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Soil salinization is a global constraint that significantly hampers agricultural
production, with cotton being an important cash crop that is not immune to
its detrimental effects. The rhizosphere microbiome plays a critical role in plant
health and growth, which assists plants in resisting adverse abiotic stresses
including soil salinization. This study explores the impact of soil salinization on
cotton, includingits effectson growth, yield, soil physicaland chemical properties,
as well as soil bacterial community structures. The results of f-diversity analysis
showed that there were significant differences in bacterial communities in saline-
alkali soil at different growth stages of cotton. Besides, the more severity of soil
salinization, the more abundance of Proteobacteria, Bacteroidota enriched in
rhizosphere bacterial composition where the abundance of Acidobacteriota
exhibited the opposite trend. And the co-occurrence network analysis showed
that soil salinization affected the complexity of soil bacterial co-occurrence
network. These findings provide valuable insights into the mechanisms by which
soil salinization affects soil microorganisms in cotton rhizosphere soil and offer
guidance for improving soil salinization using beneficial microorganisms.

KEYWORDS

land salinization, saline-alkali soil, cotton, soil microbial diversity, amplicon
sequencing

1 Introduction

A saline soil is generally defined as one in which the electrical conductivity of the
saturation extract in the root zone exceeds 4dSm™" (approximately 40 mM NaCl) at 25°C and
has an exchangeable sodium of 15% (Shrivastava and Kumar, 2015). Soil salinization is one of
the most damaging environmental abiotic stresses, resulting in a substantial decrease in crop
yield and quality, due to the accumulation of water-soluble salts in the surface soil layer that
exceed normal values and have unfavorable physicochemical properties (Bai et al., 2023). Soil
salinization is a global problem, affecting about 23% of the world’s arable land (Tang et al.,
2023). In addition, salinized areas are growing at a rate of 10% per year due to low precipitation,
large surface evaporation, weathering of native rocks, irrigation with saline water, and poor
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cultural practices. It is expected that more than 50% of arable land will
be salinized by 2050 (Jamil and Ashraf, 2011). The salinization of
arable land is also a common environmental disaster in coastal areas
of China (Cui et al., 2021). Soil salinization in coastal areas is the result
of multiple factors, including the transport of rivers, the toppling of
seawater, the ocean currents, tides, and waves (Yang et al., 2021). A
large acreage of quality land is coming under salinity every year. This
poses serious limitations to crop productivity and limits sustainable
land use. Any attempt to reduce the effects of salinity in plant systems
may improve crop growth at high salinity. The amelioration of coastal
saline soils is essential to sustainable agriculture in coastal zones. This
could be an option to fill the gap in crop demand (Gupta et al., 2023).

Soil salinity is a prominent abiotic stressor that significantly
impedes crop growth, with its impact intensifying over time (Chaves
et al., 2009). Soil salinization imposes substantial limitations on
achieving the full yield potential of crop cultivars. The escalating levels
of soil salinization pose a grave threat to the overall crop production
system, resulting in a sharp decline in both the quality and quantity of
agricultural produce. The expansion of saline soil is expedited by
intensive agricultural practices. Furthermore, salinity stress in plants
adversely affects nutrient uptake, osmotic balance, membrane
integrity, and overall growth, thereby disrupting the dynamics of the
entire crop (Zhang et al., 2022). It also causes generation of excessive
reactive oxygen species, which besides acting as signaling molecule, it
can harm plant function and reduce productivity at higher
concentrations (Czarnocka and Karpinski, 2018). A large acreage of
quality land is coming under salinity every year. This poses serious
limitations to crop productivity and limits sustainable land use.

Plant rhizosphere microhabitat is the most active microhabitat in
soil, and it is also the main area for plants to obtain nutrients. In this
microdomain, plant-microbial-soil-environment interactions jointly
maintain the balance of the rhizosphere microecosystem and affect
crop production. Plant-associated microbes play an important role in
host nutrient utilization, stress tolerance, plant health, and adaptation
(Yang et al.,, 2022; Pang et al., 2023). Soil microorganisms are not only
the drivers of soil organic matter turnover and nutrient cycling, but
also an important part of soil organic matter. Therefore, any effect of
salt accumulation on microorganisms will affect the turnover process
of soil organic matter (Setia et al, 2012). On the one hand,
microorganisms reduce soil organic matter content through
mineralization; on the other hand, microbial dead bodies in the
turnover process of microorganisms account for 10-80% of soil
organic matter content (Liang et al, 2019; Wang et al., 2021).
Therefore, soil microorganisms act as “carbon pumps” in the turnover
process of soil organic matter. It has been reported that
microorganisms have a close relationship with plants in nutrient
cycling and mitigating biotic and abiotic stresses (Meena et al., 2017).
Microorganisms have the ability to maintain plant growth under salt-
stress conditions, such as improving nutrient uptake, osmotic balance,
ion balance, membrane stability, and overall growth (Sahu et al,
2021). Microorganisms that can mitigate the deleterious effects of soil
salinization on plant growth and productivity are being exploited for
sustainable agriculture, exploring that rhizosphere microorganisms
can ameliorate the adverse effects of salt stress on different
physiological parameters (Gupta et al., 2023).

In the agriculture sector, cotton is an important cash crop, which
has strong adaptability to saline-alkali soil and is a pioneer crop for
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saline-alkali soil improvement (Guo et al., 2015). Given the increasing
detrimental impacts of saline-alkali soil, it is important to characterize
the different microbial systems of major crops such as cotton, so that
the base of effective climate-adaptive cropping strategies can
be expanded to prepare Chinese agriculture for the future. Therefore,
it is necessary to evaluate the potential of cotton rhizosphere
microorganisms in alleviating salt stress and excavate beneficial
rhizosphere microorganisms.

2 Materials and methods
2.1 Experimental design

The tested soil is coastal salinized tidal soil, characterized by low
nutrient content, inadequate water and fertilizer retention capabilities,
and susceptibility to drought stress. In the field experimental station
located in Haixing County, Cangzhou city, Hebei province, State-
owned Haixing farm, cotton rhizosphere soil samples were collected
from different saline-alkali fields and different growth periods. The
coordinates provided represent the locations of the fields with slight
saline-alkali soil (38°21°N, 117°31’E), moderate saline-alkali soil
(38°03'N, 117°39'E), and heavy saline-alkali soil (38°12’N, 117°34'E).
The saline-alkali soil was classified according to the salt content of
0-20cm soil layer: mild saline-alkali soil (0.1-0.25%), moderate
saline-alkali soil (0.25-0.45%), and severe saline-alkali soil (0.45-
0.8%). Jimian 228 is utilized as the experimental material, and cotton
from different experimental groups is sown and managed under the
same conditions during the same period. The sampling time was April
15, 2022 at the seedling stage, July 7, 2022 at the flowering stage, and
October 12, 2022 at the boll opening stage. There were nine groups of
samples in the experiment: slight saline-alkali soil sample at the
seedling stage (SS), moderate saline-alkali soil sample at the seedling
stage (MS), heavy saline-alkali soil sample at the seedling stage (HS),
slight saline-alkali soil sample at the flowering stage (SF), moderate
saline-alkali soil sample at the flowering stage (MF), and heavy saline-
alkali soil sample at the flowering stage (HF). Soil samples from slight
saline-alkali soil during boll opening stage (SB) Soil samples from
moderate saline-alkali soil during boll opening stage (MB) soil
samples from heavy saline-alkali soil during boll opening stage (HB).
Three samples were taken from each group.

2.2 Soil sample collection and analysis

Immediately after the roots were brought back to the laboratory
in a fresh-keeping container, rhizosphere soil samples were collected
to remove impurities and stones. For each sample, 100g of screened
soil was selected for aggregate classification. The roots were washed
with sterile water, the mixture was centrifuged, and the precipitated
soil sample was stored at —80°C for bacterial community analysis (Tao
et al., 2020). The residual portions of soil samples were further
air-dried for physicochemical property determination.

The content of organic carbon (SOC), total nitrogen (TN), total
phosphorus (TP), total potassium (TK), alkali-hydrolyzable nitrogen
(AHN), available phosphorus (AP) and available potassium (AK) in
different soil samples was measured according to the methods
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described by previous researchers (Zhang et al., 2021). The wet sieving
method was employed to separate soil water-stable aggregates using
an agglomerate analyzer (Olsen and Sommers, 1982; Elliott, 1986).

2.3 DNA extraction and amplicon
sequencing

Total genomic DNA was extracted from 27 samples using the
TGuide S96 Magnetic Soil DNA Kit (Tiangen Biotech (Beijing)
Co., Ltd.) according to manufacturer’s instructions. DNA was
detected on a 1% agarose gel, and the concentration was
determined using a spectrophotometer NanoDrop 2000 (NanoDrop
Technologies, United States). The hypervariable region V3-V4
of the bacterial 16S rRNA gene were amplified with primer pairs
338F: 5-ACTCCTACGGGAGGCAGCA-3’ and 806R:
5-GGACTACHVGGGTWTCTAAT-3". Both the forward and reverse
16S primers were tailed with sample-specific Illumina index sequences
to allow for deep sequencing. The PCR was performed in a total
reaction volume of 10uL: DNA template 5-50 ng, forward primer
(10pM) 0.3 pL, reverse primer (10 uM) 0.3 uL, KOD FX Neo Buffer
5uL, dNTP (2mM each) 2 pL, KOD FX Neo 0.2 uL, and finally ddH20
up to 20 pL. After with initial denaturation at 95°C for 5 min, followed
by 20 cycles of denaturation at 95°C for 305, annealing at 50°C for 305,
and extension at 72°C for 405, and a final step at 72°C for 7 min. The
amplified products were purified with Omega DNA purification kit
(Omega Inc., Norcross, GA, United States) and quantified using
Qsep-400 (BiOptic, Inc., New Taipei City, Taiwan, ROC). The
amplicon library was paired-end sequenced (2 x250) on an Illumina
novaseq6000 Co., Ltd,

(Beijing Biomarker Technologies

Beijing, China).

2.4 Bioinformatic analysis

In order to ensure the quality and reliability of the sequencing
data, a series of quality control steps were performed. The raw
reads obtained from sequencing were subjected to quality filtering
using Trimmomatic (version 0.33) software, which removed
low-quality bases and reads based on predefined thresholds
(Bolger et al., 2014). Cutadapt (version 1.9.1) software was used
to identify and remove primer sequences from the reads, resulting
in clean reads devoid of any primer residues (MARTIN 2011). PE
reads obtained from previous steps were assembled by USEARCH
(version 10) and followed by chimera removal using UCHIME
(version 8.1) (Edgar et al., 2011; Edgar, 2013).

Clean reads then were conducted on feature classification to
output an ASVs (amplicon sequence variants) by dada2 (Callahan
et al,, 2016), and the ASVs conuts less than 2 in all samples were
filtered. Taxonomy annotation of the OTUs was performed based
on the Naive Bayes classifier in QIIME2 (Bolyen et al., 2019) using
the SILVA database (release 138.1) (Quast et al., 2013) with a
confidence threshold of 70%. The alpha diversity measures were
calculated and displayed using the QIIME2 software for diversity
analysis and the R software for visualization. Beta diversity was
determined to evaluate the degree of similarity of microbial
communities from different samples using QIIME. Principal
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coordinate analysis (PCoA) and nonmetric multidimensional
scaling (NMDS) were used to analyze the beta diversity. PCoA
(Gower, 1966) was performed to analyze the species diversity
differences among multiple samples. The analysis utilized four
distance matrices obtained from Beta diversity analysis, and the
PCoA results were visualized using R language tools. NMDS (Looft
et al., 2012) are used to reduce the research objects (samples or
variables) in multidimensional space to low-dimensional space for
localization, analysis and classification, while preserving the
original relationship between objects. Furthermore, we employed
Linear Discriminant Analysis (LDA) effect size (LEfSe) (Segata
et al., 2011) to test the significant taxonomic difference among
group. A logarithmic LDA score of 4.0 was set as the threshold for
discriminative features. To investigate the differences in microbiome
composition among different factors, a redundancy analysis (RDA)
was conducted using the “vegan” package in R. Gtree Extra was
used for visualization in the form of circular evolutionary tree and
bar chart to obtain the evolutionary relationship between species
and the relative abundance ratio of species among different
soil samples.

2.5 Statistical analysis

SPSS Statistics was used to analyze the data, calculate the standard
deviation of each experimental group, and perform the one-way
ANOVA. The significant differences were determined based on
p<0.05 using the least significance difference (LSD) analysis.
GraphPad Prism was used to generate the graphs with
statistical analysis.

3 Results

3.1 Soil characteristics and cotton yield in
saline-alkali soil

Soil mechanical stability aggregate can resist mechanical
damage and is one of the indicators to evaluate the quality of soil
structure. At the seedling stage, large aggregates, small aggregates
and the total number of aggregates in SS were significantly higher
than those in HS. Both the total number of small aggregates and
aggregates in SB were significantly higher than those in MB and
HB at the boll opening stage (Table 1). Table 2 presents the
chemical properties of different saline-alkali soils. The results
indicate that the SOC, TN, TP, TK, AHN, AP and AK content in
slight saline-alkali soil are significantly higher than those in
moderate saline-alkali soil and heavily saline-alkali soil. However,
there were no significant differences observed in these indicators
between moderate saline-alkali soil and heavily saline-alkali soil.
Severe soil salinization has a significant impact on cotton yield.
In heavily saline-alkali soil, the boll weight, number of plants
harvested per hectare, number of bolls per plant, and yield per
hectare are significantly lower compared to slight saline-alkali
soil and moderate saline-alkali soil. Additionally, moderate
saline-alkali soil also exhibits a significantly lower cotton yield
compared to slight saline-alkali soil (Table 3).
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TABLE 1 Mechanical stable aggregate ratio of different soil samples.

10.3389/fmicb.2024.1359698

2mm AEETE 1mm 0.5mm 0.25mm 2l
aggregate aggregate
Proportion (%)
SS 1.010+0.44a  0.235 +0.10ab 1.244 + 0.35a 0.365+0.15bc | 0.511+0.11b | 0.816+0.11ab 1.692 + 0.64b 2.937 +0.22a
MS 0b 0.149+0.03 b 0.149 £ 0.03 b 0.202+0.05cd | 0435+007b | 0.769+0.08ab | 1.406+0.17bcd = 1.554 % 0.07 be
HS 0206+0.11b | 0.158+0.05b 0.364 + 0.08 b 0.152+0.04cd | 0205+006c | 0433+0.08cd = 0789+025de = 1.153+0.071cd
SF 0.136+0.06b | 0.093+0.02b 0228+0.06b | 0244+004bcd = 0362+0.03bc | 0391+0.02cd | 0.997+0.15cde | 1.225+0.06 bed
MF 0.054+0.05b | 0.102+0.05b 0.156 + 0.05 b 0.165+0.01cd | 0322+0.02bc | 0312+0.04cd = 0798 +0.06de  0.954+0.019cd
HF 0.016+0.02b | 0.062+0.02b 0.077 +0.02b 0.123+0.02d | 0215+00lc  0224+0.01d 0.562 +0.05 0.639 +0.05 d
SB 0.111+0.11b | 0470+0.15a 0.580 +0.26 b 0.876 +0.07 a 1.096 £0.07a | 0.945+0.21 be 2917 +0.56a 3.497 +0.58a
MB 0.005+0.01b | 0.466+0.08a 0.470 +0.07 b 0469 +0.04b | 0427+0.07b | 0.559+0.05a 1.455 % 0.05 be 1.926 +0.05b
HB 0.079+001b | 0.202+0.02b 0.28+0.02b 0.261 £0.05bcd ~ 0.388+0.02bc | 0401 +0.03cd | 1.050+0.12cde | 1.330 % 0.09 bed

Same letters in a column in the table show no significant difference at 0.05 level.

TABLE 2 The chemical properties of different soils.

SSA 7.34+0.143 a 0.521 £0.036 a 0.741 £0.0144 a 20.596 £0.194 a 26.425+2.134a 10.347 £ 0.678 a 161.167 £ 2.055 a
MSA 3.121+0.223b 0.303 £0.096 b 0.567 +0.0107 b 18.666 + 0.261 b 11.492 +0.644 b 1.492 +£0.047 b 46.833 +4.7842b ‘
HSA 3.118 £0.248 b 0.243 +0.008 b 0.568 + 0.01 b 19.398 +0.183 b 14.467 £ 1.091 b 1.742 £0.238 b 48.167 +£2.494 b ‘

SSA, slight saline-alkali soil; MSA, moderate saline-alkali soil; HSA, heavily saline-alkali soil; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AHN,
alkali-hydrolyzable nitrogen; AP, available phosphorus; AK, available potassium. Same letters in a column in the table show no significant difference at 0.05 level.

TABLE 3 Effect of different saline-alkali soil on cotton yield.

Single bell weight (g)

Number of harvested
plants (10,000 plants/

Boll number per plant

Yield (kg/ha)

ha)
SSA 5.9225 +0.097 a 4.246 £ 0.097 a 15.071 £ 0.3511 a 3218.2328 + 10.6421 a
MSA 5.6267 +0.0985 b 3.7525 + 0.0985 b 13.633 £0.0471 b 2447.8567 + 83.99 b
HSA 4.9472 +0.0988 ¢ 3.1605 £ 0.0988 ¢ 11.2282 +0.2702 ¢ 1491.66 + 56.8541 ¢

SSA, slight saline-alkali soil; MSA, moderate saline-alkali soil; HSA, heavily saline-alkali soil. Same letters in a column in the table show no significant difference at 0.05 level.

3.2 Alpha diversity

The number of raw reads for the 24 samples ranged from
42,938 to 115,762, with an average of 75,580. The number of
original sequences after quality control, denoising and removal of
chimeras ranged from 36,066 to 90,870, with an average of 63,242.
The sequences clustered into ASVs with 99% similarity, were
identified as 39,503 ASVs in total. The Rarefaction curves
randomly selected a certain number of sequences from the sample,
counted the number of species represented by these sequences, and
constructed a curve based on the number of sequences and the
number of species to verify whether the amount of sequencing data
was sufficient to reflect the species diversity in the sample. The
results showed that the dilution curves of the soil samples were
basically flat, indicating that the sequencing was saturated and the
sample sequences were sufficient for data analysis
(Supplementary Figure S1).

QIIME2 2020.6 software was used to evaluate the Alpha diversity

index of the samples to reflect the species richness and diversity of a
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single sample. Alpha diversity analysis showed that Chaol index,
Shannon index and Simpson index of cotton rhizosphere bacterial
communities in heavy saline soil tended to be lower than that in light
saline soil at seedling stage and boll opening stage (without significant
difference, student’s t-test). At the boll opening stage, the Simpson
index of cotton rhizosphere soil in heavy saline-alkali soil was
significantly lower than that in light saline-alkali soil (Figure 1). These
results indicating that the degree of soil salinization is related to the
diversity of soil bacterial communities.

3.3 Beta diversity

Beta diversity based on Bray-Curtis analysis was carried out to
compare the viration of bacterial community structures among
different samples. PCoA was used to analyze the effects of different
soil samples on bacterial community structure (Figure 2A). Samples
of HF and HB was separated with the other seven treatments by PC1
(22.59%); SS, SE, SB samples were gathered at the top left corner of the
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FIGURE 1

Chaol index (A), Simpson index (B), and Shannon index (C) of bacterial communities in soil samples from cotton fields in different saline-alkali soils. In
the figure, SS: mild saline-alkali land at seedling stage, MS: moderate saline-alkali land at seedling stage, HS: severe saline-alkali land at seedling stage,
SF: mild saline-alkali land at flower and boll stage, MF: moderate saline-alkali land at flower and boll stage, HF: severe saline-alkali land at flower and
boll stage, SB: mild saline-alkali land at boll opening stage, MB: moderate saline-alkali land at boll opening stage, HB: severe saline-alkali land at boll
opening stage. Numbers in the figures indicate p-values across treatments (Student's t-test).

graph, by PC2 (12.67%). MS, HS, MB and MF showed similar bacterial
community structures, as they were located in the bottom part of PC2.

NMDS based on binary_jaccard distance can be employed to
reveal the variations in soil microbial community structure among
different sample treatments. The results were similar to the PCoA
analysis, with significant changes in bacterial communities in
different soil samples. HF and HB in the heavily saline soil were
significantly separated from the rest of the soil samples along the
NMDSI axis, and the three treatments SS, SE, and SB in the lightly
saline soil were close to each other, indicating that the bacterial
community structure was relatively similar (Figure 2B). This
suggests that the saline soil has effects on the microbial
community structure.

Based on the information provided, Table 4 indicates that the
degree of soil salinization and the growth period have a significant

Frontiers in Microbiology

influence on the soil microenvironment. The results of the
PERMANOVA analysis using Bray-curtis distance indicate significant
differences in soil bacterial communities among slight, moderate, and
heavy saline-alkali soils (R*=0.151, p=0.003). Additionally, there are
notable distinctions in soil bacterial communities during different
growth stages, including seedling, flowering, and boll opening stages
(R*=0.226, p=0.001). These results suggest that both the degree of soil
salinization and the growth stage significantly impact the composition
of soil bacterial communities.

3.4 Bacterial community composition

Furthermore, we conducted an analysis of the composition of soil
bacterial communities to examine the impact of soil salinity
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FIGURE 2

(A) Principal coordinate analysis (PCoA) of bacterial community structure in different saline-alkali soil samples based on binary_jaccard algorithm.
(B) Non-metric-multi-dimensional Scaling (NMDS) analysis of different saline-alkali soil samples based on binary_jaccard algorithm. The oval circle
indicates that it is a 95% confidence ellipse.

differences on species diversity. In total, we identified 42 bacterial ~ were the dominating bacterial phyla with 80% relative abundance
phyla across all samples. Among them, Proteobacteria, Actinobacteria,  totally. Moreover, Proteobacteria was the most dominant bacterial
Gemmatimonadota, Bacteroidota, Actinobacteriota, and Chloroflexi ~ phylum accounting for 30% relative abundance (Figure 3).
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TABLE 4 PERMANOVA analysis of different grouped cotton rhizosphere soil microbial community structures.

Parameter

F. Model

Variation (R?)

Degree of soil salinity

2.125971631

0.150500913 0.003

Bacteria
Period of duration

3.507699112

0.226190816 0.001

Relative abundance (%)

0/,
100% B Unknown
=L L1l 1
:‘ W Others
80% W Nitrospirota
Methylomirabilota
B Myxococcota
60% -
I Chloroflexi
B Actinobacteriota
40% -
B unclassified_Bacteria
B Bacteroidota
20% - B Gemmatimonadota
B Acidobacteriota
0% 4 B Proteobacteria
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FIGURE 3

Relative abundance of the top 12 bacterial phyla in cotton
rhizosphere soil samples from different saline-alkali soil.

Sample

3.5 Sample community distribution map

The characteristic sequences with the relative abundance ratio
Top80 of ASV at the taxonomic level were selected to obtain the
evolutionary relationship between species and the relative abundance
ratio of species among different soil samples (Figure 4). According to
the figure, ASV11408 (¢_Hydrogenophaga) was present only in the HS
group, ASV39815 (g_Thalassospira) was present only in the GH group,
and ASV49 (g_Lysobacter) was present only in the HS and MS
groups, ASV21942 (g_Marinobacter) was only present in the GH and
FM groups. In additions, ASV132 (g_Firmicutes bacterium), ASV251
(g_P30B_42), ASV109 (o_Dadabacteriales), ASV124 (f_
Gemmatimonadaceae), ASV731 (f_Gemmatimonadota), ASV3879
(s_Nitrospira_bacterium_SG8_3), ASV19 (g__Nitrospira), ASV49r
(g_Lysobacte), ASV88 (s_uncultured_gamma_proteobacterium),
ASV410 (f_Geminicoccaceae), ASV62 (f_Geminicoccaceae), ASV272
(f_Geminicoccaceae), ASV149 (f_Geminicoccaceae), ASV167 (f_
Geminicoccaceae), ASV347 (f_Geminicoccaceae) was present in all
nine sets of soil samples.

3.6 Line discriminant analysis

Line Discriminant Analysis (LDA) Effect Size (LEfSe) method was
used to analyze the bacterial taxa with significant differences in
abundance in different soil samples. A total of 75 taxa showed
significant differences in relative abundance across soils (Figure 5 and
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Supplementary Figure S2). o_Chitinophagales was significantly
enriched in cotton rhizosphere soil at seedling stage in light saline-
alkali soil. f_Hymenobacteraceae was significantly enriched in cotton
rhizosphere soil at seedling stage in moderate saline-alkali soil.
o_Cytophagales, o_Polyangiales, in cotton rhizosphere soil at seedling
stage in heavy saline-alkali soil: o_Sphingomonadales, f_
Comamonadaceae, f_Oxalobacteraceac, and o_Xanthomonadales were
significantly enriched. o_Rhizobiales and o_Burkholderiales were
significantly enriched in cotton rhizosphere soil at flowering stage in
light saline-alkali soil. o_Thermoanacrobaculales was significantly
enriched in cotton rhizosphere soil at flowering stage in moderate
saline-alkali soil. o_Actinomarinales was significantly enriched in
cotton rhizosphere soil at flowering stage in heavily saline-alkali soil.
o_Vicinamibacterales, o_Gemmatimonadales, o_Gemmatimonadales
and o_Gemmatimonadales weresignificantly enriched in cotton
rhizosphere soil at the boll filling stage in light saline-alkali soil. 0_
Longimicrobiales was significantly enriched in cotton rhizosphere soil
at the boll filling stage in moderate saline-alkali soil. o_SBRI1031, o_
Kiloniellales, o_Rhodobacterales, and o_Pseudomonadales were
significantly enriched in cotton rhizosphere soil at the boll opening

stage in heavily saline-alkali soil.

3.7 Co-occurrence network

In order to compare the soil type or developmental stage of soil
bacteria colony size and the influence of the interaction of the bacteria,
this study screened Spearman rank correlation analysis and correlation
is greater than 0.1 and the p value is less than 0.05 correlation data to
construct the network (Figure 6 and Supplementary Table S1). The
results of genus level co-occurrence analysis in the rhizosphere soil of
cotton field in slight saline-alkali soil showed that the number of
nodes was 54, the average degree of nodes was 3.703704, the average
path length was 5.3219, the network diameter was 33.3, the graph
density was 0.06988, the clustering coefficient was 0.47561, and the
betweenness centralization was 0.40207. The degree centralization was
0.118798, and the modularity was 0.59645. The co-occurrence analysis
in the moderate saline-alkali soil showed that the number of nodes
was 59, the average degree of nodes was 3.389831, the average path
length was 3.72553, the network diameter was 24.81818, the graph
density was 0.058445, the clustering coeflicient was 0.45205, and the
betweenness centralization was 0.15331. The degree centralization was
0.11397, and the modularity was 0.6904. The co-occurrence analysis
in the heavily saline-alkali soil showed that the number of nodes was
46, the average degree of nodes was 4.347826, the average path length
was 2.39013, the network diameter was 11.7889, the graph density was
0.096618, the clustering coefficient was 0.5077, and the betweenness
centralization was 0.10011. The degree centralization was 0.12560, and
the modularity was 0.63685. Compared with the slight saline-alkali
soil, the heavy saline-alkali soil reduced the total nodes, average path
length, graph diameter, betweenness centralization of the network and
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FIGURE 4
Sample community distribution map of the species evolutionary tree.

Group

M ss
B s
B us
M sF
B v
B v
s
B mB
[ uB

Phylum

. Gemmatimonadota

. unclassified_Bacteria

. Bacteroidota

. Cyanobacteria

. Dadabacteria

. Actinobacteriota

I Methylomirabilota

. Myxococcota

. Proteobacteria
Nitrospirota

- Acidobacteriota

increased average degree, graph density, clustering coefficient, degree
centralization, modularity.

4 Discussion

Soil salinity is a widespread global issue that impacts
approximately 20% of irrigated land (Shrivastava and Kumar, 2015).
It poses a significant challenge to agriculture as it leads to a substantial
reduction in crop yields. The presence of excessive salts in the soil
interferes with plant growth and development, affecting nutrient
uptake, water absorption, and overall plant health. This reduction in
crop productivity has detrimental effects on food security and
agricultural sustainability. Addressing soil salinity is crucial for
maintaining and increasing crop yields to meet the growing demand
for food worldwide. In this study, the impact of soil salinization on
cotton growth, yield, soil properties, and microbial community
structures was examined. The results showed that increasing soil
salinity had detrimental effects, reducing soil stability, nutrient
availability, and altering the composition of microbial communities.
The study also found that cotton yield decreased with higher levels of
soil salinization. Additionally, the diversity and structure of microbial
communities in cotton rhizosphere soil were affected by soil
salinization, with a decline in beneficial microbial groups. These
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findings provide valuable insights into the mechanisms through which
saline-alkali soil affects soil microorganisms in cotton rhizosphere soil
and offer guidance for improving saline-alkali soil using
beneficial microorganisms.

Soil aggregates are the “cells” of soil and an important habitat for
microorganisms. They are composed of soil particles (sand, silt, and
clay) cemented with organic or inorganic substances (Six et al., 2000).
The higher the proportion of large aggregates, the higher the aggregate
stability. Soil aggregate stability affects microbial community structure,
regulates oxygen divergence, and regulates water and nutrient
transport, which in turn affect the formation and decomposition of
soil organic matter (Six et al., 2004). The total amount of soil aggregate
decreased with increasing soil salinization at the seedling, flowering
and boll and flocculation stages, indicating that soil stability decreased
with increasing salinity (Table 1). The contents of soil organic carbon,
organic matter, AHN, AP, and AK are considered to be one of the
important factors affecting soil bacterial community structure. These
factors can affect soil physical and chemical properties and nutritional
status, and then affect the survival and activities of soil microorganisms
(Zhao et al.,, 2014). The contents of AHN, AP and AK in the
rhizosphere soil of heavily saline-alkali soil were significantly lower
than those of slight saline-alkali soil during the three investigated
cotton growth periods (Table 2). Soil salinization is a common abiotic
stress that reduces the water-extraction capacity of roots and disrupts
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plant metabolism, in turn affecting crop growth and yield in
agroecosystems on a global scale (Yang et al., 2021). In this study,
we evaluated the effects of different levels of saline-alkali soil on cotton
yield and found that cotton yield indicators decreased with the
increase of soil salinization (Table 3). These results indicate that
salinization alters the physical and chemical properties of soil in
coastal areas, resulting in decreased soil stability and nutrient
availability. In addition, different soil physical and chemical
environments may lead to different degrees of promoting, inhibiting,
or reversing effects of cotton roots on the same bacterial community.
These changes had a significant impact on cotton yield, resulting in
decreased productivity.

Alpha diversity is used to measure the richness and diversity of a
single soil sample. Chaol measures the number of species (Eren et al.,
2012). Shannon and Simpson indices are used to measure species
diversity, which are affected by species richness and Community
evenness in the sample community. Under the same species richness,
the greater the evenness of each species in the community, the greater
the diversity of the community was considered. Higher Shannon index
values and higher Simpson index values indicate higher species
diversity of the samples (Washington, 1984). The Chaol index of each
component showed that species richness in the heavy saline-alkali soil
tended to be lower than that in the light saline-alkali soil. Shannon
and Simpson indices showed that species diversity in the heavy saline-
alkali soil tended to be lower than that in the light saline-alkali soil
(Figure 1). The results of beta diversity analysis showed that there were
significant differences in bacterial communities of soil with different
degrees of salinization. The SS, FS, and GS of the soil samples from the
slight saline-alkali soil were closer. SM, FM, and GM of the moderate
saline-alkali soil samples were close to each other. The FH and GH of
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the heavy saline alkali soil samples were far from the other samples,
and the samples between the two types of soil were separated from
each other (Figure 2).

Microbial diversity and community structure play crucial roles in
soil health. A diverse and balanced microbial community is indicative
of a healthy soil ecosystem. Various types of microbes, including
bacteria, fungi, protozoa, and viruses, contribute to important soil
processes such as nutrient cycling, organic matter decomposition, and
disease suppression (Howard and Hanna, 2015; Pereg and Mcmillan,
2015). Plants exert selective pressure on the structural and functional
diversity of microbial populations through the root exudation, and in
relation to soil properties, plant species, growth stage, and many other
stress factors (Gomes et al., 2001). Plants provide abundant ecological
niches for various microorganisms, including bacteria, fungi,
protozoa, nematodes, and viruses, facilitating the formation of
complex symbiotic relationships. These microorganisms interact with
plants in the natural environment, participating in plant growth and
development, influencing plant functional traits, maintaining species
diversity, and promoting community structure stability, thereby
establishing a plant-soil feedback effect (Agler et al., 2016). Plant root
exudates serve as the basis for such plant-soil feedback, shaping
specific microbial communities to meet host growth requirements.
Microbial communities and plants, in turn, uphold the stability of
structure and function in ecosystems by eliciting symbiotic or immune
defense mechanisms (Hacquard et al., 2017). Salinity changes soil
bacterial diversity and community structure. The effects of various
factors, such as soil structure, texture, pH, water content, salinity,
mineral content and organic content, on soil microbial communities
have been widely confirmed (Berg and Smalla, 2009; Hill et al., 2019).
Proteobacteria, Bacteroidetes, and Actinobacteria were the main
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FIGURE 6
Co-occurrence networks of bacterial communities in soil samples from different salinized cotton fields. (A) Lightly saline-alkali land, (B) heavily saline-
alkali land, (C) heavily saline-alkali land.
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bacterial communities in the southeastern coastal saline-alkali land
(Lietal, 2018). Proteobacteria, one of the largest phyla of soil bacteria,
play important roles in biogeochemical cycles, including carbon,
nitrogen, sulfur, and iron cycles, and they are well known for their
versatility and ability to perform multiple metabolic processes (Spain
et al,, 2009). Actinomycetes are widely distributed in soils and play a
crucial role in nutrient cycling and defense mechanisms (Stach and
Bull, 2005; Jose and Jha, 2017; Bull and Goodfellow, 2019). They have
the ability to survive as endophytes within plant tissues, contributing
to nutrient assimilation and promoting plant growth (Vurukonda
et al., 2018). Additionally, Actinomycetes are known to drive nutrient
cycling even in harsh environmental conditions (Bull et al., 1998). The
Acidobacteriota phylum is highly versatile in adapting to various
physiological and ecological conditions. It possesses the capacity to
degrade complex carbon-containing compounds. Stressors affecting
Acidobacteriota may influence the cycling processes of plant-derived
2020).
Gemmatimonadota is able to adapt to alkaline and high salinity soils
(Malard et al., 2019; Guan et al.,, 2021), and their abundance is
influenced by organic nutrient concentrations in the soil and plays a

organic matter (Singh et al, 2007; Kalam et al,

crucial role in soil ecosystems (Deng et al., 2019; Liu et al., 2021). In
this study, Proteobacteria, Actinobacteria, Gemmatimonadota,
Bacteroidota, Actinobacteriota, and Chloroflexi were the dominating
bacterial phyla in in the cotton rhizosphere soil of saline-alkali soil
(Figure 3). Among them, Proteobacteria accounted for the highest
proportion, which was consistent with the results of previous studies
(Tian and Gao, 2014; Qiao et al., 2017). There were differences in
rhizosphere bacterial community structure among different
33
Supplementary Table 52). We found that the relative abundance of

developmental stages and soil conditions (Figure
Proteobacteria in the heavily saline-alkali soil was higher than that in
the moderately and slight saline-alkali soil at the seedling and boll
opening stages of cotton. The relative abundance of Bacteroidota
increased with increasing soil salinity during these three growth
periods. This may be due to cotton increasing the relative abundance
of Proteobacteria and Bacteroidetes by secreting root exudates to
promote nutrient cycling in rhizosphere soil, which helps cotton adapt
to the harsh environment of saline-alkali soil at different growth
stages. The relative abundance of Actinomycetes in cotton rhizosphere
soil in heavy saline-alkali soil was lower than that in moderate and
slight saline-alkali soil, which might be due to the failure of
Actinomycetes to adapt to high saline-alkali soil environment.
Different growth stages can also affect the structure of bacterial
communities in the rhizosphere. For example, the relative abundance
of Proteobacteria in rhizosphere soil at the boll opening stage was
higher than that at the seedling and blooming stages in the moderate
and heavy saline-alkali soil. In the heavy saline-alkali soil, the relative
abundance of Actinobacteriota at the seedling stage was higher than
that at the boll opening and flowering stages. These results suggest that
the relative abundance of microorganisms in the cotton rhizosphere
is affected by the degree of soil salinity and the different growth stages.

LEfSe analysis was used to search for robust differential species,
namely biomarkers, between soil samples from different saline-alkali sites
(Figure 5). This study revealed that o_Chitinophagales, o_Rhizobiales, o_
Burkholderiales,
Rokubacteriales and f Nitrosomonadacea were biomarkers of lightly

o_Vicinamibacterales, o_Gemmatimonadales, o_
saline-alkali soil. f Hymenobacteraceae, o_Thermoanaerobaculales, o_
Longimicrobiales and g Sphingomonas were biomarkers of moderate

saline-alkali soil. o_Cytophagales, o_Polyangiales, o_Sphingomonadales,
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f_Comamonadaceae, f_Oxalobacteracea, o_Xanthomonadales, o_
Actinomarinales, s_Gemmatimonadacea, o_Tistrellales, o_SBR1031,
o_Gemmatimonadota,  o_Kiloniellales,  o_Rhodobacterales, o_
Pseudomonadales, o_Gammaproteobacteri were biomarkers of heavily
saline-alkali soil. This suggests that these taxa may be important species
for maintaining soil health in saline-alkali soils.

Microorganisms (including viruses, bacteria, archaea and protists)
do not exist in isolation but form complex ecological interaction webs.
Interactions within these ecological webs can have a positive impact
(that is, a win), a negative impact (that is, a loss) or no impact on the
species involved (Lidicker, 1979). Network analysis has been widely
applied to explore the complex inter relationships and co-occurrence
patterns of soil microbial communities (He et al, 2017; Sen and
Fengzhi, 2018). Previous studies have shown that environmental
changes can affect the complexity of soil microbial co-occurrence
networks (Banerjee et al,, 2019). In this study, we examined the effects
of salinization on the co-occurrence network of bacterial communities
in cotton rhizosphere soil (Figure 6). The results showed that soil
salinization reduced the total nodes, average path length, graph
diameter, betweenness centralization of the network. The results
demonstrate that soil salinization significantly affects the diversity and
structure of bacterial communities in cotton rhizosphere soil. As the
degree of soil salinization increases, the relative abundance of certain
beneficial bacterial groups in cotton rhizosphere soil decreases.

In this study, we combined soil nutrient analysis to compare and
explain the bacterial community structure and functions in different
saline-alkali soils and at different stages of cotton growth. This
research provides a theoretical foundation for understanding how soil
microorganisms maintain nutrient balance and drive ecosystem
nutrient cycling. The findings deepen our understanding of the impact
of saline-alkali soil on bacterial communities in cotton rhizosphere,
and offer valuable insights for utilizing beneficial microorganisms to

improve saline-alkali soil.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

GF: Conceptualization, Data curation, Investigation, Writing —
original draft, Writing - review & editing. YWu: Data curation,
Visualization, Formal Analysis, Writing - original draft, Writing - review
& editing. CY: Visualization, Validation, Writing - original draft, Writing
- review & editing. QZ: Methodology, Writing - review & editing. SW:
Data curation, Project administration, Writing — original draft. MD:
Investigation, Writing — review & editing. YWa: Data curation, Writing
- review & editing. HQ: Investigation, Writing - original draft, Writing
- review & editing. LG: Data curation, Investigation, Visualization,
Writing - original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. This

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1359698
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Feng et al.

work was supported by the China Agriculture Research System
of MOF and MARA (grant no. CARS-15-18), National
Natural Science Foundation of China (grant no. 31701380) and
the Science and technology demonstration and service
projects and science and technology innovation projects of
Hebei Academy of Agriculture and Forestry Sciences (grant no.
2022KJCXZX-MHS-6).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Agler, M. T., Ruhe, J., Kroll, S., Morhenn, C., Kim, S. T., Weigel, D., et al. (2016).
Microbial hub taxa link host and abiotic factors to plant microbiome variation. PLoS
Biol. 14:€1002352. doi: 10.1371/journal.pbio.1002352

Bai, Z., Jia, A., Li, H., Wang, M., and Qu, S. (2023). Explore the soil factors driving soil
microbial community and structure in songnen alkaline salt degraded grassland. Front.
Plant Sci. 14:1110685. doi: 10.3389/fpls.2023.1110685

Banerjee, S., Walder, E, Biichi, L., Meyer, M., Held, A. Y., Gattinger, A., et al. (2019).
Agricultural intensification reduces microbial network complexity and the abundance
of keystone taxa in roots. ISME J. 13, 1722-1736. doi: 10.1038/s41396-019-0383-2

Berg, G., and Smalla, K. (2009). Plant species and soil type cooperatively shape the
structure and function of microbial communities in the rhizosphere. FEMS Microbiol.
Ecol. 68, 1-13. doi: 10.1111/§.1574-6941.2009.00654.x

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for
illumina sequence data. Bioinformatics 30, 2114-2120. doi: 10.1093/bioinformatics/
btul70

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A.,
etal. (2019). Reproducible, interactive, scalable and extensible microbiome data science
using giime 2. Nat. Biotechnol. 37, 852-857. doi: 10.1038/s41587-019-0209-9

Bull, A. T, Colquhoun, J. A., and Heald, S. C., (1998). Taxonomy and biotransformation
activities of some deep-sea actinomycetes. Extremophiles. 2, 269-277. doi: 10.1007/
5007920050069

Bull, A. T., and Goodfellow, M. (2019). Dark, rare and inspirational microbial matter
in the extremobiosphere: 16 000 m of bioprospecting campaigns. Microbiology 165,
1252-1264. doi: 10.1099/mic.0.000822

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W,, Johnson, A. J., and
Holmes, S. P. (2016). Dada2: high-resolution sample inference from illumina amplicon
data. Nat. Methods 13, 581-583. doi: 10.1038/nmeth.3869

Chaves, M. M, Flexas, J., and Pinheiro, C. (2009). Photosynthesis under drought and
salt stress: regulation mechanisms from whole plant to cell. Ann Bot London 103,
551-560. doi: 10.1093/a0b/mcn125

Cui, Q. Xia, J., Yang, H., Liu, ], and Shao, P. (2021). Biochar and effective
microorganisms promote sesbania cannabina growth and soil quality in the coastal
saline-alkali soil of the yellow river delta, China. Sci. Total Environ. 756:143801. doi:
10.1016/j.scitotenv.2020.143801

Czarnocka, W.,, and Karpinski, S. (2018). Friend or foe? Reactive oxygen species
production, scavenging and signaling in plant response to environmental stresses. Free
Radic. Biol. Med. 122, 4-20. doi: 10.1016/j.freeradbiomed.2018.01.011

Deng, J., Bai, X., Zhou, Y., Zhu, W,, and Yin, Y. (2019). Variations of soil microbial
communities accompanied by different vegetation restoration in an open-cut iron
mining area. Sci. Total Environ. 704:135243. doi: 10.1016/j.scitotenv.2019.135243

Edgar, R. (2013). Uparse: highly accurate otu sequences from microbial amplicon
reads. Nat. Methods 10:996. doi: 10.1038/nmeth.2604

Edgar, R. C., Haas, B. ], Clemente, J. C., Quince, C., and Knight, R. (2011). Uchime
improves sensitivity and speed of chimera detection. Bioinformatics 27, 2194-2200. doi:
10.1093/bioinformatics/btr381

Elliott, E. (1986). Aggregate structure and carbon, nitrogen, and phosphorus in native
and cultivated soilsl. Soil Sci. Soc. Am. J. 50, 627-633. doi: 10.2136/sssaj198
6.03615995005000030017x

Eren, M. L., Chao, A., Hwang, W. H., and Colwell, R. K. (2012). Estimating the
richness of a population when the maximum number of classes is fixed: a
nonparametric solution to an archaeological problem. PLoS One 7:e34179. doi:
10.1371/journal.pone.0034179

Frontiers in Microbiology

12

10.3389/fmicb.2024.1359698

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1359698/
full#supplementary-material

Gomes, N. C. M., Heuer, H., Schonfeld, J., Costa, R., Mendonga-Hagler, L., and
Smalla, K. (2001). Bacterial diversity of the rhizosphere of maize (zea mays) grown in
tropical soil studied by temperature gradient gel electrophoresis. Plant Soil 232, 167-180.
doi: 10.1023/A:1010350406708

Gower, J. C. (1966). Some distance properties of latent root and vector methods used
in multivariate analysis. Biometrika 53, 325-338. doi: 10.1093/biomet/53.3-4.325

Guan, Y, Jiang, N., Wu, Y,, Yang, Z., Bello, A., and Yang, W. (2021). Disentangling the
role of salinity-sodicity in shaping soil microbiome along a natural saline-sodic gradient.
Sci. Total Environ. 765:142738. doi: 10.1016/j.scitotenv.2020.142738

Guo, J., Shi, G., Guo, X., Zhang, L., Xu, W,, and Wang, Y. (2015). Transcriptome
analysis reveals that distinct metabolic pathways operate in salt-tolerant and salt-
sensitive upland cotton varieties subjected to salinity stress. Plant Sci. 238, 33-45. doi:
10.1016/j.plantsci.2015.05.013

Gupta, A, Singh, A. N., Tiwari, R. K., Sahu, P. K., Yadav, J., Srivastava, A. K., et al.
(2023). Salinity alleviation and reduction in oxidative stress by endophytic and
rhizospheric microbes in two rice cultivars. Plants 12:976. doi: 10.3390/
plants12050976

Hacquard, S., Spaepen, S., Garrido-Oter, R., and Schulze-Lefert, P. (2017). Interplay
between innate immunity and the plant microbiota. Annu. Rev. Phytopathol. 55,
565-589. doi: 10.1146/annurev-phyto-080516-035623

He, S., Guo, L., Niu, M., Miao, E, Jiao, S., Hu, T, et al. (2017). Ecological diversity and
co-occurrence patterns of bacterial community through soil profile in response to long-
term switchgrass cultivation. Sci. Rep. 7:3608. doi: 10.1038/s41598-017-03778-7

Hill, A. E, O'Brien, E. J. M., Almaraz, M., Foster, M. A., and Leopold, M. (2019). Soil
salinity and ph drive soil bacterial community composition and diversity along a lateritic
slope in the Avon river critical zone observatory, Western Australia. Front. Microbiol.
10:1486. doi: 10.3389/fmicb.2019.01486

Howard, E, and Hanna, T. (2015). Unearthing the role of biological diversity in soil
health. Soil Biol. Biochem. 2:37. doi: 10.1016/j.s0ilbio.2015.02.037

Jamil, R., and Ashraf, E (2011). Gene expression profiling of plants under salt stress.
Crit. Rev. Plant Sci. 30, 435-458. doi: 10.1080/07352689.2011.605739

Jose, P. A., and Jha, B. (2017). Intertidal marine sediment harbours actinobacteria with
promising bioactive and biosynthetic potential. Sci. Rep. 7:10041. doi: 10.1038/
$41598-017-09672-6

Kalam, S., Basu, A., Ahmad, I, Sayyed, R. Z, El-Enshasy, H. A,, Dailin, D. ], et al.
(2020). Recent understanding of soil acidobacteria and their ecological significance:
a critical review. Front. Microbiol. 11:580024. doi: 10.3389/fmicb.2020.580024

Li, N, Shao, T., Zhu, T., Long, X., Gao, X., Liu, Z., et al. (2018). Vegetation succession
influences soil carbon sequestration in coastal alkali-saline soils in Southeast China. Sci.
Rep. 8:9728. doi: 10.1038/541598-018-28054-0

Liang, C., Amelung, W., Lehmann, J., and Kastner, M. (2019). Quantitative assessment
of microbial necromass contribution to soil organic matter. Glob. Change Biol. 25,
3578-3590. doi: 10.1111/gcb.14781

Lidicker, W. Z. (1979). A clarification of interactions in ecological systems. R Soc Open
Sci 29, 475-477. doi: 10.2307/1307540

Liu, M., Li, X., Zhu, R., Chen, N., Ding, L., and Chen, C. (2021). Vegetation
richness, species identity and soil nutrients drive the shifts in soil bacterial

communities during restoration process. Environ. Microbiol. Rep. 13, 411-424. doi:
10.1111/1758-2229.12913

Looft, T., Johnson, T. A., Allen, H. K., Bayles, D. O., Alt, D. P, Stedtfeld, R. D., et al.
(2012). In-feed antibiotic effects on the swine intestinal microbiome. Proc. Natl. Acad.
Sci. USA 109, 1691-1696. doi: 10.1073/pnas.1120238109

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1359698
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1359698/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1359698/full#supplementary-material
https://doi.org/10.1371/journal.pbio.1002352
https://doi.org/10.3389/fpls.2023.1110685
https://doi.org/10.1038/s41396-019-0383-2
https://doi.org/10.1111/j.1574-6941.2009.00654.x
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1007/s007920050069
https://doi.org/10.1007/s007920050069
https://doi.org/10.1099/mic.0.000822
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1016/j.scitotenv.2020.143801
https://doi.org/10.1016/j.freeradbiomed.2018.01.011
https://doi.org/10.1016/j.scitotenv.2019.135243
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.2136/sssaj1986.03615995005000030017x
https://doi.org/10.2136/sssaj1986.03615995005000030017x
https://doi.org/10.1371/journal.pone.0034179
https://doi.org/10.1023/A:1010350406708
https://doi.org/10.1093/biomet/53.3-4.325
https://doi.org/10.1016/j.scitotenv.2020.142738
https://doi.org/10.1016/j.plantsci.2015.05.013
https://doi.org/10.3390/plants12050976
https://doi.org/10.3390/plants12050976
https://doi.org/10.1146/annurev-phyto-080516-035623
https://doi.org/10.1038/s41598-017-03778-7
https://doi.org/10.3389/fmicb.2019.01486
https://doi.org/10.1016/j.soilbio.2015.02.037
https://doi.org/10.1080/07352689.2011.605739
https://doi.org/10.1038/s41598-017-09672-6
https://doi.org/10.1038/s41598-017-09672-6
https://doi.org/10.3389/fmicb.2020.580024
https://doi.org/10.1038/s41598-018-28054-0
https://doi.org/10.1111/gcb.14781
https://doi.org/10.2307/1307540
https://doi.org/10.1111/1758-2229.12913
https://doi.org/10.1073/pnas.1120238109

Feng et al.

Malard, L. A., Anwar, M. Z., Jacobsen, C. S., and Pearce, D. A. (2019). Biogeographical
patterns in soil bacterial communities across the arctic region. Fems. Microbiol. Ecol.
95:e128. doi: 10.1093/femsec/fiz128

Meena, K. K,, Sorty, A. M., Bitla, U. M., Choudhary, K., Gupta, P,, Pareek, A., et al.
(2017). Abiotic stress responses and microbe-mediated mitigation in plants: the omics
strategies. Front. Plant Sci. 8:172. doi: 10.3389/fpls.2017.00172

Olsen, S. R., and Sommers, L. E. (1982). Phosphorus. in Methods of soil analysis. Part
2. Chemicaland microbiological properties. Eds. A. L. Page, R. H. Miller and D. R. Keeney
(Madison, W: ASA-SSSA), pp 403-430.

Pang, Z., Mao, X., Zhou, S., Yu, S, Liu, G, Lu, C,, et al. (2023). Microbiota-mediated
nitrogen fixation and microhabitat homeostasis in aerial root-mucilage. Microbiome.
11:85. doi: 10.1186/s40168-023-01525-x

Pereg, L., and Mcmillan, M. (2015). Scoping the potential uses of beneficial
microorganisms for increasing productivity in cotton cropping systems. Soil Biol.
Biochem. 80, 349-358. doi: 10.1016/j.s0ilbio.2014.10.020

Qiao, Q., Wang, E, Zhang, J., Chen, Y., Zhang, C., Liu, G., et al. (2017). The variation
in the rhizosphere microbiome of cotton with soil type, genotype and developmental
stage. Sci. Rep. 7:3940. doi: 10.1038/s41598-017-04213-7

Quast, C., Pruesse, E., Yilmaz, P, Gerken, J., Schweer, T., Yarza, P, et al. (2013). The
silva ribosomal rna gene database project: improved data processing and web-based
tools. Nucleic Acids Res. 41, D590-D596. doi: 10.1093/nar/gks1219

Sahu, P. K, Singh, S., Singh, U. B,, Chakdar, H., Sharma, P. K., Sarma, B. K,, et al. (2021).
Inter-genera colonization of ocimum tenuiflorum endophytes in tomato and their
complementary effects on na(+)/k(+) balance, oxidative stress regulation, and root architecture
under elevated soil salinity. Front. Microbiol. 12:744733. doi: 10.3389/fmicb.2021.744733

Segata, N, Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al.
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi:
10.1186/gb-2011-12-6-r60

Sen, L., and Fengzhi, W. (2018). Diversity and co-occurrence patterns of soil bacterial
and fungal communities in seven intercropping systems. Front. Microbiol. 9:1521. doi:
10.3389/fmicb.2018.01521

Setia, R., Smith, P, Marschner, P., Gottschalk, P, Baldock, J., Verma, V,, et al. (2012).
Simulation of salinity effects on past, present, and future soil organic carbon stocks.
Environ. Sci. Technol. 46, 1624-1631. doi: 10.1021/es2027345

Shrivastava, P.,, and Kumar, R. (2015). Soil salinity: a serious environmental issue and
plant growth promoting bacteria as one of the tools for its alleviation. Saudi J. Biol. Sci.
22,123-131. doi: 10.1016/j.5jbs.2014.12.001

Singh, B. K., Munro, S., Potts, J. M., and Millard, P. (2007). Influence of grass species
and soil type on rhizosphere microbial community structure in grassland soils. Appl.
Soil Ecol. 36, 147-155. doi: 10.1016/j.aps0il.2007.01.004

Six, J., Bossuyt, H., Degryze, S., and Denef, K. (2004). A history of research on the link
between (micro)aggregates, soil biota, and soil organic matter dynamics. Soil Tillage Res.
79, 7-31. doi: 10.1016/j.5till.2004.03.008

Frontiers in Microbiology

13

10.3389/fmicb.2024.1359698

Six, J., Elliott, E. T., and Paustian, K. (2000). Soil macroaggregate turnover
and microaggregate formation: a mechanism for c¢ sequestration under no-
tillage agriculture. Soil Biol. Biochem. 32, 2099-2103. doi: 10.1016/
$0038-0717(00)00179-6

Spain, A. M., Krumholz, L. R., and Elshahed, M. S. (2009). Abundance, composition,
diversity and novelty of soil proteobacteria. ISME J. 3, 992-1000. doi: 10.1038/
ismej.2009.43

Stach, E. M., and Bull, A. T. (2005). Estimating and comparing the diversity of
marine actinobacteria. Antonie Van Leeuwenhoek 87, 3-9. doi: 10.1007/
$10482-004-6524-1

Tang, H., Zhong, Z., Hou, J., You, L., Zhao, Z., Kwok, L. Y, et al. (2023). Metagenomic
analysis revealed the potential of lactic acid bacteria in improving natural saline-alkali
land. Int. Microbiol. 27, 311-324. doi: 10.1007/s10123-023-00388-4

Tao, C., Li, R., Xiong, W,, Shen, Z., Liu, S., Wang, B., et al. (2020). Bio-organic
fertilizers stimulate indigenous soil pseudomonas populations to enhance plant disease
suppression. Microbiome. 8:137. doi: 10.1186/s40168-020-00892-z

Tian, Y., and Gao, L. (2014). Bacterial diversity in the rhizosphere of cucumbers grown
in soils covering a wide range of cucumber cropping histories and environmental
conditions. Microb. Ecol. 68, 794-806. doi: 10.1007/s00248-014-0461-y

Vurukonda, S. S. K. P, Giovanardi, D., and Stefani, E. (2018). Plant growth promoting
and biocontrol activity of streptomyces spp. as Endophytes. Int ] Mol Sci. 19:952. doi:
10.3390/ijms19040952

Wang, C., Qu, L., Yang, L., Liu, D, and Bai, E. (2021). Large-scale importance of
microbial carbon use efficiency and necromass to soil organic carbon. Glob. Change Biol
27,2039-2048. doi: 10.1111/gcb.15550

Washington, H. G. (1984). Diversity, biotic and similarity indices. Water Res. 18,
653-694. doi: 10.1016/0043-1354(84)90164-7

Yang, M., Yang, R,, Li, Y., Pan, Y,, Sun, J., and Zhang, Z. (2021). Effects of different
biomass materials as a salt-isolation layer on water and salt migration in coastal saline
soil. Peerj. 9:e11766. doi: 10.7717/peerj.11766

Yang, C., Yue, H.,, Ma, Z,, Feng, Z., Feng, H., Zhao, L., et al. (2022). Influence of plant
genotype and soil on the cotton rhizosphere microbiome. Front. Microbiol. 13:1021064.
doi: 10.3389/fmicb.2022.1021064

Zhang, Y., Han, M., Song, M., Tian, ], Song, B., Hu, Y., et al (2021). Intercropping with
aromatic plants increased the soil organic matter content and changed the microbial
community in a pear orchard. Front Microbiol. 12:616932. doi: 10.3389/
fmicb.2021.616932

Zhang, H., Zhu, J., Gong, Z., and Zhu, J. K. (2022). Abiotic stress responses in plants.
Nat. Rev. Genet. 23, 104-119. doi: 10.1038/s41576-021-00413-0

Zhao, J., Ni, T, Li, Y., Xiong, W., Ran, W,, Shen, B., et al (2014). Responses of
bacterial communities in arable soils in a ricewheat cropping system to different
fertilizer regimes and sampling times. PLoS One. 9:¢85301. doi: 10.1371/journal.
pone.0085301

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1359698
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/femsec/fiz128
https://doi.org/10.3389/fpls.2017.00172
https://doi.org/10.1186/s40168-023-01525-x
https://doi.org/10.1016/j.soilbio.2014.10.020
https://doi.org/10.1038/s41598-017-04213-7
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.3389/fmicb.2021.744733
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.3389/fmicb.2018.01521
https://doi.org/10.1021/es2027345
https://doi.org/10.1016/j.sjbs.2014.12.001
https://doi.org/10.1016/j.apsoil.2007.01.004
https://doi.org/10.1016/j.still.2004.03.008
https://doi.org/10.1016/S0038-0717(00)00179-6
https://doi.org/10.1016/S0038-0717(00)00179-6
https://doi.org/10.1038/ismej.2009.43
https://doi.org/10.1038/ismej.2009.43
https://doi.org/10.1007/s10482-004-6524-1
https://doi.org/10.1007/s10482-004-6524-1
https://doi.org/10.1007/s10123-023-00388-4
https://doi.org/10.1186/s40168-020-00892-z
https://doi.org/10.1007/s00248-014-0461-y
https://doi.org/10.3390/ijms19040952
https://doi.org/10.1111/gcb.15550
https://doi.org/10.1016/0043-1354(84)90164-7
https://doi.org/10.7717/peerj.11766
https://doi.org/10.3389/fmicb.2022.1021064
https://doi.org/10.3389/fmicb.2021.616932
https://doi.org/10.3389/fmicb.2021.616932
https://doi.org/10.1038/s41576-021-00413-0
https://doi.org/10.1371/journal.pone.0085301
https://doi.org/10.1371/journal.pone.0085301

	Effects of coastal saline-alkali soil on rhizosphere microbial community and crop yield of cotton at different growth stages
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Soil sample collection and analysis
	2.3 DNA extraction and amplicon sequencing
	2.4 Bioinformatic analysis
	2.5 Statistical analysis

	3 Results
	3.1 Soil characteristics and cotton yield in saline-alkali soil
	3.2 Alpha diversity
	3.3 Beta diversity
	3.4 Bacterial community composition
	3.5 Sample community distribution map
	3.6 Line discriminant analysis
	3.7 Co-occurrence network

	4 Discussion
	Data availability statement
	Author contributions

	References

