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Abstract

Detoxifying reactive oxygen species (ROS) that accumulate under saline conditions is crucial for plant salt tolerance. The salt overly
sensitive (SOS) pathway functions upstream, while flavonoids act downstream, in ROS scavenging under salt stress. However, the
potential crosstalk between the SOS pathway and flavonoids in regulating salt stress responses and the associated mechanisms
remain largely unexplored. To assess this possible connection, we investigated the role of the soybean (Glycine max) transcription
factor GmbZIP131 in enhancing salt tolerance by modulating ROS homeostasis through flavonoid biosynthesis. GmSOS2 like
(GmSOS2L), a key component of the SOS pathway, phosphorylates and activates GmbZIP131, thus promoting GmICHG (isoflavone
conjugate-specific beta-glucosidase) expression. Metabolic profiling of transgenic soybean lines revealed that GmbZIP131 upregulates
the levels of lupiwighteone and its 7-glucoside precursor, likely processed by GmICHG. Furthermore, overexpression of GmSOS2L,
GmbZIP131, or GmICHG enhances the accumulation of lupiwighteone and its 7-glucoside precursor, as well as soybean salt stress
tolerance. Our findings reveal a GmSOS2L-GmbZIP131-GmICHG signaling cascade that enhances soybean salt tolerance through
flavonoid accumulation. This research uncovers a mechanism linking the SOS pathway to flavonoid metabolism, offering insights for
improving soybean stress tolerance and advancing the molecular breeding of salt-tolerant varieties.

Introduction Among them, CTR1 activates the ethylene signaling (Li et al.
2024), PLT1/2 and RhoGDI1 maintain root growth (Hao et al.
2023; Liu et al. 2023), CAT2 and CAT3 eliminate peroxide
(Verslues et al. 2007) during salt responses.

Plant cells, when subjected to salt stress, can initiate a cascade
of detrimental oxidative stress, a phenomenon well-documented
in the literature (van Zelm et al. 2020). Reactive oxygen species
(ROS) encompass a diverse array of molecules and ions produced
as byproducts of molecular oxygen (O,) metabolism within living
organisms. This class includes hydrogen peroxide (H,0,), super-
oxide anion (03), singlet oxygen (*O,), the hydroxyl radical (HO"),
and a spectrum of organic and inorganic peroxides (Liu and He
2016; Mittler 2017). In plants, ROS are generated in various cellular
compartments, such as mitochondria, chloroplasts, and peroxi-
somes, where they serve pivotal functions in growth, develop-
ment, immune responses, and adaptation to a range of abiotic

Currently, soybean (Glycine max) is becoming one of the most eco-
nomically important leguminous crops, serving as an indispensa-
ble source of plant oil and protein for the burgeoning global
population (Liu et al. 2020). However, the productivity and cultiva-
tion area of soybean are constrained by various abiotic stresses,
especially high salinity (Rasheed et al. 2022). Therefore, it is cru-
cial to elucidate the sophisticated mechanism of salt tolerance
in soybean and the subsequent breeding of salt-tolerant varieties.

High salinity inflicts ionic stress in plant cells (van Zelm et al.
2020). To cope with excess Na*, plants have evolved a calcium-
dependent salt overly sensitive (SOS) pathway. In this pathway,
the EF hand calcium-binding protein SOS3 senses the salt-
induced cytosolic calcium signal, then interacts with and acti-
vates the serine/threonine protein kinase SOS2. The activated

SOS2 phosphorylates and stimulates the plasma membrane
Na'/H"* antiporter SOS1 to extrude excessive Na* (Zhu 2016).
SOS2 serves as the molecular switch of the SOS pathway by phos-
phorylating SOS3-like calcium-binding proteins to trigger the acti-
vation of calcium-binding protein kinases (Du et al. 2011; Zhou
et al. 2014). Meanwhile, SOS2 interacts with the 2C protein phos-
phatase ABI2, which may inactivate SOS2 to maintain its proper
activity level (Ohta et al. 2003). As the SOS pathway has been ex-
tensively studied, several substrates of SOS2 apart from calci-
neurin B-like proteins (Luan et al. 2002) have been identified.

stresses (Kadota et al. 2014; Babbar et al. 2021; Mittler et al.
2022). However, the persistent accumulation of ROS within the
plant system can lead to detrimental effects. Excessive ROS can
induce cellular damage through the peroxidation of lipids, dena-
turation of proteins, oxidation of carbohydrates, degradation of
pigments, and damage to DNA (Mgller et al. 2007). To counteract
the deleterious effects of ROS, particularly under conditions of
salt stress, plants have evolved a sophisticated array of detoxifica-
tion mechanisms. These mechanisms are predominantly medi-
ated by enzymatic antioxidants, including superoxide dismutase
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(Takagl et al. 2016), and peroxidase (POD; Suzuki et al. 2013), as
well as nonenzymatic antioxidants, such as ascorbic acid, gluta-
thione (Gallé et al. 2021), and flavonoids (Muhlemann et al. 2018).

Flavonoids are a pivotal class of plant secondary metabolites
that bolster the antioxidant defenses of plants, thereby equipping
them with enhanced resilience to various stressors (Wang et al.
2017, 2020; Alvarez-Rivera et al. 2022; Song et al. 2022). A wealth
of research has underscored the substantial role of bZIP transcrip-
tion factors in modulating the biosynthesis of flavonoids and in
augmenting salt tolerance (Hartmann et al. 2005; Akagi et al.
2012; Malacarne et al. 2016; An et al. 2017; Vadivel et al. 2021).
In Arabidopsis thaliana, specific bZIP transcription factors, such
as AtbZIP17 and AtbZIP60, exert positive regulatory effects during
salt stress responses (Liu et al. 2008; Tang et al. 2012). In contrast,
AtbZIP24 and AtbZIP62 negatively regulate within the salt toler-
ance signaling cascade of Arabidopsis (Yang et al. 2009; Rolly
et al. 2020). Similarly, in soybean, the overexpression (OE) of
GmbZIP2 upregulates the expression of genes associated with
salt stress, thereby conferring improved salt resistance to trans-
genic plants (Yang et al. 2020). The heterologous expression of
GmbZIP1, GmbZIP44, GmbZIP62, and GmbZIP78 in Arabidopsis pos-
itively modulates the plant’s salt tolerance (Gao et al. 2011). The
bZIP transcription factor family can be categorized into 13 subfa-
milies based on sequence similarity and the presence of con-
served motifs, designated as A, B, C, D, E,F, G, H,[,],K,L,and S
(Yu et al. 2020). These transcription factors exhibit a preference
for binding to DNA sequences that contain an ACGT core, such
as the C-box (GACGTC) and G-box (CACGTG) elements (Jakoby
et al. 2002).

Our phosphoproteomic analysis of soybean roots under salt
treatment, compared with control conditions, revealed an upre-
gulation in the S135 phosphorylation (within the motif HxxS) lev-
els of GmbZIP131. Interestingly, previous research demonstrated
that SOS2 predominantly targets substrates for phosphorylation
at the bxxS/T motif, where “b” denotes a basic amino acid.
Examples of such motifs include RxxS or RxxT, and “S/T” marks
the sites targeted for phosphorylation by SOS2 (Gong et al. 2002).
The serine residue at position 135 in GmbZIP131 seems like a po-
tential phosphorylation site for the kinase SOS2 or its homologs.

GmbZIP131 is a bZIP transcription factor in soybean, classified
within Subfamily I as depicted in Supplementary Fig. S1. Members
of this subfamily are recognized for their pivotal roles as regula-
tory modulators in orchestrating the plant’s adaptive responses
to a multitude of environmental stressors, including osmotic,
cold, and mechanical stress (Yu et al. 2020). However, the detailed
biological function of bZIP131 within this context is yet to be fully
understood.

This study offers perspective on the molecular dynamics
that govern soybean’s response to salt stress and reveals the so-
phisticated crosstalk between flavonoid biosynthesis and the
SOS pathway. GmbZIP131 emerges as a central regulatory hub
in this network, orchestrating the plant’s response under saline
conditions.

Results

GmbZIP131 positively regulates soybean
tolerance to salinity

To gain initial insights into the biological role of GmbZIP131, we
developed transgenic soybean plants with either OE or RNA inter-
ference (RNAi)-mediated silencing of GmbZIP131, and validated
the transcript levels by reverse transcription quantitative PCR

(RT-gPCR; Supplementary Fig. S2). Seedlings of these transgenic
plants were treated with 200 mm NaCl, compared with wild-type
(WT) Tianlong 1#. Results showed that WT, RNAi, and OE plants
displayed no phenotypic differences under normal conditions
(Fig. 1A). In contrast, OE lines exhibited healthier growth com-
pared with WT and RNAI plants, which displayed more visible
damage and withering under salt stress (Fig. 1B). Specifically,
the fresh weight of roots in transgenic lines OE-3 (0.952+0.040 g)
and OE-5 (0.830+0.036g) was markedly greater than that
observed in the WT plants (0.707 +0.048 g), as depicted in Fig. 1C.
In contrast, the fresh weight of roots in RNAi lines RNAi-1
(0.586 +£0.010g) and RNAi-2 (0.429+0.050g) was significantly
reduced in comparison with the WT. Additionally, GmbZIP131
also exerted a similar regulatory effect on soybean root length.
After salt treatment, the root lengths of OE-3 and OE-5 were signifi-
cantly greater than those of the WT, while the root lengths
of RNAi-1 and RNAi-2 were significantly shorter than those of
the WT (Supplementary Fig. S3). These results suggested that
GmbZIP131 exerts a positive regulatory effect on the salt tolerance
of soybean roots. This enhancement of salt tolerance, attributed to
GmbZIP131, is similarly evident in both soybean stems (Fig. 1D)
and leaves (Fig. 1E). Collectively, these findings confirm that
GmbZIP131 positively modulates soybean’s tolerance to salt stress.

GmbZIP131 can enhance tolerance

to salinity-induced oxidation

Previous research implicate bZIP transcription factors in
the mediation of cellular antioxidant mechanisms and osmotic
stress responses (Van Leene et al. 2016; Yu et al. 2020; Feng et al.
2021). Building on these findings, we hypothesized that
GmbZIP131 could enhance salt tolerance in soybean by bolstering
its capacity to withstand osmotic stress and maintaining ROS
homeostasis.

Our results indicated no significant disparities in hydrogen per-
oxide (H,0,) levels, POD activity, malondialdehyde (MDA) concen-
trations, or proline levels among WT, RNAi, and OE plants under
nonstressed conditions. After salt treatment, OE plants accumu-
lated the least ROS, as examined by histochemical staining with
3,3’-diaminobenzidine (DAB) and nitro blue tetrazolium (NBT) to
indicate in situ accumulation of H,0, and O; (Fig. 2, A and B).
These results were further confirmed using quantitative measure-
ment of H,O, content (Fig. 2C). In roots, POD activities were signif-
icantly higher in OE lines OE-3 (78.933+0.643 U/g) and OE-5
(77.484+1.293 U/g) compared with WT (68.019+0.488 U/g). In
contrast, RNAi-1 (48.600+0.240U/g) and RNAi-2 (48.311%
0.367 U/g) showed significantly lower POD activities than WT
(Fig. 2D). Moreover, the MDA content (Fig. 2E) exhibited an inverse
correlation with POD activity, whereas the proline level (Fig. 2F)
demonstrated a similar trend. These associations were further
corroborated by similar trends seen in stems and leaves. These re-
sults suggest that GmbZIP131 improves soybean salt tolerance
primarily regulating osmotic equilibrium and maintaining ROS
homeostasis.

Proteins involved in flavonoid synthesis play
important roles in salt responses

To achieve a thorough examination of proteins pivotal to the
regulation of osmotic equilibrium and the preservation of ROS
homeostasis in soybeans, liquid chromatography-tandem MS
(LC-MS/MS) was deployed to scrutinize root samples from WT
soybeans under both normal and salt conditions. Results of 3 bio-
logical replicates of MS data and quality control (QC) data are
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Figure 1. GmbZIP131 enhances salinity tolerance in soybeans. A and B) Representative phenotypes of WT, GmbZIP131-RNAi knockdown (KD) and
GmbZIP131 OE seedlings 24 h after treatment with 200 mum NaCl compared with untreated 1/4-strength Hoagland’s solution control. G to E)
Quantification of fresh weights of roots (C), stems (D), and leaves (E) in WT, KD, and OE seedlings 24 h postsalt treatment; n=3 independent biological
replicates per genotype; data shown as mean =+ sp. For all variables with the same letter, the difference between the means is not statistically significant.
Different letters indicate statistically significant differences at P<0.05 by 1-way ANOVA followed by Duncan'’s significant difference test. The
experiments presented in A and B were repeated 3 times with consistent results. G to E) The labels “0 mm” and “200 mum” on the x-axis represent the

concentrations of the salt treatment.

included in Supplementary Table S1 and Fig. S4. A total of 14,126
identified proteins and 8,011 quantifiable proteins were detected.
In these, 2,487 showed a significant difference with 1,011 upregu-
lated proteins and 1,476 downregulated proteins (Supplementary
Fig. S5A). Gene ontology enrichment analysis showed that these
differentially expressed proteins were mainly involved in carbo-
hydrate metabolic process, translation, oxidative stress process,
and hydrogen peroxide catabolic process (Supplementary Fig.
S5B). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis showed that the differentially expressed proteins
were related to glycosphingolipid biosynthesis-ganglio series,
C5-branched dibasic acid metabolism, fatty acid degradation, bio-
synthesis of secondary metabolites, as well as flavonoid synthesis
(Supplementary Fig. S5C).

Given the crucial role of flavonoids as scavengers of ROS in
plants under salt stress and the well-documented involvement
of bZIPs in regulating flavonoid biosynthesis (Akagi et al. 2012;
Malacame et al. 2016; Yu et al. 2020), we analyzed the expression
profiles of proteins associated with the flavonoid biosynthetic
pathways. Among the 36 identified proteins related to flavonoid
biosynthesis, 10 proteins were significantly upregulated after
salt treatment. Particularly, the content of Glyma.12G053800.1.p
(isoflavone conjugate-specific beta-glucosidase) was markedly
upregulated (Supplementary Fig. S5D and Table S2), indicating
thatitisinduced by salt stress and positively regulates the salt re-
sponse in soybean.

GmbZIP131 regulates key genes involved
in flavonoid biosynthesis

To comprehensively identify downstream targets of GmbZIP131,
we conducted RNA sequencing of OE-3 and RNAi-2 roots under
the control and salinity conditions. The data quality was sufficient
for follow-up analysis (Supplementary Fig. S6 and Tables S3 and
S4). The detailed information of RNA-seq data is shown in
Supplementary Tables S5 and S6. After NaCl treatment, 12,938
and 12,818 transcripts, respectively, were significantly upregu-
lated and downregulated in OE roots (Pagjust <0.05) (Fig. 3A) com-
pared with those under control conditions. Besides, 12,657 and
12,477 transcripts, respectively, were remarkably upregulated
and downregulated in RNAI roots (Pagjust < 0.05; Fig. 3B) after salt
stress.

It was noticed that there were 1,750 transcripts whose expres-
sion level were significantly higher in OE compared with RNAi
after salt treatment, while no significant difference was found in
these 2 lines in control conditions. It suggested these genes were
probably induced by salinity and under control of GmbZIP131
(Fig. 3C and Supplementary Table S7). KEGG annotation analysis
showed that they were mostly involved in metabolic processes
and genetic information processing (Fig. 3D). In addition, isofla-
vone biosynthesis was enriched through KEGG enrichment analy-
sis, as well as glycolysis/gluconeogenesis, terpenoid backbone
biosynthesis (Fig. 3E), indicating that GmbZIP131 might partici-
pate in these biological processes. Intriguingly, in alignment
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Figure 2. GmbZIP131 regulates ROS homeostasis in soybean under salt stress. A and B) Visualization of in situ accumulation of A) hydrogen peroxide
via DAB staining and B) superoxide radical via NBT staining in leaves and roots of WT, OE, and RNAIi plants in response to 200 mum NaCl treatment
compared with untreated controls. Bars=5 cm. C to F) Quantification of physiological and biochemical indicators related to oxidative damage and
osmotic stress in control and NaCl-treated samples: C) H,0, levels, D) POD enzymatic activity, E) MDA content, and F) proline content. All data
represent mean + s of n=3 independent biological replicates per genotype and treatment; different letters indicate statistically significant differences
at P<0.05 by 1-way ANOVA followed by Duncan’s significant difference test. The experiments presented in A and B were repeated 3 times with
consistent results. C to F) The labels “0 mm” and “200 mwm” on the x-axis represent the concentrations of the salt treatment.

with the salt-responsive protein profiles identified in the proteomic
dataset, the isoflavone conjugate-specific beta-glucosidase (GmICHG)
was notably among these 1,750 transcripts. Consequently, we pos-
tulate that GmICHG represents a salt-inducible gene that is regu-
lated by GmbZIP131.

To test this hypothesis, we examined GmICHG expression levels
in roots of WT, OE-3 and RNAI-2 seedlings with or without 200 mm
NaCl treatment using RT-qPCR. After salt treatment, the tran-
scriptional expression of GmICHG was increased in all 3 plants,
especially in OE-3. In the presence of salt, the transcriptional
level of GmICHG in OE-3 was significantly higher than that in
WT (P=0.000057), while its expression level in RNAi-2 was lower
than WT (P=0.0056; Fig. 3, F and G). Similar results were obtained
in the total flavonoids content of roots (Fig. 3H). Combined with
the proteomics results, we hypothesized that GmICHG is a target
gene of GmbZIP131 and its regulation of GmICHG may be in the
form of activation induced by salt stress.

GmbZIP131 directly binds to the promoters
of the salt-responsive GmICHG

Since the function of GmbZIP131 and its subcellular localization
have not been previously reported, we transiently expressed a
GmbZIP131-GFP fusion protein in Nicotiana benthamiana leaves to
examine its localization. Fluorescence microscopy showed that
the GmbZIP131-GFP fusion protein localized to the nucleus
(Fig. 4A). Furthermore, we conducted subcellular fractionation ex-
periments, and the results confirm that GmbZIP131 is exclusively
localized in the nucleus, with no detectable presence in the cyto-
plasm (Supplementary Fig. S7).

To determine whether GmbZIP131 modulates GmICHG by di-
rectly binding to the promoter of the GmICHG, we analyzed its pro-
moter and discovered G-box motifs (CACGTG), the most common
targets of bZIPs (Yu et al. 2020). We performed chromatin immuno-
precipitation (ChIP) followed by PCR to investigate whether
GmbZIP131 binds to the GmICHG promoter in planta. Using primer
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Figure 3. Regulatory roles of GmbZIP131 in key genes involved in flavonoid biosynthesis. A) Volcano plot illustrating the DEGs in
GmbZIP131-overexpressing soybeans between control and NaCl-treated samples (Pagjust < 0.05). B) Volcano plot displaying the DEGs in GmbZIP131
knockdown soybeans between control and NaCl-treated samples (Pagjust < 0.05). C) Venn diagram depicting the overlap of DEGs upregulated by
GmbZIP131 (Pagjust < 0.05). D) Histogram demonstrating the KEGG annotation analysis of DEGs upregulated by GmbZIP131. E) KEGG enrichment
analysis of DEGs upregulated by GmbZIP131. F) Heat map displaying identified DEGs associated with flavonoid biosynthesis. G) Transcriptional
expression dynamics of GmICHG in WT, OE-3, and RNAI-2 roots in response to salt stress. H) Variations in flavonoid content among WT, OE-3, and
RNAI-2 roots under salt stress. All data represent mean + sp of n=3 independent biological replicates per genotype and treatment. Different letters
indicate statistically significant differences at P < 0.05 by 1-way ANOVA followed by Duncan’s significant difference test. G and H) The labels “0 mm” and
“200 mm” on the x-axis represent the concentrations of the salt treatment.

pair ChIPGmICHG-P1 spanning a 247 bp region of the GmICHG pro- RFP-HA compared with the negative control (Fig. 4B). This result
moter, we detected significant enrichment of this promoter frag- confirms the specificity of our ChIP assays and demonstrates in
ment in the ChIP sample from roots expressing 35S:GmICHG- vivo binding of GmbZIP131 to the GmICHG promoter in vivo.
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Figure 4. GmbZIP131 directly binds to the promoters of the salt-responsive gene GmICHG. A) Subcellular localization of GmbZIP131-GFP fusion protein
in N. benthamiana. The GFP EV was used as a control. The nucleus marker DS3-mCherry was used as an indicator for the nucleus (Zhou et al. 2013). Scale
bar=20m. B) ChIP-PCR assays indicate that GmbZIP131 binds to the promoter regions containing the G-box in vivo. The EV was used as a negative
control. GmbZIP131 specifically binds to the GmICHG promoter. The underlined sequence represents the G-box cis-acting element. C) EMSA using
affinity-purified fusion protein HIS-GmbZIP131 incubated with biotin-labeled probes of GmICHG containing WT or mutated G-box elements. To test
specificity, unlabeled competitor DNA carrying either the WT or mutated palindrome was added in 10- or 20-fold molar excess. D) The DLR assay
verifying GmbZIP131 transactivation activity on GmICHG promoter. E to G) GmbZIP131-mediated regulation of GmICHG potentiates salinity tolerance in
soybeans. E) Representative phenotypes of hairy roots from EV (pDL28-DsRed EV), GmbZIP131-OE (pDL28-GmbZIP131-DsRed), and GmICHG-OE
(pDL28-GmICHG-DsRed) are depicted 7 d posttreatment with 120 mm NaCl, in contrast to the untreated 1/4-strength Hoagland’s solution control. Bars =
3 cm. F) Quantification of fresh weights of hairy roots in EV, GmbZIP131-OE and GmICHG-OE, hairy roots following 120 mwm NaCl salt treatment; n=3
independent biological replicates per genotype; data shown as mean +sp. Different letters indicate statistically significant differences at P<0.05 by
1-way ANOVA and Student’s t-test. G) Transcriptional expression dynamics of GmbZIP131, GmICHG in EV, GmbZIP131, GmICHG in GmbZIP131-OE, and
GmbZIP131, GmICHG in GmICHG-OE hairy roots in response to salt stress; n=3 independent biological replicates per genotype; data shown as mean +
sp. Different letters indicate statistically significant differences at P<0.05 by 1-way ANOVA followed by Duncan’s significant difference test. The
experiments presented in A, B, C, and E were repeated 3 times with consistent results. E to G) The labels “0 mm” and “200 mn” on the x-axis represent the
concentrations of the salt treatment.

To validate the interaction between GmbZIP131 and the
GmICHG promoter, we performed an electrophoretic mobility shift
assay (EMSA) using biotin-labeled probes containing the G-box
motif from the GmICHG promoter sequence. These probes were in-
cubated with purified GmbZIP131 protein. EMSA results demon-
strated specific binding of GmbZIP131 to the WT probe, which
was abolished by the addition of excess unlabeled competitor
probes but not by mutant probes in which the sequence of the
G-box motif was altered to AAAAAA (Fig. 4C). To further explore
the relationship of the GmSOS2L, GmbZIP131, and GmICHG, we
cloned the upstream 2 kb promoter of GmICHG and analyzed it
by a dual-luciferase reporter (DLR) assay in N. benthamiana leaves.
As depicted in Fig. 4D, the co-transformation of GmbZIP131 and

GmSOS2L exerted a more pronounced activation effect on the pro-
moter sequences of GmICHG compared with the effect observed
with GmbZIP131 alone. These results suggested that GmbZIP131
is capable of binding to the promoter of GmICHG, thereby modu-
lating its transcriptional expression.

To elucidate the roles of GmICHG and GmbZIP131 in conferring
salinity tolerance in soybean, we engineered WT soybean plants
harboring transgenic hairy roots that overexpress either
GmbZIP131 or GmICHG. These constructs were designed to func-
tionally assess their individual contributions to the trait. A
parallel set of transgenic lines carrying an empty vector (EV)
served as a negative control to distinguish the effects of the candi-
date genes from baseline responses. This approach allowed us to
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Figure 5. GmbZIP131 orchestrates the accumulation of flavonoids. A) Heat map highlighting the metabolites involved in flavonoid biosynthesis. B) Heat
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levels of flavonoids and isoflavones, respectively.

systematically investigate the potential positive regulatory effects
of GmICHG and GmbZIP131 on the soybean’s capacity to with-
stand saline stress. Transgenic hairy roots were selected by red
fluorescence (Supplementary Fig. S8). Verified plants with red flu-
orescent hairy roots were treated hydroponically with 120 mm
NaCl. Our investigation exhibited that transgenic soybean hairy
roots, with the OE of GmICHG, exhibit a significant improvement
in salt tolerance compared with those transformed with a control
vector lacking the GmICHG construct. This notable enhancement
underscores the crucial role of GmICHG in imparting resilience
to saline stress in the soybean root system (Fig. 4, E and F).
RT-qPCR analysis demonstrated that the GmICHG gene exhibited
a significant upregulation in transcriptional abundance within
GmICHG-overexpressing (GmICHG-OE) roots compared with those
transformed with a control EV. Additionally, roots overexpressing
GmbZIP131 (GmbZIP131-0E) showed a pronounced enhancement
in the transcriptional activity of the GmICHG gene (Fig. 4G).

Under control conditions, the 3 transgenic soybean lines exhib-
ited no significant phenotypic variations, as depicted in Fig. 4F.
Upon exposure to salt stress, roots of plants transformed with
the EV maintained comparable growth patterns, suggesting that
the transformation with an EV did not adversely affect soybean
growth and thus could serve as an appropriate control. The inhib-
itory effects of salt on root growth were least severe in the
GmICHG-overexpressing (GmICHG-OE) plants, followed by those
overexpressing GmbZIP131 (GmbZIP131-OE), as illustrated in
Fig. 4F. Collectively, these findings imply that GmICHG may en-
hance soybean’s salt tolerance in a manner that is dependent on
the transactivation activity of GmbZIP131.

GmbZIP131 regulates flavonoid accumulation

Ourresults suggest that OE of GmbZIP131 increases total flavonoid
accumulation in soybean (Fig. 3H). However, the specific flavo-
noids involved in salt tolerance remain unknown. To address

this, we performed metabolomic analysis to identify flavonoids
regulated by GmbZIP131 under salt stress. Roots of WT, OE, and
RNAI plants grown under control and saline conditions were col-
lected for metabolite analysis. Each sample had 3 biological repli-
cates. Overlay analysis of QC-total ion current chromatograms
and multiple reaction monitoring analysis showed high reprodu-
cibility and reliability across replicates (Supplementary Fig. S9),
indicating the dataset was suitable for further analysis.

After removing redundant metabolites, a total of 718 metabo-
lites were detected in both negative and positive ionization modes
(Supplementary Table S8). Among these, 665 metabolites showed
differential accumulation in response to salt treatment.
Specifically, 34 metabolites involved in flavonoid biosynthesis
(Fig. 5A and Supplementary Table S9) and 19 metabolites involved
inisoflavone biosynthesis were differentially accumulated (Fig. SB
and Supplementary Table S10). These results were consistent
with the transcriptomic and proteomic data, supporting the
significance of the flavonoid and isoflavone biosynthesis
pathways in the salt stress response. Six metabolites, including
(25)-liquiritigenin (pos-M257T287), liquiritin (neg-M417T196),
norizalpinin (pos-M271T227), 4’-hydroxy-5-methoxyflavone (neg-
M267T45), lupiwighteone (neg-M337T253_1), and lupiwighteone
7-glucoside (neg-M499T184), showed increased levels in both
WT and genetically modified soybean roots under salt stress
(Fig. 5B). The highest levels of these metabolites were observed
in overexpressing roots, while the lowest levels were observed
in RNAiroots. This suggests that these metabolites may play cru-
cial roles in responses to salt stress regulated by GmbZIP131.

Previous research has demonstrated that GmICHG plays a cru-
cial role in the liberation of free isoflavones from their conjugates
with 7-glucoside (Suzuki et al. 2006). Furthermore, a recent study
provided evidence that GmICHG is involved in the hydrolysis of
the isoflavone glycosides in the root apoplast, leading to increased
isoflavone contents in both roots and the rhizosphere soil
(Matsuda et al. 2023). Based on these findings, it can be inferred
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Figure 6. GmbZIP131 interacts with soybean SOS2-like protein kinase GmSOS2L. A) Y2H analysis showing physical interaction between GmbZIP131
and GmSOS2L. Serially diluted yeast were plated on SD dropout medium with X-a-gal. AD, activation domain vector; BD, DNA-binding domain vector. B)
Split-LCI in N. benthamiana leaves infiltrated with GmbZIP131-nLUC and GmSOS2L-cLUC fusion constructs. ASK1-cLUC with COI1-nLUC serve as
positive control. C) BiFC visualized by confocal microscopy confirms the GmbZI1P131-GmSOS2L interaction in planta in transfected N. benthamiana leaf
epidermal cells. DAPI was used as a fluorescent dye to stain the nuclei of cells. Bars =50 ym. D) GST pull-down assay of interaction between GmbZIP131
and GmSOS2L in vitro. The resulting immunoprecipitates were subsequently probed by immunoblotting (IB) using antibodies specific to GST or
His-tags. All these experiments were repeated 3 times with consistent results.

that lupiwighteone 7-glucoside (Fig. 5C) acts as a substrate for
GmICHG hydrolysis, resulting in the production of lupiwighteone
(neg-M337T253_1).

Identification of GmbZIP131 as a substrate
of GmSOS2L

GmSOS2L was identified as an interacting partner of GmbZIP131
through screening a salt-induced cDNA library in a yeast 2-hybrid
(Y2H) system (Fig. 6A). This interaction was confirmed in planta
using split-luciferase complementation imaging (LCI; Fig. 6B),
bimolecular fluorescence complementation (BiFC; Fig. 6C), and
pull-down assay (Fig. 6D). GmSOS2L/GmPKS4, a protein kinase
localized to both the nucleus and cytoplasm, is implicated in
enhancing soybean salinity tolerance (Ketehouli et al. 2021). Its
transcription is upregulated under saline conditions, and OE in
transgenic A. thaliana and soybean hairy roots has been shown
to augment the scavenging of ROS and bolster the transcriptional
regulation of stress-responsive genes (Ketehouli et al. 2021). In
alignment with these results, our investigation revealed that
transgenic soybean hairy roots (Supplementary Fig. S10), in which
GmSOS2L was overexpressed, demonstrate a marked improve-
mentin salt tolerance relative to those transformed with a control
vector devoid of the GmSOS2L construct. This enhancement
underscores the pivotal role of GmSOS2L in conferring saline
stress resilience in soybean root systems (Supplementary Fig.
S11, A and B). Moreover, we observed that the transcriptional lev-
els of the GmICHG gene were robustly upregulated in hairy roots of
plants overexpressing either GmSOS2L or GmbZIP131. Notably, salt
stress could further amplify this upregulatory effect. Collectively,

these results imply that both SOS2L and GmbZIP131 are capable
of positively modulating the expression of the GmICHG gene,
which in turn appears to play a pivotal role in the soybean’s adap-
tive response to saline conditions (Supplementary Fig. S11C). As
S0OS2 and its homologs play crucial roles in mediating plant salt
responses, the interaction between GmbZIP131 and GmSOS2L
may allow them to cooperatively regulate salinity responses.

Given that GmSOS2L is a protein kinase, we verified whether it
could phosphorylate GmbZIP131. An in vitro kinase assay with re-
combinant His-GmSOS2L and His-GmbZIP131 proteins proves
that GmSOS2L could phosphorylate GmbZIP131 in the presence
of ATP (Fig. 7A). Given the possibility of nonspecific binding with
the antithiophosphate ester rabbit antibody as noted by Jiang
et al. (2023), we conducted MS analysis on the tryptic peptides of
His-GmbZIP131 (Fig. 7B). This analysis targeted the product of
the aforementioned in vitro phosphorylation reaction to accu-
rately pinpoint the phosphorylation sites. MS results indicate
that, in the in vitro kinase reaction system, GmSOS2L phos-
phorylates GmbZIP131 exclusively at the S135 residue. To vali-
date this finding, we expressed both GmbZIP131-S135A and
GmbZzIP131-S135D proteins in Escherichia coli, alongside the WT
GmbZIP131 protein, and performed the in vitro kinase reaction
again. The results showed that when the S135 residue was mu-
tated to either A or D, no phosphorylation signal of GmSOS2L on
GmbZIP131 was detected (Supplementary Fig. S12). These findings
suggest that 5135 is the sole phosphorylation site for GmSOS2L on
GmbZzIP131.

To ascertain the presence of the S135 phosphorylation on the
GmbZIP131 in vivo, we assessed the protein phosphorylation
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control. Data in D and F are presented as mean +sp from at least 3 independent biological replicates for each genotype and treatment condition.
Different letters indicate statistically significant differences at P <0.05 by 1-way ANOVA followed by Duncan’s significant difference test. The
experiments presented in A, C, and E were repeated 3 times with consistent results. E and F) The labels “0 mm” and “200 mm” on the x-axis represent the

concentrations of the salt treatment.

profiles of soybean roots subjected to salt stress versus control
conditions. Our findings indicate that the phosphorylation at
S135 on the GmbZIP131 is enhanced under salt stress
(Supplementary Table S11). This elevation in S135 phosphoryla-
tion is in alignment with the in vitro kinase assay results, which
demonstrated that GmSOS2L mediates the phosphorylation of
GmbZIP131 at this residue. Collectively, these observations sug-
gest a convergence between the in vitro phosphorylation events
and the in vivo phosphoproteomic triggered by salt stress, high-
lighting a specific regulatory mechanism within the soybean
stress response network.

GmbZIP131 confers salt tolerance
in a phosphorylation manner

We further explored the influence of GmSOS2L-induced phos-
phorylation on the interaction between GmbZIP131 and the
GmICHG promoter, as well as its subsequent impact on tran-
scriptional expression. EMSAs revealed that the phosphor-
mimic GmbZIP131"**P mutant protein exhibited notably higher
binding affinity for the GmICHG promoter compared with

the WT GmbZIP131 protein, whereas the phosphor-ablative
GmbZIP131"** mutant displayed minimal binding affinity
(Fig. 7C). These findings suggest that phosphorylation at the
S135 residue might enhance the binding affinity of GmbZIP131
to the GmICHG promoter.

Subsequently, we evaluated the promoter activity of GmICHG
using a DLR assay by introducing GmbZIP131, GmbZIP131'%P,
GmbZIP131"***, or a combination of GmbZIP131 and GmSOS2L,
into N. benthamiana leaves. The activity of the ProGmICHG::LUC re-
porter exhibited a significant increase upon co-transformation
with both GmbZIP131 and GmSOS2L, contrasting with the activity
levels observed when GmbZIP131 was co-transformed in isolation
(Fig. 7D). Consistent with the abovementioned beneficial effect of
GmSOS2L-induced phosphorylation, GmbZIP131***P displayed
enhanced transactivation of the ProGmICHG::LUC reporter com-
pared with both the WT GmbZIP131 and the GmbZIP131**** mu-
tant (Fig. 7D). These results indicate that the augmented
transactivity of GmbZIP131 is dependent on phosphorylation at
Ser135 mediated by GmSOS2L.

In summary, our findings clarify that GmSOS2L-induced phos-
phorylation at S135 augments GmbZIP131’s binding affinity to the

GZ0Z YoJe|\ gz uo Jesn siayoea] noyzbueH Jo Ateiqi] Aq 8v6 1 208/2601eM/S/L6 L /olonie/sAydid/woo dnooiwepese//:sdiy woll papeojumod


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf092#supplementary-data

10 | Plant Physiology, 2025, Vol. 197, No. 3

CACGTG cis-element within the GmICHG promoter, thereby en-
hancing its transcriptional activity.

To ascertain the regulatory role of S135 phosphorylation on
GmbZIP131’s biological functions concerning soybean’s salinity
tolerance, we developed transgenic soybean hairy roots with en-
hanced expression of GmbZIP131 (OE'*%), GmbZIP1315'%4
(OE™*4), and GmbZIP13157*°P (OE™*P), as well as those with
GmbZIP131-RNAI1 knockdown. The empty OE (OE-EV) and RNAi
vectors (RNAI-EV) served as negative controls. Soybeans were
transformed using Agrobacterium rhizogenes harboring vectors for
either GmbZIP13151%°4P® OF or GmbZIP131 knockdown. Given
the presence of an autonomous 35S::DsRed expression cassette
in each vector, transgenic hairy roots were identified through
red fluorescence (Supplementary Fig. S13). Plants with red fluores-
cent hairy roots were treated hydroponically with 120 mm NaCl.

The results indicated that the 6 transgenic soybean lines did
not exhibit significant phenotypic differences under control
conditions. Upon salt treatment, the hairy roots transformed
with RNAI-EV and OE-EV grew similarly, suggesting that trans-
formation with the EVs did not affect soybean growth, thus
validating their use as controls. In contrast to the EVs, the
GmbZIP131-RNAi roots showed the most pronounced damage, in-
dicating that silencing GmbZIP131 significantly compromised salt
resistance. Among the transformed roots, those with the OE***P
construct exhibited the least salt inhibition, followed by O
and then OE'# indicating that the phosphor-mimetic
GmbzIP131 at Ser135 enhances soybean’s salinity tolerance
(Fig. 7, E and F). Collectively, these findings imply that
GmbZIP131 modulates soybean’s salt tolerance in a manner de-
pendent on Ser135 phosphorylation.

Additionally, we aimed to further investigate whether SOS2L
and GmICHG can regulate the accumulation of flavonoid com-
pounds. To explore this, we generated transgenic roots overex-
pressing GmSOS2L (SOS2L-OE) and GmICHG (GmICHG-OE) using
hairy root transformation, with an EV as the control. We then an-
alyzed the metabolites, focusing on isoflavone and flavonoid com-
pounds, in these transgenic roots following treatment with
120 mm NaCl. The results revealed that, after excluding redun-
dant metabolites, a total of 1,886 metabolites were detected in
both negative and positive ionization modes (Supplementary
Figs. 514 to S16 and Table S12). Of these, 372 metabolites were up-
regulated by GmSOS2L and 375 by GmICHG under control condi-
tions, while 366 metabolites were upregulated by GmSOS2L and
214 by GmICHG under salt treatment (Supplementary Fig. S14).
Notably, 53 metabolites involved in isoflavone biosynthesis
(Fig. 8 and Supplementary Table S14) and 201 metabolites linked
to flavonoid biosynthesis exhibited differential accumulation
(Supplementary Table S15). Interestingly, both lupiwighteone
and lupiwighteone 7-glucoside were positively regulated by
GmSOS2L and GmICHG (Fig. 8). These findings, which align with
the metabolic data regulated by GmbZzIP131 (Fig. 5), suggest that
these metabolites play crucial roles in the plant’s response to
salt stress and are likely synergistically regulated by proteins
such as SOS2L, GmbZIP131, and GmICHG.

E13SS

Discussion

The plant’s response to high salinity is governed by a complex ar-
ray of molecular mechanisms (Munns and Tester 2008).
Prominent among these is the SOS pathway, pivotal for preserving
ion homeostasis during salt stress (Zhu 2016). However, the cur-
rent understanding of SOS2 primarily focuses on its involvement
in excluding Na* ions, with limited attention given to other

signaling pathways. Some evidence suggests that the SOS path-
way is also involved in the regulation of ROS within plants, which
is extremely important for plants to withstand the detrimental ef-
fects of salt stress. The SOS pathway in plantsis a well-known reg-
ulatory factor in salt tolerance, playing a key role in the removal of
excessive ROS induced by salt stress. Our previous studies have
also highlighted the important role of flavonoids in clearing exces-
sive ROS under salt stress (Pi et al. 2018, 2019). Given that the SOS
pathway functions at an early stage of the salt tolerance response,
while flavonoids act at a later stage, both play critical roles in reg-
ulating ROS clearance and maintaining ROS balance under salt
stress. We therefore hypothesize that there may be indirect con-
nections between the SOS signaling pathway and the action of fla-
vonoids. As key regulators of both flavonoid biosynthesis and ROS
modulation, bZIP transcription factors could serve as a bridge
linking the SOS pathway with flavonoid function.

Verslues et al. (2007) provided insights into the critical role of
SOS2 in maintaining H,O, homeostasis under salt stress, high-
lighting its interactions with NDPK2, CAT2, and CAT3. SOS2 links
H,0, metabolism and signaling through these interactions,
underscoring its multifaceted involvement in the plant’s response
to salt stress. SOS1, functioning as a plasma membrane Na*/H*
antiporter, engages with RCD1, a protein implicated in oxidative
stress tolerance, via its predicted C-terminal cytoplasmic tail
(Katiyar-Agarwal et al. 2006). This interaction not only reveals a
function of SOS1 in oxidative stress tolerance but also connects
ion homeostasis with oxidative stress detoxification pathways,
both of which are integral to plant salt stress endurance. ENH1
contributes to plant salt tolerance by participating in the detoxifi-
cation of ROS induced by salt stress. Zhu et al. (2007) suggested
that ENH1 might be involved in ROS detoxification through a
salt tolerance pathway that potentially includes the SOS2 signal-
ing component. These findings underscore the diverse roles of the
SOS pathway in ion homeostasis and ROS regulation, further con-
firming its significance in plant adaptation to salt stress.

In soybean, the SOS2 putative ortholog, GmSOS2L, alterna-
tively named GmPKS4, functions as a protein kinase that is dis-
tributed across both the nucleus and cytoplasm. This kinase has
been associated with bolstering the plant’s salinity tolerance,
whereit plays a rolein the neutralization of ROS and in reinforcing
the transcriptional regulation of stress-responsive genes
(Ketehouli et al. 2021). Our study corroborates the findings re-
ported by Ketehouli et al. (2021), demonstrating that the OE of
GmSOS2L significantly ameliorates the salt tolerance of soybean.
This enhancement is hypothesized to stem from the activation
of the GmbZIP131 transcription factor, which in turn stimulates
the transcriptional expression of the GmICHG gene. The upregula-
tion of GmICHG is posited to govern flavonoid synthesis, thereby
contributing to ROS scavenging. This discovery establishes a link
between the SOS pathway and flavonoid-mediated response to
oxidative stressinduced by salt stress, highlighting a complex net-
work of signaling and defense mechanisms in plants.

GmbZIP131 is a bZIP transcription factor in soybean, classified
within Subfamily I as depicted in Supplementary Fig. S1. Members
of this subfamily are recognized for their pivotal roles as regula-
tory modulators in orchestrating the plant’s adaptive responses
to a multitude of environmental stressors (Yu et al. 2020). Our in-
vestigation has uncovered that GmbZIP131 undergoes phosphor-
ylation at serine 135 by the kinase GmSOS2L, a critical
posttranslational modification that is specifically induced by salt
stress. Phosphorylation of GmbZIP131 at S135 by GmSOS2L in-
creases its affinity for binding to the GmICHG promoter. This en-
hanced binding capacity promotes the accumulation of
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Figure 8. GmSOS2L and GmICHG positively regulate the accumulation of isoflavones, particularly lupiwighteone and lupiwighteone 7-glucoside.
Differentially accumulated isoflavones were analyzed in soybean hairy roots transformed with the EV, P355::GmSOS2L (SOS2L-OE), and P3ss::GmICHG
(ICHG-OE) under both control and 120 mum NaCl conditions. The results were visualized in a heat map. The metabolites lupiwighteone and
lupiwighteone 7-glucoside are highlighted by 2 pentagram symbols. The color scale bar indicates relative abundance levels of isoflavones.

flavonoids and improves the plant’s ability to neutralize perox-
ides, thereby significantly enhancing soybean salt tolerance.

The generation of ROS in different subcellular compartments
is a characteristic response of plants to various stress factors.
ROS signaling plays a crucial role in connecting events that take
placein key subcellular locations, particularly the apoplast, chlor-
oplast, and nucleus (Shapiguzov et al. 2012). Consequently, the
apoplast serves as a major site for the generation and accumula-
tion of ROS in plants following stress. Maintaining a balance of
ROS levels in the apoplast is an important mechanism for plants
to withstand stress. Flavonoids, acting as essential antioxidants
and signaling molecules, are involved in various stress responses
(Ferreyra et al. 2012). The biosynthesis of flavonoids is often in-
duced by abiotic stresses and tightly regulated by a diverse array
of transcription factors (Hassani et al. 2020). In our study, we have
demonstrated that GmbZIP131 upregulates the expression of
GmICHG, leading to an increase in isoflavone production.
GmICHG is a beta-glucosidase enzyme that is localized in the apo-
plast and specifically hydrolyzes the beta-7-O-(malonyl) gluco-
sides of isoflavones, resulting in the formation of free
isoflavones with enhanced biological activity and bioavailability
(Kumar et al. 2023). Therefore, the expression of GmICHG is crucial
for the synthesis of biologically active isoflavones. Indeed, our

findings demonstrate that the OE of GmICHG significantly im-
proves the salt tolerance of transgenic soybean hairy roots. This
leads us to hypothesize that the free isoflavones generated
through the enzymatic action of GmICHG on isoflavone-beta-
7-0-(malonyl) glucoside precursors could be instrumental in
the soybean’s response to salt stress. The proposed function of
these free isoflavones is likely centered on their capacity to neu-
tralize peroxides.

However, mechanisms by which beta-7-O-(malonyl) glucosides
of isoflavones are transported from within the cell, particularly
from the vacuolar compartment, to the apoplast in counteracting
excessive ROS accumulation under conditions of salt stress remain
an open question. Several ATP-binding cassette (ABC) transporters
have been found to facilitate the transport of isoflavone glycosides
from vacuoles to the apoplast (Gani et al. 2021), and this transport
capacity may be enhanced after exposure to salt stress. Previous
studies have shown that salt stress can lead to an alkalinization
of vacuoles, resulting in a pH shift to ~7.82 (Kader and Lindberg
2010; Shen and Zhao 2023). The transport activity of ABC trans-
porters increases with an elevated pH, ranging from 6.0 to 8.0
(Sugiyama et al. 2007), suggesting that salt stress can raise the
PH of vacuoles and consequently enhance the outward transport
of isoflavone glycosides mediated by ABC transporters.
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Figure 9. Proposed model depicting the intricate regulatory network of
GmbZIP131in response to salt stress. Upon exposure to salt stress, SOS2
is activated and phosphorylates GmbZIP131. Activated by this
phosphorylation event, GmbZIP131 upregulates its target gene GmICHG,
which encodes an enzyme that hydrolyzes lupiwighteone 7-glucoside,
resulting in the release of lupiwighteone in the apoplast. Subsequently,
lupiwighteone acts as a scavenger for excess ROS, thereby mitigating
the oxidative stress induced by salt.

In summary, our research introduces an integrative model that
delineates the molecular underpinnings of the salt stress re-
sponse mechanism in soybean, with a particular emphasis on
the pivotal role of GmbZIP131 (Fig. 9). Upon encountering salt
stress, the activation of the protein kinase SOS2 initiates a phos-
phorylation cascade that targets GmbZIP131. This transcription
factor is instrumental in modulating the expression of its down-
stream gene, GmICHG. This gene encodes an enzyme that cata-
lyzes the conversion of lupiwighteone 7-glucoside to the more
biologically active lupiwighteone in the apoplast. Notably, lupi-
wighteone functions as an efficacious antioxidant, capable of
scavenging ROS (Erasto et al. 2004; Ren et al. 2015), thus alleviating
the oxidative stress associated with salt exposure. Consequently,
our study underscores the critical role of GmbZIP131 in facilitat-
ing the interplay between the SOS pathway and flavonoid biosyn-
thesis, which collectively contribute to the modulation of
soybean’s salt tolerance.

Materials and methods

Plant materials and cultivation conditions

Seeds of WT soybean (Tianlong 1#), GmbZIP131-overexpressing
(GmbZIP131-0E), and GmbZIP131 knockdown (RNAI) transgenic
lines were sown in a sterilized 1:1 (v/v) mixture of nutrient-rich
soil and perlite. Plants were cultivated in a controlled growth
chamber under a 12 h light/12 h dark photoperiod at 28 °C and
60% relative humidity, with illumination of 200 zmol/m?s.

The seeds of N. benthamiana were sown in a 1:1 (v/v) mixture of
nutrient-rich soil and vermiculite. Four-week-old N. benthamiana
plants were employed for subcellular localization assay, LCI,
BiFC, and DLR analyses. They were grown under a 14 h light/
10 h dark photoperiod at 25 °C and 60% relative humidity, with
illumination of 100 zmol/m?s.

RNA extraction and RT-qPCR

Total RNA from samples was extracted using the RNAiso Plus (cat-
alog no. 9109; TaKaRa, Kyoto, Japan), according to the manufac-
turer’s instructions. One microgram of total RNA was reverse
transcribed into cDNA using the HiScript II 1st Strand cDNA
Synthesis Kit (catalog no. R211-01; Vazyme, Nanjina, China). The
resultant cDNA was diluted to 200 ng/uL with RNase-free water.
RT-gPCR was performed using the AceQ gqPCR SYBR Green
Master Mix (Without ROX) (catalog no. Q121-02; Vazyme), follow-
ing the manufacturer’s protocol. The relative expression levels
were calculated using the 274" method (Livak and Schmittgen
2001) with GmActinll as the internal control. GmActinll is a
housekeeping gene commonly used as an internal control in
RT-gPCR analyses and demonstrates stable expression under dif-
ferent conditions (Ma et al. 2013; Gao et al. 2021; Ketehouli et al.
2021; Zhang et al. 2024). Three biological replicates for each sam-
ple and 3 technical replicates for each biological replicate were
conducted. All primers used in this research are listed in
Supplementary Table S13.

Generation of transgenic soybean and salt
treatment

To generate GmbZIP131-overexpressing transgenic soybean, the
full-length coding sequence (CDS) of GmbZIP131 was amplified
and cloned into the plant expression vector pDL28 (a derivative
of pPCAMBIA1300 incorporated with a P3ss::Bar expression cassette)
by Kpnl site under the control of the cauliflower mosaic virus 35S
promoter. To generate GmbZIP131 knockdown transgenic soy-
bean, a 484 bp fragment of the GmbZIP131 CDS was amplified
and inserted into the RNAi vector pTCK303 in sense and antisense
orientations. The phosphinothricin acetyltransferase gene was
also introduced into both constructs as a plant selection marker.
The resultant plasmids were transformed into Agrobacterium tu-
mefaciens strain EHA105, which was used to generate transgenic
soybean through cotyledon transformation (Wang et al. 2021).
Leaves from 14-d-old transgenic seedlings were collected for ge-
nomic DNA and total RNA extraction, followed by PCR analysis.

Seven-day-old seedlings with uniform growth were trans-
ferred into 36-well boxes containing modified 1/4 Hoagland’s sol-
ution. After the emergence of the first trifoliate leaves, 200 mm
NaCl was added. As control, 1/4 Hoagland’s solution was used.
The seedlings were cultured for another 24 h before sample col-
lection. After treatment, samples including roots, stems, and
leaves were collected immediately and frozen in liquid nitrogen
for further use.

Soybean hairy root transformation
and phenotyping after salt treatment

For the induction of hairy roots as described by Kereszt et al. (2007)
for salt stress analysis, 5-d-old soybean (Tianlong 1#) seedlings
were subjected to transformation with Ag. rhizogenes strain K599
harboring pTCK303-DsRed, pTCK303-GmbZIP131-DsRed, pDL28-
DsRed, pDL28-GmbZIP131513°%AP_DsRed, pDL28-GmICHG-DsRed,
and pDL28-GmSOS2L-DsRed, respectively. Once the hairy root
was 3 to 5cm in length, the primary root was excised.
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Transgenic hairy roots that exhibited DsRed fluorescence were
identified using a Zoom Stereo microscope (SMZ1270; Nikon),
with nonfluorescent roots being eliminated. The ensuing “compo-
site” soybean plants were subjected to a 7 d treatment with
120 mm NaCl to ascertain the fresh weight of the introduced ge-
netic modifications under saline stress conditions. Roots were fro-
zen in liquid nitrogen and stored at —80 °C for subsequent
gene-expression analysis. All experiments were performed with
a minimum of 3 repetitions.

Physiological analysis and histochemical staining

Root, stem, and leaf tissues from both control and NaCl-treated
samples were analyzed to quantify MDA levels (Yan et al. 2014)
and assess POD activity (Wang et al. 2010). The concentrations
of H,0, were determined using the respective detection kits (cat-
alog no. C500060-0250; Sangon Biotech, Shanghai, China), strictly
following the provided user manuals. The in situ accumulation of
H,0, and O; within the leaves was visualized through histochem-
ical staining with DAB and NBT, respectively, as per the method
described by Huang et al. (2013).

Flavonoid content

The quantification of total flavonoid content was performed in ac-
cordance with a previously established method (Dash et al. 2017).
To assess flavonoid levels, root tissues were harvested from speci-
mens grown under normal and NaCl stress conditions. Flavonoid
quantification was performed using the aluminum chloride col-
orimetric assay. Briefly, 0.1 g of root extract was mixed with
1mL of 80% methanol and incubated at 50 °C for 2h. Then,
0.5 mL of the mixture was combined with 4.5 mL of 2% AICl; sol-
ution and incubated at room temperature for 30 min. A calibra-
tion curve was established using rutin dissolved in 80%
methanol, with concentrations ranging from 2 to 100 ug/mL.
Absorbance at 415nm was measured, and flavonoid content
was expressed as rutin equivalents in milligrams per gram of
tissue.

RNA-seq analysis of transgenic soybean

Total RNA was isolated in triplicate from the roots of
GmbZIP131-0OE, GmbZIP131-RNAI seedlings treated with 200 mm
NaCl or 0 mm NacCl (as control) for 24 h. While the seedling was col-
lected, it was immediately frozen in liquid nitrogen and stored at
—80 °C. Total mRNA was isolated using the MJZol total RNA ex-
traction kit (Majorbio Bio-Pharm Technology, Shanghai, China),
quality checked on Agilent 2100 Bioanalyzer, quantified using
the ND-2000 (NanoDrop Technologies), and used for RNA-seq li-
brary construction with the Illumina Truseq RNA sample prep
Kit (Illumina, San Diego, CA, USA), according to the manufac-
turer’s instructions. The paired-end reads were obtained and se-
quenced (paired-end, 150bp each) with the NovaSeq 6000
sequencer. After removing adaptor and low-quality reads, clean
reads were mapped to G. max (assembly Glycine_max_v4.0) using
HISAT?2 (Kim et al. 2015) and assembled using Cufflinks (Trapnell
et al. 2010). Differential expression analysis was conducted on 2
samples using the DESeq?2 algorithm. Genes with a false discovery
rate (FDR) <0.05 were considered to be significantly differentially
expressed. In addition, functional-enrichment analysis KEGG was
performed to identify which differentially expressed genes (DEGs)
were significantly enriched in metabolic pathways at
Bonferroni-corrected P-value <0.05 compared with the whole-
transcriptome background. KEGG pathway analysis was carried
out by KOBAS (Mao et al. 2005).
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Subcellular localization analysis

The full-length GmbZIP131 CDS, lacking the stop codon, was am-
plified and cloned into the pCAMBIA1300-35S::GFP vector to gener-
ate the 35S:GmbZIP131-GFP construct, while the 35S:GFP
construct served as a control. To investigate the subcellular local-
ization of GmbZIP131, vectors expressing GFP fused to the full-
length GmbZIP131 cDNA were generated and co-expressed with
the nuclear marker D53-mCherry (Zhou et al. 2013) in 4-wk-old
N. benthamiana leaves (Chen et al. 2008). The fluorescence signals
of GFP were then observed using a confocal laser scanning micro-
scope (LSM900). GFP (laser intensity: 4.5% to 7.5%, excitation
wavelength: 493 nm, emission wavelength: 482 to 570 nm, gain:
622 V); mCherry (laser intensity: 0.7% to 0.8%, excitation wave-
length: 577 nm, emission wavelength: 560 to 626 nm, gain, 641 V).

Fractionation experiments were also performed to confirm the
distribution of the GmbZIP131 protein in the nucleus. Cytosolic (C)
and nuclear (N) proteins were extracted from N. benthamiana
leaves transformed with Ps3ss::GmbZIP131-HA or an EV, and then
analyzed by immunoblotting using the indicated antibodies.
Anti-Rubisco (M20044M; Abmart, Shanghai, China) and antihi-
stone H3 (P30266M; Abmart) antibodies were used as markers
for the cytosolic and nuclear fractions, respectively.

ChIP-PCR assay

The full-length CDS of GmbZIP131 was subcloned into the
pDL28-HA/Ubq10::DsRed vector, forming pDL28-35S::GmbZIP131-
HA/Ubq10:: DsRed, and the EV was used as a negative control.
Then, the 2 constructs were transformed into the WT soybean
via Ag. rhizogenes strain K599. The composite plants with trans-
genic roots were treated with 120mm of NaCl in 1/4-fold
Hoagland’s solution for 7 d and the transgenic roots were verified
by their expression of DsRed. Subsequently, the tissues were fixed
with a 1% (v/v) formaldehyde crosslinking method for 15 min.
ChIP-PCR assays were performed, as previously described (Pi
etal. 2019). Immunoprecipitation reactions were performed using
an anti-HA antibody (catalog no. sc-7392; Santa Cruz) and chro-
matin prior to immunoprecipitation (IP) was used as an input con-
trol. Complexes of chromatin antibodies were captured with
protein G beads. Enriched DNA fragments were identified by PCR
analysis.

Electrophoretic mobility shift assays

The full-length CDSs of GmbZIP131 and mutants were cloned into
the pET28a vectors to generate His-GmbZIP131WT4P constructs.
His-GmbZIP131 recombinant protein was expressed in E. coli
strain BL21 (DE3) pLysS and purified with Ni-NTA Sefinose (TM)
Resin 6FF (Settled Resin) (catalog no. C600033-0100; Sangon
Biotech). The purified fusion protein and biotin-labeled DNA
probes containing G-box cis-elements were used for EMSAs.
EMSAs were carried out using the Light Shift Chemiluminescent
EMSA Kit (catalog no. GS009; Beyotime Biotech, Shanghai,
China), according to the manufacturer’s instructions.

DLR assays

The DLR assay was executed in accordance with the methodology
reported by Li et al. (2020). In this assay, the 2.0kb promoter
region upstream of GmICHG was cloned and embedded into
the pGreen 1I 0800-LUC vector, employing the primers specified
in Supplementary Table S13. The resultant recombinant plasmids
were subsequently transformed into the Agrobacterium strain
GV3101 (pSoup-p19) (catalog no. CC96303; Tolo Biotech, Shanghali,
China). The GmbZIP131 protein was mixed with the promoter
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sequences at a volume ratio of 1:9 and injected into young
N. benthamiana leaves to facilitate transient co-transformation
and expression analysis. The comparative transactivation
activities of firefly and renilla luciferase were measured
using the Dual-Luciferase Reporter Gene Assay Kit (catalog no.
RGO27, Beyotime Biotech), strictly following the manufacturer’s
protocol.

Y2H assays

A cDNA library of WT soybean seedlings was created using the
Matchmaker GAL4 Two-Hybrid System 3 following the instruc-
tions (protocol no. PT3247-1; Clontech). For Y2H assays, the
CDSs of GmbZIP131 and GmSOS2L were cloned into the pGBKT7
and pGADTY7 vectors, respectively, and the recombinant plasmids
were then co-transformed into the yeast strain AH109. The Y2H
assays were carried out as per the manufacturer’s guidelines.

LCI assays

LCI assays were conducted following the previously described
methods (Chen et al. 2008). The CDSs of GmSOS2L and
GmbZIP131 were cloned into the pCAMBIA1300-cLUC and
pCAMBIA1300-nLUC vectors, respectively. Afterward, Ag. tumefa-
ciens strain GV3101 (catalog no. TSC-A01; Tsingke Biotechnology,
Beijing, China) carrying different plasmids was mixed to a final
concentration of ODgpo=1 and incubated at room temperature
for 2 h. Four different combinations of Agrobacterium were in-
jected into 4 different positions in the same leaves of N. benthami-
ana and cultured for 48 h. Seven minutes before detection, 0.2 mwm
p-luciferin (catalog no. 40903ESO1; Yeasen, Shanghai, China) was
evenly applied to the same positions into which Agrobacterium
was injected. A low-light cooled charge-coupled device imaging
device (CA2048B Lumazone) was used to capture the LUC signal.
At least 6 independent leaves were used for each experiment,
and 3 biological replicates were performed with similar results.

BiFC assays

To conduct BiFC assays, we cloned the full-length CDSs of
GmSOS2L and GmbZIP131 without stop codon into the pDOE-03
vector, resulting in the generation of pDOE03-35S:GmbZIP131-
NmVen210-355:GmSOS2L-CVen210 recombinant reporter fusion
construct, which was then transformed into Ag. tumefaciens strain
GV3101 and infiltrated into N. benthamiana leaves. Subsequent ex-
perimental methodologies were similar to LCI assays. The Venus
and DAPI signals were observed with a confocallaser scanning mi-
croscope (LSM710; Zeiss) YFP (laser intensity: 2.0% to 3.3%, excita-
tion wavelength: 488 nm, emission wavelength: 493 to 630 nm).
DAPI (laser intensity: 2.0% to 3.3%, excitation wavelength:
405 nm, emission wavelength: 410 to 585 nm).

Pull-down assay

A pull-down assay was conducted in accordance with the meth-
odology detailed by Ren et al. (2021), utilizing glutathione magar-
ose beads following the guidelines provided by the manufacturer
(SM002100; Smart-Lifesciences, Changzhou, China). The com-
plete cDNA sequence of GmbZIP131 was inserted into the Xhol
restriction site of the pGEX-6P-1 vector to produce the recombi-
nant protein GST-GmbZIP131. Similarly, GmSOS2L was inte-
grated into the Sacl and Xhol sites of the pET28a vector,
yielding the fusion protein His-GmSOS2L (with primer sequences
delineated in Supplementary Table S13). The expression of the
GST-GmbZIP131 and His-GmSOS2L fusion proteins was achieved
in E. coli BL21 (DE3) (C504-02; Vazyme) and Arctic-Express

(DE3) (catalog no. 230192; SH Biotech, Shanghai, China)
strains, respectively, through induction with 0.2 mwm isopropyl
B-p-thiogalactoside.

Subsequently, the GST-GmbZIP131 fusion protein, or the
GST-Tag was immobilized onto glutathione magarose beads and
then incubated with extracts containing His-GmSOS2L or
His-tag. Following a 4 h incubation at 4 °C on a rotary shaker,
the beads were thoroughly washed 5 times with ice-cold
phosphate-buffered saline, resuspended in SDS-PAGE loading
buffer, and subsequently applied to SDS-PAGE gels.

For western blot detection, primary antibodies specific for
anti-GST (catalog no. D110271-0100; Sangon Biotech) or anti-His
(catalogno. D110002-0100; Sangon Biotech) were applied at a dilu-
tion of 1:5,000. The secondary antibody used was antirabbit, di-
luted to 1:5,000 (catalog no. BK-R050; Bioker Biotech, Hangzhou,
China). The western blots were visualized using an enhanced
chemiluminescence detection reagent (catalog no. 4AW012-500;
4A Biotech, Beijing, China).

In vitro phosphorylation assay and alkylation

In vitro phosphorylation assays were executed in accordance with
the methods outlined by Jiang et al. (2023). Recombinant
GST-GmbZIP131 (1,000 ng) was mixed with the substrate proteins
maltose binding protein His-GmSOS2L (100 ng) within a kinase re-
action buffer composed of 20 mm HEPES at pH 7.4, 150 mwm Nacl,
10 mm MgCl,, and 1 mwm ATPyS (catalog no. ab138911; Abcam,
Cambridge, United Kingdom). This mixture was incubated at
30 °C for a duration of 1h. Subsequently, 1.5 4L of 50 mm PNBM
(catalog no. ab138910; Abcam) was introduced to the reaction
mixture, which was further incubated at 30 °C for 1.5h.
Recombinant proteins were separated through 10% (w/v) SDS-
PAGE, and the phosphorylated GST-GmbZIP131 was detected via
immunoblotting utilizing a diluted antithiophosphate ester anti-
body at a ratio of 1:5,000 (catalog no. ab92570; Abcam).

In vitro kinase activity and LC-MS/MS analysis

The CDS of GmSOS2L was inserted into pET28a and transformed
into E. coli strain BL21 (DE3) pLysS to express recombinant
His-GmSOS2L. The purified His-GmSOS2L and His-GmbZIP131
were used to test whether GmbZIP131 could be phosphorylated
by GmSOS2L. The substrate phosphorylation assay was per-
formed, as described previously (Pi et al. 2018). Briefly, the
GmSOS2L and GmbZIP131 were added into the kinase buffer con-
taining HEPES (20 mwm, pH 7.4), MgCl, (10 mw), NaCl (150 mwm), 50 um
ATP, and reacted for 30 min at 25 °C. Finally, the reaction was
stopped with SDS loading buffer and electrophoresed on a 10%
SDS-PAGE for further LC-MS/MS analysis.

LC-MS/MS analysis was performed by the Micrometer Biotech
Company (Hangzhou, China). Briefly, the peptide fragments
formed after trypsin cleavage were separated by LC and ionized
by a nano-ESI source and then passed to a Thermo Fisher LTQ
Obitrap ETD (Thermo Fisher Scientific, San Jose, CA, United
States) for data-dependent acquisition mode detection. The raw
LC-MS/MS data were processed using Proteome Discoverer 1.4
(Thermo). The main parameters were set as follows: maximum
missed cleavage site, 2; minimum peptide length, 6 amino acids;
precursor mass tolerance, 20 ppm; fragment mass tolerance,
0.05 Da; static modifications, carbamidomethylation (Cys), oxida-
tion (Met), and acetylation on protein N-terminus; maximum
variable posttranslational modifications per peptide, 3; and
FDR for protein, peptide, and modification site, 1%. Differential
expression analysis of proteins was conducted using the
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Student’s t-test, with a significance threshold set at P<0.05.
Subsequently, KEGG pathway analysis was performed using
KOBAS (Mao et al. 2005).

Nontargeted LC-MS-based metabolomics
analysis

Roots were collected from the 2-wk-old GmbZIP131-OE,
GmbZIP131-RNAi, and WT plants treated with 0 and 200 mm
Nacl for 24 h (with 3 replicates per sample) for metabolome anal-
ysis, performed by Micrometer Biotech Company. The collected
samples were thawed on ice, and metabolites were extracted
with 80% methanol buffer. Briefly, 50 mg of sample was extracted
with 0.5 mL of precooled 80% methanol. The extraction mixture
was then stored for 30 min at —20 °C. After centrifugation at
20,000%xg for 15 min, the supernatants were transferred into a
new tube and vacuum dried. The samples were redissolved with
100 uL 80% methanol and stored at —80 °C prior to the LC-MS anal-
ysis. In addition, pooled QC samples were also prepared by com-
bining 10 uL of each extraction mixture.

All samples were acquired by the LC-MS system, followed ma-
chine orders. Firstly, all chromatographic separations were per-
formed using an UltiMate 3000 UPLC System (Thermo Fisher
Scientific, Bremen, Germany). An ACQUITY UPLC T3 column
(100 mm x 2.1 mm, 1.8 ym; Waters, Milford, MA, United States)
was used for the reversed phase separation. The column oven
was maintained at 35 °C. The flow rate was 0.4 mL/min and the
mobile phase consisted of Solvent A (water, 0.1% formic acid)
and Solvent B (acetonitrile, 0.1% formic acid). Gradient elution
conditions were set as follows: 0 to 0.5min, 5% B; 0.5 to 7 min,
5% to 100% B; 7 to 8 min, 100% B; 8 to 8.1 min, 100% to 5% B; 8.1
to 10 min, 5% B.

A high-resolution tandem mass spectrometer Q-Exactive
(Thermo Scientific) was used to detect metabolites eluted from
the column. The Q-Exactive was operated in both positive and
negative ion modes. Precursor spectra (70 to 1,050 m/z) were col-
lected at 70,000 resolution to hit an AGC target of 3e6. The maxi-
mum inject time was set to 100 ms. A top 3 configuration to
acquire data was set in DDA mode. Fragment spectra were col-
lected at 17,500 resolution to hit an AGC target of 1e5 with a max-
imum inject time of 80 ms. In order to evaluate the stability of the
LC-MS during the whole acquisition, a QC sample (pool of all sam-
ples) was acquired after every 10 samples.

The acquired MS data were pretreated using various methods,
including peak picking, peak grouping, retention time (RT) correc-
tion, second peak grouping, and annotation of isotopes and ad-
ducts. These pretreatments were performed using XCMS
software. LC-MS raw data files were converted into mzXML for-
mat and then processed by the XCMS, CAMERA, and metaX tool-
box implemented with the R software. Each ion was identified by
combining RT and m/z data. The intensities of each peak were re-
corded, and a 3D matrix was generated, containing peak indices
(RT m/z pairs), sample names (observations), and ion intensity in-
formation (variables).

Metabolites were annotated using the online KEGG database,
by matching the exact molecular mass data (m/z) of samples
with those in database. If the mass difference between the ob-
served and the database value was <10 ppm, the metabolite was
annotated. The molecular formula of metabolites was further
identified and validated by the isotopic distribution measure-
ments. Metabolite identification was also validated using an in-
house fragment spectrum library. The intensity of peak data
was further preprocessed by metaX. Features that were detected

Regulation of salt tolerance in soybean | 15

in <50% of QC samples or 80% of biological samples were re-
moved; the remaining peaks with missing values were imputed
using the k-nearest neighbor algorithm to improve the data qual-
ity. QC-based robust LOESS signal correction was fitted to the QC
data to minimize signal intensity drift over time, considering the
order of injection. Additionally, the relative sps of the metabolic
features were calculated across all QC samples, and those exceed-
ing 30% were removed. Differences in metabolite concentrations
between 2 samples were assessed using Student’s t-test, assum-
ing unequal variances.

Accession numbers

Sequence data from this article can be found in the GenBank/
EMBL data libraries under accession numbers: AF525402

(GmSOS2L), NM_001250265 (GmbZIP131), and MH190223
(GmICHG).
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