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Microbial community composition
and co-occurrence network analysis
of the rhizosphere soil of the main
constructive tree species in Helan
Mountain of Northwest China

Yuze Yang¥2*, Yue Lit%*, Ke Hao'?, Yujia Zhao%?, Min Li*?** & Yongjun Fan3

To understand the microbial diversity and community composition within the main constructive

tree species, Picea crassifolia, Betula platyphylla, and Pinus tabuliformis, in Helan Mountain and

their response to changes in soil physicochemical factors, a high throughput sequencing technology
was used to analyze the bacterial and fungal diversity and community structure. RDA (Redundancy
Analysis) and Pearson correlation analysis were used to explore the influence of soil physicochemical
factors on microbial community construction, and co-occurrence network analysis was conducted on
the microbial communities. The results showed that the fungal and bacterial diversity was highest

in B. platyphylla, and lowest in P. crassifolia. Additionally, the fungal/bacterial richness was greatest
in the rhizosphere soils of P. tabuliformis and B. platyphylla. RDA and Pearson correlation analysis
revealed that NN (nitrate nitrogen) and AP (available phosphorus) were the main determining factors
of the bacterial community, while NN and SOC (soil water content) were the main determining factors
of the fungal community. Pearson correlation analysis between soil physicochemical factors and the
alpha diversity of the microbial communities revealed a significant positive correlation between pH
and the bacterial and fungal diversity, while SOC, TN (total nitrogen), AP, and AN (available nitrogen)
were significantly negatively correlated with the bacterial and fungal diversity. Co-occurrence network
analysis revealed that the soil bacterial communities exhibit richer network nodes, edges, greater
diversity, and greater network connectivity. Indicating that bacterial communities exhibit more
complex and stable interaction patterns in soil. This study reveals the complex interactive relationship
between microbial communities and soil physicochemical factors in forest ecosystems. By analyzing
the response of rhizosphere microbial communities of major tree species in Helan Mountain to
nutrient dynamics and pH changes, we can deepen our understanding of the role of microorganisms
in regulating ecosystem functions and provide theoretical basis for soil improvement and ecological
restoration strategies.
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Soil microorganisms play a crucial role in the biogeochemical cycle of forest ecosystems"2. They can promote
litter decomposition and humus formation, and inhibit the growth of plant pathogens, and therefore play an
irreplaceable role in plant growth and ecosystem stability. Soil bacteria can enhance plant tolerance to biotic
and abiotic factors® and increase the bioavailability of nutrients and plant resistance to pathogens?. Fungi are
important decomposers in soil®, and some mycorrhizal fungi form mycorrhizae with plants, providing support
for nutrient absorption, disease resistance, and adaptation to adverse environmental conditions for plants®.
Hence, research into the diversity and community structure of soil microorganisms can provide a foundation for
evaluating whether ecosystems are healthy and stable.
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The evolution of soil physicochemical factors and above ground vegetation types can cause changes in soil
microbial diversity, community structure, and function’. Research on soil bacterial diversity in Panama and
Australia indicated that soil pH is the most significant factor affecting the bacterial diversity and richness, while
the fungi are less sensitive to soil pH than bacteria are®. A study was conducted on the geographical distribution
of soil fungi at a global scale, and the results revealed that soil factors are the best parameters for predicting the
fungal diversity and composition, although different fungal taxa exhibit varied patterns in response to changes
in soil and plant parameters®!’. In addition, increasing evidence suggests that vegetation type is a crucial factor
affecting soil microbial diversity. Tedersoo!! demonstrated in their study of soil microorganisms in forests
in Satakunta, Finland, and Jarvselja, Estonia, that soil nutrients and tree species have a direct impact on the
diversity of different microbial groups. Concurrently, tree diversity serves as a significant driving force of fungal
richness. A study on the rhizosphere microorganisms of semideciduous forests in Poland indicated significant
differences in the microbial composition and functional levels of the main tree species, including Alnus
glutinosa, Betula platyphylla, and Pinus tabuliformis'2. These aforementioned studies further clarify the crucial
influence of soil factors and vegetation types on the diversity and community structure of soil microorganisms.
Therefore, a deeper understanding of the microbial diversity and their interactions with trees will help improve
the management and protection strategies of forest ecosystems.

In 2005, Proulx'? first proposed the concepts of co-occurrence and networks. Network analysis helps to
characterize complex relationships between species that cannot be directly observed!*!>, and more detailed
information can be provided to reveal microbial interactions and their functional correlations with ecosystems!®.
In recent years, network analysis has been widely applied in the in-depth study of microbial interactions. In
addition, the modularity exhibited in microbial networks is also a focus of research. The complexity and diversity
of microbial communities can be revealed based on the greedy modularity optimization method!’, and key taxa
(Connector hubs and Module hubs) in co-occurrence networks can be identified through highly correlated
taxonomic groups'®!®. These key groups are crucial for maintaining network stability and the functionality
of specific ecosystems®. They may play a crucial role in nutrient cycling, energy flow, and biodiversity
maintenance?!. The loss of key groups may lead to the breakdown of modules and networks?2. In summary, co-
occurrence network analysis can provide new avenues for understanding microbial community structure and
interactions between species.

The Helan Mountains are located at the boundary between temperate grasslands and desert areas in northwest
China, with complex vegetation types and a typical vertical distribution pattern?. The main constructive tree
species, B. platyphylla, P. crassifolia, and P. tabuliformis in Helan Mountain play irreplaceable roles in maintaining
ecological balance, soil and water conservation, and water source conservation Northwest China and the upper
reaches of the Yellow River?*. Therefore, this study analyzed the microbial community structure of the main
constructive tree species in the Helan Mountain, and their relationships with soil physicochemical factors. We
also constructed a co-occurrence network of the fungi and bacteria and evaluated their stability, exploring the
potential key microbial groups and their interrelationships. The results of this study can provide reference for
understanding the diversity of microbial communities in forest ecosystems and their complex relationships
with host and soil physicochemical factors. By revealing the response mechanisms of rhizosphere microbial
communities of major tree species in Helan Mountain under nutrient dynamics and pH regulation, we can
deepen our understanding of microbial regulation of ecosystem functions and provide new directions for
microbial based soil improvement and ecological restoration.

Results

The physicochemical factor analysis

The physicochemical factors in the rhizosphere soil are shown in Table 1. The results indicated significant
differences in all factors except for available potassium (AK) across the three tree species. The NN in the
rhizosphere soil of B. platyphylla (32.59 +8.23 mg/kg) was significantly greater than that in other tree species.
The SWC in the rhizosphere soil of P. tabuliformis (5.87 +0.13%) was significantly lower than that in other
tree species. The SOC (8.30+0.20%), AP (12.17+1.44%), TN (0.42+0.01%), and AN (63.24 +14.31 mg/kg)
in the rhizosphere soil of P. crassifolia were significantly greater than those in P. tabuliformis and B. platyphylla,
while the pH (7.15+0.15) was significantly lower than that in P. tabuliformis (8.01 +0.02) and B. platyphylla
(7.93+0.01).

Analysis on microbial community composition

A total of 1410 fungal OTUs (Fig. 1A) and 7059 bacterial OTUs (Fig. 1B) were obtained from the rhizosphere
soil of the three constructive tree species. There were 674/4406, 486/3728 and 667/4371 fungal/bacterial OTUs
and 433/1266, 267/1044, and 353/933 unique fungal/bacterial OT'Us in the rhizosphere soils of B. platyphylla, P
crassifolia, and P. tabuliformis, respectively. B. platyphylla had the greatest number of unique fungal and bacterial

Tree species | pH AK(mg/kg) SOC(%) TN(%) SWC(%) AP(mg/kg) | AN(mg/kg) | NN(mg/kg)
B. platyphylla | 7.93+ 0.01a | 284.33+ 8.96a | 3.94+ 0.13b | 0.26+ 0.00b | 18.19+ 5.61a | 6.77+ 0.61b | 10.22+ 1.10b | 32.59+ 8.23a

P tabuliformis | 8.01+ 0.02a | 280.00+ 39.85a | 4.07+ 0.25b | 0.26+ 0.01b | 5.87+0.13b | 6.33+ 0.81b | 14.65+2.29b | 1.27+ 0.30b

P, crassifolia 7.15+0.15b | 279.67+ 6.03a | 8.30+ 0.20a | 0.42+ 0.01a | 14.14+2.00a | 12.17+ 1.44a | 63.24+ 14.31a | 2.89+ 0.89b

Table 1. The physicochemical factors in the rhizosphere soil of three constructive tree species in Helan
Mountain. Different letters in the same column indicate significant differences in the mean values (P <0.05).
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Fig. 1. Venn diagrams showing the shared and unique OTUs in the rhizosphere soil of three constructive tree
species in Helan Mountain. (A) Fungal OTUs. (B) Bacterial OTUs. Pt represents P. tabuliformis, Pc represents
P, crassifolia, and Bp represents B. platyphylla.

OTUs, accounting for 41.12% and 39.04% of all fungal and bacterial OTUs, respectively. The above results
indicate that the fungal and bacterial diversities among different forest types are significantly different and that
tree species have a remarkable impact on the composition of the bacterial and fungal communities.

The fungal and bacterial OTUs at each classification level were plotted into a string diagram using R software.
The results showed that all fungi belonged to 18 phyla, 43 classes, 108 orders, 211 families, and 327 genera
(Fig. 2B, D). All bacteria belonged to 26 phyla, 100 classes, 216 orders, 376 families, and 705 genera (Fig. 24,
C). At phylum level, Proteobacteria (32.90%), Actinobacteria (26.50%), Acidobacteria (17.30%), Chloroflexi
(9.00%), and Gemmatimonadetes (7.50%) were the dominant bacteria; Basidiomycota (58.70%) and Ascomycota
(35.70%) were the dominant fungi. Bacteria and fungi with relative abundances greater than 1.00% and 1.50%,
respectively, were defined as dominant genera. Sphingomonas (5.20%), RB41 (4.10%), Bradyrhizobium (2.20%),
Variibacter (1.90%), Rhodoplanes (1.30%), H16 (1.10%), Solirubacter (1.20%), and Nocardioides (1.00%) were
the dominant bacteria; Sebacina (6.70%), Tomentella (6.50%), Inocybe (6.10%), Geminibasidium (3.70%),
Penicillium (2.90%), Archaeorhizomyces (2.80%), Cenococcum (2.60%), Cortinarius (2.50%), Knufia (2.10%),
Hebeloma (2.00%), Sarcosphaera (1.70%), Thelephora (1.50%), Sistolema (1.50%), and Agaricus (1.50%) were the
dominant fungi.

Differential indicator species analysis

To determine the unique microbial taxa of the main constructive tree species in Helan Mountain, LEfSe analysis
was further conducted (Fig. 3). A total of 92/106 fungal/bacterial branches were significantly enriched. Linear
discriminant analysis (LDA) revealed that there were 44/34, 26/51, and 22/21 fungal/bacterial indicator species
for P. crassifolia, B. platyphylla, and P. tabuliformis, respectively. Fungi such as Agaricomycetes, Basidiomycoat,
Thelephoraceae and Thelephorales, as well as bacteria such as Acidobacteria and RB41, are enriched in the
rhizosphere soil of P. tabuliformis; fungi such as Eurotiomycota and Sortariomycetes, as well as bacteria
such as Nitrospira, Nitrospirales, and Gaiellales, are present in the rhizosphere soil of B. platyphylla; fungi
such as Gomphaceae and Gomphales, as well as bacteria such as Bradyrhizobiaceae, Bradyrhizobium, and
Streptosporangiales, accumulate in the rhizosphere soil of P. crassifolia. The above results indices significantly
differed in the composition of the soil microbial communities among different tree species, which also indicates
that the host plays an important role in the construction of microbial communities.

Analysis on the microbial diversity

The microbial diversity was evaluated using Simpson and Shannon indices, and microbial richness was assessed
with ACE and Chaol indices (Fig. 4). The results showed that the fungal and bacterial diversity in the rhizosphere
soil of B. platyphylla was the highest, while the fungal and bacterial diversity and richness in the rhizosphere soil
of P, crassifolia were the lowest. Additionally, the fungal/bacterial richness was greatest in the rhizosphere soils of
P, tabuliformis and B. platyphylla respectively. The above results indicate that the host plant significantly affects
the diversity and richness of rhizosphere microorganisms.

The PCoA method can be used to demonstrate the differences in microbial composition between
different samples. PCoA of the fungal and bacterial communities was conducted using R software based on
the unweighted UniFrac distance matrix. The two main axes explained 59.77% of the differences in fungal
community composition, with the PC1 axis explaining 34.11% and the PC2 axis explaining 25.66% (Fig. 4]).
The two principal coordinates explained 49.45% of the differences in bacterial community composition, with
the PCI axis explaining 32.76% and the PC2 axis explaining 16.69% (Fig. 4I). The intragroup samples of the
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Fig. 2. The classification and distribution of the bacteria (A,C) and fungi (B,D) at phylum and genus levels.
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Fig. 3. The hierarchical relationships of all taxonomic units within the sample communities from phylum

to genus. (A) Fungi; (B) Bacteria. The size of each node corresponds to the average relative abundance of the
respective taxonomic unit. Different colors represent taxonomic units with significant inter group differences.
The letters mark the names of taxonomic units and display significant differences between groups.

bacterial and fungal communities in the three tree species were relatively concentrated, while the intergroup
samples were relatively dispersed, indicating that tree species play a key role in the construction of soil microbial
communities. The microbial communities recruited to the rhizosphere of various tree species may have different
ecological functions.
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Fig. 4. The diversity indices of the bacterial and fungal communities. (A-D) represents the bacterial alpha

diversity index, and (E-H) represents the fungal alpha diversity index. (I) and (J) represent the principal

coordinate analysis (PCoA) of the bacterial and fungal communities, respectively.

Driving force of soil physicochemical factors on microbial communities
Redundancy analysis was conducted on the soil physicochemical factors and bacterial/ fungal (Fig. 5A, B) genera
with relative abundances greater than 1%, and the results showed that AP (33.80%) and NN (29.7%) explained
most of the bacterial community structure differences, while NN (38.40%) and SOC (35.80%) explained most
of the fungal community structure differences(Table 2). Pearson correlation analysis between the alpha diversity
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Fig. 5. Pearson correlation analysis between soil physicochemical factors and the alpha diversity index and
redundancy analysis of soil physicochemical factors on the dominant genera (A,C) Bacteria; (B,D) Fungi.

AP 33.8 0.034 | NN 38.4 0.024
NN 29.7 0.016 | SOC 35.8 0.004
SOC 8.9 0.200 | SWC 5 0.316
AK 5.1 0.442 | AP 55 0.256
pH 11.2 0.118 | AK 3.9 0.436
SWC 3.6 0.476 | TN 5.4 0.238
AN 1.5 0.706 | AN 1.5 0.684

Table 2. Redundancy analysis of soil physicochemical factors on the composition of the bacterial(L) and
fungal(R) communities.
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index and soil physicochemical factors (Fig. 5C, D) revealed that pH was significantly positively correlated with
the bacterial and fungal diversity, while SOC, TN, AP, and AN were significantly negatively correlated with
bacterial and fungal diversity. In addition, TN was significantly positively correlated with SOC and AN; AN was
significantly positively correlated with SOC; AP was significantly positively correlated with SOC and TN; and
pH was significantly negatively correlated with AN, AP, TN, and SOC.

Co-occurrence network analysis of microbial communities

Co-occurrence network analysis on the fungal and bacterial communities (Fig. 6A, D) revealed that the fungal
network consisted of 222 nodes and 440 edges (Fig. 6B), and the bacterial network consisted of 726 nodes
and 1349 edges (Fig. 6C). The complexity of the bacterial networks was significantly greater than that of the
fungal networks, indicating that bacteria are more abundant and diverse than fungi. Bacteria exhibit more
complex interaction patterns in soil, possibly through various relationships such as competition, cooperation,
and symbiosis, thereby increasing the complexity of the network. A positive correlation in the network indicates
the occurrence of reciprocal interactions, while a negative correlation indicates competition with the host or
inhibition between microorganisms. In this study, there were 269 (61.14%) positive correlations and 171 (38.86%)
negative correlations in the fungal network. There were 1031 (76.43%) positive correlations and 318 (23.57%)
negative correlations in the bacterial network. The bacterial networks exhibited more positive correlations than
did the fungal networks, indicating relatively less competition among bacteria.

The modularity index of the fungal network was 0.795, which was greater than 0.40, indicating that the
micronetwork had a modular structure (Fig. 6E). There were 5 connector hubs and 1 module hub (Supplementary
Table S1), with key taxa including Pochonia, Tomentella, Hebeloma, Cadophora, and an unidentified genus.
The highest connectivity centrality value was 8 (Pochonia). In the fungal network, Pochonia was significantly
negatively correlated with Penicillium, Malassezia, Inocybe, and Cadophora. Cadophora was significantly
negatively correlated with Tomentella and Pochonia.There was a significant positive correlation between
Tomentella and Inocybe.

The modularity index of the bacterial network was 0.756 (Fig. 6F), with 7 connector hubs and 7 module
hubs (Supplementary Table S2). The key groups at the family level mainly included Acidimicrobiaceae,
Nocardioidaceae, Nitrosomonadaceae, Longimicrobiaceae, Bradyrhizobiaceae, and Pseudonocardiaceae. The
highest connectivity centrality value was 13 (Nitrosomonadaceae). Nitrosomonadaceae and Bradyrhizobiaceae
are nitrogen-fixing bacteria that are significantly positively correlated with Inocybaceae, Gemmatimonadaceae,
Subgroup_4, Phylobacteriaceae, Brucellaceae, Caulobacteraceae, and Pseudonocardiaceae, and negatively
correlated with Rhizobiaceae. Nocardioidaceae and Pseudonocardiaceae are mostly saprophytic bacteria that
are significantly positively correlated with Gemmatimonadaceae, Bradyrizobiaceae, and Brucellaceae and
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Fig. 6. Microbial network and modular analysis of the bacterial and fungal communities. (A,D) Fungi and
bacteria; (B,E) Fungi; (C,F) Bacteria. The size of the node is directly proportional to the connectivity of the
OTU. The red edge represents positive correlation, and the green edge represents negative correlation.
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significantly negatively correlated with Hypomonadaceae. Notably, almost all the key fungal groups except
Pochonia exhibited significant clustering interactions with OTU358635 (Acidobacteria).

Discussion

Soil physicochemical properties are the main driving force for structural changes and the spatial distribution of
microbial communities. Understanding the relationship between soil and microorganisms is one of the current
research hotspots in ecology and soil science. In this study, NN and AP were the main determining factors of
bacterial community composition, while NN and SOC were the main determining factors of fungal community
composition. It has been reported that AP affects microbial diversity, community composition and function
by altering the availability of nitrogen and phosphorus in soil®. Eo et al.?. reported that Sphingomonas and
Rhodoplanes decomposed organic phosphorus compounds into inorganic phosphorus by secreting certain
enzymes, such as phosphatase?”. This could be the reason for the positive correlation between these two genera
and AP in this study. Our results showed that SOC has a significant impact on fungal community composition
and is positively correlated with ECM fungi such as Cenococcum, Tometella, Hebeloma, and Sebacina. Research
has shown that the symbiotic relationship between ECM fungi and plant roots is more stable?® and relatively
abundant® in carbon-rich environments. This is because the carbon provided by plant roots meets the needs
of ECM fungi, promoting their growth and reproduction in the soil. In addition, numerous studies have shown
that higher soil nitrogen content reduces microbial diversity’>!. Wang et al.?. reported a significant negative
correlation between soil nitrogen content and the fungal and bacterial diversity, which may be due to the
accumulation of nitrogen causing a decrease in soil pH and microbial carbon source loss®, and leading to a
decrease in microbial diversity. The results of this study also support the above conclusion.

Pearson correlation analysis revealed that TN was positively correlated with both AP and AN, and there
was also a noticeable positive correlation between AP and AN, reflecting the synergistic utilization or mutual
promotion of nutrients such as nitrogen and phosphorus by microorganisms*!. The TN and AN in the rhizosphere
soil of P, crassifolia were significantly greater than those in B. platyphylla and P. tabuliformis, which may be due to
the presence of more nutrient-enriched bacteria, such as Bradyrhizobium and Mesorhizobium, in the rhizosphere
soil of P, crassifolia. According to previous reports, these compounds can enhance the nitrogen fixation ability
of plants®3¢. The NN content in the rhizosphere soil of B. platyphylla was significantly greater than that in P
crassifolia and P. tabuliformis. This may be due to the enrichment of Nitrobacteria in the rhizosphere soil of B.
platyphylla, which can oxidize nitrite to nitrate, and enriching NN in soil and promoting the soil nitrogen cycling
process®”38,

Principal coordinate analysis (PCoA) shows the bacterial and fungal communities among different tree
species are significant different. B. platyphylla has the highest bacterial and fungal diversity, while P. crassifolia
has the lowest. This may be due to the different chemical substances secreted by the roots of different tree
species, which affect the composition of microbial communities®. Additionally, changes in the amount of
aboveground and belowground litter alter the physicochemical properties of the soil, thereby having a significant
impact on the microbial community**!. The differential indicator microorganisms have a profound impact
on their nutrient acquisition and adaptability to the environment of their hosts through specific ecological
functions. The enrichment of nitrifying bacteria in the rhizosphere of B. platyphylla, such as Nitrospira and
Nitrospirales, significantly increases the nitrate nitrogen supply in the soil by promoting nitrogen cycling*?.
This is particularly crucial for B. platyphylla, which have a high demand for nitrogen. This not only effectively
promotes the growth rate and biomass accumulation of B. platyphylla, but also improves its nitrogen utilization
efficiency. Subsequently, B. platyphylla occupies an ecological advantage in nitrogen resource competition,
thereby enhancing its adaptability and survival competitiveness in different soil environments. The differential
indicator microorganisms in P. tabuliformis, such as Acidobacteria and RB41 play important roles in carbon
cycling. They maintain the dynamic balance of soil organic carbon by decomposing organic matter, especially
in acidic environments. These microorganisms release nutrients needed by plants through decomposition,
allowing P. tabuliformis to grow in relatively barren soil****. Some members of Gomphaceae and Gomphales
in the rhizosphere soil of P. crassifolia form ectomycorrhizae with plants, thereby establishing a close symbiotic
relationship with plants and helping P. crassifolia absorb insoluble phosphorus more effectively. This is
particularly important for P. crassifolia growing in barren and low phosphorus soil®. In addition, bacteria such
as Bradyrhizobium and Streptosporangiales enriched in the rhizosphere of P. crassifolia increase soil nitrogen
content through nitrogen fixation, providing a stable source of nutrients for the growth of P. crassifolia, enabling
it to maintain efficient growth in arid and barren environments***’. Overall, these microbial communities
enhance the ecological adaptability and competitive advantages of B. platyphylla, P. tabuliformis, and P. crassifolia
in their respective ecological niches by providing key nutrients and promoting soil nutrient cycling. Therefore,
soil microbial communities provid critical support for the maintenance and stability of forest ecosystems.

In this study, the bacterial communities exhibited richer network nodes, edges, diversity, and greater network
connectivity (Fig. 6C), indicating that bacteria exhibited more complex and stable interaction patterns!'>5.
However, the modularity index and clustering coefficient of the fungal communities were greater than those of
the bacterial communities (Fig. 6B), indicating a greater degree of modularity in the fungal communities. Fungi
in the community tend to gather together to form subnetworks with relatively independent characteristics and
functions rather than being completely randomly interconnected. This difference may be due to the various
ecological functions of fungi and bacteria in the soil®. Fungi may exhibit significant diversity in terms of
decomposing organic matter, establishing symbiotic relationships with plants, and undertaking other ecological
roles, ultimately leading to more specialized interactions and the formation of more modular structures among
them. Compared with the fungal communities, the bacterial communities may be more similar in terms of
some ecological functions, resulting in a lower level of modularity. A lower level of modularity indicates that
cross-module associations between different groups may be more common®. If environmental interference
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affects some modules, then this impact may spread to other modules'’. It is worth mentioning that there are
more positive rather than competitive relationships in fungal communities, possibly because these fungi have
sufficient resources. Certain soil conditions may be more conducive to supporting synergistic relationships
between fungi, such as mutual secretion of beneficial substances, shared use of resources, or collaborative
participation in ecosystem functions’!.

In addition, we identified several important key nodes in the network, such as Pochonia, Tomentella, Hebeloma,
Cadophora, Acidimicrobiaceae, Nocardioidaceae, Nitrosomonadaceae, Longimicrobiaceae, Bradyrhizobiaceae
and Pseudonocardiaceae. These nodes play a crucial role in the connection and module structure of the
microbial networks, and their loss may lead to the collapse of modules and networks?2. Among them, Pochonia
has a strong pathogenic effect on soil nematodes™. Tomatella and Hebeloma are ectomycorrhizal fungi that
are prone to forming symbiotic relationships with plants, thereby increasing plant uptake of nutrients such as
nitrogen, phosphorus, and potassium53. Tomentella and Hebeloma are negatively correlated with Cortinarius,
Helvella, and Sebacina, possibly because they are all ectomycorrhizal fungi with similar functions, which leads
to their competition for ecological niches. Bradyrizobiaceae, Nitrosomonadaceae, and Acidimimicrobiaceae
all may promote nitrogen cycling in ecosystems®*>. Pseudonocardiaceae and Nocardioidaceae can participate
in the decomposition and cycling of organic matter, thereby promoting vegetation growth. Cadophora is a
potential plant pathogen that can cause wood decay’” and is negatively correlated with Tomentella, suggesting
that Tomentella may inhibit or weaken invasion of plants by Cadophora. In addition, Acidobacteria was present
in most modules, indicating its dominant role in the soil microbiome. In addition to the key nodes mentioned
above, we also identified some low-abundance species in the network. Several previous studies have shown that
certain low-abundance species may play a disproportionate role in soils, indicating that some rare species play a
crucial role in ecosystems®"*%. However, further research is needed to evaluate these rare species.

This study discussed the response patterns of rhizosphere microbial communities within the main tree species
in Helan Mountains on key physicochemical factors such as soil nutrient dynamics and pH values. The research
results will provide theoretical support for soil regulation and ecosystem functional maintenance. Meanwhile,
it can be created conditions for the enrichment of specific microorganisms by optimizing soil nutrient levels
(especially nitrogen, phosphorus, and organic carbon content) and adjusting pH values. In addition, this
study further revealed the ecological roles of key functional microbial communities in soil by constructing
co-occurrence networks, especially some bacterial and fungal groups with potential application value, such
as Pochonia and Nitrosomonadaceae, which exhibit significant ecological functions in soil nutrient cycling,
pathogen inhibition, and promoting plant growth. This will provide a theoretical basis for the development
of microbial inoculants. In the future, theoretical support can be provided for agricultural soil improvement
and ecological restoration, and new solutions can be supplied for sustainable agricultural practices, such as
reducing fertilizer utilization, improving crop health and productivity, by systematically analyzing the functional
characteristics of the microbial communities and their interactions with the plant-soil system.

Methods
Description of the study area and materials
The research area is located in Helan Mountain National Nature Reserve in Inner Mongolia, Northwest China
(105°25'~105°28'E, 38°36'~38°40’N), which has typical continental climate characteristics. The reserve has an
annual average temperature of 3.1 °C and an annual average precipitation ranging from 268.75 ~ 300.00 mm.
Three repeated sampling sites were set up randomly within the concentrated distribution area of each tree
species of B. platyphylla, P. crassifolia, and P. tabuliformis, and each sampling site had a size of 100 m X 100 m and
a spacing of 200 m. Within various sampling sites, random sampling was conducted according to the sigmoidal
distribution, and 10 healthy plants were selected. During sampling, the surface layer of the dead branches and
leaves was first cleared with a shovel and then gently dragged along the roots to the end of the root to collect the
rhizosphere soil. The soil collected from each sampling site was mixed evenly, stored in a low-temperature ice
box, and quickly returned to the laboratory. The collected soil samples were filtered through a 2 mm soil sieve
and divided into two parts. One part was used for high-throughput sequencing (stored at -80 °C), and the other
part was used for testing the soil physicochemical properties (partially air-dried and partially frozen).

Analysis of soil physicochemical properties

In this study, various soil physicochemical properties, including SOC (soil organic carbon content), AN (available
nitrogen), NN (nitrate nitrogen), TN (total nitrogen), SWC (soil water content), AK (available potassium), AP
(available phosphorus), and soil pH, were measured. The determination was carried out using the method of
reference Methods of Soil Analysis™.

DNA extraction, PCR amplification, and lllumina MiSeq sequencing

A PowerSoil DNA Isolation Kit was used to extract the microbial metagenomic DNA from the soil, the quality of
extracted DNA was checked through gel electrophoresis using 1.0% (w/v) agarose. In addition, the concentration
of DNA was measured using a NanoDrop NC 2000 spectrophotometer. The V3-V4region of the bacterial 16SrTRNA
gene and the highly variable ITS2 region of the fungal ITS gene were selected as target fragments for high-
throughput sequencing. The fungal specific primers used were gITS7F (5-GTGARTCATCGARTCTTTG-3)
and ITS4R (5-TCCTCCGCTTATTGATATGC-3’). 338 F (5’-barcode + ACTCCTACGGGAGGCAG- CA-3)
and 806R (5°-GGACTACHVGGGTWTCTAAT-3’) were used as the bacterial specific primers. The PCR system
included Q5 high-fidelity DNA polymerase (0.25 pL), 5X reaction buffer (5.00 pL), 5x high GC buffer (5.00
uL), dNTPs (10 mM) (2.00 pL), template DNA (2.00 uL), forward primer (10 uM) and reverse primer (10 uM)
(1.00 pL), with water added to 25 pL. The amplification conditions were as follows: 98 °C for 30 s; 98 °C for 15 s,
50 °C for 30 s, and 72 °C for 30 s for 26 cycles; and extension at 72 °C for 5 min and storage at 4 °C. The PCR
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amplification products were separated by 2% agarose gel electrophoresis, and the target bands were recovered
and purified using the Axygen kit. Libraries were constructed using Illuminas TruSeqNano DNA LT Library
Prep Kit, and library quality was assessed with an Agilent High Sensitivity DNA Kit and Quant-iT PicoGreen
dsDNA Assay Kit, followed by paired-end sequencing on the Illumina MiSeq v3 platform (2 x 300 bp).

Statistical analyses

The QIIME (Quantitative Insights Into Microbial Ecology, v1.8.0, http://qiime.org/) software was used to
identify ambiguous sequences, and USEARCH (v5.2.236, http://www.drive5.com/usearch/) was used to check
and eliminate chimeric sequences. The sequences obtained were clustered, and operational taxonomic units
(OTUs) were delineated at 97% sequence similarity using the UCLUST sequence alignment tool. Taxonomic
information for each OTU was obtained from the Greengenes (Release 13.8, http://greengenes.secondgenome.
com/) and UNITE (Release 5.0, https://unite.ut.ee/) databases. OTUs with an abundance lower than 0.001% of
the total sequencing volume for all samples were removed, and the resulting abundance matrix was used for a
series of subsequent analyses. The analysis of all microbial communities was based on standardized operational
taxonomic unit (OTU) tables in R version 4.3.1 (https://www.r-project.org/). The “vegan” and “picante” packages
in the R statistical computing environment were used to calculate the alpha diversity indices for the bacteria and
fungi (including the Chaol, Shannon, ACE, and Shannon indices), and LEfSe analysis was performed through
the Galaxy online analysis platform. The “vegan” package was used to complete the Mantel test, which assesses
the correlation or similarity between the data in two matrices. The “ggcor” package was used to create graphical
representations of the correlation matrix for visualization. Principal coordinate analysis (PCoA) of the bacterial
and fungal OTUs was conducted based on unweighted UniFrac dissimilarity. Redundancy analysis (RDA) of the
environmental factors and microbial communities was performed using Canoco5 software. The co-occurrence
network used the greedy modular optimization method to detect modules®®, which were visualized through
Gephi software (version 0.10.1, https://gephi.org/). The “igraph” package was used to calculate node topological
features, including degree, betweenness, closeness, and eigenvector. Based on the connectivity values within (Zi)
and between (Pi) modules, the node attributes of the topological structure were classified into four types: module
hubs (Zi>2.5 and Pi<0.62), connectors (Zi<2.5 and Pi>0.62), network hubs (Zi>2.5 and Pi>0.62), and
peripherals (Zi < 2.5 and Pi<0.62). Module hubs, connectors, and network hubs were classified as key nodes.

Data availability

All the data generated or analyzed during this study are included in this published article. The raw sequence
data supporting the findings of this study have been deposited in the NCBI Sequence Read Archive (SRA) under
accession number [PRJNA1131174] (https://www.ncbi.nlm.nih.gov/bioproject/PRINA1131174) .
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