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Abstract

Background/Objectives: Protein phosphatase type 2C (PP2C) family members are key
signaling hubs in plants, but their roles in mediating the trade-off between stress adaptation
and symbiotic interactions remain unclear. This study aimed to investigate the function
of soybean GmPP2C113, which was identified as a potential regulator linking salt stress
responses and symbiotic nodulation, in coordinating these two biological processes in soy-
bean (Glycine max). Methods/Results: The GmPP2C113 gene was cloned, and its subcellular
localization, transcriptional activity, and protein interactions were characterized. Expres-
sion patterns under salt stress and rhizobial inoculation were analyzed. The biological role
of GmPP2C113 was assessed using transgenic soybean plants overexpressing GmPP2C113.
GmPP2C113 was localized in the nucleus and possessed transcriptional activation capa-
bility and interacted with GmPP2C47. Its expression was strongly induced by salt stress
and by rhizobial infection, with the highest levels detected in mature nodules. Overex-
pression of GmPP2C113 significantly enhanced salt tolerance, upregulated stress-related
genes, increased nodule numbers, and promoted symbiotic nodulation under salt stress
by inducing nodulation marker genes. Conclusions: These results identify GmPP2C113 as
a positive modulator of salt tolerance and reveal its novel role as a molecular node that
sustains symbiotic nodulation under salt stress. This provides insight into the coordinated
regulation of stress adaptation and symbiosis in soybean.
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1. Introduction
Abiotic stresses such as drought, temperature extremes, and heavy metal pollution

disrupt plant growth through multiple pathways. Drought stress inhibits photosynthesis
and disrupts osmotic regulation [1]. High-temperature stress impairs photosynthetic
efficiency and membrane integrity [2]. Low-temperature stress damages the photosynthetic
apparatus [3], while heavy metal stress induces ROS accumulation and programmed
cell death [4]. In particular, salt stress not only induces osmotic stress that hinders root
water uptake, but also causes ionic imbalance and oxidative stress, leading to metabolic
disorders and even plant death [5]. With climate change intensifying, abiotic stresses
increasingly limit crop yield and quality, among which salt stress poses a major threat to
crop production worldwide.

The nitrogen-fixing symbiosis between legumes and rhizobia is a core component
of the nitrogen cycle in agricultural ecosystems, possessing irreplaceable production and
ecological value. As a globally important legume crop, soybean converts atmospheric
nitrogen into ammonia through root nodules, providing high-quality protein resources for
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humans and livestock while effectively increasing soil nitrogen reserves and significantly
reducing the demand for chemical nitrogen fertilizers [6,7]. However, this finely regulated
symbiotic process is highly sensitive to environmental perturbations. Salt stress, as a major
limiting factor, interferes with multiple stages of nodulation, from rhizobial infection and
nodule primordium formation to nitrogen fixation maintenance [8–12], ultimately leading
to reduced nodule numbers and diminished nitrogen fixation efficiency [13–15].

The inhibitory effects of salt stress on soybean nodulation have been documented for
over five decades [16], with soybean nodules being particularly vulnerable during early
developmental stages, as evidenced by marked reductions in nodule weight, number, and
dry matter accumulation [17]. Mechanistically, salt stress impairs nodulation from both
host and rhizobial perspectives. On the host side, salt stress reduces root daidzein secretion,
which in turn represses rhizobial nodC expression and delays primary-root nodulation [18].
On the symbiotic side, salt stress hinders oxygen uptake by bacteroids, weakens bacteroid
respiration, and inhibits nitrogen fixation activity [19], while also triggering the degradation
of leghemoglobin in nodules and thereby compromising nitrogenase function [20]. Despite
these physiological and phenotypic observations accumulated over decades, the underlying
genetic and molecular mechanisms by which salt stress suppresses symbiotic nodulation
remain largely unknown and await systematic elucidation.

Recent studies have greatly advanced our understanding of the molecular mecha-
nisms involved. Studies have found that GSK2-8, a member of the glycogen synthase
kinase 3 family, can directly phosphorylate the transcription factor GmNSP1a, inhibiting
its transcriptional activity, thereby mediating the negative regulation of soybean nodula-
tion in saline environments [21]. Concurrently, the NAC transcription factor GmNAC181,
which is strongly induced by salt stress, promotes nodulation by binding to the GmNIN1a
promoter and stimulating its expression, playing a positive regulatory role [22]. Further-
more, the ABA signaling pathway is deeply involved in the interactive network regulating
salt stress and nodulation [23]. ABA inhibits bacterial infection and the transcription of
nodulin genes [24,25]. Overexpression of the core ABA signaling component ABI5 enhances
stress sensitivity, while the dominant-negative allele mutant abi1 of ABI1 exhibits ABA
insensitivity and a super-nodulation phenotype; deletion of ABL1 also attenuates ABA
responses [26–28]. These discoveries reveal a molecular pathway regulating nodulation
under salt stress, composed of GSK3 kinase, NAC transcription factors, and ABA signaling
components. However, the complete regulatory network remains to be further elucidated.
In-depth investigation of the molecular mechanisms by which salt stress inhibits soy-
bean nodulation will provide theoretical support for breeding new soybean germplasms
with high salt tolerance and efficient nitrogen fixation, which is of great significance for
promoting sustainable green agricultural development.

Protein Phosphatase 2C (PP2C) is an important class of protein phosphatases widely
present in plants, animals, and microorganisms, functioning in various biological pathways
including cellular signaling, growth and development, and stress adaptation [29–31]. From
an evolutionary perspective, the number of genes in this family increases significantly as
plants evolve from lower to higher forms: green algae possess only about 10, mosses and ly-
cophytes have nearly 50, while in higher plants, the family has expanded substantially, with
Arabidopsis, rice, maize, and rapeseed containing 80 to 131 members, respectively [32–34].
This trend reflects the increasing functional complexity of PP2Cs during plant evolution and
the continuous expansion of the biological processes they participate in. Structurally, PP2C
family sequences are relatively conserved, with 11 highly conserved catalytic domains.
In Arabidopsis, the catalytic domain of most PP2C members resides at the C-terminus,
whereas the N-terminus is composed of extension regions of diverse lengths and reduced
conservation. It is this sequence diversity that endows PP2Cs with rich regulatory functions.
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PP2Cs share no amino acid sequence similarity with other protein phosphatases, indicating
their relatively independent evolutionary path. Phylogenetic analysis shows that PP2Cs
share a common ancestor and are closely related, but during the evolution of plants from
prokaryotes to eukaryotes and from unicellular to multicellular organisms, some amino
acids or sequences have changed, resulting in diverse structures adapted to different signal
transduction requirements [35].

PP2C family members are indispensable in plant stress resistance, actively involved
in regulating responses to diverse environmental stresses. The Arabidopsis AtPP2CG1
gene positively regulates its own salt tolerance and is reliant on ABA [36]. The expression
level of the rice PP2C gene OsPP108 significantly increases following salt stress treatment;
concurrently, Arabidopsis plants expressing OsPP108 display markedly improved salt
tolerance [37]. The maize ZmPP2C-A1/A2/A6 genes play a highly significant role in pro-
moting the germination of transgenic Arabidopsis seeds under salinity [38]. The maize
ZmPP2C-A2/A6/A10 genes serve as suppressors in response to water-deficit stress [39]. In
contrast, maize plants overexpressing the ZmPP2C55 gene show significantly improved
antioxidant capacity under drought stress, enabling them to better cope with drought
conditions and enhance their survival and adaptability [40]. Mutation of the rice OsPP2C09
gene significantly enhances plant resistance to drought stress, leading to the inference that
OsPP2C09 functions as a suppressor in plant drought tolerance [41]. In contrast, transgenic
Arabidopsis overexpressing rice OsPP108 displays considerably elevated drought tolerance,
exhibiting a completely opposite regulatory effect compared to OsPP2C09 [30]. Apple
MdPP2C24/37 transgenic Arabidopsis plants show reduced drought resistance under stress,
negatively regulating drought stress [42]. Collectively, these data imply that under abiotic
stress conditions, different PP2C family genes play diverse regulatory roles; some act as
positive regulators, while others function as negative regulators. This phenomenon reveals
the complexity of their functions and regulatory mechanisms in stressful environments.

This study characterizes the regulatory role of GmPP2C113, a soybean protein phos-
phatase, in coordinating salt tolerance and symbiotic nodulation. GmPP2C113 was found
to be nuclear-localized and function as a transcriptional activator, and interacts with
GmPP2C47. Its expression is strongly induced by salt stress and rhizobial inoculation, with
highest transcript levels detected in mature nodules. Functional analyses revealed that
GmPP2C113-overexpressing soybean lines show improved salt tolerance, concomitant with
upregulated expression of abiotic stress-responsive genes. Moreover, overexpression of
GmPP2C113 significantly increases nodule number and average fresh weight of nodules per
plant under salt stress, along with elevated transcript levels of nodulation marker genes.
Collectively, these findings suggest that GmPP2C113 functions as a positive regulator mod-
ulating both salt tolerance and symbiotic nodulation, likely through the activation of stress-
and nodulation-related transcriptional programs. This study identifies GmPP2C113 as
a promising candidate gene for improving salt tolerance and symbiotic performance in
soybean, providing a potential target for breeding stress-tolerant and nitrogen-efficient
soybean varieties with potential applications in sustainable agriculture.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

Seeds of cultivated soybean (G. max cv. Williams 82) were germinated and grown in
moist vermiculite within a light incubator set to 25 ◦C, and a 16 h light/8 h dark cycle.
Roots, stems, and leaves were collected 10 d after sowing, while flowers, seeds, pods,
and nodules were collected 42 d after sowing. All samples were snap-frozen in liquid
nitrogen and preserved at ultra-low temperature until further analysis, with three biological
replicates per treatment.
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To analyze the transcriptional characteristics of genes under different abiotic stresses,
uniformly grown V1 stage (first trifoliate leaf stage) seedlings were separated into three
groups, with 15 plants per group. The three groups of seedlings were, respectively, moved
to 1/2 Hoagland solution containing 150 mM NaCl (Solarbio, Beijing, China) for salt
stress treatment; transferred to 1/2 Hoagland nutrient solution containing 30% PEG-6000
(Solarbio, Beijing, China) for drought treatment; and the remaining seedlings were cultured
in half-strength Hoagland solution and exposed to 4 ◦C for cold acclimation. For each
treatment group, tissue samples were collected at 0 h (pre-stress) and at 3, 6, 12, 24,
and 48 h post-treatment, totaling six time points. Root tissues of the seedlings were
collected. Samples were snap-frozen in liquid N2, stored at −80 ◦C, and analyzed in
triplicate biological repeats.

To identify the effect of rhizobial inoculation on gene expression levels, soybean seeds
(W82) were surface-sterilized with chlorine gas and sown in sterile, moist vermiculite.
After 5 d, the seedling roots were immersed in a suspension of Bradyrhizobium diazoefficiens
strain BXYD3 (OD600 = 0.1) for 1–2 h for initial inoculation. Subsequently, seedlings were
transplanted into a low-nitrogen nutrient solution for cultivation. Plants were placed
in a controlled-environment culture room set to a photoperiod of 13/11 h light/dark
(26/24 ◦C day/night). The nutrient solution was renewed weekly, and its pH was adjusted
to 5.8–6.0 with dilute H2SO4 or KOH as needed. Samples were harvested at scheduled
intervals: root tissues at 0 h (before inoculation), 3, 6, 12, 24 h, 3 d, and 7 d post-inoculation;
and nodule tissues at 14, 21, 28, 35, 42, and 49 d post-inoculation, totaling 13 samples.
All samples were snap-frozen in liquid N2 and stored at −80 ◦C. The experiment was
performed with three biological replicates.

To investigate transcriptional responses to combined salinity and rhizobial inoculation,
root tissues were harvested 24 h following co-application of 150 mM NaCl and BXYD3
inoculum (15 mL each, final OD600 = 0.1).

Arabidopsis thaliana and Nicotiana benthamiana plants were cultivated in a controlled
culture room at a 24/20 ◦C (day/night) temperature cycle and a 12 h photoperiod.

2.2. Gene Expression Analysis

Primers for qRT-PCR were designed with Primer 5.0 based on the SoyBase sequence
GmPP2C113 (Glyma19G069200; Table S1). RNA was extracted from W82 roots using the
MiniBEST Kit (TaKaRa Bio Inc., Otsu, Shiga, Japan) per the manufacturer’s protocol. Gene
expression levels were detected following the operating instructions of TaKaRa’s reverse
transcription and fluorescence quantitative kits. qRT-PCR was performed on a CFX96
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Using GmACTIN11 as the internal
reference, relative gene expression was determined via the 2−∆∆Ct method, with data
processed and plotted in Microsoft Excel from three biological and three technical replicates
per experiment.

2.3. Subcellular Localization of the Protein

The coding sequence of GmPP2C113 (without the stop codon) was translationally fused
to GFP, whereas the nuclear marker NtTGA2.2 (AAF06696) was fused to RFP as a positive
control. Arabidopsis protoplasts were co-transformed with GmPP2C113-GFP and NtTGA2.2-
RFP, together with a control combination of 35S::GFP and NtTGA2.2-RFP. Following 16 h
of dark incubation at 22 ◦C, fluorescence was observed using a Zeiss LSM880 confocal laser
scanning microscope (Carl Zeiss AG, Oberkochen, Baden-Württemberg, Germany).

2.4. Transcriptional Activity Assay

The Yeast Gold system (Clontech, Mountain View, CA, USA) was used for the yeast
two-hybrid assay. First, the ORF of GmPP2C113 was amplified and cloned into the BD
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vector pGBKT7 and the AD vector pGADT7, respectively. Then, the BD-GmPP2C113
and pGADT7 plasmids were co-transformed into the Y2HGold yeast strain, and the AD-
GmPP2C113 and pGBKT7 plasmids were co-transformed into the Y2HGold yeast strain.
Transformants were plated on DDO and DDO/X/A (with 125 ng mL−1 Aureobasidin A
and 40 µg mL−1 X-α-gal) and incubated at 30 ◦C for 3–5 d in the dark. BD-53/AD-T and
BD-Lam/AD-T were included as positive and negative controls.

2.5. In Vivo LCI Assay

GmPP2C113 and GmPP2C47 (Glyma09G045100) were cloned into LCI vectors and
transformed into Agrobacterium tumefaciens GV3101. Single colonies were inoculated into LB
liquid medium for amplification culture. After the bacterial culture reached an appropriate
concentration, the OD600 value of each suspension was adjusted to 1.0 using infiltration
buffer. Subsequently, the two Agrobacterium suspensions carrying different vectors were
thoroughly combined in equal volumes. The mixed bacterial suspension was infiltrated
into the abaxial epidermis of N. benthamiana leaves. Following infiltration, the plants were
incubated at 23 ◦C for 40 h prior to luciferase activity analysis. For LUC detection, the
leaves were evenly sprayed with luciferin substrate and kept in darkness for 10 min to min-
imize background autofluorescence. Chemiluminescence was recorded with an automated
imaging system (Tanon-5200, Tanon Science & Technology Co., Ltd., Shanghai, China).

2.6. Obtainment of Stable Transgenic Soybean Plants Overexpressing GmPP2C113

The coding sequence of GmPP2C113 was PCR-amplified and cloned into p1301U
(BamH I/Kpn I) to generate GmPP2C113-OE. Transgenic soybean plants overexpressing
GmPP2C113 were generated via Agrobacterium-mediated cotyledonary-node transfor-
mation of cv. Williams 82, following the protocol described by Ke et al. [43]. with minor
modifications. Briefly, cotyledon explants were inoculated with A. tumefaciens strain GV3101
harboring the GmPP2C113-OE construct, co-cultivated for 3 d, and then transferred to
shoot induction medium supplemented with glufosinate (10 µM) and antibiotics (timentin,
cefotaxime, and carbenicillin) for selection of transgenic events. The glufosinate concen-
tration was increased to 30 µM during subculture and reduced to 15 µM during shoot
elongation. Regenerated shoots (3–4 cm) were excised and rooted on medium containing
7.4 µM indole-3-butyric acid (IBA). Rooted T0 plants were transferred to soil matrix and
self-pollinated to generate T1 progeny; this selfing process was repeated to obtain T2 and
T3 generations.

For selection of transgenic lines, T1 plants were initially screened by painting half
of the adaxial leaf surface with 120 mg/L glufosinate, and positive plants were further
confirmed by spraying with 1.3 mM glufosinate at the first-trifoliate stage, followed by PCR
verification. Homozygosity of the T3 generation was confirmed by segregation analysis
of the glufosinate resistance phenotype (progeny showing 100% resistance) and further
validated by qRT-PCR to confirm uniform transgene expression across individual plants
within each line. Three independent transgenic lines (OE-3, OE-4, and OE-8) exhibiting
relatively high GmPP2C113 transcript levels, as determined by qRT-PCR, were selected for
further analyses. Gene expression levels in T3 transgenic plants were detected using primers
GmPP2C113-rt (Table S1). Wild-type W82 plants were used as controls in all experiments.

2.7. Salt Stress Treatment and Physiological Index Analysis of Transgenic Soybean

T3 generation seeds from the three aforementioned transgenic lines were selected, and
seed germination conditions were as described above. After two weeks of normal growth,
uniformly growing plants were selected for salt stress experiments: plants were equally
allocated into three groups for each transgenic line, and irrigated daily with 1/8 Hoagland
nutrient solution containing 0, 150, or 300 mM NaCl. Wild-type soybean plants served as
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controls. Each treatment group consisted of 20 plants, totaling 12 groups. After one week
of salt stress treatment, photographs of the salt tolerance phenotype were taken, and plant
height and above-ground dry weight were measured and statistically analyzed.

Leaves from WT and transgenic soybean lines exposed to different salinity levels for
one week were collected to determine proline content, malondialdehyde (MDA) content,
chlorophyll content, and relative plasma membrane permeability. Additionally, leaf and
root tissues from plants under the same treatment conditions were collected to measure
Na+ and K+ contents. The specific determination methods followed those described by
Ke et al. [44].

2.8. Expression Analysis of Stress-Related Genes

Roots of WT and transgenic soybean lines exposed to 150 mM NaCl for 14 d were
harvested for qRT-PCR with the primers shown in Table S1. Relative transcript levels of
eight stress-related genes (GmDHN15, GmNHX5, GmSOS1, GmTGA13, GmLEA, GmGST1,
GmWD40 and GmMYB48) were evaluated using the 2−∆∆Ct method. Using wild-type plants
as controls and GmACTIN11 as the internal reference, all experiments were carried out with
three biological and three technical replicates, and the data were processed and graphed in
Microsoft Excel.

2.9. Evaluation of Nodulation Phenotype in Transgenic Soybean Under Salt Stress

Wild-type and transgenic soybean seedlings germinated for 7 d in sterile vermiculite
were placed in culture pots. Each pot was irrigated with 15 mL of 150 mM NaCl solution
and 15 mL of Bradyrhizobium diazoefficiens strain BXYD3 suspension (OD600 = 0.1) diluted in
low-nitrogen nutrient solution. Subsequently, NaCl treatment and BXYD3 inoculation were
repeated every three days. After 14 days of combined salt stress and rhizobial inoculation,
nodules were collected from each plant. The number of nodules per plant was counted, and
the average fresh weight of nodules per plant was determined immediately after harvest
for wild-type (WT) and three independent transgenic lines (OE-3, OE-4, and OE-8) under
both normal and salt-stress conditions. Nodules were collected from each line for qRT-PCR
quantification of three nodulation markers (GmENOD40-1, Gmcalmodulin and GmLb1) via
the 2−∆∆Ct method.

2.10. Data Analysis

Microsoft Excel 2010 was used to calculate means and standard errors (SE) for statistical
analysis. Data were analyzed using Student’s t-test (Microsoft Excel 2010) for pairwise
comparisons or one-way ANOVA (GraphPad Prism 7.0) for multiple-group comparisons.

3. Results and Analysis
3.1. Molecular Characteristics of GmPP2C113 and Its Interaction with GmPP2C47

For GmPP2C113 localization analysis, a GmPP2C113-GFP fusion construct was gen-
erated and co-transformed into Arabidopsis protoplasts along with the nuclear marker
NtTGA2.2-RFP as a positive control. The GmPP2C113-GFP fusion protein was exclusively
localized to the nucleus, while the GFP control exhibited ubiquitous distribution across the
cell (Figure 1A). The nuclear localization of GmPP2C113 aligns with its role as a nuclear
protein phosphatase.

Given that GmPP2C113 is a nuclear-localized protein, we employed the yeast two-
hybrid system to examine whether it possesses transcriptional activation activity. The
results showed that all hybrid combinations grew normally on DDO (SD/-Leu/-Trp)
medium. Yeast cells containing the BD-GmPP2C113 vector and the empty AD vector,
similar to the positive control, were able to grow normally and formed blue colonies on
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DDO/X/A medium containing Aureobasidin A and X-α-gal (Figure 1B). This indicates
that the GmPP2C113 protein itself possesses transcriptional activation function.

 

Figure 1. Subcellular localization and transcription activation analysis of GmPP2C113. (A) The
recombinant plasmids of GmPP2C113-GFP and pCAMBIA1300-35S-GFP were co-transformed with
pBI121-mcherry into Arabidopsis protoplast, and the GFP/RFP florescence was observed using
a confocal scanning microscope (LSM880). Bars = 25 µm. (B) Transcriptional activity analysis of
GmPP2C113 in yeast cells. DDO: SD/-Leu/-Trp double dropout medium; DDO/X/A: SD/-Leu/-Trp
double dropout medium supplemented with X-α-gal and Aureobasidin A; BD-53/AD-T: positive
interaction control; BD-Lam/AD-T: negative control.

Due to the transcriptional activation activity of GmPP2C113, which precludes the use
of the yeast two-hybrid system to identify its interacting target proteins, the firefly luciferase
chemiluminescence technique (LCI) was employed to screen for proteins interacting with
GmPP2C113 in vivo in N. benthamiana. A distinct fluorescence signal was observed in
the N. benthamiana leaf area co-injected with GmPP2C113-cLUC and GmPP2C47-nLUC,
whereas no fluorescence signal was observed in the area co-injected with GmPP2C113-
cLUC and GmPP2C72-nLUC (Figure S1). This indicates that GmPP2C113 and GmPP2C47
can physically interact in N. benthamiana leaf cells.

Bioinformatics analysis revealed that GmPP2C113 and GmPP2C47 share highly sim-
ilar sequence regions in their conserved domains, suggesting they may possess similar
functions (Figures S2A and S3A). A total of 38 phosphorylation sites were identified in the
GmPP2C113 protein, including 29 serine, 8 threonine, and 1 tyrosine residue (Figure S2B).
In contrast, the GmPP2C47 protein contains 61 phosphorylation sites, comprising 48 serine,
9 threonine, and 4 tyrosine residues (Figure S3B). The amino acid sequence of GmPP2C113
is 377 residues in length, and its secondary structure primarily consists of alpha helices
(35.81%), beta strands (5.57%), and random coils (42.71%) (Figure S2C). The amino acid
sequence of GmPP2C47 is 517 residues long, with a secondary structure mainly composed
of alpha helices (40.81%), beta strands (2.71%), and random coils (41.78%) (Figure S3C).
The secondary structures of both proteins are predominantly composed of alpha helices
and random coils, with highly similar distribution proportions of alpha helices, beta turns,
and random coils between the two. However, differences exist in the proportions of certain
structures, which may reflect their functional divergence.

3.2. Expression Patterns of GmPP2C113 in Response to Abiotic Stresses and Rhizobial Inoculation

Tissue expression pattern analysis showed that the GmPP2C113 gene was expressed
in all examined soybean tissues, with the highest expression level observed in flowers,
and relatively high expression levels also maintained in seeds and nodules (Figure 2A).
This indicates that GmPP2C113 exhibits constitutive expression in soybean, but expression
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levels are tissue-specific. To examine GmPP2C113 expression in response to abiotic stresses,
soybean roots were subjected to salt, drought, and cold treatments. GmPP2C113 transcript
levels were differentially induced by the three stress treatments, with distinct temporal
trends observed over time. Notably, under high salt stress, GmPP2C113 transcript levels
increased markedly following treatment, exhibiting an 8.8-fold peak at 24 h compared with
the 0 h baseline. In contrast, under drought and low temperature stresses, the gene expres-
sion changed more gradually, only showing a slight increase before gradually returning to
pre-stress levels (Figure 2B). These findings indicate that GmPP2C113 may function as a
key player in the soybean response to salt stress.
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Figure 2. Expression profiles of GmPP2C113 gene. (A) Expression profile of GmPP2C113 gene in
seven different tissues of soybean. (B) Expression analysis of GmPP2C113 gene treated with various
abiotic stresses. The expression levels were normalized to that of GmActin11. The error bars represent
the means ± student error values, and the asterisks indicate a statistical significance (* p < 0.05 and
** p < 0.01) compared with the corresponding 0 h controls.

Root and nodule samples were harvested from soybean at different times after rhi-
zobial inoculation for qRT-PCR analysis of GmPP2C113 transcript levels. In rhizobia-
inoculated roots, GmPP2C113 expression was significantly upregulated, whereas in nod-
ules, its transcript levels exhibited a temporal pattern of an initial increase followed by a
decline, peaking at 28 days post-inoculation before returning to levels comparable to those
at the early stage of inoculation (Figure 3A). These findings suggest that the GmPP2C113
gene is induced by rhizobia and maintains a relatively high expression level during nodule
maturation, suggesting its potential involvement in the modulation of nodule development.

Furthermore, the effect of rhizobial inoculation under salt stress conditions on
GmPP2C113 gene expression was analyzed. The results showed that under combined
treatment with 150 mM NaCl and rhizobia, the expression level of GmPP2C113 was sig-
nificantly elevated, and it was higher than that under salt treatment alone or rhizobial
inoculation alone (Figure 3B). These findings imply that GmPP2C113 may play a role in the
regulation of symbiotic nodulation under saline conditions.

3.3. Overexpression of GmPP2C113 Enhances Salt Tolerance in Transgenic Soybean

Given the strong induction of GmPP2C113 expression by salt stress and rhizobial
inoculation, we next investigated its biological function by generating transgenic soybean
lines overexpressing GmPP2C113. Overexpressing GmPP2C113 transgenic soybean lines
were successfully obtained using the A. tumefaciens GV3101-mediated soybean cotyledonary
node stable transformation method. qRT-PCR was performed to examine GmPP2C113
transcript levels in the roots of different T3 transgenic lines. Three lines (OE-3, OE-4, and
OE-8) with elevated transcript levels were chosen for further study (Figure 4A).
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Figure 3. The expression patterns of GmPP2C113 during soybean nodulation. (A) GmPP2C113
expression in the roots and nodules at different time points after inoculation with BXYD3 at 7 d
after soybean sowing. The gene expression levels were normalized to those of GmActin11. All the
values are the averages ± SD from three independent experiments. ** p < 0.01. (B) The expression
of GmPP2C113 was analyzed in soybean roots at 24 h after 150 mM NaCl was combined with the
rhizobial BXYD3 inoculation. ** p < 0.01.

 

Figure 4. Salt stress phenotype analysis of transgenic soybean overexpressing GmPP2C113. (A) Semi-
qRT-PCR analysis of GmPP2C113 expression levels in T3 transgenic soybean lines. (B) Response of
the wild type and three transgenic soybean lines to saline conditions. (C) Shoot height was measured
14 d after salt treatment. (D) Shoot dry weight per plant was measured 14 d after salt treatment.
M: DL2000 Plus DNA Marker; 1-15: Transgenic lines; (+): Plasmid positive control; (−): Plasmid
negative control; Wt: Wild type control; OE-3, OE-4, and OE-8: transgenic soybean lines 3, 4, and
8, respectively. Bars = 25 mm. All values are presented as means of three independent replicates
(n = 30). The error bars indicate SD. p-values were calculated using Student’s t-test. ** p < 0.01.

Three overexpression lines and WT plants were cultured under normal conditions
for 2 weeks, followed by 1 week of treatment with 0, 150, or 300 mM NaCl. Under
normal conditions, all lines grew well; however, under 150 mM NaCl stress, the OE
lines remained healthy, whereas WT plants exhibited chlorosis and wilting in their leaves.
Under 300 mM NaCl stress, the overexpression lines only showed yellowing and drying of
basal leaves, with apical leaves remaining normal; in contrast, wild-type plants displayed
severe leaf drying and abscission, and plant growth was significantly inhibited (Figure 4B).
Across all salt concentrations, the overexpression lines exhibited significantly greater plant
height and above-ground dry weight than the wild-type control (Figure 4C,D). Collectively,
these results show that GmPP2C113 overexpression markedly enhances salinity tolerance
in soybean.
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3.4. Overexpression of GmPP2C113 Alleviates Salt-Induced Physiological Damage

To further characterize the physiological response of transgenic soybean to salt stress,
proline content was measured in leaves. In the absence of stress, transgenic and wild-type
plants exhibited comparable performance. After salt stress treatment, proline content
in both increased with increasing salt concentration, but the accumulation in OE lines
was substantially greater than in WT (Figure 5A), indicating that overexpression of the
GmPP2C113 gene promotes proline accumulation under saline conditions, contributing to
the sustaining of cellular osmotic balance. Chlorophyll content analysis showed that with
increasing salt concentration, chlorophyll content in both transgenic lines and wild-type
exhibited a downward trend. However, transgenic lines retained substantially greater
chlorophyll content than the wild-type (p < 0.01), with a notably smaller decrease relative
to the control (Figure 5C), suggesting that overexpression of GmPP2C113 helps maintain
photosynthetic capacity under stress.
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Figure 5. Analysis on physiological indexes of transgenic soybean overexpressing GmPP2C113 under
salt stress. (A) Proline content of the wild type and transgenic soybean lines were measured 7 d after
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treatment. (B) MDA content; (C) Chlorophyll content; (D) Relative membrane permeability; (E) Na+

concentration in leaf; (F) K+ concentration in leaf; (G) Na+ concentration in root; (H) K+ concentration
in root. n = 15. All values are presented as means of three independent replicates. The error bars
indicate SD. p-values were calculated using Student’s t-test. ** p < 0.01 compared with Wt.

Analysis of cell membrane damage-related indicators revealed that in the absence of
stress, leaf malondialdehyde (MDA) content and relative plasma membrane permeability
were comparable between OE and WT plants. After salt stress, both MDA content and mem-
brane permeability increased in both, but the increase in transgenic lines was significantly
lower than that in the wild-type (p < 0.01) (Figure 5B,D), indicating that overexpression of
GmPP2C113 can mitigate oxidative damage to cell membranes caused by salt stress and
enhance membrane stability.

Further determination of Na+ and K+ contents showed that under control conditions,
Na+ and K+ levels in leaves and roots did not differ significantly between OE lines and
WT. As NaCl concentration increased, Na+ content in both increased, but the increase in
transgenic plants was markedly lower than that in the control. Simultaneously, K+ content
in both decreased, while the decrease in transgenic plants was smaller (Figure 5E–H).
This indicates that overexpression of GmPP2C113 can enhance the plant’s ion homeostasis
regulation capacity by reducing Na+ accumulation and maintaining higher K+ levels.

In summary, overexpression of GmPP2C113 substantially enhances salt resistance in
soybean by promoting proline accumulation, maintaining photosynthetic capacity, alleviat-
ing oxidative damage, and regulating ion balance.

3.5. Overexpression of GmPP2C113 Upregulates Stress-Related Genes Under Salt Stress

To explore the molecular role by which GmPP2C113 participates in the salt stress
response, eight abiotic stress-related genes: GmDHN15, GmNHX5, GmSOS1, GmTGA13,
GmLEA, GmGST1, GmWD40, and GmMYB48 were selected to analyze their expression
characteristics in the roots of transgenic soybean. qRT-PCR confirmed that these eight
stress-responsive genes were significantly induced in transgenic roots compared with
WT under salt stress (Figure 6). This indicates that overexpression of GmPP2C113 can
induce the upregulation of multiple downstream stress-responsive genes, suggesting that
GmPP2C113 likely contributes to salt tolerance in transgenic soybean by upregulating these
stress-related genes.
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Figure 6. Expression of stress-related genes as assessed by qRT-PCR under salt stress. Data are
expressed as the mean ± SD of three replicates. Asterisks indicate a significant difference between
Wt and transgenic plants. ** p < 0.01.
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3.6. Overexpression of GmPP2C113 Promotes Symbiotic Nodulation Under Salt Stress

To investigate the effect of salinity on the nodulation capacity of transgenic soybean
overexpressing GmPP2C113, this study analyzed the nodulation status of transgenic and
wild-type plants at 14 d post-rhizobial inoculation under 0 and 150 mM NaCl conditions.
Transgenic lines had markedly more nodules than WT under control conditions (p < 0.01).
Although salt stress reduced nodulation in both lines, transgenic nodules remained sub-
stantially more abundant than those of WT (p < 0.01) (Figure 7A,B). The average fresh
nodule weight per plant was significantly higher in the OE lines compared with WT under
both normal and salt-stress conditions (Figure 7C). These findings suggest that GmPP2C113
overexpression sustains nodulation capacity in soybean under salinity.
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Figure 7. GmPP2C113 promotes soybean nodule formation under salt stress. (A) Nodulation pheno-
type of transgenic soybean roots with wild type (Wt) at 14 d after inoculation (DAI) under normal
condition or salt stress; Bar, 1 cm. (B) Nodule number of transgenic soybean roots at 14 days after
inoculation (DAI) under conditions without or with 150 mM NaCl (n = 15). Different lowercase letters
indicate extremely significant differences among different treatment times (p < 0.01). (C) Average
fresh weight of nodules per plant (mg) of transgenic soybean roots at 14 DAI under conditions
without or with 150 mM NaCl (n = 15). Different lowercase letters indicate extremely significant
differences among different treatment groups. (D) The transcript level of ENOD40-1, Calmodulin and
Lb1 was analyzed in transgenic roots and Wt under salt stress (150 mM NaCl) at 14 DAI in soybean
(** p < 0.01).
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Further detection of the transcript abundance of nodulation-related genes showed
that under salt stress conditions, the transcript levels of GmENOD40-1, GmCalmodulin, and
GmLb1 in the mixed root and nodule samples of transgenic soybean were significantly
upregulated (Figure 7D). This indicates that overexpression of GmPP2C113 can stimulate
the expression of nodulation marker genes, thereby promoting the symbiotic nodulation
process in soybean.

4. Discussion
Soil salinization is a major limiting factor for soybean production. Under saline–alkali

stress, plants activate adaptive responses via ABA signaling, in which PP2Cs act as core
negative regulators by interacting with PYR/PYL/RCAR and SnRK2 [31]. Recent studies
have revealed that PP2Cs can also form interaction networks with other family members,
thereby exerting more nuanced regulatory effects [42]. However, whether and how PP2Cs
coordinate salt tolerance and symbiotic nodulation in soybean remains largely unknown.

Herein, a PP2C family member, GmPP2C113, was cloned from soybean, and its molec-
ular characteristics and biological functions were systematically analyzed. GmPP2C113
was found to localize to the nucleus and exhibit transcriptional activation activity (Figure 1).
This provides direct molecular evidence for its involvement in salt stress signal transduc-
tion. To further elucidate its regulatory network, a tobacco split-luciferase complementation
(LCI) assay was employed to detect the interaction between GmPP2C113 and GmPP2C47.
The LCI assay revealed a physical association between GmPP2C113 and GmPP2C47 in
N. benthamiana leaf cells (Figure S1). However, we acknowledge that further validation
using complementary approaches, such as co-immunoprecipitation (Co-IP) in transgenic
soybean lines, is required to confirm the biological relevance of this interaction under native
conditions. Notably, these two proteins are homologous and exhibit high conservation in
key functional domains (Figures S2 and S3), suggesting that they may regulate protein
phosphorylation levels through similar biochemical mechanisms. We therefore hypothesize
that GmPP2C113 and GmPP2C47 may coordinately participate in the soybean response to
saline–alkali stress. Collectively, this study provides evidence for the formation of protein
complexes between different PP2C family members in soybean, offering new insights into
the functional diversity and interaction networks of PP2Cs.

PP2C protein phosphatases, through their interaction networks with kinases, transcrip-
tion factors, and other signaling molecules, finely regulate plant responses to internal and
external environmental signals, thereby influencing growth and developmental processes.
Current research has confirmed that the PP2C family is widely involved in important sig-
naling pathways, including ABA-mediated signaling, the MAPK cascades, the salt overly
sensitive (SOS1) pathway, and CBL-interacting protein kinase (CIPK) pathways [45–47].
Future research urgently needs to clarify whether PP2Cs can act as key molecular switches,
coordinately activating multiple signaling pathways to achieve precise regulation of plant
stress responses. Furthermore, as important members of the phosphatase family, PP2Cs
primarily regulate the activity of downstream proteins through dephosphorylation modifi-
cation. How these two mechanisms work together synergistically, and how the regulatory
mechanisms of PP2C’s own activity (such as post-translational modifications, protein
interactions, etc.) are achieved, remain to be elucidated. In-depth analysis of these sci-
entific questions will provide key theoretical foundations for unraveling the molecular
mechanisms of plant stress adaptation.

Transcriptional profiling revealed that GmPP2C113 was significantly induced by salt
stress, reaching its peak expression in roots at 24 h post-treatment (Figure 2), indicating
that it may mediate early salt stress responses. Overexpression of GmPP2C113 significantly
enhanced the salt tolerance of transgenic soybean, with plant height and above-ground
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dry weight significantly higher than WT under high-salinity conditions (Figure 4). Gm-
MYB48 is a MYB transcription factor that activates stress-responsive genes and confers
stress resistance [48]. GmWD40 is a WD40 scaffold protein that mediates protein–protein
interactions, thus assisting in normal protein function and participating in abiotic stress
responses [49]. GmDHN15 is a drought-responsive dehydrin protein [50]. GmLEA is a
late embryogenesis-related gene that enhances abiotic stress tolerance [51]. GmGST1, a
GST family member, promotes stress resistance via redox homeostasis maintenance [52].
The significant upregulation of these stress-responsive genes in transgenic roots (Figure 6)
further supports the role of GmPP2C113 in enhancing salt tolerance through regulation of
downstream genes.

The efficiency of soybean symbiotic nitrogen fixation is collectively determined by
rhizobial infection, nodule organogenesis, and mature nodule fixation activity. However,
the entire nodulation process is susceptible to salt stress. Therefore, elucidating the molecu-
lar basis of soybean-rhizobia symbiosis and its salt stress response is of great significance
for the enhancement of soybean symbiotic efficiency. Previous studies have shown that
GmNAC181 is a critical regulatory factor maintaining the nodulation process under salt
stress, enhancing the tolerance of symbiotic nodulation under salt stress by upregulating
GmNINa and its downstream genes [22]. Unlike previous studies, this research revealed that
GmPP2C113 maintains a relatively high expression level in nodules and is induced by rhizo-
bia (Figure 3A). Inoculation with rhizobia under salt stress further increased the expression
of GmPP2C113 (Figure 3B). Transgenic lines overexpressing this gene maintained a higher
number of nodules and greater average fresh weight of nodules per plant under salt stress
conditions, along with upregulated expression of nodulation marker genes GmENOD40-1,
GmCalmodulin, and GmLb1 (Figure 7). Our findings identify GmPP2C113 as a positive
regulator that integrates salt tolerance and symbiotic nodulation at the transcriptional level,
and suggest its potential role in sustaining nodulation in soybean under salt stress. Future
studies employing gene knockout or knockdown approaches will be instrumental in further
validating the biological functions of GmPP2C113 and GmPP2C47 in the soybean response
to saline–alkali stress. In addition, transcriptomic and proteomic analyses may help to
further elucidate their regulatory roles in ABA signaling and symbiotic nodulation, though
we acknowledge that loss-of-function analyses will be required to definitively establish the
essentiality of GmPP2C113 in these processes.

In summary, our findings uncover a novel role for GmPP2C113 in coordinating nodu-
lation and stress response signaling under salt stress. GmPP2C113 not only stimulates
nodulation in the absence of stress but also sustains root development and symbiotic
performance under salinity. This discovery provides a potential breeding approach for
improving soybean nitrogen fixation and yield via GmPP2C113 under salt stress. Given
the conserved nature of PP2C in legumes, our research offers a conceptual framework for
genetic improvement of symbiotic nitrogen fixation in other legume crops.

5. Conclusions
In summary, this study identifies GmPP2C113 as a positive regulator of both salt

tolerance and symbiotic nodulation in soybean. GmPP2C113 is induced by salt stress
and rhizobial infection, and its overexpression enhances salt tolerance while promoting
nodulation under salt stress. Although GmPP2C113 showed physical interaction with
GmPP2C47 in LCI assays, the functional significance of this interaction remains to be
determined. These findings suggest that GmPP2C113 plays a regulatory role in coordinating
stress adaptation and symbiosis, and represents a candidate gene for improving soybean
performance under saline conditions.
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Figure S2. Analysis of the conserved domain (A), phosphorylation sites (B) and secondary structure
prediction (C) of GmPP2C113. Figure S3. Analysis of the conserved domain (A), phosphorylation
sites (B) and secondary structure prediction (C) of GmPP2C47.

Author Contributions: D.K. conceived the study, conducted the majority of the experiments and
drafted the manuscript; Z.Z., X.S., J.L. and K.Z. assisted with a portion of the experiments and data
analysis. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (U1904102),
the Natural Science Foundation of Henan Province (252300423087), and the APC was funded by
Nanhu Scholars Program for Young Scholars of XYNU.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author.

Acknowledgments: We thank Yuefeng Guan for his assistance with soybean genetic transformation.
We are also grateful to Hong Liao for her contribution to the LCI assay vectors, and to Xiaoyue Zhu
for her great help with protoplast transformation in Arabidopsis thaliana.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Sato, H.; Mizoi, J.; Shinozaki, K.; Yamaguchi, S.K. Complex plant responses to drought and heat stress under climate change.

Plant J. 2024, 117, 1873–1892. [CrossRef]
2. Seth, P.; Sebastian, J. Plants and global warming: Challenges and strategies for a warming world. Plant Cell Rep. 2024, 43, 27.

[CrossRef] [PubMed]
3. Wang, Y.; Wang, J.; Sarwar, R.; Zhang, W.; Geng, R. Research progress on the physiological response and molecular mechanism of

cold response in plants. Front. Plant Sci. 2024, 15, 1334913. [CrossRef] [PubMed]
4. Sharma, J.K.; Kumar, N.; Singh, N.P.; Santal, A.R. Phytoremediation technologies and their mechanism for removal of heavy metal

from contaminated soil: An approach for a sustainable environment. Front. Plant Sci. 2023, 14, 1076876. [CrossRef] [PubMed]
5. Hualpa-Ramirez, E.; Carrasco-Lozano, E.C.; Madrid-Espinoza, J.; Ricardo, T.; Ruiz-Lara, S. Stress salinity in plants: New strategies

to cope with in the foreseeable scenario. Plant Physiol. Biochem. 2024, 208, 108507. [CrossRef] [PubMed]
6. Liu, H.; Hou, L.; Lan, L.; Zhang, R.; Wang, D.J.; Feng, H.; Chen, C.Y.; Ye, J.J.; Oyebanji, O.O.; Chukwuma, E.C.; et al. Evolution

of root nodule symbiosis via paleopolyploidy and modular pathway rewiring. Cell Host Microbe 2026, 34, 324–343. [CrossRef]
[PubMed]

7. Ruan, Y.; Dong, S.; Jiang, S.; Wang, Y.; Wu, X.; Zhuang, Y.; Wu, W.; East, A.K.; Xu, P.; Poole, P.S.; et al. The molecular basis of the
binding and specific activation of rhizobial NodD by flavonoids. Science 2026, 391, 184–189. [CrossRef] [PubMed]

8. Singleton, P.W.; Bohlool, B. Effect of salinity on nodule formation by soybean. Plant Physiol. 1984, 74, 72–76. [CrossRef] [PubMed]
9. Zahran, H.H.; Sprent, J.I. Effects of sodium chloride and polyethylene glycol on root-hair infection and nodulation of Vicia faba L.

plants by Rhizobium leguminosarum. Planta 1986, 167, 303–309. [CrossRef] [PubMed]
10. Elsheikh, E.A.E.; Wood, M. Nodulation and N2 fixation by soybean inoculated with salt-tolerant rhizobia or salt-sensitive

bradyrhizobia in saline soil. Soil Biol. Biochem. 1995, 27, 657–661. [CrossRef]
11. Duzan, H.M.; Zhou, X.; Souleimanov, A.; Smith, D.L. Perception of Bradyrhizobium japonicum Nod factor by soybean [Glycine max

(L.) Merr.] root hairs under abiotic stress conditions. J. Exp. Bot. 2004, 55, 2641–2646. [CrossRef] [PubMed]
12. Araújo, S.S.; Beebe, S.; Crespi, M.; Delbreil, M.; Esther, M.G.; Gruber, V.; Lejeune-Henaut, I.; Link, W.; Monteros, M.J.; Prats, E.;

et al. Abiotic stress responses in legumes: Strategies used to cope with environmental challenges. Crit. Rev. Plant Sci. 2014, 34,
237–280. [CrossRef]

13. Singh, J.; Valdés-López, O. Discovering the genetic modules controlling root nodule symbiosis under abiotic stresses: Salinity as a
case study. New Phytol. 2022, 237, 1082–1085. [CrossRef] [PubMed]

14. Benidire, L.; Khalloufi, F.E.L.; Oufdou, K.; Barakat, M.; Tulumello, J. Phytobeneficial bacteria improve saline stress tolerance in
Vicia faba and modulate microbial interaction network. Sci. Total Environ. 2020, 729, 139020. [CrossRef] [PubMed]

https://doi.org/10.3390/genes17070815

https://www.mdpi.com/article/10.3390/genes17070815/s1
https://www.mdpi.com/article/10.3390/genes17070815/s1
https://doi.org/10.1111/tpj.16612
https://doi.org/10.1007/s00299-023-03083-w
https://www.ncbi.nlm.nih.gov/pubmed/38163826
https://doi.org/10.3389/fpls.2024.1334913
https://www.ncbi.nlm.nih.gov/pubmed/39980760
https://doi.org/10.3389/fpls.2023.1076876
https://www.ncbi.nlm.nih.gov/pubmed/38111881
https://doi.org/10.1016/j.plaphy.2024.108507
https://www.ncbi.nlm.nih.gov/pubmed/38467083
https://doi.org/10.1016/j.chom.2026.01.001
https://www.ncbi.nlm.nih.gov/pubmed/41616777
https://doi.org/10.1126/science.aec3061
https://www.ncbi.nlm.nih.gov/pubmed/41505558
https://doi.org/10.1104/pp.74.1.72
https://www.ncbi.nlm.nih.gov/pubmed/16663389
https://doi.org/10.1007/bf00391332
https://www.ncbi.nlm.nih.gov/pubmed/24240297
https://doi.org/10.1016/0038-0717(95)98645-5
https://doi.org/10.1093/jxb/erh265
https://www.ncbi.nlm.nih.gov/pubmed/15361528
https://doi.org/10.1080/07352689.2014.898450
https://doi.org/10.1111/nph.18627
https://www.ncbi.nlm.nih.gov/pubmed/36401792
https://doi.org/10.1016/j.scitotenv.2020.139020
https://www.ncbi.nlm.nih.gov/pubmed/32498175
https://doi.org/10.3390/genes17070815


Genes 2026, 17, 815 16 of 17

15. Yu, Z.; Duan, X.; Luo, L.; Dai, S.; Ding, Z. How plant hormones mediate salt stress responses. Trends Plant Sci. 2020, 25, 1117–1130.
[CrossRef] [PubMed]

16. Steinborn, J.; Roughley, R.J. Sodium-chloride as a cause of low numbers of rhizobium in legume inoculants. J. Appl. Bacteriol.
1974, 37, 93–99. [CrossRef] [PubMed]

17. Manchanda, G.; Garg, N. Salinity and its effects on the functional biology of legumes. Acta Physiol. Plant. 2008, 30, 595–618.
[CrossRef]

18. Nitawaki, Y.; Yasukochi, T.; Naono, S.; Yamamoto, A.; Saeki, Y. Effects of NaCl treatment on root nodule formation, isoflavone
secretion in soybean, and nodulation gene expression in rhizobia. Microbes Environ. 2024, 39, ME24023. [CrossRef] [PubMed]

19. Serraj, R.; Roy, G.; Drevon, J.J. Salt stress induces a decrease in the oxygen uptake of soybean nodules and in their permeability to
oxygen diffusion. Physiol. Plant. 1994, 91, 161–168. [CrossRef]

20. Salah, I.B.; Slatni, T.; Albacete, A.; Gandour, M.; Andújar, C.M.; Houmani, H.; Hamed, K.B.; Martinez, V.; Pérez-Alfocea, F.;
Abdelly, C. Salt tolerance of nitrogen fixation in Medicago ciliaris is related to nodule sucrose metabolism performance rather than
antioxidant system. Symbiosis 2010, 51, 187–195. [CrossRef]

21. He, C.; Gao, H.; Wang, H.; Guo, Y.; He, M.; Wang, X. GSK3-mediated stress signaling inhibits legume–rhizobium symbiosis by
phosphorylating GmNSP1 in soybean. Mol. Plant 2021, 14, 488–502. [CrossRef] [PubMed]

22. Wang, X.; Chen, K.; Zhou, M.; Gao, Y.; Huang, H.; Wang, Y.; Li, X. GmNAC181 promotes symbiotic nodulation and salt tolerance
of nodulation by directly regulating GmNINa expression in soybean. New Phytol. 2022, 236, 656–670. [CrossRef] [PubMed]

23. Kavi, K.P.B.; Tiozon, R.N., Jr.; Fernie, A.R.; Sreenivasulu, N. Abscisic acid and its role in the modulation of plant growth,
development, and yield stability. Trends Plant Sci. 2022, 27, 1283–1295. [CrossRef]

24. Tominaga, A.; Nagata, M.; Futsuki, K.; Abe, H.; Uchiumi, T. Enhanced nodulation and nitrogen fixation in the abscisic acid
low-sensitive mutant enhanced nitrogen fixation1 of Lotus japonicus. Plant Physiol. 2009, 151, 1965–1976. [CrossRef] [PubMed]

25. Xu, S.; Song, S.; Dong, X.; Wang, X.; Wu, J.; Wang, Z. GmbZIP1 negatively regulates ABA-induced inhibition of nodulation by
targeting GmENOD40–1 in soybean. BMC Plant Biol. 2021, 21, 35. [CrossRef] [PubMed]

26. Yan, F.; Deng, W.; Wang, X.; Yang, C.; Li, Z. Maize (Zea mays L.) homologue of ABA-insensitive (ABI) 5 gene plays a negative
regulatory role in abiotic stresses response. Plant Growth Regul. 2012, 68, 383–393. [CrossRef]

27. Yang, X.; Yang, Y.N.; Xue, L.J.; Zou, M.J.; Liu, J.Y.; Chen, F.; Xue, H.W. Rice ABI5-like1 regulates abscisic acid and auxin responses
by affecting the expression of ABRE-containing genes. Plant Physiol. 2011, 156, 1397–1409. [CrossRef] [PubMed]

28. Ding, Y.; Kalo, P.; Yendrek, C.; Sun, J.; Liang, Y.; Oldroyd, G.E.D. Abscisic acid coordinates nod factor and cytokinin signaling
during the regulation of nodulation in Medicago truncatula. Plant Cell 2008, 20, 2681–2695. [CrossRef] [PubMed]

29. Schweighofer, A.; Kazanaviciute, V.; Scheikl, E.; Teige, M.; Doczi, R.; Meskiene, I. The PP2C-Type phosphatase AP2C1, which
negatively regulates MPK4 and MPK6, modulates innate immunity, Jasmonic Acid, and Ethylene levels in Arabidopsis. Plant Cell
2007, 19, 2213–2224. [CrossRef] [PubMed]

30. Singh, A.; Jha, S.K.; Bagri, J.; Girdhar, K.P. ABA inducible rice protein phosphatase 2C confers ABA insensitivity and abiotic stress
tolerance in Arabidopsis. PLoS ONE 2015, 10, e0125168. [CrossRef] [PubMed]

31. Zhang, F.; Wei, Q.H.; Shi, J.C.; Jin, X.; He, Y.; Zhang, Y.; Luo, Q.; Wang, Y.; Chang, J.; Yang, G.; et al. Brachypodium distachyon
BdPP2CA6 interacts with BdPYLs and BdSnRK2 and positively regulates salt tolerance in transgenic Arabidopsis. Front. Plant Sci.
2017, 8, 264. [CrossRef] [PubMed]

32. Kim, S.; Park, M.; Yeom, S.I.; Kim, Y.M.; Lee, J.M. Genome sequence of the hot pepper provides insights into the evolution of
pungency in Capsicum species. Nat. Genet. 2014, 46, 270–278. [CrossRef] [PubMed]

33. Fan, K.; Yuan, S.; Chen, J.; Chen, Y.; Li, Z.; Lin, W. Molecular evolution and lineage-specific expansion of the PP2C family in Zea
mays. Planta 2019, 250, 1521–1538. [CrossRef] [PubMed]

34. Fu, H.; Yu, X.; Jiang, Y.; Wang, Y.; Yang, Y.; Guo, Y. SALT OVERLY SENSITIVE 1 is inhibited by clade D Protein phosphatase 2C
D6 and D7 in Arabidopsis thaliana. Plant Cell 2023, 35, 279–297. [PubMed]

35. Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, J.H.;
Bork, P.; et al. STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery in
genome-wide experimental datasets. Nucleic Acids Res. 2018, 47, D607–D613. [CrossRef]

36. Liu, X.; Zhu, Y.M.; Zhai, H.; Cai, H.; Ji, W.; Luo, X.; Li, J.; Bai, X. AtPP2CG1, a protein phosphatase 2C, positively regulates
salt tolerance of Arabidopsis in abscisic acid-dependent manner. Biochem. Biophys. Res. Commun. 2012, 422, 710–715. [CrossRef]
[PubMed]

37. Singh, A.; Pandey, G.K. The rice protein phosphatase OsPP108 confers enhanced salt tolerance in transgenic Arabidopsis. Plant
Mol. Biol. 2012, 78, 561–573.

38. He, Z.; Wu, J.; Sun, X.; Dai, M. The maize clade A PP2C phosphatases play critical roles in multiple abiotic stress responses. Int. J.
Mol. Sci. 2019, 20, 3573. [CrossRef] [PubMed]

39. Xiang, Y.; Sun, X.; Gao, S.; Qin, F.; Dai, M. Deletion of an endoplasmic reticulum stress response element in a ZmPP2C-A gene
facilitates drought tolerance of maize seedlings. Mol. Plant 2017, 10, 456–469. [CrossRef] [PubMed]

https://doi.org/10.3390/genes17070815

https://doi.org/10.1016/j.tplants.2020.06.008
https://www.ncbi.nlm.nih.gov/pubmed/32675014
https://doi.org/10.1111/j.1365-2672.1974.tb00418.x
https://www.ncbi.nlm.nih.gov/pubmed/4846742
https://doi.org/10.1007/s11738-008-0173-3
https://doi.org/10.1264/jsme2.me24023
https://www.ncbi.nlm.nih.gov/pubmed/39710374
https://doi.org/10.1034/j.1399-3054.1994.910205.x
https://doi.org/10.1007/s13199-010-0073-3
https://doi.org/10.1016/j.molp.2020.12.015
https://www.ncbi.nlm.nih.gov/pubmed/33359013
https://doi.org/10.1111/nph.18343
https://www.ncbi.nlm.nih.gov/pubmed/35751548
https://doi.org/10.1016/j.tplants.2022.08.013
https://doi.org/10.1104/pp.109.142638
https://www.ncbi.nlm.nih.gov/pubmed/19776164
https://doi.org/10.1186/s12870-020-02810-9
https://www.ncbi.nlm.nih.gov/pubmed/34915868
https://doi.org/10.1007/s10725-012-9727-x
https://doi.org/10.1104/pp.111.173427
https://www.ncbi.nlm.nih.gov/pubmed/21546455
https://doi.org/10.1105/tpc.108.061739
https://www.ncbi.nlm.nih.gov/pubmed/18931020
https://doi.org/10.1105/tpc.106.049585
https://www.ncbi.nlm.nih.gov/pubmed/17630279
https://doi.org/10.1371/journal.pone.0125168
https://www.ncbi.nlm.nih.gov/pubmed/26599397
https://doi.org/10.3389/fpls.2017.00264
https://www.ncbi.nlm.nih.gov/pubmed/29410672
https://doi.org/10.1038/ng.2877
https://www.ncbi.nlm.nih.gov/pubmed/24441736
https://doi.org/10.1007/s00425-019-03243-x
https://www.ncbi.nlm.nih.gov/pubmed/31346803
https://www.ncbi.nlm.nih.gov/pubmed/36149299
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1016/j.bbrc.2012.05.064
https://www.ncbi.nlm.nih.gov/pubmed/22627139
https://doi.org/10.3390/ijms20143573
https://www.ncbi.nlm.nih.gov/pubmed/31336603
https://doi.org/10.1016/j.molp.2016.10.003
https://www.ncbi.nlm.nih.gov/pubmed/27746300
https://doi.org/10.3390/genes17070815


Genes 2026, 17, 815 17 of 17

40. Zhang, P.; Yuan, Z.; Wei, L.; Qiu, X.; Wang, G.; Liu, Z.; Fu, J.; Cao, L.; Wang, T. Overexpression of ZmPP2C55 positively enhances
tolerance to drought stress in transgenic maize plants. Plant Sci. 2022, 314, 111127. [CrossRef] [PubMed]

41. Miao, J.; Li, X.; Li, X.; Tan, W.; You, A.; Liang, G.; Zhou, Y. OsPP2C09, a negative regulatory factor in abscisic acid signalling, plays
an essential role in balancing plant growth and drought tolerance in rice. New Phytol. 2020, 227, 1417–1433. [CrossRef] [PubMed]

42. Liu, Y.Y.; Shi, W.S.; Liu, Y.; Gao, X.M.; Hu, B. MdPP2C24/37, protein phosphatase type 2Cs from apple, interact with MdPYL2/12
to negatively regulate ABA signaling in transgenic Arabidopsis. Int. J. Mol. Sci. 2022, 23, 14375. [CrossRef] [PubMed]

43. Ke, D.; Hou, S.; Zhou, Z. GmIFS interacts with GmNFR1α and plays a positive role in soybean legume-rhizobia symbiosis. Plant
Sci. 2026, 365, 113011. [CrossRef] [PubMed]

44. Ke, D.; He, Y.; Fan, L.; Niu, R.; Cheng, L.; Wang, L.; Zhang, Z. The soybean TGA transcription factor GmTGA13 plays important
roles in the response to salinity stress. Plant Biol. 2022, 24, 313–322. [PubMed]

45. Ganz, P.; Porras-Murillo, R.; Ijato, T.; Menz, J.; Straub, T.; Benjamin, N. Abscisic acid influences ammonium transport via
regulation of kinase CIPK23 and ammonium transporters. Plant Physiol. 2022, 190, 1275–1288. [CrossRef] [PubMed]

46. Sun, Z.; Feng, Z.; Ding, Y.; Qi, Y.; Jiang, S.; Gong, Z. RAF22, ABI1 and OST1 form a dynamic interactive network that optimizes
plant growth and responses to drought stress in Arabidopsis. Mol. Plant 2022, 15, 1192–1210. [CrossRef] [PubMed]

47. Zhang, M.; Zhang, S. Mitogen-activated protein kinase cascades in plant signaling. J. Integr. Plant Biol. 2022, 64, 301–341.
[CrossRef] [PubMed]

48. Liao, Y.; Zou, H.F.; Wang, H.W.; Zhang, W.K.; Ma, B.; Zhang, J.S.; Chen, S.Y. Soybean GmMYB76, GmMYB92, and GmMYB177
genes confer stress tolerance in transgenic Arabidopsis plants. Cell Res. 2008, 18, 1047–1060. [CrossRef] [PubMed]

49. Mishra, A.K.; Muthamilarasan, M.; Khan, Y.; Parida, S.K.; Prasad, M. Genome-wide investigation and expression analyses of
WD40 protein family in the model plant foxtail millet (Setaria italica L.). PLoS ONE 2014, 9, e86852. [CrossRef] [PubMed]

50. Guo, X.; Zhang, L.; Wang, X.; Zhang, M.; Xi, Y.; Wang, A.; Zhu, J. Overexpression of Saussurea involucrata dehydrin gene SiDHN
promotes cold and drought tolerance in transgenic tomato plants. PLoS ONE 2019, 14, e0225090. [CrossRef] [PubMed]

51. Magwanga, R.O.; Lu, P.; Kirungu, J.N.; Lu, H.; Wang, X.; Cai, X.; Zhou, Z.; Zhang, Z.; Salih, H.; Wang, K.; et al. Characterization
of the late embryogenesis abundant (LEA) proteins family and their role in drought stress tolerance in upland cotton. BMC Genet.
2018, 19, 6. [CrossRef] [PubMed]

52. Qi, J.; Song, C.P.; Wang, B.; Zhou, J.; Kangasjarvi, J.; Zhu, J.K.; Gong, Z. Reactive oxygen species signaling and stomatal movement
in plant responses to drought stress and pathogen attack. J. Integr. Plant Biol. 2018, 60, 805–826. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/genes17070815

https://doi.org/10.1016/j.plantsci.2021.111127
https://www.ncbi.nlm.nih.gov/pubmed/34895535
https://doi.org/10.1111/nph.16670
https://www.ncbi.nlm.nih.gov/pubmed/32433775
https://doi.org/10.3390/ijms232214375
https://www.ncbi.nlm.nih.gov/pubmed/36430851
https://doi.org/10.1016/j.plantsci.2026.113011
https://www.ncbi.nlm.nih.gov/pubmed/41619978
https://www.ncbi.nlm.nih.gov/pubmed/34741387
https://doi.org/10.1093/plphys/kiac315
https://www.ncbi.nlm.nih.gov/pubmed/35762968
https://doi.org/10.1016/j.molp.2022.06.001
https://www.ncbi.nlm.nih.gov/pubmed/35668674
https://doi.org/10.1111/jipb.13215
https://www.ncbi.nlm.nih.gov/pubmed/34984829
https://doi.org/10.1038/cr.2008.280
https://www.ncbi.nlm.nih.gov/pubmed/18725908
https://doi.org/10.1371/journal.pone.0086852
https://www.ncbi.nlm.nih.gov/pubmed/25350285
https://doi.org/10.1371/journal.pone.0225090
https://www.ncbi.nlm.nih.gov/pubmed/31869397
https://doi.org/10.1186/s12863-017-0596-1
https://www.ncbi.nlm.nih.gov/pubmed/29334890
https://doi.org/10.1111/jipb.12654
https://www.ncbi.nlm.nih.gov/pubmed/29660240
https://doi.org/10.3390/genes17070815

	Introduction 
	Materials and Methods 
	Plant Materials and Growth Conditions 
	Gene Expression Analysis 
	Subcellular Localization of the Protein 
	Transcriptional Activity Assay 
	In Vivo LCI Assay 
	Obtainment of Stable Transgenic Soybean Plants Overexpressing GmPP2C113 
	Salt Stress Treatment and Physiological Index Analysis of Transgenic Soybean 
	Expression Analysis of Stress-Related Genes 
	Evaluation of Nodulation Phenotype in Transgenic Soybean Under Salt Stress 
	Data Analysis 

	Results and Analysis 
	Molecular Characteristics of GmPP2C113 and Its Interaction with GmPP2C47 
	Expression Patterns of GmPP2C113 in Response to Abiotic Stresses and Rhizobial Inoculation 
	Overexpression of GmPP2C113 Enhances Salt Tolerance in Transgenic Soybean 
	Overexpression of GmPP2C113 Alleviates Salt-Induced Physiological Damage 
	Overexpression of GmPP2C113 Upregulates Stress-Related Genes Under Salt Stress 
	Overexpression of GmPP2C113 Promotes Symbiotic Nodulation Under Salt Stress 

	Discussion 
	Conclusions 
	References

