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Ulmus pumila L: is the primary tree species in the Hunshandake Sandy Land and
plays a crucial role in controlling wind and sandmovement and stabilizing the soil.
Currently, Ulmus pumila L. is aging severely, and the inter-root bacterial
community structure directly affects its resistance and nutrient uptake.
Therefore, it is crucial to investigate the composition of the inter-root soil
bacterial community and its driving factors during elm growth. In this study,
high-throughput sequencing technology was utilized to determine the bacterial
community composition and reveal the relationship between the inter-root
bacterial community composition of U. pumila L. of different ages and
microenvironmental factors based on basic soil properties and enzyme
activities. The results showed that alkaline phosphatase and soil invertase
levels increased with the increasing stand age. Compared with young forests
(YF), soil total nitrogen, total phosphorus, and organic carbon in mature forests
(MF) increased by 32.20%, 33.73%, and 17.65%, respectively. The contents of soil
available nitrogen (AN) and available phosphorus showed the same trend in
different forest ages. The variation trends of the total number of species and
specific species of inter-root soil bacteria in U. pumila L. were consistent, and
both showed a downward trend. Actinobacteria were significantly more
abundant in young forests than in the others (P < 0.05). It showed a
decreasing trend, and mature forests decreased by 29.23% compared to YF,
while the abundance of Firmicutes increased. The results of the RDA analysis
suggested that available nitrogen explained the most changes in soil bacterial
community structure. AK and AN were strongly negatively correlated with
Firmicutes but positively correlated with all other bacteria. This study provides
useful information for the conservation and utilization of sparse elm forests and
also helps provide a vital theoretical basis for understanding the ecological
environment construction in the Hunshandake Sandy Land.
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1 Introduction

The Hunshandake Sandy land is a typical semi-arid region,
located in the farming-pastoral ecotone of northern China, where
wind erosion and desertification are more serious (Liang et al., 2019).
The area is also the nearest source of sand to the capital, Beijing (State
Environmental Protection Administration, 2001), so it is important to
control wind-sand flow, improve vegetation cover, and stabilize the
environment. Ulmus pumila L. has a well-developed root system and
is more resistant to drought; it is the major species with >95%
proportion in the Hunshandake Sandy land (Li et al., 2003), and it
dominates the sandy vegetation succession (Zhao et al., 2016). Thus,
U. pumila L. plays an important role in controlling wind-sand
movement and fixing sandy areas in the region. However, in
recent years, the area of U. pumila L. has begun to decrease, and
seedlings are slow to renew and age more severely (Su et al., 2014).
This ismainly related to the role of inter-root soil bacteria (Liang et al.,
2019). Inter-root soil bacteria play a crucial role in influencing
nutrient cycling, soil structure, and enhancing plant resistance to
environmental stresses, all of which are indispensable for the growth
and survival ofU. pumila L. seedlings. Consequently, comprehending
the dynamics of the inter-root soil bacterial community and its
correlation with the age of Ulmus pumila L. is of paramount
importance for devising effective conservation strategies (Sun et al.,
2020). Currently, the researchers primarily focus on the above-ground
distribution pattern, community structure, seedling regeneration rate,
and underground root distribution of sparse U. pumila L. (Tang et al.,
2014), and little research has been conducted on inter-root soil
bacteria. Therefore, it is extremely important to study the
composition and structural characteristics of the inter-root soil
bacterial community and its relationship with soil environmental
factors during the growth of U. pumila L.

Soil microbes are an important constituent of the soil ecosystem,
which are greatly meaningful in maintaining ecological service
functions and promoting sustainable soil utilization (Bardgett and
Putten, 2014; Heijden and Wagg, 2013). The inter-root
microorganisms have an important influence on the growth and
development of plants, whereas plants can change the soil
environment by secreting bioactive molecules into the rhizosphere to
regulate the local growth conditions (Chen et al., 2019). Soil bacteria
account for the majority of the three major microbial groups, which
function crucially in the conversion of matter and energy in the plant
root eco-environment (Pang et al., 2000). Although the relative
abundance distributions of major bacterial groups in plant
rhizosphere are identical, the relative abundance of individual phyla
varies to different degrees under different environments (Hamonts
et al., 2018). Soil bacteria, as the most widely distributed group,
prioritize decomposing the low-molecular-weight organic
compounds (Tedersoo et al., 2008), and participate actively in the
accumulation of soil organicmatter and the cycling of nutrient elements
(Wu and Lin, 2003; Sui et al., 2016). The rhizosphere bacteria of desert
plants, for example, can help plants resist various environmental
stresses, playing an important role in plant adaptation to different
desertification environments (Hao et al., 2012). According to other
reports, bacteria occupy the living space of plant roots by competing
with other soil microbes for nutrients (Qin et al., 2017). The above
studies further suggest the potentially vital associations between soil
microbes and plants.

In this study, we analyzed the community composition and diversity
of inter-root soil bacteria of elm trees of different ages by 16S rRNA gene
sequencing. Combined with basic soil properties and enzyme activities,
the relationship between the bacterial community composition and
microenvironmental factors in the inter-root soil of U. pumila L. of
different ages was revealed. This study aimed to investigate the response
of U. pumila L. inter-root soil microbial community composition to age
changes. This study can provide useful information for the conservation
and utilization of sparse elm forests and also help to provide an
important theoretical basis for understanding the ecological
environment construction in the Hunshandake Sandy Land.

2 Materials and methods

2.1 Study area

As shown in Figure 1, this study area is located in Sanggen Dalai in
the southern part of Xinlin Gol League, Inner Mongolia Autonomous
Region (42°42′N, 115°55′E). The prevailing climate is of temperate
semi-arid continental climate where winter is long, with an annual
average temperature of 1°C–4°C, an average frost-free period of
105 days, an annual sunshine time of 3,200 h, an annual average
wind speed of 4.2 m/s, and an annual precipitation of 320mm. Affected
by the Mongolian high-pressure air masses, the climate is dry and cold.
summer is mild and humid due to the influence of the southeast
monsoon, while there are often gales during spring. 90% of the region’s
dunes are fixed and semi-fixed, with only a small percentage of mobile
dunes. However, due to drought and overgrazing, an increasing number
of semi-fixed dunes have been converted to mobile dunes. Zonal
vegetation is the vegetation of the steppe desert. Vegetation on fixed
and semi-fixed dunes is more productive and is therefore used as sandy
pastures.Ulmus pumila L. is found on the windward and leeward slopes
and lowlands of dunes. Ulmus pumila L. of different growth stages in
this study were selected from the depression sampling sites.

2.2 Experimental design and sample
collection

Soil samples were collected in August 2021. Ulmus pumila L. of
the same altitude and different ages were selected as the study area,
each with an area of 500 × 500 m. The age of the trees is classified
according to the following categories: young forests aged ≤30 years
(YF), middle-aged forests aged 31–50 years (MaF), and mature
forests aged ≥51 years (MF). The distances between various sites
were >50 m for each age class. Within each sampling site, three elms
were randomly selected using the “S”-shaped sampling method, and
a total of 12 inter-root soil samples were collected. Inter-root soil was
collected at 1 m from the trunk of each tree in four directions, east,
south, west, and north, at a depth of 5–30 cm. Initially, the first-order
lateral roots were found with a shovel, and then the fine roots were
traced along the direction of lateral root growth. To better ensure
that the samples collected were rhizosphere soils of U. pumila L.,
about 150 g of soil samples were collected near the fine roots. After
removing impurities such as stones, plant and animal debris, and
roots by sieving, the soil samples from the four directions were
evenly mixed in sealed bags and set aside. Record the sample
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number, sampling time, location, latitude, and longitude. There were
three replicates per sample plot. Each soil sample was divided into
three parts: one was stored at −80°C for the determination of soil
bacterial community composition and diversity, another was stored
at 4°C for the determination of soil enzyme activities, and the third
was shade-dried under natural conditions for the determination of
basic soil properties.

2.3 Determination of basic soil properties

Soil organic carbon (SOC, g·kg−1) wasmeasured via the combustion
method using an automated carbon analyzer (Vario MAX, Elementar,
Germany). Total soil N (TN, g·kg−1) was determined using an
automated C/N analyzer. The total soil P (TP, g·kg−1) was
determined via a colorimetric method using an alkaline oxidation
digestion procedure (Dick and Tabatabai, 1977). The continuous
alkali hydrolyzed reduction diffusing method obtained the soil
available nitrogen (AN) (Cornfield, 1960). The available potassium
(AK) content in soil was obtained by NH4OAc extraction and flame
photometry. The soil available phosphorus content (AP) was measured
by the Olsen method (Olsen and Sommers, 1982).

The activity of alkaline phosphatase (ALP) was determined
using benzene disodium phosphate as a substrate, and the
amount of released phenol in 1 g of soil was quantified
colorimetrically at 510 nm. Soil urease (SUE) activity was
measured by sodium phenol–sodium hypochlorite colorimetry
(Wang et al., 2019). Methods for the determination of soil
invertase (SI) involve the colorimetric determination of reducing
sugars that react with 3,5-dinitrosalicylic acid when soil is incubated
with a buffered sucrose solution and toluene at 37°C for 24 h
(Frankeberger and Johanson, 1983).

2.4 DNA extraction, PCR amplification, and
bioinformatics analysis

An SDS (sodium dodecyl sulfate)- based method was used to
extract total DNA from the Inter-root soil samples (Zhou, 1996).
Use the OMEGA Soil DNA Kit (D5625-01) (Omega Bio-Tek,

Norcross, GA, United States) reagent kit. The crude DNA extract
was washed with 70% cold ethanol and placed in a fume hood to
allow ethanol volatilization, and 100 µL of sterile deionized water
was finally added to dissolve DNA in water. PCR products were then
mixed in equimolar ratios, and the resultant pooled PCR products
were purified using a GeneJETTM Gel Extraction Kit (Thermo
Scientific, Waltham, MA, United States). After purification, the PCR
product pools were sequenced on the Illumina HiSeq
PE250 platform.

The V4 hypervariable regions of bacterial 16S rRNA genes were
amplified using the forward primer 515F (50-
GTGCCAGCMGCCGCGGTAA-30) and reverse primer 806R
(50-GTGCCAGCMGCCGCGGTAA-30) to construct bacterial
community libraries for HiSeq Illumina sequencing (Evans et al.,
2014). Samples were demultiplexed using unique barcode sequences
for samples, followed by cleaving of barcode and PCR primer
sequences. Paired-end reads from PE250 two-terminal
sequencing on the HiSeq platform were then joined using the
FLASH software (V1.2.7, http://ccb.jhu.edu/software/FLASH/).

After obtaining the raw sequence data, quality control was
performed using Trimmomatic (V0.36) with the parameters
LEADING:20, TRAILING:20, SLIDINGWINDOW:4:20, and
MINLEN:50 to remove low-quality reads and trim adapters. The
filtered reads were then merged using FLASH (V1.2.7) with the
parameters -M 100 and -m 200. The representative sequences of
each ASV were annotated using the RDP Classifier (V2.14) against
the Silva database (V138) with a confidence threshold of 0.8. Alpha
diversity indices, including Shannon, Simpson, Chao1, and Pielou
indices, were calculated using Mothur (V1.44.0). Beta diversity
analysis was performed using QIIME (V1.9.1) to calculate the
weighted UniFrac distance matrix, and Principal Coordinate
Analysis (PCoA) was conducted to visualize the differences in
bacterial community structures.

2.5 Statistical analysis

One-way ANOVA was used to statistically analyze the
differences in soil properties and enzyme activities among the
different groups. Fisher’s least significant difference (LSD) was

FIGURE 1
Geographic location map of the study area.
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used for significance testing, with a significance level of α = 0.05. We
used SPSS 22.0 (IBM Corp., Armonk, NY, United States) statistical
analysis software for data analysis and GraphPad Prism 9.0 for
graphic plotting. The alpha diversity index of the bacterial
community at different sequencing depths was calculated using
Mothur software. Redundancy analysis (RDA) was performed
using CANOCO software 5.0 to determine the relationship
between inter-root soil bacterial species composition and soil
properties of elm trees.

3 Results

3.1 Changes in the basic properties of inter-
root soils of Ulmus pumila L. of different
forest ages

Thebasic properties of inter-root soils ofU. pumila L.of different stand
ages showed distinct variation patterns. Compared with YF, TN, TP, and
SOC levels in MF increased by 32.20%, 33.73%, and 17.65%, respectively

FIGURE 2
Basic properties of Ulmus pumila L. inter-root soils. Notes: YF: Young Forests; MaF: Middle-aged forests; MF: Mature Forests. Different letters
indicate significant differences between different setting years (p < 0.05).
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(Figures 2a–c), but there was no significant difference (P > 0.05). The
contents of all three were reduced inMaF compared with YF. As shown in
Figures 2d, e, the contents of AN and AP displayed the same trend in
different forest ages, and their contents in MF were significantly decreased
comparedwithYFby 30.60%and60.08%, respectively (P< 0.05).With the
increase in forest age, the content of AK showed a significant downward
trend (P < 0.05). MaF and MF decreased significantly by 14.99% and
70.56% compared with YF, respectively (Figure 2f). Among the soil
enzyme activities, ALP and SI followed the same trend, both of which
exhibited an increasing trend with the increasing forest age. As shown in
Figure 2g, the activity ofALPwas 2.06 and 1.52 times higher inMF than in
YFandMaF, respectively. The activity of SUE showed a trendof decreasing
and then increasingwith the forest age (Figure 2h). The activities of SI were
102.83 U·L-1, 147.36 U·L-1, and 162.98 U·L-1 in YF, MaF, and MF,
separately (Figure 2i). With the increasing forest age, MF significantly
increased by 58.49% compared with YF (P < 0.05).

3.2 Characterization of inter-root soil
bacterial community composition and
structure in Ulmus pumila L. of different
forest ages

With the increasing age of Ulmus pumila L., the number of soil
bacteria ASVs decreased, which were 12,370, 11,265, and 8,857 in
YF, MaF, andMF, respectively, and the number of ASVs common to
the three soils was 1,949 (Figure 3). MaF andMF decreased by 8.93%
and 28.40% compared with YF, respectively. In the three groups, the
order of magnitude of the number of specific ASVs was YF (8,194) >
MaF (7,106) > MF (5,279). The number of common ASVs in YF to
MaF and MF were 3,353 and 2,772, respectively, while those of MaF
and MF were 2,755. It can be observed that with the increase in tree
age, the variation trends of the total number of species and specific
species of inter-root soil bacteria in the U. pumila L. were consistent,
and both showed a downward trend.

As shown in Figure 4, the bacterial community composition was
similar across all sites at the phylum level. Still, there were differences in
relative abundance. Bacteria of the same phylum in the inter-root soil of
elm trees of different ages were, in order of mean value, Actinobacteria
(46.71%), Firmicutes (17.49%), Proteobacteria (15.71%), Chloroflexi
(7.39%), Acidobacteria (6.69%), Gemmatimonadetes (2.26%),
Bacteroidetes (1.69%), Rokubacteria (0.63%), Nitrospirae (0.38%) and
Patescibacteria (0.22%), accounting for over 99% of the total ASV
abundance of all bacteria. Actinobacteria were significantly more
abundant in YF than others (P < 0.05). It exhibited a decreasing trend
with the increasing forest age, andMF decreased by 29.23% relative to YF,
but the abundance of Firmicutes increased. Proteobacteria, Chloroflexi,
and Acidobacteria demonstrated the same trend, and compared with YF,
MF decreased by 32.49%, 31.32%, and 35.42%, respectively. The relative
abundances of Gemmatimonadetes in YF, MaF, and MF were 2.41%,
2.80%, and 1.58%, respectively, whereas the abundances of Bacteroidetes
and Rokubacteria could be ranked as MaF > YF > MF.

Based on the Weighted Unifrac distance, the inter-root soil bacterial
communities of Ulmus pumila L. of different ages were analyzed by
PCoA, and the combination of principal coordinates with the largest
contribution rate was used for graphing. Based on the analysis results
(Figure 5) PCoA1was the principal coordinate component that explained
asmuch as possible the variation of data, with an explanation rate of 30%;

PCoA2was the second highest, with an explanation rate of 13.7%, and the
two principal components explained 43.7% of the bacterial community.
Compared with MF, YF and MaF were closer in distance, and the
composition of soil bacterial communities was more similar. The inter-
root soil bacterial community composition became more variable with
the increasing age of U. pumila L.

We compared the diversity calculated by the Shannon estimator,
which ranged from 9.30 to 11.10 per sample (Table 1). The index was
ranked in the order of magnitude as YF >MaF >MF. Simpson index
did not show any significant difference in the rhizosphere soil of
different ages (P > 0.05). The Chao1 index of YF, MaF, and MF
shows a downward trend with increasing forest age, but the
difference between YF and MaF is not significant (P > 0.05).
Pielou index ranged from 0.79 to 0.90 in the rhizosphere soil of
U. pumila L. of different ages. Both the rhizosphere soil bacterial
diversity and richness indices of U. pumila L. showed a decreasing
trend with the increasing forest age.

3.3 Correlation analysis between inter-root
soil bacterial community composition and
soil factors of Ulmus pumila L. of different
forest ages

By using Pearson’s correlation analysis, the relationship between
inter-root soil bacterial composition, basic soil properties, and
enzyme activities of Ulmus pumila L. of different ages was
explored (Figure 6). The results indicated that AP, AK, and AN
were significantly positively correlated with Chloroflexi (P < 0.05).
AP, AK, and AN were positively associated with Actinobacteria,
Acidobacteria, Gemmatimonadetes, and Nitrospirae, but this
relationship was not significant. AP and AK were also not
significantly correlated with Proteobacteria (P > 0.05). AK and
AN were significantly negatively correlated with SI (P < 0.05),

FIGURE 3
Venn diagram of the number of inter-root soil bacterial ASVs in
Ulmus pumila L. of different forest ages.
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but the negative correlation with SUE was not significant (P > 0.05).
Among the bacterial community compositions, Actin. was
significantly positively correlated with Proteobacteria, Chloroflexi,
Acidobacteria, Gemmatimonadetes, and Nitrospirae, but
significantly negatively correlated with Firmicutes (P < 0.05). The
relative abundance of Proteobacteria showed a significant positive

correlation with the other four species, including Chloroflexi,
Acidobacteria, Gemmatimonadetes, and Bacteroidetes (P < 0.05).
Rokubacteria revealed a significant positive correlation with
Nitrospirae only (P < 0.05). Bacteroidetes were positively
correlated with Acidobacteria, but negatively correlated with
Firmicutes, and the relationship was not significant (P > 0.05).

FIGURE 4
Inter-root soil bacterial community composition at the phylum level.

FIGURE 5
PCoA analysis of inter-root soil bacterial communities in Ulmus pumila L. of different forest ages.

TABLE 1 Inter-root soil bacterial diversity index of Ulmus pumila L. of different ages.

Forest age Shannon index Simpson index Chao1 index Pielou index

YF 11.10 ± 0.18a 0.998 ± 0.001a 7964.02 ± 556.47a 0.90 ± 0.009a

MaF 10.92 ± 0.13a 0.997 ± 0.001a 6864.40 ± 557.12a 0.89 ± 0.006a

MF 9.30 ± 2.44a 0.954 ± 0.071a 5462.85 ± 699.92b 0.79 ± 0.169a

Values with the same lowercase letters in the same column were not significantly different by the LSD, test (P > 0.05), but different letters represented significant differences between the values

(P < 0.05).
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3.4 Redundancy analysis between inter-root
soil bacterial community composition and
soil factors for Ulmus pumila L. of different
forest ages

The relationship between soil basic properties and the
bacterial community composition of Ulmus pumila L. of
different ages was analyzed by redundancy analysis (RDA).
The RDA results indicated that bacterial community
compositions showed obvious correlations with soil
environment factors (Figure 7). The total explanation of soil
basic properties on the bacterial community was 99.54%. The
explanatory rates for RDA1 and RDA2 were 98.32% and 1.22%,
respectively. Among all the driving factors for the U. pumila L.
growth processes, ALP, SI, SUE, SOC, and TN were positively
correlated with the RDA1 axis. By contrast, AN, AK, and TP were
negatively correlated with the RDA1 axis. AN, AK, TN, ALP, and
SOC were positively correlated with the RDA2 axis, but SUE, SI,
and TP were negatively related to the RDA2 axis. Among all the
influencing factors, AN explained the most variations in soil
bacterial community structure and had significant effects (P <
0.05). AK and AN were strongly negatively correlated for
Firmicutes but positively correlated with all the other bacteria,
e.g., Actinobacteria, Proteobacteria, Chloroflexi, Acidobacteria,
Gemmatimonadetes, Bacteroidetes, and Rokubacteria. ALP and
SI were positively correlated with Firmicutes but negatively
correlated with Proteobacteria, Chloroflexi, Acidobacteria, and
Gemmatimonadetes.

4 Discussion

4.1 Effects of Ulmus pumila L. growth
processes on inter-root soil properties and
enzyme activities

The growth processes of Ulmus pumila L. significantly impact
soil properties and microbial community structures, which in turn
impact soil enzymatic activity (Liang et al., 2019). According to our
study, the contents of AN and AP showed a consistent trend across
different forest ages, among which, MF had significantly lower levels
than YF. This may be because young forests require more nutrients
for their growth in the early stages, while mature forests have already
utilized sufficient nutrients, leaving fewer nutrients in the soil. In
contrast, the contents of TN, TP, and SOC did not show any
significant differences among different forest ages. This suggests
that the plant maintains a balance between the utilization and
accumulation of carbon, nitrogen, and phosphorus during long-
term growth.

Soil enzymes play a crucial role in promoting substance
decomposition and energy transformation in the soil. They are
also one of the most important indicators of the level of
comprehensive soil fertility and the ecological environment
quality (Han et al., 2022). Our results demonstrated that soil
enzyme activities, specifically ALP and SI, were significantly
higher in MF than in YF. This indicates that a significant
amount of catalytic mineralization of organophosphorus
compounds is still required in the maturation stage of U. pumila

FIGURE 6
Correlations between soil basic properties and bacterial community composition at the phylum level. Notes: Actin, Actinobacteria; Firmi, Firmicutes;
Prote, Proteobacteria; Chlor, Chloroflexi; Acido, Acidobacteria; Gemma, Gemmatimonadetes; Bacte, Bacteroidetes; Rokub, Rokubacteria; Nitro,
Nitrospirae; Pates, Patescibacteria. * represents a significant correlation at the P < 0.05 level, and ** represents a highly significant correlation at the
P < 0.01 level.
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L., aiming to provide sufficient phosphorus for soil microbes and
plants. Urease, which is associated with the transformation of
nitrogen-containing organic matter in the soil, showed a
decreasing and then increasing trend with forest age, with the
lowest activity being detected in the inter-root soil of middle-
aged elm trees. This reveals that there is a dynamic demand for
nitrogen in the growth of U. pumila L.

4.2 Effects of Ulmus pumila L. growth
processes on the composition of inter-root
soil bacterial communities

Although the overall bacterial community structure remained
stable, the relative abundance of specific bacterial taxa varied with
the age of U. pumila L. (Yang et al., 2019). The abundance of
Actinobacteria was significantly higher in YF soils and showed a
decreasing trend with the forest age, which decreased by 29.23% in
MF compared with YF. This change may be related to the
decomposition of organic matter and nutrient cycling in the soil,
as actinobacteria exert a vital role in these processes (Liu and Wei,
2021). The relative abundance of Actinobacteria accounted for the
largest percentage (46.71%), followed by Firmicutes (17.49%) and
Proteobacteria (15.71%) in the inter-root soils of U. pumila L. at
different ages. This is mainly because Actinobacteria exhibit a
unique increase in survival rate upon environmental stress
(Leggett et al., 2012). Proteobacteria were also shown to be the
dominant bacterial group in the inter-root soils of U. pumila L. var.

sabulosa, Populus deltoids, and Pinus tabulaeformis in previous
studies (Liang et al., 2019; Gottel et al., 2011; Yu et al., 2013).
They are the most common bacterial community in soils globally
and grow faster, where they respond quickly to unstable carbon
sources (Spain et al., 2009).

We also observed an increase in the abundances of Firmicutes
and a decrease in the abundance of Proteobacteria, Chloroflexi, and
Acidobacteria as the elm trees aged. These changes may be related to
the availability of nutrients including nitrogen and phosphorus in
the soil, as these bacterial taxa play a key role in nutrient cycling.
Proteobacteria are usually associated with the process of nitrogen
transformation in the soil, while Acidobacteria are related to the
decomposition of soil organic matter (Wu et al., 2024).

4.3 Relationship between inter-root soil
properties and bacterial communities during
the Ulmus pumila L. growth processes

The relationship between soil bacterial community composition
and soil factors was investigated using Pearson’s correlation analysis
and RDA. The results demonstrated that AP, AK, and AN were
significantly and positively correlated (P < 0.05) with Chloroflexi,
consistent with previous studies showing the effect of soil nutrients
on bacterial communities (Huang et al., 2023). However, this
relationship was not significant for Actinobacteria, Acidobacteria,
Gemmatimonadetes, and Nitrospirae, possibly attributed to a lag in
the response of these bacteria to soil nutrients or interference from

FIGURE 7
Redundancy analysis of soil properties and inter-root soil bacterial phylum.
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other environmental factors (Wang et al., 2023). In addition, AK and
AN were significantly (P < 0.05) negatively correlated with soil
enzyme activities (SI), indicating that soil enzyme activities may be
inhibited under high nutrient conditions, therefore affecting the
structure and function of bacterial communities (Zheng et al., 2018).
The significant positive correlation of Actinobacteria with other
bacterial groups such as Proteobacteria, Chloroflexi, Acidobacteria,
Gemmatimonadetes, and Nitrospirae suggests the synergistic
relationships, while the significant negative correlation with
Firmicutes indicates the competitive relationships (Zhang, 2024).
The significant positive correlation between Proteobacteria and
several other bacteria demonstrates that these bacteria may
jointly participate in ecological functions such as organic matter
decomposition and nutrient cycling in the soil ecosystem (Wei et al.,
2018). RDA further revealed that AN had the highest explanatory
rate and a significant effect on the variation of soil bacterial
community structure, which may be because that nitrogen is a
key element for plant growth, and its content and morphology
directly affect the plant growth status and the soil microbial activities
(Hermans et al., 2020). AK and AN were strongly negatively
correlated with Firmicutes, and positively with other bacteria,
including Actinobacteria, Proteobacteria, Chloroflexi,
Acidobacteria, Gemmatimonadetes, Bacteroidetes, and
Rokubacteria. This selective effect may be related to the
physiological properties and ecological niche of the bacteria
(Wang et al., 2023).

This study provides new insights in understanding the
interactions between the inter-root soil bacterial community of
U. pumila L. and soil factors. It helps to reveal the ecological
functions and regulatory mechanisms of soil microorganisms in
desert ecosystems. However, there are some limitations of the study,
such as the limitation of sampling time, and future studies may
increase sampling in different seasons and different geographical
areas to further validate and deepen the conclusions of this study.
Moreover, this study provides a stronger scientific basis for
managing and conserving soil ecosystems.

5 Conclusion

This study characterized the composition and diversity of soil
bacterial communities in the inter-root soils of elm trees of
different ages. The results revealed that ALP and SI increased
with the increasing stand age. Compared with YF, TN, TP, and
SOC contents in MF increased by 32.20%, 33.73%, and 17.65%,
respectively, but there was no significant difference (P > 0.05).
The contents of AN and AP showed the same trend in different
forest ages. The variation trends of the total number of species
and specific species of inter-root soil bacteria in U. pumila L. were
consistent, and both showed a downward trend. Actinobacteria
were significantly more abundant in YF than in the others (P <
0.05). Its abundance exhibited a decreasing trend, and that in MF
decreased by 29.23% compared with YF, but the abundance of
Firmicutes increased. AP, AK, and AN were significantly
positively correlated with Chloroflexi. AK and AN were
significantly negatively correlated with SI (P < 0.05), but the

negative correlation with SUE was not significant (P > 0.05). The
results of the RDA analysis indicated that AN explained the most
changes in soil bacterial community structure and had
substantial effects (P < 0.05). AK and AN were strongly
negatively correlated with Firmicutes but positively correlated
with all the other bacteria. This study provides important data to
support the understanding of the response of inter-root bacterial
communities of elm trees to age changes in the Hunsandak
hinterland.
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