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Abstract

Background Phosphorus (P) and salt stress are common abiotic stressors that limit crop growth and development,
but the response mechanism of soybean to low phosphorus (LP) and salt (S) combined stress remains unclear.

Results In this study, two soybean germplasms with similar salt tolerance but contrasting P-efficiency, A74
(salt-tolerant and P-efficient) and A6 (salt-tolerant and P-inefficient), were selected as materials. By combining
physiochemical and transcriptional analysis, we aimed to elucidate the mechanism by which soybean maintains
high P-efficiency under salt stress. In total, 14,075 differentially expressed genes were identified through pairwise
comparison. PageMan analysis subsequently revealed several significantly enriched categories in the LP vs. control
(CK) or low phosphorus +salt (LPS) vs. S comparative combination when compared to A6, in the case of A74.
These categories included genes involved in mitochondrial electron transport, secondary metabolism, stress, misc,
transcription factors and transport. Additionally, weighted correlation network analysis identified two modules that
were highly correlated with acid phosphatase and antioxidant enzyme activity. Citrate synthase gene (CS), acyl-
coenzyme A oxidase4 gene (ACX), cytokinin dehydrogenase 7 gene (CKXs), and two-component response regulator
ARR2 gene (ARR2) were identified as the most central hub genes in these two modules.

Conclusion In summary, we have pinpointed the gene categories responsible for the LP response variations
between the two salt-tolerant germplasms, which are mainly related to antioxidant, and P uptake process. Further, the
discovery of the hub genes layed the foundation for further exploration of the molecular mechanism of salt-tolerant
and P-efficient in soybean.
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Background

Salinity stress and phosphorus (P) deficiency are two of
the most significant soil limitations to crop production.
Furthermore, salinity hinders the absorption and trans-
portation of mineral nutrients, thereby exacerbating the
restriction of nutrient availability for plants [1]. Conse-
quently, crops cultivated in saline soil experience several
abiotic stress factors concurrently. Plants that survive in
such challenging environments are compelled to develop
adaptive mechanisms.

P is an irreplaceable macronutrient and an essential
element for the growth and development of plants. It is a
crucial component of basic biomolecules and plays a vital
role in various cellular activities [2—4]. Approximately
40% of the world’s arable land is deficient in effective P
[5], and low P stress is one of the most common biologi-
cal stresses in agricultural ecosystems [6]. The situation
is even worse in China, where 74% of arable land is effec-
tive P deficient and more than 30% of arable land requires
P fertilizer to meet crop nutrient needs [7]. P is a non-
renewable resource and consumed quickly [8], P defi-
ciency resulted in crop reduction in yield to 30-40% [9].
Therefore, it is crucial to enhance the absorption and uti-
lization efficiency of P in crops to reduce dependence on
natural resources and minimize the adverse environmen-
tal impacts of excessive use of P fertilizers [10]. Plants
have evolved various mechanisms to cope with persistent
P deficiency, such as altering their root system architec-
ture, boosting acid phosphatase (ACP) activity, secreting
small molecular organic acids, activating P-responsive
genes, and establishing symbiotic relationships with
mycorrhizal fungi [11, 12]. Plants respond to P defi-
ciency by forming long, slender roots, increasing lateral
root production and growth, developing cluster roots,
and increasing root hair length and density [11, 13-15].
Plants secrete or release organic acids, such as citric acid,
malic acid, and oxalic acid to response to P-deficiency
and these organic acids dissolved phosphate in the soil
and converted it into soluble P that is available for plant
uptake [16]. In addition, plants also produce acid phos-
phatases, which promoted the release and conversion of
phosphate, thereby improving the efficiency of P uptake
by plants [17].

Globally, the area of saline soils is increasing at a rate of
1.0 to 1.5 million hectares per year, and currently, salin-
ity affects 10% of the world’s arable land [18]. In China,
the widespread distribution of saline soils, which covers
about 99.13 million hectares, is a significant factor limit-
ing crop yields [19]. The adverse effects of salt stress on
plants include osmotic stress, ion toxicity, and nutrient
imbalance caused by interference with nutrient uptake
and transport [20]. Salt stress affects the uptake of P by
plants. Studies demonstrated that plants experience a
decrease in P concentration under salt stress, particularly
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in high-salt environments. This reduction in P levels
was observed in both plant leaves and roots. This was
because salt stress causes a decrease in the growth and
uptake capacity of plant roots, thus reducing the uptake
of P by plants [21, 22]. In addition, salt stress affects the
effectiveness of P in the soil, making it more difficult for
plants to absorb P from the soil [23]. For instance, salinity
stress decreased the efficiency of P uptake in crops such
as chickpea (Cicer arietinum) [24]. Previous research
indicated that the impact of simultaneous P deficiency
and salt stress on physiological markers closely resem-
bled that of plants exposed to salt stress alone, and with
a more pronounced effect on the root system [25]. The
inhibition of resource allocation in plants was even more
pronounced and detrimental to maize under the com-
bined stress of salt and low P, as compared to low P stress
alone [26]. Therefore, how to improve the P uptake effi-
ciency of crops in high salt soil is a problem worthy of
our attention.

Soybean holds a significant economic value and dem-
onstrates a moderate tolerance to low P and salt [27]. The
plant obtains P through its root system and transports it
to the shoots which is essential for metabolic processes
such as cell synthesis, photosynthesis, and respiration
[28]. Previous studies focused on the adaptation mecha-
nism of soybean under low P or salt stress without con-
sidering their combined effects [1]. The aim of this study
was to investigate the molecular mechanism of soybean
that maintain P-efficiency under salt stress. Two soybean
germplasms, A6 and A74, were selected on the basis of
their similar salt-tolerance and contrasting P efficien-
cies. The growth and physiological parameters of these
two soybean germplasms were assessed under condi-
tions of low P and salt stress. Additionally, genome-wide
transcriptome analyses were conducted to identify dif-
ferentially expressed genes. Furthermore, PageMan and
WGCNA analyses were conducted to identify pathways
and hub genes related to the high P-efficiency under
salt stress. The findings of this study enhance our com-
prehension of the molecular mechanism underlying
P-efficiency under salt stress in soybean and facilitate the
development of crops with improved growth and devel-
opment under these conditions.

Results

Effects of LP and S alone or combination on the growth
and physiological characteristics of two soybean
germplasms

The impact of low phosphorus (LP) and salt (S) alone or
combination stress on the growth and physiological char-
acteristics of two soybean germplasms were investigated.
The results showed that A74 exhibited superior growth
and development under LP and low phosphorus+salt
(LPS) treatment compared to A6 (Fig. 1A). Besides, in
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Fig. 1 Soybean phenotypic features under each treatment. Soybean seedlings were treated at V2 growth stage, which represented second vegetative
stage of the soybean’s development and typically occurred when the soybean plant has developed two fully expanded trifoliate leaves. Growth status
of two soybean germplasms (A) was photographed after fourteen days, relative growth rate of shoot (B), root length (C), shoot biomass (D) and root
biomass (E) were measured after the same period. Different letters above columns of the different color indicate statistic significant difference at P<0.05
(Duncan’s multiple range test). The * (P<0.05) and ** (P<0.01) indicate significant differences between bars of the same color (Student’s t-test). CK rep-
resents control, LP represents low phosphorus, S represents salt and LPS represents low phosphorus +salt

LP environment, the growth of A74 was not affected, and
A6 significantly deteriorated. The relative growth rate of
shoot of both germplasms was significantly decreased
under all three stress conditions compared to the con-
trol, but A74 increased significantly under LP and LPS
treatments compared to A6 (Fig. 1B). Under stress, the
root length of A6 significantly extended compared to
the control, while there was no significant difference for
A74 (Fig. 1C). The shoot biomass of A6 was significantly
reduced under LP treatment compared to the control,
while A74 was unaffected. Similarly, the shoot biomass of
A6 was significantly reduced under LPS treatment com-
pared to S treatment alone, but no significant difference
was observed for A74 (Fig. 1D). The root biomass of A6
increased significantly under S treatment compared to
the control. For all stress treatments, no difference was
observed in the root biomass of A74, however, its root dry
weight was significantly higher than that of A6 under LP
and LPS treatments (Fig. 1E). In summary, A74 outper-
formed A6 significantly when exposed to LP or LPS stress.

Effects of LP and S alone or combination on roots of
soybean seedling

To study the response in the roots of A6 and A74 under
LP and S alone or combination stress, the soybean

seedlings were treated for 24 and 48 h respectively. The
roots samples were collected for physiological analysis.
After 24 h of treatment, A6 did not show a significant dif-
ference in total soluble protein (TSP) content under LP
stress compared to the control. However, A74 exhibited
a significant increase in TSP content, with TSP levels
being significantly higher in A74 than in A6 (Fig. 2A).
Following 48 h of treatment, all stress conditions sig-
nificantly reduced TSP content of A6 when compared
to the control. Meanwhile, TSP content of A74 signifi-
cantly increased under LP treatment, and was signifi-
cantly higher than A6’s under both LP and LPS treatment
as shown in Fig. 3A. At 48 h, acid phosphatase (ACP)
activity of A6 significantly decreased under LP treatment
compared to the control, whereas A74’s significantly
increased. Moreover, A74 alone exhibited a significant
increase in ACP activity under LP conditions compared
to A6 (Fig. 2B). After 48 h of treatment, superoxide dis-
mutase (SOD) activity in A74 under LP treatment was
significantly higher than that in the control group. More-
over, SOD activity in A74 under LPS treatment was sig-
nificantly higher than that under S treatment. However,
no such phenomenon was observed in A6 (Fig. 2C).
Compared to S treatment, peroxidase (POD) activity of
A74 was significantly increased at 24 and 48 h under LPS
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Fig. 2 The root resistance indexes of two soybean germplasms were measured under four different treatments. The soybeans were cultured to the V2
growth stage before being transferred to hydroponic cultures that mimicked CK (control), LP (50 pM H;PO,), S (200 mM NaCl), and LPS (50 uM H;PO, and
200 mM NaCl) conditions for 24 and 48 h. The levels of TSP content (A), ACP activity (B), SOD activity (C), and POD activity (D) in roots were measured.
Different letters above columns of different colors indicate statistically significant differences at P<0.05 (Duncan’s multiple range test). The * (P<0.05)
and ** (P<0.01) indicate significant differences between bars of the same color (Student’s t-test). CK represents control, LP represents low phosphorus, S

represents salt and LPS represents low phosphorus +salt

treatment, while no significant changes were observed in
A6 (Fig. 2D). These results demonstrated that A74 exhib-
its a stronger resistance to LP and LPS stresses than A6.

Differential P response in two soybean germplasms under
different stress conditions

Under all stress conditions, the total P accumulation of
A6 was significantly decreased compared to the control.
The greatest decrease was observed under LPS treat-
ment. On the other hand, A74 showed a significant
decrease in total P accumulation only under LPS treat-
ment, while LP and S treatment alone had no effect on
it (Fig. 3A). The trend of P accumulation of shoots was
consistent with the results mentioned above (Fig. S1A).
Under stress treatments, the root P accumulation of A74
was significantly higher than that of A6 (Fig. S1B). Total
P uptake efficiency of A74 was significantly increased
under all stresses, compared to A6 (Fig. 3B). The trend
of P absorption efficiency in both aboveground and root
parts was similar (Fig. SIC-D). ACP activity of A6 did

not change significantly under stress conditions, whereas
A74 showed a significant increase in ACP content under
LP and LPS treatments. A74 also had significantly higher
ACP activity than A6 under three stress conditions
(Fig. 3C). These results suggest that A74 was a P-efficient
germplasm compared to A6, with ACP playing a crucial
role in this process.

Identification of differentially expressed genes

To further explore the molecular mechanism of A6 and
A74 under LP and S alone or combination stress, we
conducted whole-genome transcriptome analysis on the
roots of A6 and A74 under CK, LP, S, and LPS condi-
tions. Comparisons of A6 LP vs. CK, A6 LPS vs. S, A74
LP vs. CK and A74 LPS vs. S consisted of 521, 814, 318,
814 up-regulated genes and 2,228, 192, 318, 192 down-
regulated genes at 24 h, respectively. At 48 h, there were
336, 239, 570, 1,133 up-regulated genes and 462, 575,
1,624, 1,395 down-regulated genes, respectively (Fig. 4A-
F). Notably, comparisons of A74 LP vs. CK showed 318
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Fig. 3 The P concentration of each plant was determined after 14 days of treatment during the V2 stage. The bar chart shows the average total P ac-
cumulation (A), total P uptake efficiency (B) and ACP of roots (C) of two soybean germplasms under each treatment, with three replicates per treatment.
Different letters above columns of the different color indicate statistic significant difference at P<0.05 (Duncan’s multiple range test). The * (P<0.05)
and ** (P<0.01) indicate significant differences between bars of the same color (Student’s t-test). CK represents control, LP represents low phosphorus, S

represents salt and LPS represents low phosphorus +salt

up-regulated genes at 24 h, of which 2 genes were also
up-regulated in the A74 LPS vs. S (Fig. 4A). At 48 h,
there were 84 co-upregulated genes in the two com-
parative combinations (Fig. 4B). 2,228 down-regulated
genes in the A6 LP vs. CK comparative combination at
24 h, of which 37 genes were also down-regulated in A6
LPS vs. S (Fig. 4C), and 25 genes were co-downregulated
in both comparative combinations at 48 h (Fig. 4D). At
24 h, A6 exhibited a greater number of DEGs compared
to A74 in the LP vs. CK comparison, indicating A6 was
sensitive to LP conditions and responded early to stress.
Conversely, at 48 h, A74 displayed a higher DEGs count
than A6 in both the LP vs. CK and LPS vs. S comparison,
implying that A74 exhibited a delayed yet more enduring
response to LP-related stress (Fig. 4A-F). Moreover, the
overall expression pattern was visualized in a heat map
(Fig. 4G,H), which provided an overview of the changes
in gene expression.

Functional categorization of the deferentially expressed
genes

To analyze the relationship between the enriched tran-
scripts of different treatments, the PageMan analysis
generated clusters for all annotated DEGs. We focused
on bins involved in mitochondrial electron transport (9),
secondary metabolism (16), stress (20), and misc (26) for
this analysis (Fig. 5, Fig S3 and Table S1). In addition, we
focused on the DEGs situation of transcription factors
and transporters (Fig. S2). ATP synthesis-related sub-
bins were only up-enriched in the A74 LP vs. CK com-
parison (Fig. 5A and E). Additionally, flavonoid-related
genes were significantly up-enriched in the same com-
parison combination at both 24 and 48 h (Fig. 5B and F,
Table S1). Kinase-related genes were up-enriched at both
24 and 48 h in the A74 LPS vs. S comparison (Fig. 5C
and G, Table S1). In addition, peroxidases related genes
were significantly up-enriched in A6 and A74 LP vs. CK

comparison combination at 24 h (Fig. 5D and Table S1),
but only in A74 LP vs. CK comparison at 48 h (Fig. 5H
and Table S1). Acid and other phosphatases related genes
were significantly up-enriched in A6 LP vs. CK at 24 h
and A74 LP vs. CK at 48 h (Fig. 5D and H, Table S1).
Furthermore, we observed a significant up-enriched of
the MYB domain transcription factor family exclusively
at 24 h in the A74 LPS vs. S comparative combination
(Fig. S2A). Additionally, the GeBP exhibited a significant
up-enriched in the A74 LPS vs. S comparative combina-
tion at both 24 and 48 h (Fig. S2A and S2C). Phosphate
transport related genes in the A6 LP vs. CK comparative
combination displayed a significant down-enriched (Fig.
S2B), which potentially contribute to abnormal phos-
phate uptake and transport in the LP environment. These
gene categories played a role in A74’s ability to maintain
high P-efficiency under salt stress.

Co-expression network analysis and hub gene exploring

by WGCNA

To study the correlation between traits and DEGs under
different treatments, WGCNA analysis was conducted.
Nine co-expression modules significantly correlated
with physiological parameters were analyzed and iden-
tified (Fig. 6A). The module-traits analysis showed that
TSP and ACP were positively correlated with the gene
expression level in turquoise module, with correlation
coeflicients 0.78 and 0.52, and SOD was positively cor-
related with the gene expression level in yellow module
with correlation coefficients 0.63 (Fig. 6B). These findings
suggested that the turquoise module gene may be associ-
ated with increased ACP and TSP activity in A6 and A74,
and the yellow module gene with increased SOD activ-
ity (Fig. 6B). At the p-value <0.05 level, five modules were
associated with TSP, four modules with ACP, five mod-
ules with SOD and two modules with POD (Fig. 6B).
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Fig. 4 Summary of different expression genes after exposed to different treatment condition. Venn diagram showing the overlap of up-regulated genes
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and LPS represents low phosphorus + salt

Further, the turquoise module identified a total of 2,570
DEGS, while the yellow module identified 507 DEGs
(Table S3). The turquoise co-expression network con-
tained two hub genes in peroxisome: one citrate synthase
gene (GLYMA_14G026400, CS) and one acyl-coenzyme
A oxidase4 gene (GLYMA_18G202800, ACX) (Fig. 6C).
Additionally, the hub genes in yellow co-expression net-
work contained one cytokinin dehydrogenase 7 gene
(GLYMA_14G099000, CKXs) and one two-component
response regulator ARR2 gene (GLYMA_07G079000,
ARR?2) (Fig. 6D).

GO and KEGG analysis of genes in turquoise and yellow
module

To be better explore the biological functions and path-
ways of the genes in turquoise and yellow modules, GO
and KEGG analysis were performed. Each main func-
tional category was further divided into ten smaller func-
tional categories (Fig. 7A and B). Among the biological

processes of turquoise module DEGs, organic acid meta-
bolic process and oxoacid metabolic process were the two
main functional categories that were enriched; nucleo-
some and DNA packaging complex were the functional
categories of DEGs that were widely enriched in cellular
components; the aggregation of DEGs in molecular func-
tion was relatively concentrated, mainly in protein het-
erodimerization activity and coenzyme binding (Fig. 7A).
Regarding the biological processes of yellow module
DEGs, most of them were enriched in cellular response
to stress, nucleobase-containing small metabolic process;
the major functional categories of DEGs enriched in cel-
lular components were mitochondrion and cytosol; the
aggregation of DEGs in molecular function was mainly
manifested in ADP binding, and RNA binding (Fig. 7B).
The KEGG analysis of DEGs in the turquoise module
revealed that carbon metabolism was the most signifi-
cantly enriched pathway (57 genes), followed by pyruvate
metabolism (25 genes), and glyoxylate and dicarboxylate
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complete analysis and its display are provided in Supplemental Figure S3 and Table S1

metabolism (23 genes) (Fig. 7C). In contrast, the yellow
module DEGs were equally abundant in the first 14 path-
ways, with only the number of genes in each pathway
varying. Endocytosis had the highest number of genes
(6 genes) (Fig. 7D). These findings suggested that soy-
beans undergo changes in various metabolic pathways in
response to LP and S related stress.

RT-qPCR validation of selected deferentially expressed hub
genes

To ensure the accuracy of hub gene identification based
on the correlation between FPKM values and physiologi-
cal parameters, it was necessary to confirm the FPKM
values of these genes in the transcriptome data. In this
study, the expression levels of eight hub genes from two
WGCNA modules (turquoise and yellow) were deter-
mined using RT-qPCR analysis (Fig. S4 and Table. S4).
These eight genes, consisting of seven up-regulated and
one down-regulated genes in the A74 S vs. CK group
(Fig. 8), exhibited different expression patterns. The RT-
qPCR analysis confirmed that the expression patterns of
these hub genes were consistent with their transcriptome

FPKM values under the corresponding treatment (Fig.
S4), indicating the reliability of the RNA-seq data.

Discussion

Salinization is a leading cause of global agricultural soil
degradation, regularly resulting in the loss of nutri-
ent elements in saline-alkali soil [29]. To address this
soil stress condition, it was important to explore the
resistance mechanisms of salt-tolerant and P-efficient
germplasms. Extensive research has been conducted on
the transcriptional changes of soybeans in response to
either P or salt stress alone [30—34]. Nevertheless, there
remains a paucity of transcriptome studies examining
the effects of LP and S combination stress on soybean. In
this study, we investigated the distinct responses of two
salt-tolerant germplasms: A74, known for its P-efficiency,
and A6, recognized for its P-inefficiency, to LP conditions
under salt stress. Our findings indicated that the growth
and development of both germplasms were significantly
impacted by low P and salt stress. However, under LP and
LPS treatments, A74 demonstrated superior growth and
development compared to A6, as depicted in Fig. 1A-E.
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Energy is fundamental to all life activities, and ATP syn-
thase plays a crucial role in the growth and development
of plants, as highlighted by Liu et al. [35]. Upon Page-
Man analyzing, we observed that genes related to ATP
synthesis were significantly up-regulated and enriched
only in the A74 LP vs. CK comparison combination in
the mitochondrial electron transport pathway (Fig. 5A
and E). This up-regulation and enrichment of ATP syn-
thesis-related genes served as a pivotal response strategy,
endowing A74 with the essential energy required to miti-
gate the adverse impacts of P deficiency on its growth and
development. In the comparative combination of A74 LP
vs. CK at 48 h, it was found that the genes associated with
alternative oxidase were significantly enriched and up-
regulated (Fig. 5E). The pivotal role of alternative oxidase
came into sharper focus, as this enzyme was empirically

proven to enhance plants’ ability to absorb P in nutrient-
deprived conditions, emphasizing the interplay between
energy production and nutrient uptake [36—38]. These
findings were also reflected in the phenotype, with A74
exhibiting significantly better growth and development
under LP stress than A6 (Fig. 1A).

In response to P deficiency, plants evolved a series of
intelligent adaptive mechanisms to improve P availability
and increase its uptake efficiency, one of which was the
production and secretion of acid phosphatase (ACP) [39,
40]. The increased expression and activity of ACP could
improve the absorption and utilization efficiency of P
[41]. Our study showed that A74 had higher P accumu-
lation, P uptake efficiency, and ACP activity under both
LP and LPS stress than A6 (Fig. 3A—C and Fig. S1A-D),
suggesting it effectively acquired P resources in limited
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P-efficient mechanism. The decline under LPS stemmed
from increased injury under combined stress. This was

P conditions due to an enhanced P-efficiency mecha-
nism. This mechanism allowed A74 to adapt better to
P-scarce environment. P accumulation in A6 signifi-

cantly decreased after 14 d of treatment under all stress

reinforced by Fig. 1A, where plants under LP looked

similar to CK, but those under LPS had notably poorer
growth. Also, in the LP vs. CK comparison combina-

tion, genes related to acid and other phosphatases were
found to be up-regulated in A6 at 24 h, and up-regulated

conditions, while A74 only showed a decrease under

LPS stress (Fig. 3A). This could be because A74, being
P-efficient, took longer to adjust to LP and activate its
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in A74 at 48 h (Fig. 5D and H). Correspondingly, the
ACP activity of A74 exhibited a significant increase
under LP stress at 48 h (Fig. 2B). This finding revealed a
more durable coping strategy of A74 to LP conditions.
This strategy encompassed more effective P resource
management to ensure a continuous supply of P and to
mitigate the adverse effects of P deficiency on the plant,
thus strengthening the adaptation of A74 under P-lim-
ited conditions. Moreover, phosphate transport-related
genes were significantly down-enriched in the A6 LP vs.
CK comparison combination at 24 h (Fig. S2B), which
lead to abnormal P uptake and transport in LP environ-
ment, thus sensitizing A6 to exhibit sensitivity early in LP
stress. The evidence indicated that MYB acted as a posi-
tive regulator of P transport [42]. Overexpression of MYB
enhanced P uptake in plants [43], while its knockdown
reduced phosphatase activity [44]. Our data showed that
the MYB domain transcription factor family was notably
up-enriched in the A74 LPS vs. S comparison combina-
tion at 24 h (Fig. S2A), which likely contributed to A74’s
ability to sustain P-efficiency under combined stress and
represented a key adaptive strategy of A74 to LPS stress.
Furthermore, our study had identified a module that
was highly correlated with P absorption (Fig. 6C). The
KEGG analysis of this module showed that DEGs were
mainly enriched in carbon metabolism and pyruvate
metabolism (Fig. 7C). Both metabolic processes played a
pivotal role in facilitating plant energy supply responses
[45, 46]. This reason was that they initiated a cascade of
chemical reactions within the organism, consequently
yielding additional energy to support the uptake of P by
plants during the environmental stress. In this module,
we identified two hub genes: ACX and CS (Fig. 6C). ACX

played a crucial role in the B-oxidation of fatty acids,
an energy-generating process in which the intermedi-
ate product acetyl-CoA was converted to citric acid by
citrate synthase [47]. Citrate could enhance phosphate
absorption under phosphate deficiency conditions [48],
thus helping plants to survive in P-deficient environment.
Similarly, the pyruvate metabolism also produces ace-
tyl-CoA, subsequently leading to the production of cit-
ric acid which was a central part of carbon metabolism.
These corresponded to the KEGG results of the module
where the hub genes were located. In addition, ACX was
involved in the synthesis of jasmonic acid [49], which
could regulate phosphate homeostasis under phosphate
deficiency [50, 51]. This finding further emphasized
the important role of ACX in the uptake of P by plants.
Under LPS stress, the expression levels of CS and ACX
genes in A74 were significantly higher than those in A6
(Fig. 8C and D). This suggested A74 had a greater capac-
ity for P uptake under salt stress and provided an expla-
nation for the higher P-efficiency of A74 under salt stress.
In summary, we posited that the genes identified through
PageMan and WGCNA analyses contributed to A74’s
high P-efficiency under salt stress.

Under LP stress, plants can be stimulated and induced
to produce ROS, which activates their reactive oxygen
scavenging system [52]. Major reactive oxygen scaveng-
ing enzymes, such as SOD and POD, can effectively clar-
ify reactive oxygen species [53]. Furthermore, flavonoids
were also capable of scavenging reactive oxygen species
and controlling their accumulation [54]. Our study found
that SOD activity increased significantly in A74 at 48 h
in both LP vs. CK and LPS vs. S comparisons. In A74,
POD activity also increased significantly in the LPS vs.
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S comparison at 24 and 48 h, while A6 showed no such
changes (Fig. 2C and D). Moreover, the activity of genes
encoding anthocyanin dioxygenase, chalone synthase,
POD and glutathione S transferase significantly increased
in the A74 LP vs. CK comparison combination (Fig. 5B,
D, F and H). They played a pivotal role in regulating the
scavenging of ROS, effectively shielding cells from ROS-
induced damage [55-57]. As a result, this enhanced the
adaptive resilience of A74 when subjected to LP-related
condition. The genes related to receptor-like protein 7
(biotic. kinases) were found to be up-enriched only in the
A74 LPS vs. S comparison combination (Fig. 5B and F).
These genes play a crucial role in antioxidant stress [58],
which indicating their activation under LPS stress to mit-
igate cellular damage.

Moreover, our research has identified a module
that was highly associated with antioxidant potential
(Fig. 6D). The GO analysis of this module demonstrated
that its genes were predominantly enriched in biologi-
cal processes related to cellular stress responses. This
suggested that they likely assist cells in combating exter-
nal environmental stress by regulating their antioxidant
responses. ARR2 and CKXs had been identified as hub
genes in this module. ARR2 acted as a transcription fac-
tor that was capable of reducing cytokinin signaling [59].
Meanwhile, cytokinin dehydrogenase played a crucial
role as an enzyme responsible for degrading cytokinin
[60].

Remarkably, the GeBP like transcription factor, known
as a negative feedback regulator of ARR [61], exhibited
significant up-enriched at both 24 hand 48 h in the A74
LP vs. CK comparison, which likely led to the suppres-
sion of A74 ARR expression in response to LP stress. This
corresponded to our expression results that the expres-
sion levels of ARR2 and CKXs genes were significantly
lower in A74 than in A6 in response to LP and LPS stress
(Fig. 8F and G). This differential gene expression resulted
in increased cytokinin levels in A74 and decreased
cytokinin levels in A6. In addition, cytokinin have been
found to be associated with ROS clearance and a posi-
tive response to P deficiency [62—-65]. These findings pro-
vided a possible explanation for why A74 was both salt
tolerant and P-efficient, which was related to its unique
gene expression and regulatory mechanisms.

Conclusion

In this study, we revealed the differential response of
two salt-tolerant soybean germplasms, A6 and A74, to
low P stress through physiological and transcriptomic
analysis, and investigated the reason why A74 main-
tained high P-efficiency under salt stress. We found that
A74 achieved the goal of maintaining high P-efficiency
under salt stress mainly through enhancements in its P
uptake capacity and antioxidant capability. Of particular
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significance, the pinpointed hub genes potentially played
a role in regulating A74’s P-efficiency during salt stress.
Overall, this study provided detailed evidence to fur-
ther understand the mechanism of salt-tolerant and
P-efficiency of A74 at physiological and transcriptional
levels, which provided new research perspectives and
theoretical basis for P nutrient management and genetic
improvement in salt-tolerant soybean.

Materials and methods
Plant materials and growth conditions
In this study, two soybean germplasms A6 (a salt-toler-
ance and P-inefficient germplasm) and A74 (a salt-tol-
erance and P-efficient germplasm) were employed. Both
of these germplasms were sourced from the Soybean
Research Institute of Shenyang Agricultural University.
Healthy soybean seeds of uniform size were selected
for each germplasm. These seeds were disinfected with
1.0% sodium hypochlorite for 30 s, then rinsed three
times with water. They were placed in 12 cm diameter
plastic Petri dishes, each lined with sterilized filter paper.
20 mL distilled water was added in each petri dish, and
pregerminated the seeds in an all-dark plant incuba-
tor at 28 °C. After 2 d, uniformly sprouted soybeans
were transferred to a plastic box (310 mm X 290 mm X
180 mm) which containing 1/2 Hoagland nutrient solu-
tion. The 1/2 Hoagland nutrient solution components
were given as follow: NH,H,PO, (0.5 mM), KNO; (2.5
mM), Ca (NO,),.4H,0 (2.5 mM), MgSO,.7H,0 (1 mM),
H;BO; (23 pM), ZnSO, .7H,0 (0.38 uM), CuSO,-5H,0
(0.16 pM), MnCl, .4H,0 (4.5 pM), H,MoO, (0.2 pM),
Fe-EDTA (25 pM). The plants were maintained in a plant
incubator with an average day/night temperature of
28/24°C, 50% relative humidity, and a 15 h photoperiod.
The nutrient solution was replaced every 3 d. Soybean
seedlings at V2 growth stage, which is characterized by
the development of two fully expanded trifoliate leaves,
were chosen for transfer to hydroponic culture boxes.

Treatments and experimental design

In order to identify the difference in P-efficiency between
the two soybean germplasms, twenty-four uniformed
V2 stage soybean seedlings were transplanted into four
hydroponic culture boxes on March 9th, 2022. Con-
trol (CK), low phosphorus (LP), salt (S), low phospho-
rus+salt (LPS) were the four experimental treatments.
The CK treatment solution retained the composition of
1/2 Hoagland nutrient solution; LP treatment solution
decreased the P concentration to one-tenth of the origi-
nal concentration (50 pM H;PO,); S treatment solution
commenced with an initial addition of 50 mM NacCl to
the 1/2 Hoagland solution. Subsequently, the NaCl con-
centration was incrementally increased by 50 mM every
3 d, ultimately reaching a final concentration of 200 mM.
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Similarly, the LPS treatment involved blending the LP
nutrient solution with a gradual NaCl increment, start-
ing at 50 mM and ascending by 50 mM increments every
3 d until reaching a final concentration of 200 mM. Each
treatment contained three replications. Roots and leaves
were harvested from the respective treatments upon
the manifestation of significant phenotypic differences
(March 23rd, 2022). Subsequently, these plant samples
were utilized for further physiological investigations.

For transcriptome analysis, four experimental treat-
ments were set up: control (CK), low phosphorus (LP),
salt (S), low phosphorus+salt (LPS). Forty-eight uni-
formed seedlings of A6 and A74 were arranged into four
hydroponic boxes on June 6th, 2022. The boxes contained
different solutions: CK (1/2 Hoagland nutrient solution),
LP (P concentration decreased to one-tenth of the origi-
nal concentration, equivalent to 50 uM H;PO,), S (1/2
Hoagland nutrient solution supplemented with 200 mM
NaCl), and LPS (LP solution further supplemented with
200 mM NacCl). The plants were then treated for 24 and
48 h respectively. Each treatment contained three repli-
cations. Roots and leaves were collected for physiological
and molecular analysis.

Methods

Growth and biomass assessment

The assessment of the relative growth rate, root length,
and biomass of soybean seedlings was conducted dur-
ing a trial period starting on March 9th, 2022. Plant
height was measured at the beginning and end of the
trial (March 23rd), with the change in height (AH) used
to estimate the relative growth rate of the shoot using
the formula AH/14. Root length was also measured on
March 23rd. For biomass analysis, both shoots and roots
were harvested on the same day, dried on absorbent
paper, and their fresh weight was precisely measured on
a 1/10,000 scale. They were then heated initially at 105 °C
for 30 min and dried at 80 °C until a constant weight was
obtained for dry weight determination.

Biochemical analysis

For biochemical parameters, approximately 0.2 g of dry
weight from shoots and roots, from three biological rep-
licates, were digested in H,SO,, boiled, and further pro-
cessed at 370 °C until the solution cleared for P content
analysis using an automatic discrete analyzer (Smart-
chem 200; AMS Alliance, Guidonia, Rome, Italy). Acid
phosphatase levels were determined using kits from
Suzhou Keming Biotechnology Co., LTD. Total soluble
protein content was measured by a modified dye-binding
assay [66], with absorbance read at 595 nm using a spec-
trophotometer (UV-2600, UNICO Instruments Co., Ltd.,
Shanghai, China), and bovine serum albumin as the stan-
dard. Furthermore, the activities of superoxide dismutase
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(SOD) and peroxidase (POD) enzymes were measured
according to previously described methods [20, 67].

Transcriptome analysis

Root samples of 24 and 48 h were subjected to tran-
scriptome analysis. Each treatment comprised three
replicates, resulting in a total of 48 root samples for
RNA sequencing. Trizol reagent (Invitrogen, America)
was used to isolate total RNA from about 0.1 g samples
of roots. DNase I was used to eliminate contaminating
genomic DNA from RNA. A UV spectrophotometry
NanoDrop was used to examine the RNA concentration
and purity (NanoDropND-1000 UV-Vis spectrophotom-
eter). The overall quantity and integrity of the RNA were
further evaluated using the RNA Nano 6000 Assay Kit
of the Bioanalyzer 2100 system (Agilent Technologies,
CA, USA). To specifically select cDNA fragments with
a length of 370-420 bp, the library fragments were puri-
fied with AMPure XP system (Bechman Coulter, Beverly,
USA). Then PCR amplification, the PCR product was fur-
ther purified by AMPure XP beads, and the library was
finally obtained. Agilent 2100 bioanalyzer was used to
test the quality of library. After the library was qualified,
the different libraries were pooling according to the effec-
tive concentration and the target amount of data off the
machine, then being sequenced by the Illumina NovaSeq
6000. The end reading of 150 bp pairing was generated.
Clean reads were obtained by removing those contain-
ing adapters, N bases, and low-quality reads from the
raw data. The expression of transcripts was analyzed by
the cufflinks program and their expression distribution
was estimated based on FPKM value. We compare the
expression changes in the CK, LP, S, LPS treated samples
to identify DEGs. The significance of differential gene
expression was evaluated on the basis of the following
thresholds: log2foldchange value>1 or <-1 and FDR
(false discovery rate) <0.05 and FPKM value>1.

PageMan analysis

The log2foldchange of A6 LP vs. CK, A74 LP vs. CK, A6
LPS vs. S, A74 LPS vs. S at 24 and 48 h were imported
into PageMan and the over-representation in all of the
treatments were compared [68]. The PageMan statisti-
cal analysis was used to predict significant effect of BINs.
Wilcoxon test was applied to analyze data. Significant dif-
ferences of BINs were defined in terms of a p-value <0.05.
Blue color indicated a significant reduction of up-regu-
lated genes and red color indicated a significant enrich-
ment of up-regulated genes.

Weighted correlation network analysis

Weighted correlation network analysis (WGCNA) is a
systematic biological method utilized to describe the
gene association patterns among different samples. In
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this study, genes were analyzed using WGCNA against
the physiological parameters from the same samples,
employing hypergeometric tests [69]. The FPKM values
were initially normalized by square root transforma-
tion, and the cutoff for significant enrichment was set at
FDR<0.05. The automatic one-step method with default
settings was applied to conduct network construction
and module detection. The association of modules with
each physiological parameter of 48 samples were deter-
mined by the calculated module eigengene value. Mod-
ules demonstrating notable relevance to physiological
parameters were depicted using Cytoscape for visualiza-
tion [70].

GO and KEGG analysis

Gene Ontology (GO) enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
were performed using TBtools [71]. P<0.05 was set as
the threshold for both analyses.

Analysis of gene expression by RT-qPCR

Trizol reagent (Invitrogen, America) was used to isolated
total RNA from about 0.1 g samples of roots from three
biological replicates at all two time points. The RNA
was then treated with DNase I to remove contaminat-
ing genomic DNA. The RNA concentration and purity
were assessed using a UV spectrophotometry NanoDrop
(NanoDropND-1000 UV-Vis spectrophotometer).

2.5 ug RNA was reverse transcribed to cDNA using a
Hifair IIT 1st Strand cDNA Synthesis SuperMix for qPCR
with genome-DNA-removing enzyme (Yesen, Nan-
jing, China). The qPCR was performed on QuantStudio
6 (ABI, Forster City, CA, USA) detection system using
SYBR green PCR mix (Takara, RR420A, Shika, Japan).
The real-time PCR program was as follows: 95 °C for
5 min; 40 cycled of 95 °C for 10 s and 60 °C for 30 s. The
primers used were detailed in Table S4. Primer specific-
ity was checked by BLASTN searches against sequences
in the soybean genome database (Phytozome) with the
designed primers as queries, melt curve analysis, and
agarose gel electrophoresis.

Statistical analysis

All treatments had three replicates. All the data was sub-
jected to analysis of variance (AVOVA) with the Duncan’s
multiple range tests means at a significant level of P<0.05
using the statistical package SPSS 16.0, Origin Pro 9.0
and Excel 2019 for Windows.

Abbreviations

CK control

LP low phosphorus

S salt

P phosphorus

LPS low phosphorus + salt

ACP acid phosphatase
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TSP total soluble protein

SOD superoxide dismutase
POD peroxidase

ROS reactive oxygen species
(&) Citrate synthase gene
ACX acyl-coenzyme A oxidase
CKXs cytokinin dehydrogenase

WGCNA  Weighted correlation network analysis
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