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Abstract
Rhizosphere bacteria play crucial roles in plant health and growth as they are
involved in nutrient assimilation and resisting adverse conditions such as nutri-
ent stress, drought, and wind erosion. Agriophyllum squarrosum (L.) Moq. is a
pioneer plant used for sand fixation due to its strong resistance to drought and
wind erosion. However, the bacterial community characteristics and ecological
functions in the rhizosphere of A. squarrosum are poorly understood. In this
study, soil samples were collected from different developmental stages (seedling
stage, vegetative stage, reproductive stage, and withering stage) of A. squarro-
sum. Illumina Miseq sequencing was used to detect differences in soil bacterial
abundance. The Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt) program was used to predict bacterial func-
tions, and the relationships among bacteria, functional populations, and soil
nutrients were examined using heatmap analysis. The results showed that the
Shannon and Sobs indices of rhizosphere bacteria were significantly higher dur-
ing the reproductive stage than during the other stages. Pantoea sp. (7.03%)
was the dominant genus during the seedling stage; Arthrobacter sp. was the
dominant genus during the vegetative (13.94%), reproductive (7.57%), and with-
ering (12.30%) stages. The relative abundances of Chloroflexi, Acidobacteria,
and Gemmatimonadetes were significantly high during the reproductive stage.
According to the PICRUSt analysis, membrane transport, signal transduction,
and environmental adaptation of the bacterial functional population occurred
during the seedling stage. Carbohydrate metabolism increased during the veg-
etative stage, while energy metabolism, lipid metabolism, and biosynthesis of
other secondary metabolites of the bacterial functional population significantly
increased during the reproductive stage. The abundances of bacterial communi-
ties, functional genes, and soil nutrients were synergistically altered during vari-
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ous developmental stages. Our findings suggest that the developmental stages of
A. squarrosum play a significant role in defining the composition and structure
of bacterial communities in the rhizosphere. The results will provide a basis for
better prediction and understanding of soil bacterial metabolic potential and
functions of A. squarrosum rhizosphere in sandy areas.
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Abstract: Rhizosphere bacteria play crucial roles in plant health and growth
by assimilating nutrients and helping plants resist adverse conditions such as
nutrient stress, drought, and wind erosion. Agriophyllum squarrosum (L.) Moq.
is a pioneer plant widely used in sand fixation due to its strong resistance to
drought and wind erosion. However, the characteristics and ecological func-
tions of bacterial communities in the A. squarrosum rhizosphere remain poorly
understood. In this study, we collected soil samples from different develop-
mental stages (seedling, vegetative, reproductive, and withering) of A. squar-
rosum and used Illumina MiSeq sequencing to detect differences in bacterial
abundance. We employed the Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt) program to predict bacterial
functions and examined relationships among bacteria, functional populations,
and soil nutrients through heatmap analysis. Our results showed that the Shan-
non and Sobs indices of rhizosphere bacteria were significantly higher during
the reproductive stage than during other stages. Pantoea sp. (7.03%) domi-
nated during the seedling stage, while Arthrobacter sp. was dominant during
the vegetative (13.94%), reproductive (7.57%), and withering (12.30%) stages.
The relative abundances of Chloroflexi, Acidobacteria, and Gemmatimonadetes
were also significantly elevated during the reproductive stage. PICRUSt analy-
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sis revealed that membrane transport, signal transduction, and environmental
adaptation functions were prominent during the seedling stage. Carbohydrate
metabolism increased during the vegetative stage, while energy metabolism,
lipid metabolism, and biosynthesis of other secondary metabolites became sig-
nificantly enhanced during the reproductive stage. Bacterial community abun-
dances, functional genes, and soil nutrients changed synergistically across devel-
opmental stages. Our findings suggest that A. squarrosum developmental stages
significantly shape the composition and structure of rhizosphere bacterial com-
munities, providing a foundation for better prediction and understanding of soil
bacterial metabolic potential and functions in sandy ecosystems.
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Introduction
The rhizosphere microbiome plays vital roles in plant growth, nutrition, and
stress tolerance [?, ?, ?]. Plants actively modify rhizosphere soil composition
and physicochemical properties through root exudates, thereby influencing mi-
crobial activity [?, ?, ?]. In turn, recruitment of specific microbial taxa benefits
the host by providing various ecological services [?, ?, ?, ?]. Recent studies indi-
cate that plants experiencing iron and phosphorus deprivation increase secretion
of oxalic, malic, and citric acids to enrich rhizosphere organic carbon and attract
beneficial microorganisms [?, ?]. Yu et al. (2021) demonstrated that maize roots
specifically recruit Oxalobacteraceae through flavonoid secretion (e.g., apigenin
and luteolin) to enhance lateral root development and nitrogen uptake under
nitrogen deprivation. Moreover, mounting evidence suggests that rhizosphere
microbial community composition is closely linked to plant developmental stages.
Chaparro et al. (2014) found significant differences in Arabidopsis thaliana (L.)
Heynh. rhizosphere microbial communities across seedling, vegetative, bolting,
and flowering stages. Similarly, wheat rhizosphere microbial species composi-
tion remained relatively stable during seedling, tillering, and flowering stages
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but changed significantly during maturation. Thus, rhizosphere microbial com-
munity assembly is not a stochastic process but rather a targeted process that
meets plants’specific needs during different developmental stages [?, ?].

Desert ecosystems represent among the most challenging environments for plant
survival, characterized by extreme abiotic stresses including drought, high tem-
peratures, prevailing wind erosion, and nutrient deficiencies [?, ?]. Rhizosphere
microorganisms become even more critical for plant establishment and growth
under such adverse conditions [?, ?]. Previous studies have found that desert
plants such as Haloxylon ammodendron (C. A. Mey.) Bunge and Stipagrostis
sabulicola (Pilg.) De Winter harbor rhizosphere microbial communities enriched
with drought-tolerant and plant growth-promoting bacteria that significantly
enhance their survival in extremely arid and barren desert ecosystems [?, ?, ?].
However, research on rhizosphere microbiomes of pioneer desert plants, partic-
ularly those with exceptionally rapid life cycles adapted to ephemeral resource
availability, remains scarce.

Agriophyllum squarrosum (L.) Moq. is a typical annual desert plant with numer-
ous adaptive properties, including rapid seed germination and growth as well
as a short growth period. A. squarrosum can survive in extremely hot and dry
environments and tolerate sand burial. As a desert pioneer species, it creates
conditions that enable other plant species to invade and establish themselves in
fragile desert ecosystems [?, ?]. Desert conditions of wind erosion, sand burial,
high temperature, and low precipitation affect plant population survival and
reproduction. To adapt to these extreme conditions, A. squarrosum follows an
r-selected reproductive strategy: following rainfall, seeds quickly germinate and
plants grow, mature, and complete their life cycle within a short period. Previ-
ous research on A. squarrosum has focused on seed germination [?, ?, ?, ?, ?],
environmental adaptation [?, ?, ?, ?], and sand fixation [?, ?]. Despite its
important role in desert restoration, relatively little research has examined its
rhizosphere microbiome.

Variation in rhizosphere bacterial communities represents a crucial link in A.
squarrosum’s adaptation to harsh environments. Does a specific rhizosphere
bacterial community assist A. squarrosum? What potential functions do these
specialized bacteria perform during different developmental stages? To address
these questions, our study aimed to: (1) analyze the composition and diversity of
rhizosphere soil bacteria of A. squarrosum across different developmental stages;
(2) examine changes in rhizosphere soil nutrients and determine relationships
between bacterial community composition and environmental factors; and (3)
predict the ecological functions of rhizosphere bacteria and explain relationships
between these functions and bacterial groups.

2.1 Study Area and Sampling
The study area was located in the eastern Hobq Desert, Inner Mongolia Au-
tonomous Region, China (40°28�24�N, 109°82�19�E). This region has a mid-
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temperate continental monsoon climate with average annual precipitation of
312 mm and evaporation of 2160 mm. Mean maximum and minimum temper-
atures are 40°C and –35°C, respectively. The average growing period for A.
squarrosum is 130–140 days. Vegetation is dominated by A. squarrosum, with
sparse Corispermum sp. and Artemisia ordosica Krasch.

Soil samples were collected during four developmental stages in 2022: late July
(seedling stage), mid-August (vegetative stage), mid-September (reproductive
stage), and early November (withering stage) [Fig. 1a [Figure 1: see original
paper]–d]. For each stage, rhizosphere soil samples were collected from 20–30
randomly selected plants and combined into a single composite sample, yielding
60 soil samples total (15 per stage). Sample plots were approximately 0.2 hm2.
For each plant, we carefully excavated soil clods 5–15 cm from the plant, then
removed soil 5 mm from the roots using a brush and tweezers. Soil shaken from
root segments 1–5 mm from the root surface was defined as rhizosphere soil.
Samples were divided into two portions: one placed in sterile ziplock bags and
stored at 4°C for bacterial community analysis, and another air-dried, sieved (2
mm), and used for soil nutrient determination.

2.2 Soil Nutrient Analysis
Soil chemical characteristics were evaluated following established protocols [?, ?].
Soil organic matter content was measured using the H2SO4-K2Cr2O7 method.
Available phosphorus was determined by sodium bicarbonate extraction, avail-
able potassium by ammonium acetate extraction, and available nitrogen by the
diffuser method. Sucrase activity was measured according to Zhao et al. (2016),
neutral phosphatase and catalase activities by Yang et al. (2008), urease activ-
ity by Kandeler and Gerber (1988), and neutral protease activity by Ladd et
al. (1976).

2.3 DNA Extraction and 16S rRNA Gene Amplification
Approximately 5 g of soil was used for DNA extraction following Li et
al. (2024). The V3–V4 regions of the 16S rRNA gene were amplified from
total DNA using primers 338F (5�-ACTCCTACGGGAGGCAGCAG-3�) and
806R (5�-GCACTACHVGGGTWTCTAAT-3�) via the MiSeq system. Thermal
cycling consisted of initial denaturation at 95°C for 5 min, followed by 30 cycles
of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension
at 72°C for 30 s, with a final extension at 72°C for 7 min. The 20.0 �L
PCR mixture contained 4.0 �L 5×TransStart FastPfu buffer, 2.0 �L 2.5 mM
dNTPs, 0.8 �L each primer, 0.4 �L TransStart FastPfu DNA Polymerase, 10.0
ng total DNA template, and ddH2O to volume. Each sample was amplified
in triplicate. DNA purity and concentration were assessed by 1.50% agarose
gel electrophoresis, and the constructed library was sequenced on an Illumina
MiSeq PE300 platform by Shanghai Majorbio Bio-pharm Technology Co., Ltd.,
China.
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2.4 Sequence Processing and Analysis
Raw tag data were obtained by splicing offline sequencing data using Fast
Length Adjustment of Short v.1.2.11 software. Quantitative Insights into Micro-
bial Ecology was used for quality control to generate clean tags after filtering.
Bioinformatics analysis was performed after normalization based on the min-
imum sample sequence number. Operational taxonomic units (OTUs) were
clustered at 97.00% similarity using the Usearch Pipeline for Operational Taxo-
nomic Unit Analysis software, followed by chimera sequence identification and
removal. Sample composition statistics at various classification levels were ob-
tained using the SILVA database. Sequences were submitted to the National
Center for Biotechnology Information Sequence Read Archive under accession
number PRJNA1031326.

After preparing the OTU table, we used the Phylogenetic Investigation of Com-
munities by Reconstruction of Unobserved States (PICRUSt) program to pre-
dict metagenomic functional gene composition and obtain Kyoto Encyclopedia
of Genes and Genomes Orthology (KO) tables. Samples were compared for sig-
nificant differences in level 1 and level 2 functions. Level 1 KEGG functions
comprise six major categories, each further subdivided into level 2 functions for
detailed analysis.

Bacterial alpha diversity indices (Good’s coverage, Shannon, Shannon-Weiner,
and Sobs) were computed using R v.3.3.2 software, which was also used for
principal coordinates analysis (PCoA), principal component analysis (PCA),
and heatmap analysis. Bar charts were generated using Origin v.2017 software,
statistical analyses performed using SPSS v.21.0 software, and figures retouched
using Adobe Illustrator v.2020 software.

3.1 Soil Nutrients of the Rhizosphere
Soil chemical properties and enzyme activities are presented in Table 1 . Su-
crase activity was significantly higher during the seedling stage than during
vegetative, reproductive, and withering stages (P<0.050). Available nitrogen
and neutral protease values were significantly lower during seedling, reproduc-
tive, and withering stages compared to the vegetative stage. Available nitrogen
and potassium contents and sucrase, urease, and catalase activities were signif-
icantly lower during the reproductive stage than during other stages. Available
phosphorus and potassium contents were significantly higher during the with-
ering stage, while neutral protease activity decreased significantly. Soil organic
matter and neutral phosphatase showed similar variation patterns across devel-
opmental stages. These results indicate that A. squarrosum primarily absorbed
carbon sources during the seedling stage, causing significant sucrase activity
increases. During the vegetative stage, nitrogen source absorption dominated,
resulting in significantly higher available nitrogen and neutral protease activi-
ties. During the reproductive stage, large nitrogen and potassium requirements
caused significant decreases in available nitrogen and potassium in rhizosphere
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soil.

3.2 Bacterial Alpha Diversity
Alpha diversity of rhizosphere bacterial communities varied significantly among
developmental stages [Fig. 2a [Figure 2: see original paper]1–a4]. Good’s cov-
erage indices ranged from 0.97 to 0.99, indicating that sequencing results accu-
rately represented bacterial community composition. Shannon and Sobs indices
were consistent: values were highest during the reproductive stage and signifi-
cantly higher during vegetative and withering stages than during the seedling
stage (P<0.050). The Shannon-Weiner index was significantly higher during
the reproductive stage than during seedling and vegetative stages, with the low-
est value occurring during the seedling stage. These results demonstrate greater
bacterial diversity during the reproductive stage, while bacterial abundance and
variety were significantly lower during the seedling stage, indicating that rhizo-
sphere bacteria became more abundant as A. squarrosum grew and developed.

Different developmental stages of A. squarrosum significantly affected rhizo-
sphere bacterial communities, explaining 38.53% of total variance (R2=0.6969,
P=0.001) [Fig. 2b]. PCoA revealed clear separation of samples based on de-
velopmental stage, with seedling, vegetative, reproductive, and withering stage
samples clustering tightly, indicating good repeatability.

3.3 Bacterial Community Composition of Rhizosphere Soil
We identified 38 phyla, 117 classes, 292 orders, 501 families, and 953 genera.
Bacterial community structure varied significantly among developmental stages
(P<0.050; Fig. 3a [Figure 3: see original paper]). Proteobacteria and Acti-
nobacteria were dominant phyla, with relative abundances of 31.69%–54.86%
and 26.20%–39.16%, respectively. Less abundant phyla (<10.00%) included
Bacteroidetes, Chloroflexi, Patescibacteria, Acidobacteria, Myxococcota, Firmi-
cutes, Gemmatimonadetes, and Cyanobacteria. We also detected 28 trace phyla
with low relative abundance, including Verrucomicrobia and Nitrospirae, plus
some unclassified bacteria (1.31%–2.74%). Proteobacteria abundance decreased
significantly from seedling to vegetative and reproductive stages, while Acti-
nobacteria abundance increased significantly from seedling to vegetative and
withering stages. Bacteroidetes, Chloroflexi, Acidobacteria, and Gemmatimon-
adetes abundances changed in concert, with significantly higher values during
the reproductive stage than during other stages. Bacterial abundance distribu-
tion was more uniform at the phylum level during the reproductive stage, likely
due to varied nutrient requirements during A. squarrosum reproduction that
increased root secretions and enriched diverse bacterial groups.

Approximately 15 genera had relative abundances >1.00% [Fig. 3b]. Unclas-
sified bacteria and genera <1.00% were categorized as “others,”comprising
55.14%–66.28% of the total. During the seedling stage, dominant bacteria were
Arthrobacter (6.71%) and Pantoea (7.03%). During vegetative, reproductive,
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and withering stages, Arthrobacter (7.57%–13.94%) dominated. About 14 gen-
era, including Microbacterium and Nocardioides, had relative abundances of
1.00%–10.00%. Pantoea and Pseudomonas abundances increased significantly
during the seedling stage (P<0.050). Arthrobacter, Paenarthrobacter, and Delf-
tia abundances were significantly higher during the vegetative stage than dur-
ing seedling and reproductive stages, while Streptomyces decreased significantly
during the vegetative stage. Nocardioides, Streptomyces, Agromyces, and Mi-
crovirga abundances increased significantly during the reproductive stage. The
withering stage showed no significant variation across the four phases. Gen-
erally, bacterial abundance distribution was more uniform at the genus level
during seedling and vegetative stages. The appearance of different bacterial
groups during different A. squarrosum developmental stages likely reflects plant
recruitment to meet stage-specific needs.

3.4 Correlations Between Soil Nutrients and Bacterial
Community Structure
Spearman correlation analysis between soil nutrient factors and bacterial taxa
with >1.00% relative abundance revealed significant negative correlations be-
tween Streptomyces, Agromyces, Nocardioides, Microviga, and several soil in-
dices [Fig. 4 [Figure 4: see original paper]]. Paenarthrobacter, Arthrobacter,
and Microbacterium showed highly significant positive correlations with soil
organic matter, available nitrogen, available phosphorus, urease, neutral phos-
phatase, and catalase (P<0.010). Acinetobacter, Noviherbaspirillum, Pantoea,
and Pseudomonas demonstrated extremely significant positive correlations with
soil organic matter, available nitrogen, sucrase, urease, and neutral phosphatase.
Acinetobacter showed an extremely significant positive correlation with neutral
protease. Bacterial taxa >1.00% relative abundance responded more strongly to
soil organic matter, available nitrogen, sucrase, urease, and neutral phosphatase
than to available phosphorus, available potassium, neutral protease, and cata-
lase, indicating that A. squarrosum rhizosphere bacteria had higher demands
for carbon and nitrogen than for phosphorus and potassium.

3.5 Prediction of Rhizosphere Bacterial Functions During
Different Developmental Stages
PCA based on PICRUSt functional predictions showed clear separation of the
four developmental stages along principal component 1 (PC1) and PC2 axes [Fig.
5 [Figure 5: see original paper]]. Seedling stage points were distant from all other
stages, suggesting that rhizosphere bacterial functions during the seedling stage
differed significantly from other stages and that some functions changed with
plant development.

Table 2 illustrates predicted level 1 KEGG pathway functions, covering
metabolism (50.96%–52.60% of total), environmental information process-
ing, genetic information processing, cellular processes, human diseases, and
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organismal systems. Comparison between seedling and vegetative-reproductive-
withering stages revealed four significantly different functions: metabolism
and genetic information processing increased significantly in the vegetative-
reproductive-withering group, while cellular processes and human diseases
decreased significantly. These results indicate that cellular process func-
tions were relatively strong during the A. squarrosum seedling stage, while
metabolism and genetic information processing functions were enhanced as A.
squarrosum entered its fast-growing stage.

Table 3 shows predicted level 2 KEGG functions (relative abundance >1.00%),
comprising 18 functions. Global and overview maps, carbohydrate metabolism,
and amino acid metabolism were main components, accounting for 38.96%–
39.77%, 9.07%–9.39%, and 7.94%–8.30% of the total, respectively. During
the seedling stage, carbohydrate metabolism, amino acid metabolism, lipid
metabolism, and metabolism of terpenoids and polyketides were significantly
decreased (P<0.050). During the vegetative stage, carbohydrate and nucleotide
metabolism were relatively enhanced. During the reproductive stage, energy
metabolism, lipid metabolism, biosynthesis of other secondary metabolites,
and metabolism of terpenoids and polyketides increased significantly. During
the seedling stage, membrane transport, signal transduction, and cellular
community-prokaryotes increased significantly, while translation, replication,
repair, folding, sorting, and degradation decreased significantly. No significant
changes occurred during the withering stage.

3.6 Correlations of Functional Genes and Bacterial Com-
munity Structure
Correlation analysis between bacterial taxa >1.00% relative abundance and
functional genes >1.00% relative abundance [Fig. 6 [Figure 6: see origi-
nal paper]] revealed that Arthrobacter, Paenarthrobacter, and Delftia were
significantly positively correlated with carbohydrate metabolism (P<0.010).
Arthrobacter, Nocardioides, Streptomyces, and Delftia showed significantly
positive correlations with amino acid metabolism. Nocardioides, Streptomyces,
and Agromyces were significantly positively correlated with energy metabolism,
lipid metabolism, biosynthesis of other secondary metabolites, and metabolism
of terpenoids and polyketides. Pantoea and Pseudomonas showed significantly
positive correlations with membrane transport, signal transduction, cellular
community-prokaryotes, and metabolism of other amino acids. Additionally,
Pantoea was significantly positively correlated with nucleotide metabolism and
glycan biosynthesis and metabolism. These results suggest that Arthrobacter,
Paenarthrobacter, Nocardioides, Streptomyces, and Delftia play major roles in
regulating carbon and nitrogen metabolism and represent important bacterial
groups during A. squarrosum vegetative and reproductive stages. Nocardioides,
Streptomyces, and Agromyces regulate metabolism and biosynthesis of vari-
ous compounds and are important during the reproductive stage. Pantoea
and Pseudomonas are major regulators of cellular processes and important
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contributors to A. squarrosum stress resistance.

Discussion
The rhizosphere microbiome is crucial for plant growth and health, often termed
the plant’s secondary genome [?, ?, ?]. Our 16S rRNA data provide snapshots
of the microbiome at each developmental stage. Different plant developmen-
tal stages showed significant variations in bacterial abundances and functions,
suggesting that soil microbial communities may selectively adopt particular func-
tions as plants develop. During the A. squarrosum seedling stage, Pantoea con-
tributed most significantly, with notable increases in membrane transport and
signal transduction functions that correlated extremely positively with Pantoea.
Pantoea is widely distributed in various plant seeds and typically dominates
during seedling stages [?, ?, ?]. It not only promotes seedling growth and de-
velopment but also secretes exopolysaccharides (EPSs) to retain water, thereby
enhancing seedling drought tolerance [?, ?, ?]. Zhang et al. (2022) showed
that rice core bacterial endophytes included Pantoea and Xanthomonas, with
all Pantoea strains producing indole-3-acetic acid, a plant growth-promoting
compound. Walitang et al. (2018) found that endophytic community profiles in
salt-sensitive and salt-tolerant rice seeds changed significantly under salt stress,
with core microbiota gradually shifting to include Pantoea. We therefore spec-
ulate that Pantoea may reach A. squarrosum seedling rhizospheres through
vertical transmission. Since A. squarrosum seedlings face wind erosion and
drought threats during desert colonization, the rhizosphere bacterial commu-
nity responds positively to environmental stress by expressing genes involved in
membrane transport and signal transduction. This expression helps maintain
stable intracellular osmotic pressure and improves seedling adaptability. We
also observed significantly increased sucrase activity during the seedling stage,
with Pantoea showing significant positive correlations with sucrase and glycan
biosynthesis and metabolism. Carbohydrates are essential cell membrane com-
ponents that regulate shoot development, hypocotyl elongation, and cotyledon
greening [?, ?, ?]. A. squarrosum seedlings grow rapidly by absorbing large
amounts of nitrogen for amino acid and protein conversion, requiring carbo-
hydrates [?, ?]. Enhanced sucrase activity promotes glycan biosynthesis and
metabolism, thereby supporting rapid seedling growth.

During the A. squarrosum vegetative stage, Arthrobacter contributed most
significantly, showing positive correlations with carbohydrate and amino acid
metabolism, which were dominant level 2 functions. Among the 15 genera
with >1.00% relative abundance, 13 showed significantly positive correlations
with soil carbon and nitrogen cycle-related environmental factors. Nitrogen is
a key factor regulating soil carbon supply and microbial activity [?, ?, ?]. A.
squarrosum requires both nitrogen and carbon sources during its fast-growing
stage, promoting soil nitrogen and carbon cycles and leading to significant
increases in functional gene and enzyme expression involved in these cycles. Ye
et al. (2014) found that Arthrobacter ps-5 was a high EPS-producing strain;
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EPS has high water retention capacity, with each gram retaining more than 70
g of water [?, ?]. Thus, PICRUSt functional predictions indicated significantly
increased carbohydrate metabolism gene abundances during the vegetative
stage, which may promote carbon-rich substrate availability. These carbon
substrates could stimulate dominant Arthrobacter to produce large amounts of
EPS, improving A. squarrosum drought tolerance.

Bacterial diversity and richness in the A. squarrosum rhizosphere increased
significantly during the reproductive stage, with Bacteroidetes, Chloroflexi,
Acidobacteria, Gemmatimonadetes, and the genera Nocardioides, Streptomyces,
Agromyces, and Microvirga showing significant increases. Higher bacterial
diversity during the reproductive stage suggests that diverse bacterial co-
operation may be driven by increasing metabolic exchange. The lack of a
complex bacterial community during other stages may indicate that many
root-related functions are inactive or dormant [?, ?]. Studies have shown
that root exudates’main components are soluble sugars that serve as primary
energy and carbon sources for rhizosphere microorganisms near growing roots
[?, ?, ?]. Yuan et al. (2016) found that root exudate carbon was rapidly
assimilated by rhizosphere microorganisms, with secretion rates increasing with
rice maturity. Correlation analysis also showed significant associations between
microbial biomass and photosynthetic products. We therefore expect that
increased root secretions during A. squarrosum’s reproductive stage elevated
Shannon, Shannon-evenness, and Sobs indices of rhizosphere bacteria. During
the withering stage, root secretion cessation leads to significant rhizosphere
bacterial diversity reduction. Highly diverse taxa likely play distinct roles in
bacterial communities during the reproductive stage. Streptomyces showed
positive correlations with amino acid metabolism, energy metabolism, lipid
metabolism, biosynthesis of other secondary metabolites, and metabolism
of terpenoids and polyketides. Host plants induce rhizosphere microbial
reassembly during development in natural environments [?, ?, ?]. According to
Rajguru et al. (2024), rhizosphere microbial community structure varies with
developmental stages as plants secrete substances that benefit specific bacteria
while suppressing others, ultimately increasing dominant bacterial taxa. This
phenomenon was observed from A. squarrosum’s vegetative to reproductive
stages as nutrient allocation shifted from vegetative to reproductive organs.
Root exudates may recruit specialized bacterial groups to perform specialized
functions, inducing significant increases in functional genes involved in complex
compound metabolism [?, ?].

During A. squarrosum’s withering stage, neutral protease activity decreased sig-
nificantly. Neutral proteases are serine proteases secreted by various microorgan-
isms during growth that hydrolyze proteins into small peptides or amino acids
usable by plants and microorganisms, thereby improving viability and environ-
mental adaptability under stress [?, ?, ?]. Plant metabolite secretion relates
to rhizosphere bacterial recruitment and induction. During A. squarrosum’s
withering stage, weakened recruitment and induction reduce plant rhizosphere
community richness [?, ?], consequently affecting neutral protease activity in
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rhizosphere soil.

Conclusions
We analyzed variations in A. squarrosum rhizosphere bacterial communities
across developmental stages, revealing significant changes in both diversity and
functions that highlight their important roles in A. squarrosum growth. Pantoea
dominated during the seedling stage, with functional genes associated with envi-
ronmental stress response showing synergistic alterations in the Pantoea group.
Arthrobacter dominated during the vegetative stage, with functional genes re-
lated to carbon and nitrogen metabolism showing synergistic alterations in the
Arthrobacter group. Bacterial diversity increased significantly during the repro-
ductive stage, with functional genes involved in energy metabolism, complex
compound synthesis, and metabolism showing significantly higher abundances
compared to other stages. We speculate that greater bacterial abundance and
more functional interactions occurred during the reproductive stage than dur-
ing other developmental stages. These results guide screening of plant growth-
promoting bacteria, with special attention warranted for Pantoea and Arthrobac-
ter. Pantoea may serve as a seed coating agent for psammophytes due to its
ability to help seedlings resist adverse conditions, while Arthrobacter may func-
tion as a topdressing microbial fertilizer (root fertilization) for psammophytes by
enhancing carbon and nitrogen metabolism in the rhizosphere during vegetative
growth. These findings provide a basis for “microbial-driven”vegetation con-
struction in desertified lands. It is important to note that PICRUSt prediction
has limitations, and future work should combine this approach with methods
such as metagenomic sequencing to predict functional genes.

Conflict of Interest
The authors declare that they have no known competing financial interests or
personal relationships that could have influenced the work reported in this pa-
per.

Acknowledgements
This research was supported by the Natural Science Foundation Project of In-
ner Mongolia Autonomous Region (2024LHMS03017) and the Research Capac-
ity Enhancement “Unveiling and Leading”Project of Inner Mongolia Forestry
Science Research Institute (2024NLTS03).

Author Contributions
Conceptualization: ZHANG Shengnan, GAO Haiyan, YAN Deren; Methodol-
ogy: ZHANG Shengnan, YANG Shanshan; Formal analysis: ZHANG Shengnan,
ZHANG Lei; Writing –original draft preparation: ZHANG Shengnan, GAO
Haiyan, YANG Shanshan; Writing –review and editing: ZHANG Shengnan,

chinarxiv.org/items/chinaxiv-202509.00197 Machine Translation

https://chinarxiv.org/items/chinaxiv-202509.00197


GAO Haiyan; Funding acquisition: ZHANG Shengnan, ZHANG Lei; Resources:
HUANG Haiguang, YANG Zhiguo, LI Junwen, TANG Yuekun, XU Hongbin;
Supervision: ZHANG Lei. All authors approved the manuscript.

References
Agarwal P, Vibhandik R, Agrahari R, et al. 2024. Role of root exudates on the
soil microbial diversity and biogeochemistry of heavy metals. Applied Biochem-
istry and Biotechnology, 196(5): 2673–2693.

Ahmed W, Ashraf M N, Sanaullah M, et al. 2024. Soil organic carbon and ni-
trogen mineralization potential of manures regulated by soil microbial activities
in contrasting soil textures. Journal of Soil Science and Plant Nutrition, 24(2):

Bao S D. 2008. Soil and Agricultural Chemistry Analysis (3rd ed.). Beijing:
China Agriculture Press. (in Chinese)

Bataeva Y V, Grigoryan L N. 2024. Ecological features and adaptive capabilities
of cyanobacteria in desert ecosystems: A review. Eurasian Soil Science, 57(3):
430–445.

Chaparro J M, Badri D V, Vivanco J M. 2014. Rhizosphere microbiome assem-
blage is affected by plant development. The ISME Journal, 8(4): 790–803.

Chen J L, Luo Y Q, Zhao X Y, et al. 2024a. Effect of drought and rehydration on
physiological characteristics of Agriophyllum squarrosum (L.) Moq. in different
habitats. Plants, 13(18): 2601, doi: 10.3390/plants13182601.

Chen C Y, Zuo X A, Zhao X. 2024b. The effect of ecological characteristics on
the domestication of sand rice (Agriophyllum squarrosum). PeerJ, 12: e18320,
doi: 10.7717/peerj.18320.

Chiquito-Contreras C J, Meza-Menchaca T, Guzmán-López O, et al. 2024.
Molecular insights into plant–microbe interactions: A comprehensive re-
view of key mechanisms. Frontiers in Bioscience-Elite, 16(1): 9, doi:
10.31083/j.fbe1601009.

Gunina A, Kuzyakov Y. 2015. Sugars in soil and sweets for microorganisms:
Review of origin, content, composition and fate. Soil Biology and Biochemistry,
90: 87–100.

Jiang S X, Zhao P. 2023. Morphological structure and biomass allocation of
Agriophyllum squarrosum in different habitats of east section of Hexi Corridor.
Agricultural Research in the Arid Areas, 41(3): 248–256. (in Chinese)

Kandeler E, Gerber H. 1988. Short-term assay of soil urease activity using
colorimetric determination of ammonium. Biology and Fertility of Soils, 6: 68–
72.

Khan N, Bano A. 2019. Exopolysaccharide producing rhizobacteria and their

chinarxiv.org/items/chinaxiv-202509.00197 Machine Translation

https://chinarxiv.org/items/chinaxiv-202509.00197


impact on growth and drought tolerance of wheat grown under rainfed condi-
tions. PLoS ONE, 14(9): e0222302, doi: 10.1371/journal.pone.0222302.

Khoso M A, Wagan S, Alam I, et al. 2024. Impact of plant growth-promoting
rhizobacteria (PGPR) on plant nutrition and root characteristics: Current per-
spective. Plant Stress, 11: 100341, doi: 10.1016/j.stress.2023.100341.

Kumar A, Dubey A. 2020. Rhizosphere microbiome: Engineering bacterial
competitiveness for enhancing crop production. Journal of Advanced Research,
24: 337–352.

Ladd J N, Brisbane P G, Butler J H A, et al. 1976. Studies on soil fumigation-
III: Effects on enzyme-activities, bacterial numbers and extractable ninhydrin
reactive compounds. Soil Biology and Biochemistry, 8(4): 255–260.

Li J, Qu H, Zhao H L, et al. 2015. Growth and physiological responses of
Agriophyllum squarrosum to sand burial stress. Journal of Arid Land, 7(1): 94–
100.

Li Q, Xiong Z, Xiang P, et al. 2024. Effects of uranium mining on soil bacterial
communities and functions in the Qinghai-Tibet Plateau. Chemosphere, 347:
140715, doi: 10.1016/j.chemosphere.2023.140715.

Liu M L, Zhu R Q, Xie H C. 2022. Responses of germination strategy of
Agriophyllum squarrosum to rainfall pattern in the Tengger Desert. PeerJ, 10:
e14395, doi: 10.7717/peerj.14395.

Liu M L, Li X R, Xie H C, et al. 2023. Responses of life history strategies
of pioneering desert plant Agriophyllum squarrosum to precipitation patterns.
Chinese Journal of Ecology, 42(4): 820–827. (in Chinese)

Liu Z M, Yan Q L, Baskin C, et al. 2006. Burial of canopy-stored seeds in the
annual psammophyte Agriophyllum squarrosum Moq. (Chenopodiaceae) and
its ecological significance. Plant and Soil, 288(1): 71–80.

Ma Y W, Wang H Q, Kang Y L, et al. 2025. Small molecule metabolites
drive plant rhizosphere microbial community assembly patterns. Frontiers in
Microbiology, 16: 1503537, doi: 10.3389/fmicb.2025.1503537.

Ma Z, Yi Z H, Bayar K, et al. 2021. Community dynamics in rhizosphere
microorganisms at different development stages of wheat growing in confined
isolation environments. Applied Microbiology and Biotechnology, 105(9): 3843–
3857.

Maphosa S, Steyn M, Lebre P H, et al. 2025. Rhizosphere bacterial
communities of Namib Desert plant species: Evidence of specialised
plant-microbe associations. Microbiological Research, 293: 128076, doi:
10.1016/j.micres.2025.128076.

Matera A, Warchoł M, Simlat M. 2025. Effect of the Pantoea vagans strain
SRS89 on carrot (Daucus carota subsp. sativus L.) seed germination and plant

chinarxiv.org/items/chinaxiv-202509.00197 Machine Translation

https://chinarxiv.org/items/chinaxiv-202509.00197


growth under saline conditions. South African Journal of Botany, 180: 415–
427.

Niu Q H, Huang XW, Zhang L, et al. 2006. A neutral protease from Bacillus ne-
matocida, another potential virulence factor in the infection against nematodes.
Archives of Microbiology, 185(6): 439–448.

Pii Y, Mimmo T, Tomasi N, et al. 2015. Microbial interactions in the rhizo-
sphere: Beneficial influences of plant growth-promoting rhizobacteria on nutri-
ent acquisition process. A review. Biology and Fertility of Soils, 51: 403–415.

Ping X X, Khan R A A, Chen S M, et al. 2024. Deciphering the role of rhizo-
sphere microbiota in modulating disease resistance in cabbage varieties. Micro-
biome, 12(1): 160, doi: 10.1186/s40168-024-01883-0.

Qian C J, Yin H X, Shi Y, et al. 2016. Population dynamics of Agriophyllum
squarrosum, a pioneer annual plant endemic to mobile sand dunes, in response
to global climate change. Scientific Reports, 6: 26613, doi: 10.1038/srep26613.

Rajguru B, Shri M, Bhatt V D. 2024. Exploring microbial diversity in the
rhizosphere: A comprehensive review of metagenomic approaches and their ap-
plications. 3 Biotech, 14(10): 224, doi: 10.1007/s13205-024-04065-9.

Saad M M, Eida A A, Hirt H. 2020. Tailoring plant-associated microbial inoc-
ulants in agriculture: A roadmap for successful application. Journal of Experi-
mental Botany, 71(13): 3878–3901.

Santoyo G. 2022. How plants recruit their microbiome? New insights into
beneficial interactions. Journal of Advanced Research, 40: 45–58.

Shahid A, Khan F, Ahmad N, et al. 2020. Microalgal carbohydrates and pro-
teins: Synthesis, extraction, applications, and challenges. In: Alam M A, Xu
J L, Wang Z L. Microalgae Biotechnology for Food, Health and High Value
Products. Singapore: Springer, 27–79.

Shahri W, Ahmad S S, Tahir I. 2014. Sugar signaling in plant growth and de-
velopment. In: Hakeem K, Rehman R, Tahir I. Plant Signaling: Understanding
the Molecular Crosstalk. New Delhi: Springer, 93–116.

Sharma P, Gayen D. 2021. Plant protease as regulator and signaling molecule
for enhancing environmental stress-tolerance. Plant Cell Reports, 40(11): 2081–
2095.

Sprovieri P, Martino G. 2018. The role of the carbohydrates in plasmatic mem-
brane. Physiological Research, 67(1): 1–11.

Staszel-Szlachta K, Lasota J, Szlachta A, et al. 2024. The impact of root sys-
tems and their exudates in different tree species on soil properties and microor-
ganisms in a temperate forest ecosystem. BMC Plant Biology, 24(1): 45, doi:
10.1186/s12870-024-04724-2.

chinarxiv.org/items/chinaxiv-202509.00197 Machine Translation

https://chinarxiv.org/items/chinaxiv-202509.00197


Sun L, Yang Y B, Wang R, et al. 2020. Effects of exopolysaccharide derived from
Pantoea alhagi NX-11 on drought resistance of rice and its efficient fermentation
preparation. International Journal of Biological Macromolecules, 162: 946–955.

Ulbrich T C, Rivas-Ubach A, Tiemann L K, et al. 2022. Plant root exudates
and rhizosphere bacterial communities shift with neighbor context. Soil Biology
and Biochemistry, 172: 108753, doi: 10.1016/j.soilbio.2022.108753.

Vives-Peris V, de Ollas C, Gómez-Cadenas A, et al. 2020. Root exudates: From
plant to rhizosphere and beyond. Plant Cell Reports, 39: 3–17.

Vu B, Chen M, Crawford R J, et al. 2009. Bacterial extracellular polysaccharides
involved in biofilm formation. Molecules, 14(7): 2535–2554.

Walitang D I, Kim C G, Kim K, et al. 2018. The influence of host genotype and
salt stress on the seed endophytic community of salt-sensitive and salt-tolerant
rice cultivars. BMC Plant Biology, 18: 51, doi: 10.1186/s12870-018-1261-1.

Wang X J, Chen Y, Wang Z Y, et al. 2024. Examining the diversity of rhizo-
sphere soil bacterial communities and screening of growth-promoting bacteria
from the rhizosphere soil of Haloxylon ammodendron in Xinjiang. Microbiology
Research, 15(3):

Wang Y D, Wang Z L, Zhang Q Z, et al. 2018. Long-term effects of nitrogen
fertilization on aggregation and localization of carbon, nitrogen and microbial
activities in soil. Science of the Total Environment, 624: 1131–1139.

Wen T, Zhao M L, Yuan J, et al. 2021. Root exudates mediate plant defense
against foliar pathogens by recruiting beneficial microbes. Soil Ecology Letters,
3: 42–51.

Xiong C, Singh B K, Zhu Y G, et al. 2024. Microbial species pool-mediated dia-
zotrophic community assembly in crop microbiomes during plant development.
Msystems, 9(4): e01055-23, doi: 10.1128/msystems.01055-23.

Yang L J, Li T L, Li F S, et al. 2008. Fertilization regulates soil enzymatic ac-
tivity and fertility dynamics in a cucumber field. Scientia Horticulturae, 116(1):
21–26.

Ye S H, Ma Z Y, Liu Z F, et al. 2014. Effects of carbohydrate sources on
biosorption properties of the novel exopolysaccharides produced by Arthrobacter
ps-5. Carbohydrate Polymers, 112(4): 615–621.

Yu P, He X M, Bear M, et al. 2021. Plant flavones enrich rhizosphere Oxalobac-
teraceae to improve maize performance under nitrogen deprivation. Nature
Plants, 7(4): 481–499.

Yuan H Z, Zhu Z K, Liu S L, et al. 2016. Microbial utilization of rice root
exudates: 13C labeling and PLFA composition. Biology and Fertility of Soils,
52: 615–627.

chinarxiv.org/items/chinaxiv-202509.00197 Machine Translation

https://chinarxiv.org/items/chinaxiv-202509.00197


Zhang J, Zhang C W, Yang J, et al. 2019. Insights into endophytic bacterial
community structures of seeds among various Oryza sativa L. rice genotypes.
Journal of Plant Growth Regulation, 38(1): 93–102.

Zhang X X, Ma Y N, Wang X, et al. 2022. Dynamics of rice microbiomes
reveal core vertically transmitted seed endophytes. Microbiome, 10(1): 216, doi:
10.1186/s40168-022-01422-9.

Zhao S, Chen X, Deng S P, et al. 2016. The effects of fungicide, soil fumigant,
bio-organic fertilizer and their combined application on Chrysanthemum Fusar-
ium wilt controlling, soil enzyme activities and microbial properties. Molecules,
21(4): 526, doi: 10.3390/molecules21040526.

Zheng Y R, Gao Y, An P, et al. 2004. Germination characteristics of Agriophyl-
lum squarrosum. Canadian Journal of Botany, 82(11): 1662–1670.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202509.00197 Machine Translation

https://chinarxiv.org/items/chinaxiv-202509.00197

	Rhizosphere bacterial communities of Agriophyllum squarrosum (L.) Moq. during different developmental stages [postprint]
	Abstract
	Full Text
	Preamble
	Introduction
	2.1 Study Area and Sampling
	2.2 Soil Nutrient Analysis
	2.3 DNA Extraction and 16S rRNA Gene Amplification
	2.4 Sequence Processing and Analysis
	3.1 Soil Nutrients of the Rhizosphere
	3.2 Bacterial Alpha Diversity
	3.3 Bacterial Community Composition of Rhizosphere Soil
	3.4 Correlations Between Soil Nutrients and Bacterial Community Structure
	3.5 Prediction of Rhizosphere Bacterial Functions During Different Developmental Stages
	3.6 Correlations of Functional Genes and Bacterial Community Structure
	Discussion
	Conclusions
	Conflict of Interest
	Acknowledgements
	Author Contributions
	References


