Environmental Science and Pollution Research (2022) 29:70000-70013
https://doi.org/10.1007/5s11356-022-20270-6

RESEARCH ARTICLE q

Check for
updates

Effects of saline-alkali stress on bacterial and fungal community
diversity in Leymus chinensis rhizosphere soil

Binshuo Liu'2 - Yunhang Hu? - Ying Wang? - Honghai Xue? - Zhonghe Li* - Ming Li*3

Received: 17 December 2021 / Accepted: 11 April 2022 / Published online: 17 May 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

The salinization of grassland in arid and semi-arid areas is a serious environmental issue in China. Halophytes show extreme
salt tolerance and are grown in saline-alkaline environments. Their rhizosphere microorganisms contribute significantly to
plant stress tolerance. To study bacterial and fungal community structure changes in Chinese ryegrass (Leymus chinensis)
rhizosphere soil under salt and alkali stress, pot experiments were conducted with different salt and alkali stress intensities.
High-throughput sequencing was conducted, and the microbial diversity, community structure, and driving factors were
analyzed in rhizosphere soil. The salinization of grassland in arid and semi-arid areas is a serious environmental issue in
China. Halophytes show extreme salt tolerance and grow in saline-alkaline environments. A total of 549 species of bacteria
from 28 phyla and 250 species from 11 phyla of fungi were detected in the rhizosphere soil of Leymus chinensis with different
saline-alkali gradients. Alpha diversity analysis along saline-alkali gradients showed that bacterial community richness and
diversity were the highest in the moderate saline-alkali group (pH=8.28, EC =160.4 pS-cm™"), while fungi had high rich-
ness and diversity in the control group (pH=7.35, EC =134.5 pS-cm™'). The bacteriophyta Proteobacteria, Acidobacteria,
Plantomycetes, and the eumycota Ascomycota, Basidiomycota, and Glomeromycota were found with relative abundances
of more than 10%. Saline-alkali gradients had significant effects on the abundance of the bacterial and fungal groups in
the rhizosphere. The distribution of bacterial colony structure was not significant at the species level (P> 0.05). However,
there were significant differences in the distribution of fungal structure and considerable differences in the composition of
fungal species among the moderate saline-alkali group, severe saline-alkali group, and control group (P <0.05). Correlation
analysis showed that the bacterial phylum Gemmatimonadetes had a highly significant positive correlation with pH and EC
(P <0. 01). Saline-alkali stress significantly inhibited the abundance of the bacteria Latescibacteria, Cyanobacteria, and
Bacteroides, and the fungi Zoopagomycota, Mortierllomycota, and Cryptomycota (P < 0. 05). Compared with fungi, bacte-
rial community composition was most closely correlated with soil salinization. This report provided new insights into the
responses of relationships between rhizosphere soil microorganisms and salt and alkali tolerance of plants.
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Introduction

Saline-alkali soil occurs in hundreds of countries world-
wide, with a total area of 1x 10° hm? (Gamalero et al.
2020). The total area of saline-alkali soil in China is about
3.6x 107 hm?, ranking third globally (Lim et al. 2017).
Grassland is the largest terrestrial ecosystem on earth.
China is the second-largest grassland country globally,
with a total grassland area of 3.31 x 103 hm? (Wang and
Wang 2019; Ondrasek and Rengel 2021). Land desertifica-
tion, alkalization, and other grassland degradation caused
by unreasonable human use have affected more than 80%
of the total grassland area (Li and Fang 2017). The west-
ern Songnen Plain is one of the three major regions with
saline-alkali soils in the world and currently has more
than 2/3 of salt-affected soils (Wang and Wang 2019).
Using efficient, low-cost, and adaptable methods to restore
saline-alkali soil is a challenging goal.

The plant rhizosphere is the most active microhabitat in
soils and the main area for plants to obtain nutrients. Colo-
nial bacteria, fungi, and other microorganisms form a stable
community structure through cooperation and competition,
which is vital for plant growth and development, disease
resistance, and stress resistance (Berendsen et al. 2012).
Nutritional bacteria and phosphate-solubilizing bacteria can
enhance soil nutrients and promote plant growth, thereby
promoting the restoration of degraded grasslands (Pii et al.
2015; Ezawa and Saito 2018). Conversely, nitrifying bacteria
and denitrifying bacteria increased soil nitrogen loss (Che
et al. 2017). Abdel-Fattah and Abdul-Wasea (2012) showed
that wheat plants displayed a high dependence on arbuscular
mycorrhizal fungi in saline soils. Leymus chinensis has good
salt and alkaline tolerance, can form a community on the
alkali spots of saline-alkali land, and become a constructive
species with good adaptability to the saline-alkali soil of the
Songnen grassland (Jin-Huan et al. 2015; Wang et al. 2015).
In the restoration of saline soil by planting halophytes,
plants and microorganisms have their own characteristics
and are interrelated in bioremediation and pollutant treat-
ment. Hence, the digestion of organic pollutants by com-
bined rhizosphere microorganisms is more effective than by
a single microorganism (Umesh et al. 2020). The removal of
pollutants by the symbiotic system of plants and rhizosphere
microorganisms (Cui et al. 2018) is of great significance
to understanding the physical and chemical properties and
microbial diversity of saline-alkali tolerant plant soil as well
as to isolate and screening saline-alkali tolerant bacteria to
improve the physical and chemical properties of saline-alkali
soil and promote plant life growth and development.

Salt tolerant phytoremediation is an effective technique
for improving saline soil, and microorganisms contribute
significantly to plant stress resistance and soil fertility

(Zhao et al. 2020a; Hou et al. 2021). Many scholars have
isolated and screened excellent saline-alkali tolerant
strains from Triticum aestivum, Zea mays, and other food
crops, and used them for the development of subsequent
inoculants (Wichern et al. 2006; Kamble et al. 2014; Li
et al. 2020). However, there are relatively few studies on
the community structure and dominant populations of
salinity tolerant microbial communities in the rhizosphere
of grassland forages (Yamamoto et al. 2018; Pankaj et al.
2020; Zhao et al. 2020b).

High throughput sequencing can quickly reveal the com-
plexity and diversity of microbial communities in situ (Chu
et al. 2017). In this study, the 16S rRNA of Leymus chinensis
rhizosphere soil bacteria and fungi were sequenced by the
MiSep high-throughput sequencing method to analyze the
bacterial community structure of Leymus chinensis rhizo-
sphere soils under different saline-alkali stress, to explore
the relationship between bacterial community structure and
environmental factors, to analyze and predict the functions
of bacteria and fungi, and to link the halophytes to the host-
specific microbial communities, which are of great impor-
tance for the development of phytoremediation techniques.
This study provides a new theoretical basis for the growth of
Leymus chinensis on the Songnen saline-alkali land and the
restoration and reconstruction of degraded Leymus chinensis
meadows.

Materials and methods
Experimental design

The soil used in the experiment was from the Songnen grass-
land, located in the saline-alkali eastern Eurasian grassland
in Northeast China (44°45' N, 123°45’ E). The main veg-
etation is Leymus chinensis. The soil was dug from the top
30 cm of the alkaline areas, whose pH was > 10, and the sol-
uble salt content was higher than 0.2%. The soil was trans-
ported to a botanical garden on the campus of Jilin Jianzhu
University in Changchun, Jilin Province, China. The saline-
alkali soil and soil from the botanical garden were mixed in
volume-based ratios of 2:1 (SS), 1:1 (SM), and one control
(CK), each with three parallel samples (Table 1). Plant Ley-
mus chinensis seeds in pots (April 20, 2020) and transplant
them 2 weeks after germination. Leymus chinensis seeds
were transplanted into each saline-alkali treated flowerpot
with 15 plants per pot (35 cm high and 28 cm diameter at the
top), and the final number of plants will be controlled at 10
plants per pot. Regular watering, remove weeds and let them
grow naturally. Four months after transplanting, three plant
samples were randomly collected from each flowerpot, the
roots were shaken to remove the loose soil, and the residual

@ Springer



70002

Environmental Science and Pollution Research (2022) 29:70000-70013

Table 1 Chemical

- Treatment pH Electrical conductance Total organic carbon Organic matter
Ch.aI'aCtCI’ISthS of the . . (us em™!) (¢ kg—l) (g kg—l)
rhizosphere of Leymus chinensis

SS 8.76 +£0.056" 235.6+18.04% 2.9+0.180 4.5+0.149*
SM 8.28+0.052° 160.4+11.24° 4.35+0.095° 8.57+0.065"
CK 7.35+0.100° 134.5+6.24° 5.71+0.050¢ 10.08 +0.268¢

The different letters indicate a significant difference among treatments (P <0.05). Values are means+SE
of three replicates per treatment. The saline-alkali soil and soil from the botanical garden were mixed in
volume-based ratios of 2:1 (SS), 1:1 (SM), and control soil (CK)

soil was collected from the roots with a sterile brush as the
rhizosphere soil (Hafees and Malik 2000). The soil samples
were evenly mixed in equal quantities and divided into two
parts. One part was loaded into a 15 mL centrifuge tube, put
into a liquid nitrogen tank for quick freezing, and transferred
to a— 80 °C refrigerator in the laboratory for high-throughput
sequencing by Beijing Baimaike Biotechnology Co., Ltd.
The other part was dried and screened naturally, sealed in a
self-sealing bag, and used to determine the chemical proper-
ties of the soil.

Analytical methods
Soil environmental parameters

We determined soil physical and chemical indexes according
to soil agrochemical analysis (Bao 2000). Soil pH was meas-
ured by A pH meter (PHSJ-5, Shanghai Precision & Scien-
tific Instrument Co. Ltd., China. Electrical conductivity (EC)
was measured in 5:1 water-soil extracts by a conductivity
meter (DDS-307, Shanghai Precision & Scientific Instru-
ment Co., Shanghai, China). Soil organic matter (SOM)
was determined by the potassium dichromate bulk density
method and total organic carbon (TOC) in soil by the potas-
sium dichromate volumetric and external heating method.

DNA extraction and sequencing

To analyze the composition of bacterial and fungal commu-
nities in the rhizosphere samples with different saline-alkali
stress treatments, bacterial and fungal profiling was carried
out by Biomarker Technologies Corporation (Beijing, China)
(http://www.biomarker.com.cn/). Microbial DNA from each
sample was extracted by using the Soil DNA Isolation Kit
(DP812, Beijing Tiangen Biochemical Technology Co., Ltd.,
China). A 16S full-length primers were 27F (5'-AGRGTT
TGATYNTGGCTCAG-3') and 1492R (5'-TASGGHTACCTT
GTTASGACTT-3' (Johnson & Spakowicz et al. 2019). ITS
full-length primers were ITS1F (5-CTTGGTCATTTAGAG
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GAAGTAA-3') and ITS4 (5'-TCCTCCGCTTATTGATAT
GC-3") (Sun et al. 2020; Tian et al. 2022). A genomic library
was built by using the extracted DNA after PCR products were
assessed. And the extracted DNA was sequenced on the single-
molecule real-time (SMRT) sequencing platform of PacBio
(Pacific Bioscience, MenloPark, CA, USA).

Data processing and analysis

The total circular consensus sequences (CCS) were generated
before analysis. The procedures were as follows: CCS was
exported by Smrt Link (v. 8.0), identified and filtering by using
Lima (v1.7) (Martin 2011) and checked chimeras with Uchime
(v.4.2) (Edgar et al. 2011). The sequences were clustered at a
97% similarity level by Usearch (v. 10.0) (Edgar 2013), and an
operational taxonomic unit (OTU) was obtained. QIIME2 was
used for the classification of bacterial and fungal based on the
Silva (v.132) and Unite (v.8.0) databases (Assainar et al. 2020).

The alpha diversity index (including ACE, Chaol, Simp-
son, and Shannon) was calculated with the Mothur software
(v.1.30) (Schloss et al. 2011), and the sample dilution curve
and grade relative abundance curve were drawn. Further analy-
ses were conducted on the platform of BMKCloud (www.biocl
oud.net). Nonmetric multidimensional scaling (NMDS) was
analyzed by using Bray—Curtis similarity (Wu et al. 2019).
Network analysis of microbial communities was conducted
based on Sparcc (Friedman and Alm 2012), and the top 50
genera with the highest correlation were given. Spearman cor-
relation analysis was used to analyze the relationship between
environmental factors (for example, pH, SOM, and TOC) and
microorganisms (Friedman and Alm 2012).

The soil environmental parameters were expressed as mean
value + standard error (n=3), determined by one-way analy-
sis of variance at a 95% confidence interval. Duncan's method
was used for multiple comparisons, and independent samples
T-student test was performed. Statistical analysis was performed
with Excel (v 2007) and SPSS (v 19.0). Significant differences
between the treatments of various indexes were tested (P<0.05),
and the Origin (v 8.5) software was used for graphing.
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Results

Microbial community diversity in different
saline-alkali soil treatments

Chaol and ACE indexes were used to measure species
abundance, and Shannon and Simpson’s indexes were used
to measure species diversity (Grice et al. 2009). Accord-
ing to Table 2, the Shannon index of the bacterial com-
munity varied between groups in the order SS > SM > CK
and the Simpson index SM > SS > CK. According to the
Shannon and Simpson indexes, the diversity of the bacte-
rial community in saline-alkali soil was higher than that
in the control group. The Chao index varied in the order
SM >SS > CK. The order of the OTU number was the
same as that of the Chao index, and the order of the ACE
index was SM > CK > SS. Based on the Chao and ACE
indexes of the bacterial community, it could be inferred
that the rhizosphere soil in moderately saline-alkali land
had the largest bacterial community richness.

The Shannon index order of the fungal community was
opposite to that of bacteria. The Simpson index order of
fungi was the same as that of bacteria, and the Chao index
order was CK > SM > SS. The order of the fungi OTU
number was the same as that of the Chao index, and the
ACE index order was CK > SM > SS. The fungal alpha
diversity results showed that the richness and diversity of
the fungal community were the highest in the CK group
and the lowest in the SS group.

Species composition of the microbial community
in different saline-alkali soil treatments

According to the species distribution analysis at the phy-
lum level, the relative abundance of bacteria in ten phyla in
the rhizosphere soil of the three treatment groups was more
than 1%. In terms of relative abundances, Proteobacteria,
Acidobacteria, and Planctomycetes were dominant in the
three treatments, with more than 10% relative abundance.
Among the three groups of samples, there were differences

Table 2 Alpha-diversity index of Leymus chinensis rhizosphere samples

in the abundance of Proteobacteria, Acidobacteria, Plan-
tomycetes, Gemmatimonadetes, Actinobacteria, Bacteroi-
detes, Verrucomicrobia, Rokubacteria, and Chloroflex, but
the abundance differences were not significant (P> 0.05)
(Fig. 1). At the species level, there were ten species in the
three groups, and their relative abundances were higher than
1%. The results showed that the distribution of bacterial col-
ony structure was not significant (P> 0.05).

The relative abundance of soil fungi in the three treatment
groups was more than 1%, of which Ascomycota accounted
for the largest proportion, i.e., 57.37% in the SS group,
49.46% in the SM group, and 35.92% in the CK group. The
relative abundance of Basidiomycota and Glomeromycota
exceeded 10%. There were significant differences in the dis-
tribution of fungal colony structure (P <0.05). In addition,
there were great differences in fungal species composition
between the three groups. The results of species distribu-
tion analysis showed significant differences in the distribu-
tion of fungal colony structure (P <0.05). Moreover, there
were considerable differences in fungal species composition
between the three groups (Fig. 2).

Differences between microbial communities
in different saline-alkali soil treatments

NMDS divided the bacteria and fungi in different degrees
of saline-alkali soil into three apparent communities. In the
samples of the SS, SM, and CK groups, the bacteria and
fungi in the same saline-alkali group were close (Fig. 3),
and the bacteria of each saline-alkali group could be clearly
distinguished. There were significant differences in the com-
position of bacterial and fungal communities between differ-
ent saline-alkali groups.

Relative abundance of the top 20 bacteria (Fig. 4)
showed that wuncultured_bacterium_o_RCP2-54,
uncultured_bacterium_o_IMCC26256, uncultured_
bacterium_o_Gaiellales, uncultured_bacterium_f_Bur-
kholderiaceae, uncultured_bacterium_c_MB-A2-108,
and uncultured_bacterium_c_BD2-11_terrestrial_group
had higher relative abundance in the SS group than in

Microorganism ID OTU ACE Chaol Simpson Shannon

Bacteria SS 1313 +26.73 1626.34 +44.14* 1604.07 +42.06 0.00293 +0.0002* 6.51103+0.015
SM 1334 +29.63 1710.06 + 16.56 1673.17 + 14.46 0.00313+0.0001* 6.4843+0.017*
CK 1267 +25.25% 1633.06 +41.56* 1586.51 +40.79* 0.00287 +0.0002* 6.4785+0.019*

Fungus SS 177 +4.22¢ 177.79+5.37° 178.25+5.63° 0.05263+0.0017° 4.0749+0.07°
SM 231+£7.03 233.23+5.72° 235.33+4.21° 0.10247 +£0.0048* 3.98777+0.07°
CK 251+7.39° 253.73+3.29° 257.33+6.33 0.02217 +£0.0048° 4.6024+0.10*

The different letters indicate a significant difference among treatments (P <0.05). Values are means + SE of three replicates per treatment. The
saline-alkali soil and soil from the botanical garden were mixed in volume-based ratios of 2:1 (SS), 1:1 (SM), and control soil (CK)
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groups, uncultured_bacterium_f_bacteriap25, uncultured_
bacterium_f_Saprospiraceae and uncultured_bacterium_c_
MB-A2-108 had highest abundance than other bacterial
communities.

Relative abundance of analysis of the top 20 fungi (Fig. 4)
showed that Wardomyces, Tomentella, and Preussia had
higher relative abundances in the SS group than in the other
saline-alkali treatments. Talaromyces, Neosetophoma, Neo-
cosmospara, and Conocybe had higher relative abundances
in the SM group than the other groups. Solicoccozyma
and Podospora had higher relative abundances in the CK
group than in the other groups. Preussia, Podospora, Neo-
setophoma, neocosmospara, and Conocybe had more abun-
dance in all groups.

Microbial network in different saline-alkali soil
treatments

The bacteria in different saline-alkali soil treatments were
analyzed on the gene level (Fig. 5). The results showed that
Candidatus_Udaeobacter and Ferraginibacter, beta_pro-
teobacterium_LWHS83, and Candidatus_Udaeobacter, beta
proteobacterium_ LWHS3 and Ferraginibacter, uncultured_
bacterium_c_MB-A2-108, and uncultured_bacterium_f_
Geminicoccaceae, whose correlation coefficient of the
analysis was greater than 0.9, and there was a positive
correlation.

Coefficients for the correlations between Cladosporium
and Fusarium, Glomus, and Acremonium, as well as Para-
phoma and Discoconium, were greater than 0.9, and these
correlations were negative. The correlation coefficients
between Lobulomyces and Scytalidium, Spitellomyces and
Syncephalis, Clonostachys and Cercophora, Tausonia, and
Melanocarpus, as well as Dioszegia and Hannella, were
greater than 0.9, and correlations were positive.

Correlation of environmental factors
with microorganisms in different saline-alkali soil
treatments

According to correlation analysis between bacteria on the
phylum level and soil environmental factors (Fig. 6), Ger-
mmatimonadetes had a highly significant, positive correla-
tion with pH and EC. Latescibacteria, Cyanobacteria, and
Bacteroidetes showed a significant, negative correlation
with pH and EC (P <0.05). Total organic carbon (TOC)
was positively correlated with Nitrospirae, Latencibacte-
ria, Cyanobacteria, and Bacteroides and negatively corre-
lated with Actinobacteria and Gemmatimonades (P <0.05).
Soil organic matter (SOM) was positively correlated with
Latescibacteria and Cyanobacteria and negatively corre-
lated with Gemmatimonadetes (P <0.05). Zoopagomycota,
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Mortierellomycota, and Cryptomycota were negatively
correlated with pH and EC (P <0.05). Mortierellomycota,
Cryptomycota, and Entomophthoromycota were posi-
tively correlated with TOC (P <0.05). Mortierellomycota
and Cryptomycota were positively correlated with SOM
(P<0.05).

Discussion

Saline-alkali soil treatment effects on microbial
community structure

Rhizosphere microorganisms are regulators of nutrient
transformations and transport between soil and roots.
Under saline-alkali stress, the growth of rhizosphere
microorganisms was inhibited, and the richness of the
community decreased significantly (Baumann et al.
2013). In the present study, the Shannon index, Simp-
son index, and OTU size showed that the diversity of
the bacterial community of saline-alkali treatments was
higher than that in the control group. However, the rich-
ness and diversity of the fungal community were the
highest in the CK group. Compared with fungi, most
bacteria were, therefore, saline-alkali tolerant. Under
high saline-alkali stress, the relative abundance of the
rhizosphere bacteria Proteobacteria, Acidobacteria, and
Plantomycetes exceeded 10%, among which Proteobac-
teria had the largest relative abundance and therefore
an absolute advantage. The diversity of fungi in rhizo-
sphere soil of halophytes was not rich at the phylum
level, the Ascomycota were dominant, and there were
significant differences between saline-alkali groups.
Zhu et al. (2020) showed that the relative abundance of
Acidobacteria was highest in an original, undisturbed
Leymus chinensis meadow. Zhang et al. (2017a) reported
that the abundance of bacteria in the peanut rhizosphere
of saline-alkali soils was higher at the phylum level, with
average abundances of Proteobacteria and Actinobacte-
ria of about 35 and 25%, respectively. Li et al. (2018)
studied rhizosphere soil microorganisms of salt-tolerant
plants and found that the three most abundant microor-
ganisms of salt claw and black fruit medlar plants were
Proteobacteria, Firmicutes, and Bacteroidetes. Under
saline-alkali stress, the relative abundance of Ascomycota
in the rhizosphere of Karelinia caspia was the highest,
accounting for 94.8% (Li et al. 2021). Accordingly, we
can infer that saline-alkali stress significantly inhibits
the diversity of rhizosphere microorganisms. Three bac-
terial phyla of the Leymus chinensis rhizosphere, i.e.,
Proteobacteria, Acidobacteria, and Plantomycetes, as
well as Ascomycota fungi, possess strong adaptability to
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«Fig.3 NMDS plots of the bacteria and fungi community in different
saline-alkali soil treatments. The saline-alkali soil and soil from the
botanical garden were mixed in volume-based ratios of 2:1 (SS), 1:1
(SM), and control soil (CK)

saline-alkali soil environments, and their relative abun-
dance increased in saline-alkali stress environments. Pro-
teobacteria use ammonia, methane, and other nutrients
produced by organic decomposition for their growth and
metabolism. Increases in its relative abundance are con-
ducive to microbial nitrogen fixation. There was no sig-
nificant difference in the relative abundance of Acidobac-
teria with increasing saline-alkali conditions (P > 0.05),
which was consistent with the results of Liu et al. (2015)
on the fungal community in the black soil area of North-
east China. However, Jones et al. (2009) analyzed soil
samples from North and South America and found that
the relative abundance of Acidobacteria was negatively
correlated with pH. Different subpopulations of Acido-
bacteria may, therefore, respond differently to changes
in soil environmental factors.

In our study, the relative abundance of Ascomycete
was higher than that of Basidiomycota. With increasing
saline-alkali conditions, the abundance of Ascomycete
increased significantly in our study. There were significant
differences in fungal species composition between differ-
ent saline-alkali treatments. These results are consistent
with a previous study (Li et al. 2021), which studied the
rhizosphere soil of Kalidium foliatum, Lycium ruthenicum,
Karelinia Caspia and found Phragmites australis Asco-
mycetes were dominant. This phylum is the largest group
of fungi, according to the literature. It is mainly found in
saline-alkali deserts and saprophytic arid areas, and its
habitats are similar to barren meadows and deserts (Li
et al. 2021; HaShem et al. 2019). Glomus can adapt to a
wide range of soil salinity but prefers alkaline and neutral
soils (Gai et al. 2006).

Relationships between environmental factors
and the soil microbial

Soil microbial community structure is affected by vegeta-
tion type, soil physical and chemical properties, latitude,
soil temperature, and climate change (Zhang et al. 2017b).
Plants actively select the structure of the rhizosphere soil
microbial community. Plants change the rhizosphere envi-
ronment through root activities to selectively enhance or
reduce the abundance or diversity of some rhizosphere
soil microbial groups (Ziegler et al. 2013). Soil properties
are important drivers of soil bacterial community struc-
ture, but soil pH appears to be a major factor influenc-
ing community composition (Wakelin et al. 2008; Lauber
et al. 2009; Ondrasek et al. 2012). Insufficient carbon

@ Springer

sources limit the number of microorganisms in saline-
alkali soil, thereby affecting the decomposition of organic
matter (Kuzyakov et al. 2000). The decomposition of
organic matter will provide a variety of macro and micro-
nutrients for plant growth (Yang et al. 2009; Ondrasek
et al. 2019). In this study, the correlation between rhizos-
phere soil microorganisms and environmental factors was
assessed by correlation analysis. Different responses of
bacteria and fungi to environmental factors are caused by
direct competition for survival (de Boer et al. 2005). The
results showed that measured pH, EC, TOC, and SOM
were the main environmental factors causing differences
in rhizosphere soil microbial community structure of Ley-
mus chinensis saline-alkali land. Gemmatimonadetes was
positively correlated with pH and EC and negatively cor-
related with TOC and SOM. The composition of bacterial
communities is closely correlated with soil pH compared
to fungi due to fungi requiring the use of specific com-
pounds as substrates and having greater energy require-
ments (Bahram et al. 2018). Studies have shown that the
abundance of Gemmatimonadetes is mainly related to
soil type and environmental factors. Besides water con-
tent, soil acidity may play a secondary role in restricting
Blastomonas in these soils, which is consistent with the
results of the present study (Jennifer et al. 2011; Ren et al.
2020). The abundance of the phylum Gemmatimonadetes
is correlated to soil drought stress (DeBruyn et al. 2011).
Gemmatimonadetes clone sequences are well adapted to
not only arid but also oligotrophic conditions. They can
survive the saline-alkali stress and starvation, possibly
forming a resting stage (Zhou et al. 2007; Pasic et al.
2010). Research on grassland soil by Nacke et al. (2011)
showed that relative abundances of Bacteroidetes and Act-
inobacteria in the analyzed soils significantly increased
with higher pH values. Saline-alkali stress significantly
inhibited the abundance of the bacterial phyla Latesci-
bacteria, Cyanobacteria, and Bacteroides, and the fungal
phyla Zoopagomycota, Mortierllomycota, and Cryptomy-
cota. Through saline-alkali research on non-halophytes
of wild oats, the abundance of Mortierellomycota and
Cryptomycota in non-rhizosphere soils increased (Nuc-
cio et al. 2016). Most species of Zoopagomycota and
Mortierellomycota are saprophytic and the main decom-
posers of soil organic carbon (Khomich et al. 2017).
Microorganisms participate in the decomposition of soil
organic matter, nutrient mineralization, and the formation
of soil aggregates, which can indicate the quality of the
soil environment. Its diversity is easily affected by pH
and EC. Our results showed that different salinity was
one of the reasons for differences in dominant microbial
groups. The pH value and EC synergistically inhibit the
growth of bacteria, such as Latescibacteria, Cyanobac-
teria, Bacteroides, and fungi, such as Zoopagomycota,
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«Fig.4 Relative abundance of top 20 bacteria and fungi in different
saline-alkali soil treatments at genus level. The saline-alkali soil and
soil from the botanical garden were mixed in volume-based ratios of
2:1(SS), 1:1 (SM), control soil (CK), and multiple-testing (BH-FDR)

Mortierllomycota, and Cryptomycota, resulting in the
decline of community diversity. These functional micro-
organisms enriched in plant rhizosphere can directly char-
acterize soil nutrient transformation and the environmen-
tal adaptability of microorganisms.

Conclusions

Saline-alkali stress enhanced soil ion concentrations and
reduced available soil nutrients, resulting in changes in the
diversity of the microbial community in the rhizosphere of

@ 1: Lutcolibacter

’a 23 22 20 19

Leymus chinensis. Fungi were more susceptible to saline-
alkali stress than the bacteria based on diversity indexes
ACE and Chaol. The bacterial colony structure distribu-
tion at the species level did not differ among the saline-
alkali treatment groups (P > 0.05). However, the composi-
tion of fungal species was quite different between the three
soil groups (P <0. 05). Saline-alkali stress was positively
correlated with Gemmatimonadetes. Therefore, it was sug-
gested to screen the halo-tolerant plant Leymus chinensis
growth-promoting rhizobacteria from the perspective of
soil bacteria. Here, we provided new knowledge on the
mechanisms involved in the effects of different levels of
saline-alkali conditions on the soil microbial diversity and
community of the saline-alkali soil rhizosphere of Leymus
chinensis.
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Fig.5 Network analysis bacteria (upper panel) and fungi species
(lower panel) in different saline-alkali soil treatments. The circle rep-
resents the species, the size of the circle represents the average abun-
dance of the species; the line represents the correlation between two
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species, the thickness of the line represents the strength of the cor-
relation, the color of the line: orange represents positive correlation,
green represents negative correlation
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Fig. 6 Heatmap of environmen-
tal factors and soil microorgan-
isms in different saline-alkali

soil treatments. The saline-
alkali soil and soil from the

botanical garden were mixed in
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volume-based ratios of 2:1 (SS),
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1:1 (SM), and control soil (CK).
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TOC, total organic carbon;
SOM, soil organic matter.
*Indicates significant differ-
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extremely significant difference
(»p<0.01)
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