% similarity, and remove 

chimeras during clustering to obtain representative OTU sequences; (4) map all optimized 

sequences to the representative OTU sequences and select those with ≥97% similarity to 

construct the OTU table. Taxonomic analysis of OTU representative sequences at the 

97% similarity level was performed using the RDP Classifier Bayesian algorithm. 

Analysis of soil microbial composition 

Based on sequencing data, Alpha diversity indices reflecting microbial community 

richness and diversity under different random subsampling depths were calculated using 

the mothur software, including Ace, Chao, Simpson, and Shannon indices (Schloss et al., 

2009). Among them, Ace and Chao indices reflect the richness of communities in the 

samples, while Simpson and Shannon indices reflect community diversity. Higher Ace, 

Chao, and Shannon values and lower Simpson values indicate greater species diversity in 

the samples. Bar plots of microbial community composition were generated using R (R 

Core Team, 2023) and the ggplot2 package (Wickham, 2016). Venn diagrams were 

employed to visualize the number of shared and unique OTUs among multiple groups or 

samples and were generated using the VennDiagram package (Chen, 2022). Alpha 

diversity analysis was also supported by the vegan package (Oksanen et al., 2022). 

Results and analysis 

Sequencing results of soil microbial samples 

After splicing and quality control, 415,085 valid bacterial sequences with an average 

length of 377 bp and 376,103 valid fungal sequences with an average length of 257 bp 

were obtained. At 97% sequence similarity, the dilution curves (Fig. 2) of bacterial and 

fungal communities in each sample plateaued, indicating adequate sequencing depth and 

reasonable sampling. This suggests that the microbial communities were reliably 

represented. The coverage rate for all samples exceeded 99.7%, showing that most 

bacterial and fungal taxa were captured and that the results largely reflect the structure of 

microbial communities in the soils. 

Microbial diversity and richness in rhizosphere and non-rhizosphere soils of Tsuga 

chinensis at different ages 

Alpha diversity indices 

According to Table 1, the Shannon index of bacterial communities followed the order: 

old tree non-rhizosphere > young tree non-rhizosphere > young tree rhizosphere > old 

tree rhizosphere. The Simpson index followed the order: old tree rhizosphere > young 

tree rhizosphere > old tree non-rhizosphere = young tree non-rhizosphere. These results 

indicate that bacterial community diversity was generally higher in old tree soils 

compared to young tree soils, and slightly higher in non-rhizosphere soils than in 
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rhizosphere soils. Both the Chao1 and ACE indices showed greater richness in old tree 

soils than in young tree soils, with non-rhizosphere soils having slightly higher richness 

than rhizosphere soils in both age groups. 

 

Figure 2. Dilution curves of the soil samples. Note: LSG: Rhizosphere of old trees; LSF: Non-

rhizosphere of old trees; XSG: Rhizosphere of young trees; XSF: Non-rhizosphere of young 

trees. The same abbreviations apply hereafter 

 

 
Table 1. Alpha diversity of bacterial and fungal communities in rhizosphere and non-

rhizosphere soils of Tsuga chinensis at different ages 

Microbe Soil stype Shannon index Simpson index Chao1 index ACE index 
Coverage 

rate/% 

Bacteria 

LSG 
4.4022± 

0.0384C 

0.0348± 

0.002A 

577.7856± 

9.4318a 

575.1708± 

14.8666ab 

0.9902± 

0.0003b 

LSN 
4.6965± 

0.0363A 

0.0229± 

0.002B 

597.4534± 

10.5873a 

598.8061± 

5.1733a 

0.9907± 

0.0003ab 

XSG 
4.4379± 

0.0837C 

0.0311± 

0.004A 

535.0551± 

25.9584b 

537.9676± 

27.0517b 

0.9913± 

0.0005a 

XSN 
4.5957± 

0.0202B 

0.0229± 

0.0005B 

574.8041± 

23.5746a 

568.1888± 

22.0286ab 

0.9905± 

0.0005ab 

Fungi 

LSG 
3.4647± 

0.3759A 

0.1359± 

0.0341C 

732.9367± 

45.382a 

729.8238± 

42.9566a 

0.9966± 

0.0001A 

LSN 
2.9804± 

0.0281B 

0.1906± 

0.0046B 

688.9622± 

40.6194ab 

706.2363± 

35.5976ab 

0.9955± 

0.0004B 

XSG 
2.5106± 

0.1115C 

0.2295± 

0.0006B 

571.2429± 

70.2277c 

588.2047± 

64.6853c 

0.9959± 

0.0003B 

XSN 
2.2181± 

0.0215C 

0.3269± 

0.0428A 

608.864± 

11.328bc 

625.5835± 

11.6161bc 

0.9958± 

0.0002B 

Note: Data are expressed as mean ± SD (n = 3). Different lowercase letters in the same row indicate 

significant differences (P < 0.05); different uppercase letters indicate extremely significant differences 

(P < 0.01) 

 

 

For fungi, the Shannon index followed the order: old tree rhizosphere > old tree non-

rhizosphere > young tree rhizosphere > young tree non-rhizosphere, while the Simpson 

index followed the order: young tree non-rhizosphere > young tree rhizosphere > old tree 

non-rhizosphere > old tree rhizosphere. The highest fungal diversity was observed in the 

rhizosphere soil of old trees. Chao1 and ACE indices for fungi followed a consistent 
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trend: old tree rhizosphere > old tree non-rhizosphere > young tree non-rhizosphere > 

young tree rhizosphere, suggesting that old tree soils had higher fungal richness than 

young tree soils, and that rhizosphere and non-rhizosphere soils in old trees showed 

comparable richness. All samples exhibited coverage rates above 99.5%, indicating that 

the sequencing depth was sufficient to comprehensively capture the microbial community 

composition in each soil type. 

OTU abundance 

As shown in Fig. 3, a total of 371 bacterial OTUs were detected, mainly belonging to 

Proteobacteria, Actinobacteriota, and Acidobacteriota. A total of 169 fungal OTUs were 

detected, primarily from Basidiomycota, Ascomycota, Mortierellomycota, 

unclassified_k__Fungi, and Rozellomycota. Unique bacterial OTU numbers followed: 

old tree non-rhizosphere > old tree rhizosphere > young tree non-rhizosphere > young 

tree rhizosphere, with more unique OTUs in older trees. Unique fungal OTU numbers 

followed: old tree rhizosphere > old tree non-rhizosphere > young tree non-rhizosphere > 

young tree rhizosphere, again with more OTUs in older trees. This suggests high 

similarity in microbial diversity between rhizosphere and non-rhizosphere soils across 

tree ages. 

 

Figure 3. OTUs of bacteria and fungi in rhizosphere and non-rhizosphere soil of Tsuga 

chinensis at different ages 

 

 

Microbial community structure of soils under Tsuga chinensis at different ages 

Microbial community composition in rhizosphere and non-rhizosphere soils 

As shown in Fig. 4, at the phylum level, the dominant bacterial phyla in rhizosphere 

and non-rhizosphere soils of T. chinensis with different tree ages were Proteobacteria, 



Li et al.: Microbial community structure and diversity in rhizosphere and non-rhizosphere soils of Tsuga chinensis at different tree ages 

- 8467 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(4):8461-8474. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2304_84618474 

© 2025, ALÖKI Kft., Budapest, Hungary 

Actinobacteriota, and Acidobacteriota, with a cumulative relative abundance of 95.86%, 

95.10%, 96.03%, and 95.08% in old-tree rhizosphere, old-tree non-rhizosphere, young-

tree rhizosphere, and young-tree non-rhizosphere soils, respectively. Among them, 

Proteobacteria had the highest relative abundance, accounting for 41.45%, 45.50%, 

47.48%, and 45.22%, respectively. At the fungal phylum level, the dominant phyla were 

Basidiomycota, Ascomycota, Mortierellomycota, unclassified fungi, and Rozellomycota, 

which accounted for 96.32%, 99.48%, 99.81%, and 99.77% of the total fungal abundance 

in the respective soils mentioned above. Among these, Ascomycota had the highest 

relative abundance (56.62%, 79.34%, 73.67%, and 64.21%, respectively), and its 

abundance was higher in rhizosphere than in non-rhizosphere soils. In contrast, 

Basidiomycota was more abundant in non-rhizosphere soils than in rhizosphere soils. 

Overall, the dominant microbial populations in rhizosphere soils of T. chinensis showed 

higher relative abundance than those in non-rhizosphere soils. 

 

Figure 4. Composition of soil microbial communities in rhizosphere and non-rhizosphere soils 

of Tsuga chinensis at the phylum level 

 

 

As shown in Fig. 5, the dominant bacterial genera in rhizosphere and non-rhizosphere 

soils of T. chinensis with different tree ages were norank_f__Xanthobacteraceae, 

norank_f__norank_o__Subgroup_2, Acidothermus, Roseiarcus, and 

norank_f__norank_o__Acidobacteriotales. The community composition and abundance 

of these bacterial genera were similar across the four soil types. In contrast, the dominant 

fungal genera exhibited certain differences among tree ages and soil types. In the old-tree 

rhizosphere soil, the dominant fungal genera included Sebacina, Mortierella, Cortinarius, 

unclassified_k__Fungi, and Clavulina. In the old-tree non-rhizosphere soil, dominant 

genera were Russula, Sebacina, Mortierella, Cortinarius, and unclassified_k__Fungi. In 

the young-tree rhizosphere soil, the dominant genera were Russula, Mortierella, 

Cortinarius, unclassified_k__Fungi, unclassified_p__Ascomycota, and Clavulina. In the 

young-tree non-rhizosphere soil, the dominant genera were Russula, Sebacina, 

Mortierella, unclassified_k__Fungi, unclassified_p__Ascomycota, Archaeorhizomyces, 

and Clavulina. Notably, Archaeorhizomyces was a unique dominant fungal genus found 

only in the young-tree non-rhizosphere soil. Russula was a dominant genus in the old-

tree non-rhizosphere, young-tree rhizosphere, and young-tree non-rhizosphere soils. 

These results suggest that fungal community composition and abundance at the genus 

level differ between rhizosphere and non-rhizosphere soils of T. chinensis of different 

ages. 
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Figure 5. Composition of soil microbial communities in rhizosphere and non-rhizosphere soils 

of Tsuga chinensis at the genus level 

 

 

As shown in the clustering analysis (Fig. 6), the bacterial communities in rhizosphere 

and non-rhizosphere soils of T. chinensis with different tree ages were compositionally 

and quantitatively similar, with dominant bacterial genera being 

norank_f__Xanthobacteraceae, norank_f__norank_o__Subgroup_2, Acidothermus, 

Roseiarcus, and norank_f__norank_o__Acidobacteriotales. However, fungal 

communities showed greater differences. The fungal community composition and 

abundance were similar between the rhizosphere and non-rhizosphere soils of old trees, 

and likewise between those of young trees. The shared dominant fungal genera across all 

soil types were Mortierella and unclassified_k__Fungi. Archaeorhizomyces was 

exclusive to young-tree non-rhizosphere soil, while Russula was a dominant genus in the 

old-tree non-rhizosphere, young-tree rhizosphere, and young-tree non-rhizosphere soils. 

 

Figure 6. Cluster heat map of microbial communities of rhizosphere and non-rhizosphere soil 

of Tsuga chinensis 
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Principal component analysis 

Principal component analysis (Fig. 7) was used to reduce the dimensionality of the 

complex data and reveal underlying structures. Analysis of microbial community 

compositions among samples helps to assess similarities and differences between groups. 

For bacterial communities, principal component 1 (PC1) and principal component 2 

(PC2) explained 28.61% and 16.95% of the variation, respectively. The distribution of 

bacterial communities was relatively dispersed within groups and showed large inter-

group differences, indicating low similarity between rhizosphere and non-rhizosphere 

bacterial communities. For fungal communities, PC1 and PC2 explained 31.67% and 

18.69% of the variation, respectively. The community compositions among old and 

young trees, as well as between rhizosphere and non-rhizosphere soils, were highly 

dispersed, suggesting significant differences in fungal community structures. These 

results indicate that microbial community structures in rhizosphere and non-rhizosphere 

soils of T. chinensis vary significantly with tree age. 

 

Figure 7. Principal component analysis of microbial community structure in rhizosphere and 

non-rhizosphere soils of Tsuga chinensis 

 

 

Discussion 

Soil microbial diversity is a crucial indicator for evaluating ecosystem functionality 

and stability, and its dynamic variation is closely related to plant developmental stages, 

root exudates, and the soil microenvironment (Berendsen et al., 2012). T. chinensis, as an 

endemic tree species in China, plays a vital role in forest ecosystems. With the growing 

focus on forest ecology, the interaction between trees and microorganisms has attracted 

increasing attention. This study investigated the composition and diversity of rhizosphere 

and non-rhizosphere microbial communities associated with T. chinensis at different tree 

ages, providing scientific insight into the potential effects of tree age on microbial 

communities and contributing to a deeper understanding of ecosystem functioning in 

forest environments. 

The results showed that, at both bacterial and fungal levels, the microbial diversity in 

the rhizosphere soil of older trees was generally higher than that of younger trees, but 

different microbial groups exhibited distinct patterns between rhizosphere and non-
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rhizosphere soils. For bacterial communities, the Shannon index was highest in the non-

rhizosphere soil of old trees, indicating the greatest diversity. The Chao1 index was also 

higher in both the rhizosphere and non-rhizosphere soils of old trees compared to those 

of young trees, suggesting that older tree soils harbor more abundant bacterial 

communities. This may be attributed to the mature root system and enriched exudates 

providing more favorable ecological niches and nutrient sources for microbial 

colonization. However, fungal communities responded more complexly: The Shannon 

indices of rhizosphere and non-rhizosphere soils in older trees were similar and both 

higher than those in younger trees; fungal diversity in the non-rhizosphere soil of young 

trees exceeded that in the rhizosphere, suggesting that fungal communities are less 

responsive to root influence and may even be more active in non-rhizosphere 

environments. This highlights the high sensitivity of fungi to environmental stress and 

nutrient patterns. Similar trends have been observed in other plants—for instance, the 

rhizosphere soil of Lycium ruthenicum supports higher bacterial but lower fungal 

diversity compared to the non-rhizosphere soil (Li et al., 2018), whereas Paris polyphylla 

exhibits higher bacterial diversity in non-rhizosphere soils (Zheng et al., 2020). These 

findings indicate that the influence of roots on soil microbial communities varies among 

plant species and is affected by plant developmental stages and environmental factors. 

The bacterial communities in both rhizosphere and non-rhizosphere soils of 

T. chinensis at different ages were compositionally similar, with dominant phyla being 

Proteobacteria, Actinobacteriota, and Acidobacteriota. This pattern is consistent with 

findings from studies on Rhododendron delavayi (Fang et al., 2019) and R. liliiflorum (Li 

et al., 2022) , which also reported Acidobacteriota as abundant in rhizosphere soils, 

possibly due to the acidic microenvironment created by Rhododendron roots. Moreover, 

Acidobacteriota abundance has been positively correlated with soil nitrogen content 

(Zhang et al., 2023). Proteobacteria include many facultative or obligate anaerobic 

heterotrophs, playing a key role in organic matter decomposition and nutrient cycling, 

and thus serving as indicators of soil fertility (Li et al., 2016). Actinobacteriota are 

involved in organic matter degradation and antibiotic metabolism (Cui et al., 2023). 

Among fungi, Basidiomycota and Ascomycota were dominant. Basidiomycota are known 

for their strong spore dispersal ability, enabling long-distance colonization and 

optimization of microbial habitats (Egidi et al., 2019). Ascomycota are primary 

decomposers with high environmental adaptability and competitive advantage (Yan et al., 

2021; Li et al., 2022). At the genus level, dominant bacterial genera in both rhizosphere 

and non-rhizosphere soils included norank_f__Xanthobacteraceae, 

norank_f__norank_o__Subgroup_2, Acidothermus, Roseiarcus, and 

norank_f__norank_o__Acidobacteriotales. Acidothermus species are known for 

decomposing organic matter and utilizing various carbon sources, and their abundance is 

positively associated with soil organic matter (Du et al., 2017). In contrast, fungal 

communities differed significantly by tree age and soil compartment. Common dominant 

fungal genera included Mortierella and unclassified_k__Fungi. Archaeorhizomyces was 

uniquely dominant in the non-rhizosphere soil of young trees, and Russula was a 

dominant genus in the non-rhizosphere soil of old trees as well as both rhizosphere and 

non-rhizosphere soils of young trees. Mortierella not only enhances plant stress tolerance 

and productivity (Xia et al., 2022), but also improves acidic soil pH through organic acid 

secretion (Ning et al., 2022), mobilizes phosphorus (Osorio and Habte, 2013), and 

chelates toxic aluminum ions (Kochian et al., 2015), thereby improving nutrient 

availability. Archaeorhizomyces, though slow-growing, are widely distributed in root 
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environments and are closely linked to soil nutrient turnover (Carrino-Kyker et al., 2016); 

their relative abundance increases with organic fertilization (Guan Hongzhi et al., 2023). 

Russula forms ectomycorrhizal associations with Larix, Pinus, and Fabaceae, enhancing 

root nutrient and water uptake and improving stress tolerance (Li et al., 2015). In this 

study, fungi from the genus Russula were dominant in the rhizosphere and non-

rhizosphere soils of young T. chinensis trees, as well as in the non-rhizosphere soil of old 

trees. This suggests that Russula fungi may play an important ecological role in the 

germination and growth of T. chinensis. 

In summary, the age of T. chinensis significantly influences the structure and diversity 

of its rhizosphere microbial communities, with particularly notable differences in fungal 

communities across tree ages and soil compartments. This study provides a new 

perspective on the relationship between tree growth and microbial ecology. However, 

there are some limitations to this research: first, it focuses solely on T. chinensis, and 

future studies could expand to include other tree species and environmental conditions to 

improve generalizability; second, although metagenomic sequencing was used to analyze 

microbial communities, some potential microbial taxa may not have been detected. Future 

research could increase sequencing depth and breadth to further enhance our 

understanding of rhizosphere microbial diversity. 

Conclusion 

There were clear differences in the microbial community structure between 

rhizosphere and non-rhizosphere soils of T. chinensis, and these differences were 

significantly affected by tree age. This indicates that the development of the rhizosphere 

and non-rhizosphere soil environments during tree growth has a marked influence on the 

composition and structure of microbial communities. Specifically, the bacterial diversity 

in the non-rhizosphere soil of old trees was the highest, and the bacterial richness in both 

rhizosphere and non-rhizosphere soils of old trees was higher than that of young trees; 

bacterial diversity in the non-rhizosphere soils of both old and young trees was higher 

than that in their respective rhizosphere soils. However, fungal diversity showed 

contrasting trends: the rhizosphere fungal diversity in older trees was higher than in their 

non-rhizosphere soils, whereas younger trees exhibited the opposite pattern, with lower 

rhizosphere fungal diversity. 

In terms of community composition, bacterial communities in rhizosphere and non-

rhizosphere soils were relatively similar across tree ages, while fungal communities 

varied more noticeably. Specifically, the fungal community composition and abundance 

in both rhizosphere and non-rhizosphere soils of older trees were relatively consistent, 

and a similar pattern of structural stability was also observed in younger trees. 

In conclusion, tree age is a key factor influencing the structure and diversity of 

rhizosphere and non-rhizosphere soil microbial communities in T. chinensis. Future 

studies could further explore how changes in tree age, soil physicochemical properties, 

and other ecological factors collectively drive the dynamic succession of rhizosphere 

microbial communities. This would provide valuable insights into the plant–microbe 

interactions within forest ecosystems. Moreover, the findings of this study offer important 

theoretical support for forest ecosystem conservation and sustainable management 

strategies. 



Li et al.: Microbial community structure and diversity in rhizosphere and non-rhizosphere soils of Tsuga chinensis at different tree ages 

- 8472 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(4):8461-8474. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2304_84618474 

© 2025, ALÖKI Kft., Budapest, Hungary 

Acknowledgements. This work was supported by the Guangxi Natural Science Foundation 

(2024GXNSFAA010452 and 2023GXNSFAA026253); the Independent Projects of the Key Laboratory of 

Functional Phytochemicals Research and Sustainable Utilization of Guangxi Plants (ZRJJ2024-3 and 

ZRJJ2024-11); the Hechi Science and Technology Base and Talent Project (Hechi AC231113); and the 

Operational Fund of Guangxi Institute of Botany (No. GUIZHIYE25009). 

REFERENCES 

[1] Bao, S. D. (2000): Soil Agrochemical Analysis. – China Agriculture Press, Beijing. 

[2] Berendsen, R. L., Pieterse, C. M. J., Bakker, P. A. H. M. (2012): The rhizosphere 

microbiome and plant health. – Trends in Plant Science 17(8): 478-486. 

[3] Bulgarelli, D., Schlaeppi, K., Spaepen, S., Ver Loren van Themaat, E., Schulze-Lefert, P. 

(2013): Structure and functions of the bacterial microbiota of plants. – Annual Review of 

Plant Biology 64: 807-838. 

[4] Carrino-Kyker, S. R., Kluber, L. A., Petersen, S. M., Coyle, K. P., Hewins, C. R., DeForest, 

J. L., Smemo, K. A., Burke, D. J. (2016): Mycorrhizal fungal communities respond to 

experimental elevation of soil pH and P availability in temperate hardwood forests. – FEMS 

Microbiology Ecology 92(3): fiw024. 

[5] Chen, H. Z. (2022): VennDiagram: Generate High-Resolution Venn and Euler Plots. – R 

Package Version 1.7.3. 

[6] Cui, X. W., Lin, X. R., Li, J. B., Zhang, H., Han, Y. H. (2023): Diversity, functional 

characteristics, and environmental remediation potential of stress-tolerant actinomycetes. 

– Acta Microbiologica Sinica 63(5): 1930-1943. 

[7] Du, S. Y., Yu, M., Liu, F. H., Xiao, L. L., Zhang, H. X., Tao, J., Gu, W., Gu, J. Y., Chen, 

Q. (2017): Effect of facility management regimes on soil bacterial diversity and community 

structure. – Chinese Journal of Eco-Agriculture 25(11): 1615-1625. 

[8] Egidi, E., Delgado-Baquerizo, M., Plett, J. M., Wang, J., Eldridge, D. J., Bardgett, R. D., 

Maestre, F. T., Singh, B. K. (2019): A few Ascomycota taxa dominate soil fungal 

communities worldwide. – Nature Communications 10(1): 2369. 

[9] Fang, M., Xu, X. R., Tang, M., Tang, J. (2019): Structure and composition variation of the 

root-microbiota of Rhododendron delavayi. – Acta Microbiologica Sinica 59(8): 1522-

1534. 

[10] Guan, H. Z., Huang, R. Z., Wang, J. P., Zhu, L. Q., Zou, X. H., Ji, S. H., Lin, L. J., Fang, 

H. Y., Yang, M. J., Liao, Y. C. (2023): Response of topsoil fungal community structure to 

soil improvement measures in degraded forest of red soil region. – Environmental Science 

44(1): 494-501. 

[11] Kochian, L. V., Piñeros, M. A., Liu, J., Magalhaes, J. V. (2015): Plant adaptation to acid 

soils: The molecular basis for crop aluminum resistance. – Annual Review of Plant Biology 

66: 571-598. 

[12] Li, G. J., Li, S. F., Zhao, D., Wen, H. A. (2015): Research research progress of Russula 

(Russulales, Agaricomycetes): a review. – Mycosystema 34(5): 821-848. 

[13] Li, X., Sun, M., Zhang, H., Xu, N., Sun, G. (2016): Use of mulberry–soybean intercropping 

in salt–alkali soil impacts the diversity of the soil bacterial community. – Microbial 

Biotechnology 9(3): 293-304. 

[14] Li, Y., He, X. M., Yang, X. D., Zhang, X. N., Lü, G. H. (2018): The microbial community 

diversity of the rhizosphere and bulk soils of Lycium ruthenicum in different habitats. – 

Chinese Journal of Ecology 38(17): 5983-5995. 

[15] Li, H., Li, C., Song, X., Liu, Y., Gao, Q., Zheng, R., Li, J., Zhang, P., Liu, X. (2022): 

Impacts of continuous and rotational cropping practices on soil chemical properties and 

microbial communities during peanut cultivation. – Scientific Reports 12(1): 2758. 



Li et al.: Microbial community structure and diversity in rhizosphere and non-rhizosphere soils of Tsuga chinensis at different tree ages 

- 8473 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(4):8461-8474. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2304_84618474 

© 2025, ALÖKI Kft., Budapest, Hungary 

[16] Li, J., Tong, Q., Peng, Y., Zhou, Y., Luo, C., Zhou, Y. (2022): Analysis on Rhizobacteria 

Diversity of Rhododendron liliiflorum at Different Tree Ages. – Molecular Plant Breeding 

20(19): 6577-6584. 

[17] Lin, G. J. (2019): Tsuga chinensis var. tchekiangensis seeding and sapling regeneration and 

analysis of the influential factors in Jiangxi Wuyishan. – MSc thesis, Department of 

Forestry, Jiangxi Agricultural University, Nanchang. 

[18] Mendes, R., Garbeva, P., Raaijmakers, J. M. (2013): The rhizosphere microbiome: 

Significance of plant beneficial, plant pathogenic, and human pathogenic microorganisms. 

– FEMS Microbiology Reviews 37(5): 634-663. 

[19] Ning, Q., Chen, L., Li, F., Zhang, C. Z., Ma, D. H., Cai, Z. J., Zhang, J. B. (2022): Effects 

of Mortierella on Nutrient Availability and Straw Decomposition in Soil. – Acta 

Pedologica Sinica 59(1): 206-217. 

[20] Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, 

P. R., O'Hara, R. B., Simpson, G. L., Solymos, P., Stevens, M. H. H., Szoecs, E., Wagner, 

H. (2022): vegan: Community Ecology Package. – R Package Version 2.6-4. 

[21] Osorio, N. W., Habte, M. (2013): Phosphate desorption from the surface of soil mineral 

particles by a phosphate-solubilizing fungus. – Biology and Fertility of Soils 49(4): 481-

486. 

[22] Qian, X. M., Huang, Y. J., Zhang, Y. H., Wu, J. L., Chen, R. H., Liu, G. F., Huang, C. B., 

Tan, R. F. (2007): Biodiversity of the ectomycorrhiza on the rare and endangered tree 

species Tuga chinensis in Wuyishan Nature Reserve. – Journal of Fujian Agriculture and 

Forestry University (Natural Science Edition) 2: 180-185. 

[23] R Core Team (2023): R: A Language and Environment for Statistical Computing. – R 

Foundation for Statistical Computing, Vienna. 

[24] Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., 

Lesniewski, R. A., Oakley, B. B., Parks, D. H., Robinson, C. J., Sahl, J. W., Stres, B., 

Thallinger, G. G., Van Horn, D. J., Weber, C. F. (2009): Introducing mothur: open-source, 

platform-independent, community-supported software for describing and comparing 

microbial communities. – Applied and Environmental Microbiology 75(23): 7537-7541. 

[25] Trivedi, P., Leach, J. E., Tringe, S. G., Sa, T., Singh, B. K. (2020): Plant–microbiome 

interactions: From community assembly to plant health. – Nature Reviews Microbiology 

18(11): 607-621. 

[26] Wei, Y. G. (2023): Plant species checklist and Red List of Guangxi (2023 Edition). – China 

Forestry Publishing House, Beijing. 

[27] Wickham, H. (2016): ggplot2: Elegant Graphics for Data Analysis. – Springer-Verlag, New 

York. 

[28] Xia, T. Z., Li, L. S., Yang, H. Q. (2022): Soil fungal community characteristics at the upper 

and lower altitudinal range limits of Cephalostachyum pingbianense. – Chinese Journal of 

Plant Ecology 46(7): 823-833. 

[29] Yan, R., Feng, W., Wang, X. J. (2021): Composition and diversity of soil fungi community 

under differentsand-fixing plants in the Hulun Buir Desert. – Science of Soil and Water 

Conservation 19(1): 60-68. 

[30] Zhang, Z. X. (2011): Research progress on the rare and endangered plant Tsuga chinensis. 

– Biology Teaching 36(6): 3-5. 

[31] Zhang, T. J., Zhang, C., Guo, W. L., Tian, X. S. (2023): Effects of Borreria latifolia on 

Microbial Community Structure Characteristics in Hilly Orchards in South China. – 

Chinese Agricultural Science Bulletin 39(17): 26-36. 

[32] Zhao, J. H., Ye, Y. Q., Chen, B., Yuan, Z. X., Liu, J. N., Yang, T., Yuan, R. B., Guan, Q. 

W. (2021): Niche Characteristics of Dominant Plants of Coniferous (Tsuga chinensis var. 

tchekiangensis) and Broad-Leaf Mixed Forest in Jiangxi Wuyishan，China. – Scientia 

Silvae Sinicae 57(1): 191-199. 



Li et al.: Microbial community structure and diversity in rhizosphere and non-rhizosphere soils of Tsuga chinensis at different tree ages 

- 8474 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(4):8461-8474. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2304_84618474 

© 2025, ALÖKI Kft., Budapest, Hungary 

[33] Zhao, J. H., Ye, Y. Q., Sun, X. D., Lan, W. J., Fang, Y., Chen, B., Guan, Q. W. (2022): 

Population dynamics and spatial distribution of the rare and endangered plant Tsuga 

chinensis var. tchekiangensis in Wuyishan, Jiangxi Province. – Acta Ecologica Sinica 

42(10): 4032-4040. 

[34] Zheng, M. X., Chen, H., Zhu, Y. J., Su, H. L. (2020): Microbial Diversity in Rhizosphere 

and Non-rhizosphere Soils of Paris polyphylla var. chinensis Plants. – Fujian Journal of 

Agricultural Sciences 35(12): 1357-1367. 

 


