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Different crop genotypes showed different adaptability to salt stress, which is
partly attributable to the microorganisms in the rhizosphere. Yet, knowledge
about how fungal communities of different genotypes in soybean respond to salt
stress is limited. Here, gPCR and ITS sequencing were used to assess the response
of rhizobial fungal communities of resistant and susceptible soybean to salt
stress. Moreover, we isolated two fungal species recruited by resistant soybeans
for validation. The assembly of fungal community structure might be strongly
linked to alterations in fungal abundance and soil physicochemical properties.
Salt stress derived structural differences in fungal communities of resistant and
susceptible genotypes. The salt-resistant genotype appeared to recruit some
fungal taxa to the rhizosphere to help mitigating salt stress. An increase of fungal
taxa with predicted saprotrophic lifestyles might help promoting plant growth
by increasing nutrient availability to the plants. Compared with the susceptible
genotypes, the resistant genotypes had more stronger network structure of
fungi. Lastly, we verified that recruited fungi, such as Penicillium and Aspergillus,
can soybean adapt to salt stress. This study provided a promising approach for
rhizospheric fungal community to enhance salt tolerance of soybean from the
perspective of microbiology and ecology.

soybean, salt stress, fungal structure, network, recruitment

Introduction

It is well known that soil salinization is a considerable problem in agricultural system, and
that soil salinity can greatly reduce plant productivity and yield value (Khasanov et al., 2023).
Due to an increase in global population and the ever-increasing demand for food quality, the
issue of how to alleviate the pressure of soil salinity, improve plant resistance to salt stress and
eventually increase crop yields is an urgent need to be addressed. Soybean [Glycine max (Linn.)
Merr.], an important source of protein and oil in the world, is very sensitive to salt stress, which
can severely restrict nutrient use and growth and development, ultimately reducing yields
(Phang et al., 2008). In the last few years, traditional breeding techniques combined with
beneficial microorganisms have been widely used to improve the salt resistance of soybeans
(Pathan et al., 2007; Hanin et al., 2016).

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1142780﻿&domain=pdf&date_stamp=2023-05-16
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1142780/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1142780/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1142780/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1142780/full
mailto:wlx0427@163.com
mailto:handongwei126@126.com
https://doi.org/10.3389/fmicb.2023.1142780
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1142780

Yuan et al.

Different soybean varieties have different root exudates, which
determines the composition of the plant-specific root and microbial
communities in rhizosphere area (Bulgarelli et al., 2013; Lian et al.,
2019a). Under salt stress, the amount and type of root exudates
secreted by different species are different (Lian et al., 2020). It has been
demonstrated that salt-resistant soybeans have a much greater salicin,
arbutin 6-phosphate, phosphoglycolate, and 1-methlseleno-N-acetyl-
dgalactosamine than salt-susceptible soybeans in soils, which may
increase the salt adaptation of soybeans (Lian et al., 2020).

Microorganisms have the benefit of promoting health and
increasing productivity in plants (Mendes et al., 2013; Li et al,
2014a,b). Different types and amounts of metabolites from plants or
microorganisms could alter the diversity and structure of rhizosphere
microbes, which could assist the host to become more resistant to
stress (Wu et al., 2006; Qin et al., 2016; Hu et al., 2018; Lian et al.,
2020). It is well known that plant growth promoting rhizobacteria
(PGPB) have certain functions that can promote plant growth (Bhatt
et al., 2022). For example, a variety of metabolites produced by
lead to salt
exopolysaccharides, ACC deaminase and hormones (indoleacetic acid
and gibberellins; Etesami and Glick, 2020; Li et al., 2021). However,
studies in recent years have largely emphasized on bacteria, neglecting

Pseudomonas  can stress-relieving, including

fungal species, with the improvement in nutrient cycling and the
resistance to environment, which can also assist plants to mitigate
damage caused by abiotic stresses (Kawai et al., 2000; Peltoniemi et al.,
2012). Penicillium and Aspergillus, which were reported to increase
nitrogen and phosphorus to plant roots, stimulate the growth of host
plants by increasing the accumulation of nutrient under unfavorable
conditions (Kiers et al., 2011), and thus might help plant alleviate the
biotic and abiotic stresses. Thus, to understand how salt-resistant
soybean better adapt to salt stress, it is necessary to investigate how
rhizosphere microbes of salt-resistant soybean genotypes respond to
salt stress.

In this study, we selected the resistant soybean (Qinong7) or
susceptible soybean (Hefeng50), growing at soils under salt and
non-salt stress. Then, we analyzed the fungal community structure in
rhizosphere through ITS high-throughput sequencing. Moreover, the
fungal community structure was investigated in relation to its
physicochemical properties. We hypothesized that (1) Salt-R genotype
possesses higher fungal diversity compared to Salt-S genotype, and (2)
Salt-R genotype will enrich particular Salt-R fungal taxa to the
rhizosphere that help mitigating salt stress.

Materials and methods

Pot experiment and rhizosphere soil
collection

Two different soybean (Glycine max L.) genotypes were shown to
be resistant (Qinong?7) or susceptible (Hefeng50) to salt stress. Soil
collection was conducted in an agricultural field in Qiqihar (110°25'N,
21°32'E), Heilongjiang Province, China in June 2022. We conducted
a pot experiment with six replicates in a greenhouse at Heilongjiang
Academy of Agricultural Sciences, Qiqihar Branch, Qigihar, China, in
a completely randomized block design. A 4mm mesh was used to
sieve the soil. Eight seeds were sown in each pot and then two better
seedlings were kept after the ninth day of sowing. The temperature
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range of the greenhouse was 16-20°C night-time temperature and
25-30°C daytime temperature. Each treatment was watered with
150 mM NaCl solution, with equal amounts of pure water as a control.
Soil moisture content was 85% of field capacity.

Soil samples were collected with a shaking of the root at the
flowering stage. Each replicate for each treatment, a microcentrifuge
tube containing 8 g of soil was placed at —80°C for DNA extraction
after shaking for 3 min. Soil physicochemical property analysis were
performed on the remaining soil that stored at 4°C.

Soil properties admeasurement

Soil pH was measured using a pH metre. A VarioEL III elemental
analyzer (Germany) was used to measure TN and TC contents in soil
(Jones and Willett, 2006). Inductively coupled plasma atomic emission
spectrometry (ICPS-7500, Shimadzu, Japan) was used to determine
soil TK. A continuous flow analysis system (SKALAR SAN++, The
Netherlands) was used to measure NH,* -N and NO;™ -N, TP and
Olsen-P.

Molecular genetic analyses

Following the manufacturer’s instructions, DNA was extracted
using a E.Z.N.A. DNA Kit for Soil (Omega, United States). qPCR was
conducted through the ITSIF (5-CTTGGTCATTTAGAGGAA
GTAA-3") and ITS2R (5-GCTGCGTTCTTCATCGATGC-3")
primers to measure the fungal abundance (Jobst et al., 1998). PCR
amplification system were as follows, with 15pL of 2x KAPA HiFi
Mix, the forward and reverse primers (0.2 uM), and 0.5 ng of template
DNA in a volume of 30pL. PCR reaction cycling conditions were
followed by 3 min at 95°C for one cycle, 30s at 95°C, 30s at 55°C, 155
at 72°C for twenty-five cycles, and then 5min at 72°C for
thermal extension.

For next-generation sequencing, the hypervariable ITS region of
fungal was amplified by ITS1F/ITS2R primers. Using an Illumina
MiSeq platform, standard protocols were followed to paired-end
sequence the pooled-purified in equimolar amounts of amplicons.
PCR products were used to create sequencing libraries and then
paired-end sequences were carried out on the Illumina MiSeq
platform. Raw sequences were uploaded in the NCBI with accession
number of PRJNA918498.

Bioinformatic processing

Raw FASTQ files obtained by sequencing were subsequently
used for processing in the QIIME Pipeline (version 1.19.1; Pauvert
et al., 2019). To be brief, each sample was allocated to obtain a
certain number of sequences reads, which were then quality filtered
and chimeras were removed by UCHIME (Edgar et al., 2011). Based
on the best match for the sequences in the RDP database, sequences
were assigned phylogenetically by the RDP classifier (Wang et al.,
2007). Amplicon sequence variants (ASVs) were classified using
CD-HIT with 97% of sequence similarity (Li and Godzik, 2006).
a-diversity (Chaol richness and Shannon diversity) was done
using QIIME.
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Principal coordinate analysis (PCoA, Bray-Curtis’s dissimilarities),
(PERMANOVA),
performed using the aMDS and adonis functions of the “vegan”

nonparametric multivariate analysis were
package in R (version 4.0.2), respectively. Canonical correspondence
analysis (CCA) and Mantel test were performed using cca and mantel
functions of the “vegan” package in R, respectively (Anderson, 2001;
Tierney, 2012; Oksanen et al., 2015). Fungal phyla relative abundance
was indicated by the “circlize” package (Gu et al., 2014). Differential
abundance analysis of 438 ASV's was carried out using generalized
linear models and likelihood ratio tests to identify significant ASV's
that caused the structural segregation of fungal communities across
genotypes. ASVs that were co-enriched and unique across different
salt treatments and genotypes were identified using Venn analysis (Yin
etal,, 2022). Statistical analyses were done by SPSS with Duncan tests
at 95% confidence level (p <0.05) (version 24.0, IBM, United States).

To understand the relationships in the fungal communities for
each ASV, co-occurrence network analysis was performed in this
study. ASVs with relative abundance exceeding 0.05% were to
be selected for calculating the Spearman’s rank correlation coefficient
between them. The standard for the determination of statistically
significant correlation between ASVs was Spearman’s correlation
coeflicient more than 0.8 and p <0.05 (Shi et al., 2020). Those nodes
in the network were assigned at the phylum level of the fungus, and
correlations were indicated by different colored edges, i.e., red was
positive and green was negative. A series of indices were employed to
evaluate the stability and complexity of the network, including graph
density, the average weighted degree (avgK), the number of positive
correlations, and modularity (M). The ASVs that with high
betweenness centrality and high degree were consider as keystone
species (Shi et al., 2020). After the statistical analyses completed, the
Gephi was used for visualizing (Parente et al., 2016).

Isolation of fungal species and their effect
on the soybean

Microorganisms enriched in soybean grown under salt stress were
considered to be salt-resistant. Samples of the rhizosphere were
obtained by resuspension with 1 x phosphate buffer saline (PBS) (2.0g
of sample per 10mL of PBS). The rhizosphere soil suspension was
diluted to 10™° and 100 puL dilutions and was plated to the fungal
medium. 0.1M NaCl was then added to the homogenate as an
inoculum for microbial enrichment cultures via R2A liquid medium
(at 30°C, 150 rpm on a rotary shaker for 48 h). After incubation for no
more than 2 weeks, single colonies were selected from plates with no
more than 20 colony forming units and subjected to ITS gene analysis.
Then the single colonies were inoculated into susceptible soybeans at
an inoculate level of 2x10° per plant and soybean growth was
observed 30 days after sowing.

Results

Biomass in soybean, fungal abundance,
and diversity

Salt stress limited the increasement of soybean biomass in both
genotypes and was more suppressive to Salt-S biomass than Salt-R
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(Figure 1A). In terms of fungal abundance, varying from 5.03 to
11.14x 107 copies g/dry soil, salt stress showed a significant decrease
in the abundance of both genotypes and a higher abundance in Salt-R
(Figure 1B, p <0.05). Interestingly, salt stress exhibited no significantly
effect on fungal Shannon diversity and Chaol richness of Salt-R and
Salt-S genotypes (Figure 2, p >0.05).

Fungal community structure in the
rhizosphere

There were 985,254 high qualities filtered fungal ITS1
sequences with a read number range of 52,531 ~ 96,735. Clustering
yielded a total of 438 fungal ASVs. The fungal community structure
was significantly dissimilar at the four treatment levels, but had a
stronger tendency to detach under salt stress conditions rather
than genotypes (Figure 3A). The fungal community members were
assigned into six dominant phyla (Figure 3B). Ascomycota and
Basidiomycota, followed by Chytridiomycota, Glomeromycota,
Mortierellomycota and Rozellomycota were the main phyla across
the treatments. In detail, for these six fungal phyla, relative
abundance of Ascomycota was decreased with the salt stress, while
the relative abundance of Mortierellomycota and Basidiomycota
were increased in both Salt-R and Salt-S. Moreover, the relative
abundance of Mortierellomycota was markedly higher in Salt-R
than in Salt-S under salt stress.

Using differential abundance analysis, each 12 ASVs were
significantly enriched in Salt-R and Salt-S genotypes under salt
stress, when compared to the control (Figure 4). Among them, four
ASVs that ASV1 (Saitozyma), ASV6 (Idriella), ASV29 (Talaromyces)
and ASV80 (Cladosporium) were specially enriched to Salt-R
genotype soybean, while four ASVs that ASV44 (Saitozyma),
ASV63 (Cladosporium), ASV75 (Candida) and ASV96 (Gliomastix)
were specially enriched to Salt-S genotype soybean
(Supplementary Tables S1, S2). Furthermore, eight ASVs that ASV7
(Talaromyces), ASV9 (Saitozyma), ASV17 (Wallemia), ASV19
(Aspergillus), ASV21 (Wallemia), ASV24 (Saitozyma), ASV32
(Candida) and ASV38 (Papiliotrema) were significantly enriched at
both Salt-R and Salt-S genotypes (Supplementary Table S3).

The correlation linkages with soil physicochemical properties and
fungal community structure were evaluated using CCA and Mantel
test (Figure 5). The results indicated that the fungal communities of
Salt-R and Salt-S genotypes showed significant correlations with
certain soil physicochemical properties, including Na*, Olsen-P, pH,
NH,*and NO;™.

FUNGuild analysis of rhizosphere soil fungi

All filtered ASV's were categorized into 10 guilds by FUNGuild
(Table 1). With the exception of “Ectomycorrhizal,” “Fungal Parasite,”
and “Animal Pathogen,” the remaining guilds differed significantly in
terms of salt stress and genotypes. “Wood Saprotrophs” were the
largest guild with 251 ASVs affiliated to Ascomycota and
Basidiomycota, accounting for 32.6-51.8% in different genotypes.
“Wood Saprotroph,” “Plant Pathogen,” “Endophyte” and “Soil
Saprotroph” were significantly increased in the salt R genotype under
the salt stress.
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FIGURE 1

soybean genotype; Salt-S: salt susceptible soybean genotype.

Effects of salt stress on soybean biomass (A), and rhizospheric fungal ITS copy number (B) Salt-S and Salt-R were significant differed by one way
ANOVA using Student's t-tests (p <0.05). The standard error of the biological repetition mean is shown through error bars (n =6). Salt-R: salt-resistant
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FIGURE 2

genotype; Salt-S: salt susceptible soybean genotype.

Effects of salt stress on Chaol value (A) and Shannon index (B) of soybean rhizosphere. Salt-S and Salt-R were significant differed by one way ANOVA
using Student's t-tests (p <0.05). The standard error of the biological repetition mean is shown through error bars. (n =6). Salt-R: salt-resistant soybean
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Effect of salt on the fungal networks

The co-occurrence network analysis of fungi in both genotypes
showed that the network structure was significantly different by salt
stress conditions (Figure 6; Table 2). Specifically, the number of nodes
and positive correlations and average weighted degree (avgK)
decreased in Salt-T genotype under salt stress, while the opposite
trend was observed in Salt-S genotype. Interestingly, modularity (M)
and average path length (APL) increased in Salt-T genotype and
decreased in Salt-S genotype. Taken together, the salt-S genotype had
amore intricate and stable network structure with respect to the salt-R
genotype under salt stress. Degree of node, closeness centrality and
betweenness centrality were the main indicators for identifying key
ASVs (Table 3). For example, ASV45 (Talaromyces) and ASV8

Frontiers in Microbiology

(Aspergillus) were determined as keystones for the Salt-R genotype
when exposed the salt stress.

Effect of Talaromyces and Cladosporium
on the soybean under salt stress

More than 100 fungal clones were isolated and 15 strains were
identified from the Salt-tolerant rhizosphere soil. Further
comparing these 15 strains with the sequencing results, we found
two strains, i.e., Talaromyces and Cladosporium, whose relative
abundance was increased in the resistant genotpye. Pouring the
fungal solution on the roots of soybean significantly increased the
shoot and root biomass of soybean. In general, Talaromyces
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https://doi.org/10.3389/fmicb.2023.1142780
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yuan et al.

10.3389/fmicb.2023.1142780

PCoA1 (54.36%)

FIGURE 3

A B e —
10
L]
8 75
P L]
xX
e 0 . ¢ B Ascomycota
@ . o I Basidiomycota
= ° e 0Salt-R 50 Chytridiomycota
P o ¢ o A osai-s [ Glomeromycota
S Ae g B Mortierellomycota
o 00 o 03Salt-R
& A A A A 03Sal-S [ Rozellomycota
- 4 A, A } 25 [0 Others
A AA
. .
-0.5
-050  -025 0.0 0.25 0.50 0

Principal co-ordinates analysis (PCoA) reveals the significant differences in the rhizospheric fungal community structures with and without salt stress
(A). The PERMANOVA F-ratios and p-values (n=6) for the factor genotype are provided in the corner of the plots. Bar chart for calculating relative
abundance of soybean rhizospheric fungal community on dominant phyla (B). Salt-R: salt-resistant soybean genotype; Salt-S: salt susceptible soybean

* S

A S S
\4 N \4 \1
“@\ & 6?55-»\ BT’%&\

susceptible soybean genotype.

genotype.
A 0.3Salt-R VS 0Salt-R B 0.3Salt-S VS 0Salt-S c
6 ! [ N ! 0.3Salt-R VS 0Salt-R 0.3Salt-S VS 0Salt-S
1 ] I
[ . I o o
B Pl . 1 . ~Log,,_q-value
s, 1 1 » 1 . .
L 1 1 1 i
o 1 1 1
‘{‘i; 1 1 1 I 2
@ ) [ 1, . !
E ) [ [ 1
| i oz .- Jo o et il st S 0N [N " SO 66 Lo ale ols =
o 2Ll I = o
Telvenity | 4. a5 (% e
¢ 1 1 4 Ly
~10 5 0 5 -10 =5 0 5 10
Log, (Fold Change) Log, (Fold Change)
FIGURE 4

Enrichment and depletion of ASVs of Salt-R (A) and Salt-S (B). Each point represents an independent ASV. Venn analysis was used to count the number
of shared and unique enriched ASVs in the two comparison groups mentioned above (C). Salt-R: salt-resistant soybean genotype; Salt-S: salt

increased the shoot and root biomass of Salt-S soybeans by 21.9
and 19.7%, respectively, and Cladosporium increased the shoot and
root biomass of Salt-S soybeans by 26.9 and 29.5%, respectively
(Table 4).

Discussion

This study was conducted to reveal how salt stress affects the
structure of the rhizospheric fungal community of salt-tolerant
(Salt-R) and susceptible (Salt-S) soybean genotypes. In comparison
to the Salt-S genotype, the fungal communities of the Salt-R
genotype were higher in abundance and significantly different in
structure, but not in diversity (Figures 1-3). The amount and type
of root exudates secreted by different soybean genotypes was
variable, which led to a diverse response to salt stress (Li et al.,
2021). Therefore, Salt-R genotypes, except for secreting abundant
organic acids directly to dilute NaCl, might also enrich some fungi
with ability to secrete organic acids around the rhizosphere, thus
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increasing their resistance to salinity (Lian et al., 2020). Notably,
salt stress usually amplified the segregating trend in fungal
community structure between resistant and susceptible genotypes,
which was in accordance with the observations of Lian et al. (2020)
and Lian et al. (2020).

The composition of the rhizospheric fungal community was
greatly altered by salt stress in both genotypes (Figure 3A). This was
in line with previous studies that fungal community structure was
influenced by the complicated effects of saline alkaline soil
environments (Yao et al., 2021). There was also, however, genotype-
dependance in the fungal community structure with non-salt stress
(Figure 3A), which was in contrast with previous study (Wang et al.,
2008). Wang et al. (2008) reported that fungal communities were not
found to be significantly different among the three genotypes at the
same growth stage (Wang et al., 2008). This phenomenon might
be explained by the lower methodological resolution to test fungal
communities (Gomes et al., 2003). It was possible that differences in
soil physicochemical properties directly contributed to changes in the
structure of fungal communities under salt stress (Figure 5). Moreover,
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Na’, Olsen-P, NH,*, NO;™ and pH were the most important factors
that shaping the rhizosphere microbial community.

A number of studies have demonstrated that salt resistant
genotypes had the ability of secreting some special root exudates
to make plants more adapted to salt stress (Innes et al., 2004; Lian
etal., 2020). We have previously shown that the resistant genotype
can recruit beneficial bacteria and hypothesize that the same is
true for fungi (Lian et al., 2019a). The relative abundance of
several fungal taxa in the rhizosphere of Salt-R was higher
compared to Salt-S under salt stress like Talaromyces, Saitozyma
and Cladosporium. Moreover, Talaromyces and Cladosporium
isolated from the rhizosphere soil were verified that significantly
increased the shoot and root biomass of soybean (Table 4). It has
been previously revealed that Talaromyces was able to solubilize
phosphate at salinity and thus showed high tolerance to salt stress
(Lopez et al., 2020). Thus, Talaromyces may be a key species for
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Canonical correspondence analysis (CCA) showed the relationship
between rhizospheric fungal community structure and soil
physicochemical factors.

10.3389/fmicb.2023.1142780

improving salt tolerance in soybean. However, the other five
genera have not yet been found to be associated with soil salt stress
and their role needs to be investigated in more detail.

The two genotypes also showed differences in the relative
abundance of specific trophic groups (Table 1). Saprotrophs were
the dominant trophic mode in the present study. Saprotrophs, as
the dominant guild, had the highest relative abundance in the
Salt-R genotype under salt stress. It has reported that fungi
belonging to saprotrophs might have an essential function in
promoting nutrient conversion and controlling plant pathogens
(Lian et al., 2019b). The increased abundance of saprotrophs is
again directly linked to the presence of different Talaromyces
species. Previous studies have well established that Talaromyces
could facilitate plant growth through better utilization of nutrients
by plants (Shi et al., 2022).

Co-occurrence network analysis revealed that network
properties were inherently different among salt-resistant and
susceptible genotypes (Figure 6; Table 2). Compared to Salt-R
genotypes, there was fewer negative correlations and higher
modularity in fungal networks of Salt-S genotypes under salt
condition, according to network theory, probably because of
weaker competitive relationships between microbial species within
the rhizosphere (Saavedra et al, 2011; Fan et al., 2018).
Additionally, Salt-R genotype exhibited a higher number of
positive correlations than Salt-S genotype under salt stress,
suggesting that most fungal members were connected through a
series of cooperative relationships (Coyte et al., 2015; de Vries
et al., 2018). However, this network structure was considered
unstable because fungal members might be strongly influenced by
environmental fluctuations, thus increasing unstable coupling
(Coyte et al., 2015; de Vries et al., 2018). In addition, core species
served as a critical pointcut to analyze how to alleviate salt stress
(Table 3). For example, ASV23, ASV8, and ASV 14 were identified
as Aspergillus, which alleviated salt stress by producing organic
acids to form organic acid-salt complexes (Ali et al., 2021).
However, rhizosphere microbes also include bacteria, which can
help soybeans resist salt stress by releasing hormones and
promoting plant nutrient uptake, among other things, which
cannot be ignored (Li et al., 2021). Bacteria should be explored in

TABLE 1 Functional potentials of rhizospheric fungal community based on different salt stress and genotypes.

OSalt-R OSalt-S 0.3Salt-R 0.3Salt-S p value
Wood Saprotroph 32.550+4.795 ¢ 36.687 £7.506 be 51.808+10.079 a 45.132+13.642 ab 0.0107*
Undefined Saprotroph 33.873+7.145a 38.698+10.415a 17.040+7.846 b 28.675+7.037 a 0.0013%*
Plant Pathogen 6.841+4.219b 4.289+1.536 b 15.189+10.558 a 6.4263+3.828 b 0.0268*
Endophyte 1.418+1.141b 0.914+0.312b 8.679+5411a 7.621£5.495a 0.003**
Ectomycorrhizal 0.244+0.191 a 0.311+0.218 a 0.371+£0.323 a 0.721+0.645 a 0.1824
Fungal Parasite 0.379+0.230 a 0.542+0.188 a 0.952+0.761 a 1.067+0.850 a 0.1708
Soil Saprotroph 0.382+0.637 b 2.279+2.813 ab 3.591+1.753 a 4.341+1.519a 0.0077%*
Animal Pathogen 0.371+0.287 ab 0.180+0.081 ab 0.091+0.0590 b 0.437+0.414 a 0.1006
Arbuscular Mycorrhizal 0.007+0.009 b 0.034+0.021 a 0.003+0.004 b 0.013+0.018 b 0.0094**
Dung Saprotroph 0.128+0.141 ab 0.213+0.146 a 0.023+0.017 b 0.027+0.027 b 0.0125*
Unknown 23.800+8.307 a 15.847+3.914 b 2.248+1.260 ¢ 5.536+2.435¢ 0.0001%**

#p <0.05; ##p <0.01; *#¥p <0.001.
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FIGURE 6
Co-occurrence network analysis of rhizospheric fungal communities. 0 Salt-R (A), 0 Salt-S (B), 0.3 Salt-R (C), and 0.3 Salt-S (D). OTUs are indicated by
nodes, coloring-coded in phyla, and degree is indicated by node size. Lines shown in red indicate positive correlation (r >0.8), lines shown in green
indicate negative correlation (r <—0.8), and p <0.05. Salt-R: salt-resistant soybean genotype; Salt-S: salt susceptible soybean genotype.

TABLE 2 Network characteristics of rhizospheric microbial networks among different treatments.

Network characteristics OSalt-R 0Salt-S 0.3Salt-R 0.3Salt-S
Number of nodes 61 44 51 51
Number of edges 276 119 170 153
Number of positive correlations 242 82 130 118
Number of negative correlations 34 37 40 35
Average path length 2.68 3.34 3.19 3.26
Graph density 0.15 0.13 0.13 0.12
Network Diameter 7 7 7 6
Average clustering coefficient 0.59 0.66 0.63 0.58
Average weighted degree 10.57 2.04 9.34 4.24
Connecting components 15 12 9 6
Modularity 0.40 14.85 1.29 1.46

future studies and analyses in conjunction with fungi to explore
the synergistic role of different microbial communities in helping
the host to resist stress.

In conclusion, the rhizospheric fungal community of the two
genotypes differed under salt stress. The Salt-R genotype recruited
salt-resistant fungal species to the root zone to help alleviating salt
stress. Different co-occurrence structure of the fungal community

Frontiers in Microbiology

associated with the resistant genotype indicate more complex along
with environmental changes. Taken together, the study provides new
evidence for the important role of the soybean rhizosphere
microbiome in conveying resistance to salt stress. In the future, the
rhizospheric fungal community could serve as a promising breeding
strategy to select for plants that are more resistant towards
different stresses.
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TABLE 4 Effect of Talaromyces and Cladosporium on the soybean

biomass under salt stress.

Treatment Shoot biomass Root biomass
Control 30.10+2.5 10.23+£1.51
Talaromyces 36.7+2.18 12.25+0.4
Cladosporium 38.2+1.79 13.25+1.02

p value 0.0025%* 0.021*
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*p <0.05; **¥p <0.01; ***p <0.001.
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