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Abstract
High soil salinity possesses a major challenge for plant growth and productivity. Plants have evolved various mechanisms to 
withstand the adverse effects of salt stress, including E3 ubiquitin ligases that label salt-responsive proteins for degradation. 
Here, we characterized the mechanisms RING E3 ubiquitin ligase OsSIRH2-3 (Oryza sativa Salt Induced RING H2-type-3 
E3 ligase) used to facilitate salt tolerance in rice. OsSIRH2-3 expression was upregulated under high NaCl concentrations 
and upon abscisic acid (ABA) treatment. OsSIRH2-3 was primarily found in the nucleus of rice protoplasts. The OsSIRH2-3 
protein contains an H2-type-RING domain that confers E3 ligase activity. OsSIRH2-3 overexpression was also found to be 
associated with enhanced salt tolerance in transgenic plants, decreased  Na+ accumulation in both roots and leaves, decreased 
 Na+ transport activity in the xylem sap, increased levels of proline and soluble sugars, elevated activity of reactive oxygen 
species scavenging enzymes, and altered expression of  Na+/K+ transporters. Furthermore, OsSIRH2-3-overexpressing plants 
also exhibited high sensitivity to exogenous ABA treatment. Our findings demonstrate that OsSIRH2-3 enhances salt toler-
ance by regulating  Na+/K+ homeostasis and modulating  Na+/K+ transporter expression. This study illuminates the molecu-
lar mechanisms involved in RING E3 ubiquitin ligase-mediated salt tolerance in rice and provides a potential strategy for 
enhancing crop productivity in saline environments.
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Introduction

The worldwide food demand is projected to double by 2050 
to sustain a global population estimated to reach 9.7 bil-
lion (Fukase and Martin 2020). Enhancing crop productiv-
ity is thus crucial in this regard. However, abiotic stresses 
including salinity, drought, cold, heat, and flooding, sig-
nificantly reduce crop productivity. Among these stresses, 
salinity represents the primary constraint on plant growth 

and productivity worldwide (Janz and Polle 2012; Polle and 
Chen 2015).The effects of salt stress have been compounded 
by rising sea levels due to global warming, affecting approxi-
mately six percent of the Earth’s total land mass, equiva-
lent to 800 million hectares of agricultural land (Munns 
and Tester 2008). Compared to other major crops such as 
wheat (Triticum aestivum L.), sorghum (Sorghum bicolor 
L.), barley (Hordeum vulgare L.), and rice (Oryza sativa L.) 
has been shown to be highly sensitive to salt (i.e., display 
“salt hypersensitivity”). For instance, wheat and barley pro-
ductivity was found to decline by 7% and 5% under 60 and 
80 mM NaCl, respectively, while rice showed a productivity 
decrease of approximately 12%, even at 30 mM NaCl (Chin-
nusamy et al. 2005). Elucidating the mechanisms of salt tol-
erance thus holds promise for boosting productivity in rice.

During periods of salt stress, plant growth is restricted 
due to an imbalance between sodium ions  (Na+) and other 
ions. Plants have thus developed various mechanisms to 
withstand salt stress (Horie et al. 2007; Su et al. 2015). 
Excessive amounts of external  Na+ interfere with the absorp-
tion of potassium ions  (K+), leading to detrimental effects 
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such as inhibition of essential enzymes and photosynthesis, 
and ultimately  Na+ toxicity and plant mortality (Horie et al. 
2007). Several mechanisms have been previously discov-
ered to reduce  Na+ toxicity, including reduced influx and 
increased efflux of  Na+ influx, and sequestering of  Na+ into 
the cell vacuoles (Su et al. 2015). Recently, various  Na+/
K+ channels and transporters were shown to be essential 
in maintaining  Na+ homeostasis in plant roots during salt 
stress, including non-selective cation channels (Demidchik 
and Tester 2002), salt-overly sensitive 1 (SOS1; Ji et al. 
2013),  Na+/H+ antiporters (NHXs; Bassil et al. 2011), and 
high-affinity potassium transporters1 (HKT1s; Horie et al. 
2007; Waters et al. 2013). In addition, the HKT2 family, 
including OsHKT2;1 and OsHKT2;2 in rice (Horie et al. 
2007; Yao et al. 2010) and TaHKT2;1 in wheat (Ariyarathna 
et al. 2014) were identified as  Na+ transporters as well.

Na+ accumulation in plants under salt stress further leads 
to ionic stress that disrupts protein synthesis, photosynthe-
sis, and enzymatic activities. Osmotic stress promotes the 
accumulation of reactive oxygen species (ROS), which leads 
to the degradation of lipids, proteins, RNA, and DNA, ulti-
mately resulting in plant mortality (Mittler 2002). Plants 
have evolved antioxidant defense systems that employ ROS-
scavenging mechanisms to counteract such unfavorable 
conditions and maintain redox homeostasis. Antioxidant 
enzymes such as superoxide dismutase (SOD), peroxidase 
(POD), and catalase (CAT) are utilized to alleviate ROS-
induced damage (Hossain and Dietz 2016).

Furthermore, osmotic stress caused by salt stress triggers 
the production of the phytohormone abscisic acid (ABA), 
which is essential for successful regulation of plant physi-
ological processes in response to various abiotic stresses 
(Finkelstein et al. 2002; Jia et al. 2002; Xiong et al. 2002; 
Wei et al. 2020). ABA serves not only as a mediator of salin-
ity signals but also as a protective agent against salt stress by 
regulating the expression of stress-responsive genes (Dan-
quah et al. 2014; Yoshida et al. 2014).

Plants respond to stress conditions via changes in intra-
cellular metabolic processes, regulation of protein synthe-
sis and degradation, and expression of transcription factors. 
Ubiquitination is a post-translational modification mecha-
nism that involves the attachment of small ubiquitin tags to 
target proteins. The resulting ubiquitin-substrate complex 
is recognized and degraded by the 26S proteasome. The 
ubiquitin/26S proteasome system is crucial for the regula-
tion of various physiological processes in plants, includ-
ing growth, disease resistance, and stress responses. RING 
(Really Interesting New Gene) proteins, which are character-
ized by a zinc-binding motif (Cys-X2-Cys-X9-39-Cys-X1-
3-H-X2-3-Cys-X2-Cys-X4-48-Cys-X2-Cys), are involved 
in multiple steps of ubiquitin activation, conjugation, and 
ligase activity, and function in conjunction with the ubiquitin 
activation enzyme (E1), ubiquitin conjugation enzyme (E2), 

and ubiquitin ligase (E3) (Deshaies and Joazeiro 2009). In 
addition, RING protein plays significant role in response to 
abiotic stress conditions in rice species in particular (Chapa-
gain et al. 2017). For example, the rice protein Oryza sativa 
salt-induced RING H2-14 (OsSIRH2-14) interacts with the 
 Na+ transporter OsHKT2;1. OsSIRH2-14-overexpressing 
plants exhibit lower levels of  Na+ accumulation than wild-
type (WT) plants (Park et al. 2019).

A previous study examined the transcriptional patterns of 
47 RING finger proteins in rice under various abiotic stress 
conditions. Among these proteins, OsSIRH2-3 (Oryza sativa 
salt-induced RING finger protein H2-3), an H2-type RING 
protein gene (previously called OsRFPH2-3), is upregulated 
under salt stress conditions (Lim et al. 2013). However, the 
precise molecular function of OsSIRH2-3 remains elusive. 
Here, we performed a phenotypic analysis of OsSIRH2-
3-overexpressing plants in terms of  Na+ accumulation and 
transcription analysis of  Na+ or  K+ transporter genes to gain 
further insights into the function of OsSIRH2-3.

Material and Methods

Generation of Transgenic Plants

The coding sequence of OsSIRH2-3 (LOC_Os01g74040) 
was amplified from rice cDNA using Q5 polymerase 2X 
Master Mix (NEB, Massachusetts, USA) and the appropriate 
primers. PCR products were cloned into a pGA3425 binary 
plasmid vector tagged with the pUbi promoter. OsSIRH2-
3-overexpressing plants were generated at the National Insti-
tute of Agriculture Sciences (Suwon, Korea). The cloned 
pUbi:OsSIRH2-3 recombinant plasmid was transferred using 
the heat shock method (Froger and Hall 2007), into Agrobac-
terium tumefaciens strain EHA105. Overexpressing plants 
were transformed using a previously described method (Toki 
et al. 2006), and rice seeds were sterilized using 2% sodium 
hypochlorite with Tween-20 (Sigma-Aldrich, Missouri, 
USA) and grown on 2N6D medium at 30 °C for 5 d. Pre-
cultured calli were infected with EHA105 cells, including 
the pUbi:OsSIRH2-3 plasmid and cultured at 25 °C for 3 d 
under dark conditions. The infected calli were washed five 
times with sterilized water containing 500 mg  L−1 carbeni-
cillin, transferred to 2N6D medium containing 50 mg  L−1 
hygromycin and 400 mg  L−1 carbenicillin, and incubated for 
one month under light conditions. Then, selected calli were 
transferred to a shoot induction medium containing 0.1 mg 
 L−1 naphthaleneacetic acid (Duchefa Biochemie, Haarlem, 
Netherlands) and 2 mg  L−1 kinetin (Duchefa Biochemie) 
and incubated at 32 °C for 3 weeks under light conditions. 
Transformed plants were grown in a well-controlled green-
house. Seeds of two independent  T3 homozygous plants 
were selected for further experiments.
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Plant Growth Conditions and Phenotypic Assay

OsSIRH2-3-overexpressing and WT seeds were germinated 
at 30 °C in the dark for 2 d. The germinated seeds were 
transferred to plastic containers containing half-strength 
Kimura B nutrient solution (pH 5.6) and incubated in a 
growth chamber under 16/8 h light/dark conditions with 70% 
relative humidity. Ten-day-old seedlings were then treated 
with 100 mM NaCl. Phenotype characteristics, including 
shoot length, root length, shoot fresh weight, and fresh root 
weight, were measured in triplicate (each sample num-
ber = 15). Plant leaf and root tissues were harvested, ground 
using liquid nitrogen, and stored at – 70 °C for further study.

RNA Extraction and Gene Expression Analysis

Total RNA was extracted using TRIzol® reagent (Invitrogen 
Life Technologies, Carlsbad, CA, USA) according to the 
manufacturer’s protocol. To avoid genomic DNA contamina-
tion, total RNA was treated with DNase I (Sigma-Aldrich) 
and 1 µg of total RNA was used for cDNA synthesis using a 
PrimeScript™ 1st-Strand cDNA Synthesis Kit (Takara Bio, 
Ohtsu, Japan). Quantitative real-time PCR (qPCR) was per-
formed using the CFX ConnectTM Real-Time PCR Detec-
tion System (Bio-Rad, Hercules, CA, USA) with SYBR® 
Green TOP real qPCR 2X PreMIX (EnzynomicsTM, 
Daejeon, Korea), 25 ng of cDNA, and appropriate gene-
specific primers. Primers were designed using the Beacon 
Designer™ (PRIMER Biosoft, Palo Alto, CA, USA) and 
synthesized by a commercial service Macrogen (Macrogen, 
Seoul, Korea). The amplification conditions were as follows: 
pre-denaturation at 95 °C for 10 m, 40 cycles of denatura-
tion at 95 °C for 10 s, annealing at the appropriate annealing 
temperature for each primer pair (Table S1), and extension 
at 70 °C for 30 s. OseEF-1a (LOC_Os03g08010) was used 
as an internal control. Relative expression levels were calcu-
lated using the  2−ΔΔCT method (Livak and Schmittgen 2001).

E3 Ligase Activity Analysis of OsSIRH2‑3

To verify the E3 ubiquitin ligase activity of OsSIRH2-3, the 
full-length OsSIRH2-3 gene was amplified using Q5 DNA 
polymerase (New England Biolabs, Ipswich, MA, USA), and 
the PCR products were cloned into the pMAL-c5X-MBP 
tagged vector (New England BioLabs). To generate a point 
mutation, an amino acid substitution (OsSIRH2-3C149A) in 
the RING finger domain was made using Q5® Site-Directed 
Mutagenesis Kit (New England BioLabs) and cloned into 
the pMAL-c5X-MBP tagged vector. Recombinant MBP-
OsSIRH2-3, MBP-OsSIRH2-3C149A, and non-recombinant 
pMAL (negative control) were transformed into Escherichia 
coli strain BL21 (DE3) and purified by affinity chromatogra-
phy using an amylose resin column (New England BioLabs). 

E2 (Arabidopsis UBC10, At5g53300) was cloned into a 
pET-28a ( +)-6 X-His-tagged vector (Novagen, Gibbstown, 
NJ, USA) and transformed into E. coli strain BL21 (DE3). 
Recombinant AtUBC10 was purified using a Ni–NTA Puri-
fication System (Invitrogen Life Technologies). For the 
in vitro ubiquitination assay, purified MBP-OsSIRH2-3, and 
mutated MBP-OsSIRH2-3C149A (300 ng) each was mixed 
with 50 ng of human E1 (Sigma-Aldrich), 150 ng purified 
E2 (AtUBC10), bovine ubiquitin (Sigma-Aldrich), and reac-
tion buffer containing 50 mM Tris–HCl (pH 7.5); 100 mM 
 MgCl2; 40 mM DTT; and 40 mM ATP; The reaction mix-
ture was incubated 4 h at 30 °C, the reaction was stopped 
by mixing 5X sample buffer and boiling at 95 °C for 5 m. 
The samples were loaded onto an 8% sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE) gel 
and transferred to nitrocellulose membranes. Ubiquitinated 
OsSIRH2-3 proteins were detected by western blotting using 
primary anti-ubiquitin in rabbit (U5379; Sigma-Aldrich) and 
anti-MBP monoclonal antibody (E8032; NEB) and a sec-
ondary anti-rabbit lgG (A0545; Sigma-Aldrich) and anti-
mouse lgG (A8924; Sigma-Aldrich) and photographed using 
a ChemiDoc™XRS imaging system (Bio-Rad).

Rice Protoplast Extraction and Subcellular 
Localization

Rice seeds were germinated and grown in half Kimura B 
solution in a growth chamber at 30/25 °C (16/8 h light/dark) 
with 70% of relative humidity. Protoplasts were isolated from 
1-week-old WT leaf sheaths. Approximately 30 seedlings 
were chopped with a razor blade and incubated in 30 mL 
of filtered enzyme solution containing 0.25% macerozyme 
R-10 (Yakult Honsa), 1% cellulase R-10 (Yakult Honsa Co. 
Ltd., Tokyo, Japan), 500 mM mannitol (Sigma-Aldrich), 
1 mM  CaCl2 (Sigma-Aldrich), 0.1% BSA (Sigma-Aldrich), 
and 10 mM MES (Duchefa Biochemie), at pH 5.6, the mix-
ture was incubated in the dark condition with gentle rocking 
at 25 °C for 6 h. The mixture was then filtered using 40 μm 
nylon mesh filters (SPL, Gyeonggi-do, Korea). The proto-
plasts were collected by centrifugation at 300 × g for 4 m. 
The protoplast pellets were mixed in 30 mL of W5 solution 
containing 154 mM NaCl (Duchefa Biochemie), 125 mM 
 CaCl2 (Sigma-Aldrich), 5 mM KCl (Sigma-Aldrich), 5 mM 
glucose (Duchefa Biochemie), and 1.5 mM MES (Duchefa 
Biochemie), and then incubated at 4 °C for 3 h. After incu-
bation, the pelleted protoplasts were resuspended in MMG 
solution containing 0.4 M mannitol (Duchefa Biochemie), 
15 mM  MgCl2 (Sigma-Aldrich), and 4.7 mM MES (Duchefa 
Biochemie), pH 5.6. The recombinant vector 35 s:OsSIRH2-
3-YFP (10 μg) was transfected into protoplasts with MMG 
solution, and mixed. The mixture was added to a prepared 
PEG solution containing 40% PEG 4000 (Sigma-Aldrich), 
100 mM Ca(NO3)2, and 400 mM mannitol and gently mixed. 
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The prepared samples were incubated at 25 °C for 30 m in 
dark. After incubation, the protoplast pellets were collected 
by centrifugation at 300 × g for 4 m. The pelleted proto-
plasts were gently resuspended in 1 mL of W5 solution and 
incubated overnight for 16 h at room temperature in dark. 
The protoplasts were photographed using a confocal laser 
scanning microscope at the Central Laboratory of Kangwon 
National University (Chuncheon, Korea). Photographs were 
acquired using ZNE (ZEISS, Oberkochen, Germany).

Visualization of  Na+ Accumulation

To visualize  Na+ accumulation in the roots, the 
 Na+-ion-specific fluorescent dye CoroNa Green (Invitrogen 
Life Technologies) was used to visualize  Na+ accumulation 
in the roots. Ten-day-old seedlings of OsSIRH2-3-trans-
genic and WT plants were grown in 0 or 100 mM NaCl for 
24 h. The root tips were cut into approximately 2 cm pieces 
and washed with distilled water. The root tips were then 
stained with 25 μM CoroNa Green staining solution dis-
solved in dimethyl sulfoxide and incubated for 3 h at room 
temperature. After washing the tissue with distilled water, 
the prepared samples were placed on a sliding glass and 
 Na+ accumulation was detected using the green fluorescence 
signal SR-CLSM (LSM880, Carl Zeiss). Photographs were 
acquired using a ZNE microscope (ZEISS).

Measurement of Chlorophyll Content

Ten-day-old rice leaves were used to measure chlorophyll 
content. Fresh rice leaf tissue (200 mg) was ground in liquid 
nitrogen and 80% acetone (1.5 mL) was added. The samples 
were then incubated in the dark at 4 °C for 30 m. The incu-
bated samples were collected by centrifugation at 13,000 × g 
at 4 °C for 20 m, and the supernatants were transferred to 
fresh microtubes. The absorbance of the prepared samples 
was measured at 663 and 645 nm using a microplate reader 
(SPECTROstar Nano, BMG Labtech) and the chlorophyll 
content was calculated as previously described (Ni et al. 
2009).

Measurement of  H2O2 Contents

H2O2 content was measured as previously described (Gay 
and Gebicki 2000), each root and leaf sample (100 mg each) 
was mixed with 0.1% trichloroacetic acid (Sigma-Aldrich), 
incubated at 4 °C for 30 m, and centrifuged at 12,000 × g 
at 4 °C for 30 m. The supernatant was transferred to a new 
microtube and allowed to react with solutions A (2.5 M 
 H2SO4 and 25 mM ammonium ferrous II sulfate) and B 
(100 mM sorbitol and 125 μM xylenol orange). The absorb-
ance of the samples was measured at 560 nm using a micro-
plate reader (SPECTROstar Nano; BMG LabTech).

Measurement of SOD, POD, CAT, and MDA Contents

The root and leaf blade tissues (100 mg) were harvested 
using an enzyme extraction buffer composed of 50 mM 
sodium phosphate buffer (pH 7.0), 5 mM-mercaptoethanol, 
2 mM EDTA, and 4% PV-40. The harvested tissues were 
then homogenized in the extraction buffer and centrifuged at 
15,000 rpm for 40 m at 4 °C. The resulting supernatant was 
collected for further analysis of enzyme activity. The protein 
concentration in the extracted samples was determined using 
a QubitTM Protein Assay Kit (Invitrogen), which provides 
a quantitative measurement of protein content. To measure 
the activities of superoxide dismutase (SOD), peroxidase 
(POD), and catalase (CAT), the extracted samples were sub-
jected to specific assays following a previously described 
method (Kim et al. 2023) with some modifications. Modi-
fications made to the assay protocol may include changes 
in the reaction conditions or additional steps to meet the 
experimental requirements. To determine the malondial-
dehyde (MDA) content in root and leaf blade tissues, the 
following procedure was conducted based on a previously 
described method (Sun et al. 2020) with some modifications. 
First, 100 mg of root or leaf blade tissue was weighed and 
ground in 5% (w/v) trichloroacetic acid (TCA). The homoge-
nate was centrifuged at 12,000 × g for 15 m and the super-
natant was carefully transferred to a new tube. Next, 1 mL 
of a solution containing 0.5% thiobarbituric acid (TBA) and 
20% TCA was added to the supernatant and the mixture 
was thoroughly mixed. The tube was then incubated in a 
water bath at 95 °C for 20 m. Finally, after cooling the liq-
uid to 4 °C, the absorbance of the mixture was measured 
at 450 nm, 532 nm, and 600 nm using a microplate reader 
(SPECTROstar Nano).

Measurement of Proline and Soluble Sugar Contents

The proline contents of the root and leaf tissues were meas-
ured as previously described (Carillo and Gibon 2011). Leaf 
and root tissues (100 mg) were mixed with 1 mL 70% etha-
nol and incubated at room temperature for 20 m. Thereafter, 
50 μL of the extract was mixed with 100 μl of the reaction 
solution [20% ethanol and 1% ninhydrin (w/v) in 60% acetic 
acid (v/v)] and boiled at 95 °C for 20 m in a water bath. The 
prepared samples were immediately cooled to room tem-
perature and the absorbance was measured at 520 nm using 
a microplate reader (SPECTROstar Nano). Soluble sugar 
content was measured as previously described (Song et al. 
2011)(Song et al. 2011)(Song et al. 2011)(Song et al. 2011)
(Song et al. 2011). Rice leaf and root tissues (100 mg) were 
mixed with 1 mL of 80% ethanol and incubated at 80 °C for 
30 m. Thereafter, the volume was adjusted to 10 mL with 
80% ethanol. To determine soluble sugar content, 1 mL of 
the extract was mixed with 5 mL of the reaction solution 
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(anthrone reagent dissolved in 0.2%  H2SO4). The mixed 
samples were then boiled at 95 °C for 15 m. The sample 
was then cooled to room temperature, and the absorbance 
was measured at 620 nm using a microplate reader (SPEC-
TROstar Nano).

Measurement of Ionic Compounds

Ten-day-old seedlings of OsSIRH2-3-overexpressing and 
WT plants were exposed to stress conditions with either 0 
or 100 mM NaCl. After the incubation period, the root and 
leaf tissues were harvested and dried in an oven at 60 °C for 
2 d. The dried tissues were used to measure the levels of  Na+ 
and  K+ using inductively coupled plasma-optical emission 
spectroscopy (ICP-OES) with an Optima 700 DV instrument 
(Perkin Elmer, located at the Central Laboratory of Kang-
won National University). In addition, the leaf sheaths of 
ten-day-old rice seedlings from OsSIRH2-3-overexpressing 
and WT plants were treated with either 0 or 100 mM NaCl. 
The lower part of the leaf sheath was cut, and xylem sap 
samples that overflowed from the surface of the leaf sheath 
were collected using a micropipette over a 12-h period. The 
collected samples were then analyzed using ICP-OES to 
measure the content of  Na+ and  K+.

Germination Assay of Exogenous ABA Treatment

To evaluate the growth performance in response to ABA 
treatment, seeds of OsSIRH2-3-overexpressing and WT 
plants were subjected to different concentrations of ABA. 
The seeds were placed on half-strength MS medium sup-
plemented with 0 μM (control), 3 μM, or 5 μM ABA. The 
growth chamber provided optimal conditions for seed ger-
mination, including a 16 h/8 h (light/dark) period and 70% 

humidity. The number of germinated seeds was recorded 
daily for 5 d at 24-h intervals.

Statistical Analysis

All statistical data were evaluated using a two-tailed Stu-
dent’s t-test (Millar 2001)(Millar 2001)(Millar 2001)(Millar 
2001)(Millar 2001), and the significance of the data was 
determined using three different P-values (95%, * P < 0.05; 
**99%, P < 0.01; and ***99.9%, P < 0.001). The resulting 
data were analyzed using Microsoft Excel 2016 (Microsoft).

Results

OsSIRH2‑3 Expression Under Abiotic Stress

We evaluated the expression of OsSIRH2-3 in rice upon 
treatment with 100 mM NaCl, 20% of PEG, and 50 µM of 
ABA at 0, 1, 6, 12, and 24 h (Fig. 1). OsSIRH2-3 expres-
sion was found to increase between 6 h (4.7-fold) and 24 h 
(51-fold) under salt stress (100 mM NaCl) (Fig. 1a). The 
expression of OsNAC10 (salinity), OsSalT (drought), and 
OsRAB16A (ABA) gradually increased under each stress 
treatment from 0 to 24 h (Fig. S1). Following 20% PEG 
treatment, OsSIRH2-3 expression rapidly decreased by up to 
0.01-fold after 24 h (Fig. 1b). Upon 50 µM ABA treatment, 
OsSIRH2-3 expression increased by up to 2.2-fold after 24 h 
(Fig. 1c).

OsSIRH2‑3 Shows E3 Ubiquitin Ligase Activity

Next, we performed an analysis of protein domain 
sequences and conducted an in vitro ubiquitination assay 

Fig. 1  Gene expression pattern of OsSIRH2-3 under two abiotic 
stresses (100 mM NaCl and 20% PEG) and abscisic acid (ABA) treat-
ment in wild-type plants. Ten-day-old seedlings were treated with 
abiotic stresses and hormone. The qRT-PCR analysis of OsSIRH2-3 
was performed under 100 mM NaCl (a), 20% PEG (b), and 50 μM 
ABA (c) in leaves. Relative expression levels are measured compared 

to non-treatment controls. The expressional values are calculated with 
three biological replicates (each sample number = 10). The OseEF-1a 
(LOC_Os03g08010) gene was used as an internal control. The aster-
isks indicate a significant difference according to the student’s t-test; 
NS = non-significant ns: non-significant; *P < 0.05, **P < 0.01 or 
***P < 0.001
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to characterize the function of OsSIRH2-3. The domains 
of OsSIRH2-3, which encodes 335 amino acids, were 
identified and analyzed using the National Center for Bio-
technology Information Conserved Domain Database. A 
comparison of the RING domains of OsSIRH2-3 and its 
orthologs in Arabidopsis thaliana (AT2G39720), Sor-
ghum bicolor (Sobic.009g010400), and Triticum aestivum 
(Traes_1DS_06B2330A5) revealed that OsSIRH2-3 harbors 
a highly conserved C3H2-type RING domain (131–171 resi-
dues) (Fig. 2a). OsSIRH2-3 and its mutant OsSIRH2-3C149A 
in which the third cysteine in RING is replaced with alanine, 
were subjected to an in vitro ubiquitination assay with an 
empty vector as a negative control (Fig. 2b). The negative 
control and mutant OsSIRH2-3C149A was not found to con-
tain polyubiquitinated chains, where OsSIRH2-3 exhibited 
polyubiquitin chain. These results demonstrate the E3-ubiq-
uitin ligase function of the RING domain of OsSIRH2-3.

Subcellular Localization of OsSRIH2‑3

To identify the subcellular localization of OsSIRH2-3 in 
rice, we used 35S: EYFP as a positive control and the 35S: 
OsSIRH2-3-YFP recombinant vector. 35S: EYFP was local-
ized to the cytosol, whereas 35S: OsSIRH2-3-YFP was local-
ized only to the nucleus. Furthermore, the nuclear marker 
gene (35S: OsMeCP-DsRed2) was co-transfected into rice 
protoplasts. These results clearly showed co-localization of 
35S: OsSIRH2-3-YFP and 35S: OsMeCP-DsRed2.

Phenotypical Characterization 
of OsSIRH2‑3‑Overexpressing Plants to Salt Stress

Arabidopsis OsSIRH2–3-overexpressing plants were pre-
viously shown to exhibit significantly increased salt tol-
erance (Lim et al. 2013). To further determine the effect 
of OsSIRH2-3 overexpression on phenotype, we devel-
oped transgenic rice plants. First, a qPCR analysis of five 
independent overexpressing transgenic rice lines was per-
formed, and the results were compared with those of WT 
plants (Fig. S2). The expression levels of OsSIRH2–3 was 
significantly higher in the four independent transgenic lines 
than those in the WT line. Thus, we chose the #10–3 (693-
fold) and #17–1 (3,371-fold) overexpressing lines for further 
studies. Phenotypic analyses such as the lengths and fresh 
weights of shoots and roots, were evaluated after growth in 
Kimura B solution for 10 d (Fig. 3a, b). No significant dif-
ference in shoot and root length, and weight was observed 
between the transgenic and WT plants under non-treatment 
(Fig. 3c–f). At 100 mM NaCl, higher shoot length, shoot 
weight, and root weight were observed in the transgenic 
plants than in the WT plants (Fig. 3c–f). However, there 
was no significant difference in root length under 100 mM 
NaCl (Fig. 3e). These results indicate that OsSIRH2-3 over-
expression improved the tolerance to salt stress. Salt stress 
negatively affects chloroplast membranes and chlorophyll 
content, and thereby reduces photosynthetic efficiency (Ali 
et al. 2004). To test whether the same effect is observed on 

Fig. 2  Molecular characterization of OsSIRH2-3. a Multiple 
amino acid sequence alignment of the RING domain between the 
OsSIRH2-3 and orthologs from Arabidopsis thaliana (AT2G39720) 
Sorghum bicolor (Sobic. 009G010400) and Triticum aestivum 
(Traes_1DS_06B2330A5). b In vitro ubiquitin assay of the wild-type 
OsSIRH2-3, mutated OsSIRH2-3 C149A, and pMAL-EV proteins. 
The purified MBP- OsSIRH2-3 and MBP- OsSIRH2-3 C149A proteins 

were incubated with E1 (human), E2 (Arabidopsis, UBC10), ubiqui-
tin, and 20 × Z-buffer for 3  h at 30℃. Poly ub-chains were detected 
using an anti-MBP or an anti-ubiquitin antibody. c Subcellular locali-
zation of the 35S: OsSIRH2-3-YFP in rice protoplasts. 35S:YFP was 
used as a negative control. In rice protoplasts, the co-transfection 
of 35S: OsSIRH2-3-YFP and nucleus protein (OsMeCP-RFP) was 
employed. Scale bar = 5 μm
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OsSIRH-2–3 overexpressing rice, the chlorophyll content 
was measured in the leaves of transgenic and WT plants 
grown with (100 mM) or without NaCl. The total chloro-
phyll content, including chlorophyll a and b, was signifi-
cantly higher in the transgenic plants than in the WT plants 
under both conditions (Fig. 3g–I and Fig. S3).

Antioxidant Enzyme Activity 
of OsSIRH2‑3‑Overexpressing Plants to Salinity 
Stress

High salinity induces the production of ROS such as 
 H2O2 in plants (Pang and Wang 2008). Therefore, plants 
have developed various molecular mechanisms to avoid 
ROS-induced stress. For example, increase in activities 
of antioxidant enzymes, such as SOD, POD, and CAT, is 
necessary to improve the tolerance to salt stress in rice 
(Monsur et al. 2020). We thus measured the SOD, POD, 
and CAT content in the leaves and roots of transgenic 
and WT plants grown with (100 mM) and without NaCl 
treatment. There were no significant differences in SOD, 
POD, or CAT levels without NaCl treatment. However, 
transgenic plants exhibited significantly lower SOD, POD, 
and CAT content than WT plants in both leaves and roots 
under 100 mM NaCl (Fig. 4a–c and f–h). In contrast,  H2O2 
levels were significantly higher in the shoots and roots 

of transgenic plants than in those of WT plants (Fig. 4d, 
i). Malondialdehyde (MDA) content is a commonly used 
indicator of lipid peroxidation and oxidative damage in 
plants (Gerona et al. 2019). We found no significant differ-
ences in the MDA content between tissues in the absence 
of NaCl (Fig. 4e, j). However, when plants were exposed 
to 100 mM NaCl, the leaf and root tissues of OsSIRH2-
3-overexpressing plants showed lower MDA content than 
those of WT plants (Fig. 4e, j). These results suggest that 
overexpression of OsSIRH2-3 improves antioxidant capac-
ity and reduces lipid peroxidation under salt stress, and 
thus alleviates oxidative damage in rice.

Measurement of Soluble Sugar and Proline Content

Soluble sugar and proline accumulation play important 
roles in response to various abiotic stressors (Nemati et al. 
2011; Hayat et al. 2012). Significantly higher levels of 
proline and soluble sugars were observed in the leaf and 
root tissues of OsSIRH2-3-overexpressing plants than in 
WT plants under 100 mM NaCl, compared to the absence 
of NaCl (Fig. 5a-d). This suggests that the overexpres-
sion of OsSIRH2-3 increases the accumulation of these 
osmoprotectants.

Fig. 3  Phenotypes of OsSIRH2-3-overexpressing and WT plants. a, b 
Images of rice seedlings plants grown for 10 d. Ten-day-old seedlings 
were treated with 0 (a) or 100 mM NaCl (b) for 7 d. c Shoot length, d 
Shoot weight, e Root length, and f Root weight were measured when 
grown in 0 or 100  mM NaCl. g–i The quantification of chlorophyll 

(a), chlorophyll (b), and chlorophyll (a + b). The experiments were 
conducted on three biological replicates (each sample number = 15). 
The asterisks indicate a significant difference according to the stu-
dent’s t-test; ns: non-significant**P < 0.01, or ***P < 0.001
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OsSIRH2‑3‑Overexpression Increased ABA 
Sensitivity in Rice

The expression of OsSIRH2-3 was found to increase after 
exogenous ABA treatment (Fig. 1c). To further investigate 
the role of OsSIRH2-3 in the ABA response, a germina-
tion assay was conducted using OsSIRH2-3-overexpressing 
and WT seeds at different ABA concentrations. Nota-
bly, OsSIRH2-3-overexpressing seeds exhibited severe 

sensitivity to ABA during germination, as evidenced by 
significantly lower germination rates compared to WT seeds 
under 3 μM or 5 μM ABA treatment (Fig. 6b, c). In the 
absence of ABA, no significant differences between ger-
mination rates were observed (Fig. 6a). Subsequently, we 
examined the expression patterns of several ABA signal-
ing pathway-related genes, including OsLEA3, OsP5Cs, 
OsProT, and NAC5, in the leaves and roots of transgenic 
and WT plants (Fig. 7). In the absence of ABA treatment, 

Fig. 4  Antioxidant activity in the leaves and roots of OsSIRH2-
3-overexpressing and WT plants under 0 or 100 mM NaCl. The seed-
lings were grown for 10 d and treated with 0 or 100 mM NaCl for 7 d. 
Antioxidant activity was measured in leaves (a–e) and roots (f–j). a, f 
The content of Superoxide dismutase (SOD), b, g peroxidase (POD), 

c, h catalase (CAT), d, i  H2O2, and e, j Malondialdehyde (MDA). 
All experiments were conducted in three biological replicates (each 
sample number = 15). The asterisks indicate a significant difference 
according to the student’s t-test; ns, non-significant **P < 0.01, or 
***P < 0.001

Fig. 5  Contents of a, b 
soluble sugar and c, d proline in 
OsSIRH2-3-overexpressing and 
WT plants under 0 and 100 mM 
NaCl treatment. Experiments 
were performed with three bio-
logical replicates (each sample 
number = 15). Student’s t-test: 
ns, non-significant **P < 0.01, 
or ***P < 0.001
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no significant differences were observed in the expression 
levels of these genes between the transgenic and WT plants. 
However, when exposed to 100 mM NaCl, the transgenic 
lines exhibited significantly higher expression levels than the 
WT plants. These findings suggest that the molecular func-
tion of OsSIRH2-3 is associated with the ABA-dependent 
signaling pathway in rice.

Na+ and  K+ Accumulation 
in OsSIRH2‑3‑Overexpressing Plants Under Salt 
stress

Under saline conditions, the accumulation of  Na+ induces 
 K+ deficiency, leading to an ionic imbalance in cells and 
the accumulation of  Na+ which ultimately causes cellular 
damage in plants. Under salt stress, homeostasis of  K+ plays 

an important role in maintaining the cell membrane turgor 
pressure, enzyme activity, and plant development (Rahman 
et al. 2017).To evaluate the  Na+ and  K+ concentrations in the 
leaves, roots, and xylem sap of OsSIRH2-3-overexpressing 
and WT plants, we conducted CoroNa-green  (Na+-specific 
indication) staining and ICP analysis with (100 mM) and 
without NaCl.

To visualize the accumulation of  Na+ in root cells, we 
conducted CoroNa-green staining of OsSIRH2-3-overex-
pressing and WT plants. Without NaCl treatment, no dif-
ferences in the green signal and fluorescence intensity were 
observed between the root tips of OsSIRH2-3-overexpress-
ing and WT plants (Fig. 8a, c). However, the green signal 
and fluorescence intensity of OsSIRH2-3-overexpressing 
plants were lower than those of WT plants under 100 mM 
NaCl stress (Fig. 8b, c).

Fig. 6  Abscisic acid (ABA) sensitivity. Seeds of OsSIRH2-3-overex-
pressing and WT plants were grown on each half of MS agar medi-
ums containing a 0, b 3, or c 5  µM ABA. Experiments were per-
formed with three biological replicates (each sample number = 15). 

Orange triangle for WT, green circle for OE-10, and blue square 
for OE-17, respectively. D: day. Student’s t-test: ns, non-significant 
**P < 0.01, or ***P < 0.001

Fig. 7  Analysis of relative expression patterns of ABA-depend-
ent pathway-related genes in leaves (Top) and roots (Bottom) of 
OsSIRH2-3-overexpressing and WT plants with (100  mM) or with-
out NaCl. The samples were harvested at 10 d without NaCl treat-
ment or after 100 mM NaCl treatment, respectively. a, e OsLEA3, b, 

f OsProT, c, g OsP5Cs, (d, h) OsNAC5. q-PCR was performed with 
three technical and biological replicates (each sample number = 15). 
Each of the gene expression levels was normalized to that of OseEF-
1a. Student’s t-test: ns, non-significant **P < 0.01 or ***P < 0.001
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Fig. 8  Coro-Na green staining and ICP analysis of OsSIRH2-3-over-
expressing and WT plants. For ICP analysis, ten-day-old rice seed-
lings of plants were treated with 0 or 100 mM for 7 d. Coro-Na green 
staining of root tip tissues in OsSIRH2-3-overexpressing and WT 
plants without or with 100  mM NaCl. Ten-day-old rice seedlings 
were treated without or with 100 mM NaCl for 24 h. All experiments 
were performed with three biological replicates (each sample num-
ber = 6). Scale bar = 50 μm. a, b Images of the green signal of root 
tips in three-genotype plants under 0 or 100 mM NaCl. c Green fluo-
rescence intensity in three-genotype plants in response to treatment 

with 0 and 100 mM NaCl. For ICP analysis, the dried leaf and root 
samples were used to determine the concentration of  Na+ and  K+ via 
ICP-OES with three biological replicates (each sample number = 10). 
The xylem sap was collected from ten-day-old seedlings of the plants 
without or with (100  mM) NaCl for 12  h. Collected samples were 
measured via ICP-OES with three biological replicates (each sample 
number = 10). a, d, j  Na+, b, e, k  K+, and c, f, l  Na+/K+ ratio. The 
asterisks indicate a significant difference according to the student’s 
t-test; ns, non-significant ***P < 0.001
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Without NaCl, OsSIRH2-3-overexpressing and WT plants 
showed no significant differences in  Na+ and  K+ concen-
trations in the leaves, roots, and leaf xylem sap (Fig. 8d, 
e, g, h, j, k). In contrast, under 100 mM NaCl, OsSIRH2-
3-overexpressing plants exhibited lower  Na+ and higher  K+ 
levels in the leaves and roots than the WT plants (Fig. 8d, e, 
g, h, j, k). In addition, the  Na+/K+ ratios in the leaves, roots, 
and xylem sap were not significantly different than without 
NaCl. However, in 100 mM NaCl, OsSIRH2-3-overexpress-
ing plants maintained a lower  Na+/K+ ratio than WT plants 
in all tissues tested (Fig. 8f, i, l).

Expression of  Na+/K+ Transporter Genes

To gain further insight into the mechanism of salt toler-
ance in OsSIRH2-3-overexpressing transgenic plants, we 
quantified the expression of 10 genes encoding  Na+ and  K+ 
transporters using qRT-PCR in both the leaves and roots 
of transgenic and WT plants in the presence (100 mM) or 

absence of NaCl for 0, 3, 6, 12, and 24 h. The genes included 
OsHKT1;4, OsHKT1;5, OsHKT2;1, OsAKT1, OsNHX1, 
OsSOS1, OsHAK2, OsHAK7, OsGORK and OsSKOR, and 
were selected based on previous reports (Platten et al. 2006; 
Horie et al. 2007; Martínez-Atienza et al. 2007; Yao et al. 
2010; Hamamoto et al. 2015; Shen et al. 2015; Suzuki et al. 
2016; Kobayashi et al. 2017; Li et al. 2018; Adem et al. 
2020; Yan et al. 2021).

Under normal conditions, no significant differences in 
gene expression were observed between the leaves and roots 
of transgenic and WT plants. However, under salt stress, 
all of the genes showed significant differences in transcript 
levels (Fig. 9).

The expression levels of  Na+ transporter genes OsHKT1;4 
and OsHKT1;5 were lower in OsSIRH2-3-overexpressing 
plants than in WT plants from 1 to 24 h (Fig. 9a, b, k, l). 
Another  Na+ transporter gene, OsHKT2;1, was significantly 
down-regulated in OsSIRH2-3-overexpressing plants com-
pared to WT plants (Fig. 9c, m). OsAKT1 showed decreased 

Fig. 9  Relative expression patterns of  Na+/K+ transporter genes 
in the OsSIRH2-3-overexpressing and WT plants. The ten-day-old 
rice seedlings were treated without or with (100  mM) NaCl for 0, 
3, 6, 12, and 24 h, respectively. The leaves (top) and roots (bottom) 
expressions were represented. a, k OsHKT1;4 b, l OsHKT1;5, c, m 
OsHKT2;1, d, n OsAKT1, e, o NHX1, f, p OsSOS1, g, q OsHAK2, h, 

r OsHAK7, i, s OsGORK, and j, t OsSKOR. qRT-PCR was performed 
with three biologicals and three technical replicates. OseEF-1a was 
used as an internal control. The asterisks indicate a significant differ-
ence according to the Student’s t-test: ns, non-significant *P < 0.05, 
**P < 0.01, or ***P < 0.001
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expression in the leaves and roots of both plants. However, 
a consistently lower expression was observed in transgenic 
plants, unlike in WT plants under salt stress (Fig. 9d, n). The 
expression level of OsNHX1, a  Na+ antiporter gene, reached 
maximum at 3 h, then decreased up to 24 h in the leaves 
and roots of both plants. Its expression was also higher in 
transgenic plants than in WT plants (Fig. 9e, o). The  Na+/H+ 
antiporter gene OsSOS1 was highly expressed in OsSIRH2-
3-overexpressing plants compared to that in WT plants under 
salt stress (Fig. 9f, p).

In contrast, the  K+ transporter genes OsHAK2 and 
OsHAK7 were highly expressed in OsSIRH2-3-overexpress-
ing plants compared to WT plants under salt stress (Fig. 9g, 
h, m, n). The potassium efflux channel gene OsGORK 
showed lower expression in the leaves and roots of trans-
genic lines than in WT plants (Fig. 9i, s). The expression 
level of the potassium channel gene OsSKOR was also 
higher in both tissues of transgenic plants than in those of 
WT plants (Fig. 9j, t). Taken together, these results sug-
gested that OsSIRH2-3 facilitates salt tolerance by modulat-
ing the expression of  Na+/K+ transporter genes and thereby 
maintaining  Na+/K+ homeostasis.

Discussion

High-salinity soils pose a major environmental challenge, 
contributing to 20–50% reductions in global crop yields. 
Soil salinity has been increasing in many countries due to 
global warming. Plants have evolved various mechanisms 
to increase their tolerance to salt stress (Shrivastava and 
Kumar 2015). The ubiquitin–proteasome system (UPS) 
mediated by RING E3 ubiquitin ligases is a regulator of 
salt stress tolerance (Al-Saharin et al. 2022). For example, 
E3 ubiquitin ligase RING finger protein OsSIRH2-14 regu-
lates levels of the  Na+ transporter OsHKT2;1 via the 26S 
proteasome. OsSIRH2-14-overexpressing plants also show 
increased salt tolerance (Park et al. 2019). Here, we found 
increased salt tolerance in OsSIRH2-3-overexpressing rice. 
Hence, OsSIRH2-3 E3 ubiquitin ligase is also a regulator of 
salt tolerance in rice.

Maintaining  K+ and  Na+ homeostasis is crucial to achiev-
ing salt tolerance (Noreen et al. 2010; Abbasi et al. 2016; 
Almeida et al. 2017). OsSIRH2-3 overexpression under salt 
stress decreased the  Na+/K+ ratio. The expression levels of 
 Na+ and/or  K+ transporters were significantly affected by 
OsSIRH2-3 overexpression. Hence, OsSIRH2-3 also main-
tains  Na+/K+ homeostasis by modulating the expression of 
 Na+ and/or  K+ transporters.

The HKT family of proteins in plants includes high-
affinity  K+-uptake and  Na+-selective transporters 
(Hamamoto et al. 2015). HKT proteins are categorized 
into two classes: HKT1 and HKT2 HKT1 is involved in 

 Na+-selective and  Na+/K+ transport (Platten et al. 2006). 
Previous reports have demonstrated that overexpression of 
an HKT1  Na+ transporter, OsHKT1;4, was found to result 
in weaker resistance to salt stress (Suzuki et al. 2016; Oda 
et al. 2018). Similarly, we found that OsHKT1;4 expres-
sion was lower in OsSIRH2-3-overexpressing plants than 
in WT plants under salt stress. Therefore, low OsHKT1;4 
expression in OsSIRH2-3-overexpressing plants contrib-
utes to improved salt tolerance by regulating  Na+ trans-
port. Another  Na+ transporter, OsHKT1;5, prevents the 
transfer of  Na+ to shoots in rice (Kobayashi et al. 2017). 
In OsSIRH2-3-overexpressing plants, the low expression 
level of OsHKT1;5 may also lead to low  Na+ content in the 
xylem under salt stress. OsHKT2;1 of the HKT2 family is 
directly involved in  Na+ influx in the root, with reduced 
expression levels under salt stress (Horie et  al. 2007; 
Zhang et al. 2018). The low expression of OsHKT2;1 in 
OsSIRH2-3-overexpressing plants under high salinity is 
consistent with previous reports. This also suggests that 
OsSIRH2-3 overexpression inhibits  Na+ entry into the root 
epidermis, and thereby improves salt tolerance.

SOS1 and NHX1 are  Na+/H+ exchangers located in the 
plasma membrane and tonoplast, respectively. These anti-
porters are involved in the export and sequestration of  Na+ 
under salt stress (Zhang et al. 2018). OsNHX1, which per-
forms the selective transport of  Na+ into vacuoles depending 
on the salt concentration in the cell, was highly expressed 
in the leaves and roots of OsSIRH2-3-overexpressing plants 
under salt stress. Also, OsSOS1 expression in leaves and 
roots was significantly upregulated in transgenic plants. 
High levels of expression of these antiporters in OsSIRH2-
3-overexpressing plants under salt stress led to the efflux of 
 Na+ from the cytosol and improve salt tolerance.

In plants,  K+ transporters are vital for maintaining inter-
cellular  K+ homeostasis, which is also closely associated 
with salt tolerance (Shen et al. 2015). This gene family 
encodes various types of transporters, including shaker-like 
and KUP/HAK/KT transporters (Mäser et al. 2001; Véry 
and Sentenac. 2003). In rice, the HAK family of  K+ trans-
porters plays a significant role in regulating the  K+ uptake 
in response to salt stress (Li et al. 2018). Understanding 
the functions of HAK proteins in rice may provide valu-
able insights into plant salt tolerance mechanisms. OsAKT1, 
which belongs to the Shaker family, plays a vital role in 
 K+ uptake from the soil (Li et al. 2014; Wu et al. 2019). In 
rice, OsAKT1 is also downregulated in salt-tolerant vari-
ants (Golldack et al. 2003; Fuchs et al. 2005; Ahmad et al. 
2016). Similarly, we found a significantly lower expression 
of OsAKT1 under salt stress in OsSIRH2–3-overexpressing 
rice. Thus, OsSIRH2–3 overexpression is also associated 
with the OsAKT1 expression, potentially affecting  K+ uptake 
in the roots and influencing the  Na+/K+ balance under salt 
stress conditions.
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In rice, OsHAK transporter genes are involved in  K+ 
uptake and thus tolerance to salt stress through changes in 
gene expression patterns (Okada et al. 2008). OsHAK2 was 
also previously found to be involved in the transport of both 
 Na+ and  K+, and its  K+ transport activity was inhibited by 
high  Na+ concentrations (Horie et al. 2011). Our finding of 
high levels of OsHAK2 expression in OsSIRH2-3-overex-
pressing plants under salt stress is consistent with previous 
findings. Another  K+ transporter gene, OsHAK7, showed 
higher expression in OsSIRH2-3-overexpressing than in the 
WT plants. This is also consistent with the increased accu-
mulation of  K+ in OsSIRH2-3-overexpressing plants.

Shaker-like  K+ channels such as OsGORK and OsSKOR 
are key regulators of  K+ homeostasis in plants (Hedrich 
2012). OsGORK, an outward-rectifying potassium efflux 
channel, plays a central role in stress-induced  K+ efflux 
from the cytosol (Adem et al. 2020). We observed decreased 
expression of OsGORK in both the roots and leaves of 
transgenic plants under salt stress, which may explain 
high  K+ levels in transgenic plants. OsSKOR functions in 
root stellar tissues and is responsible for loading  K+ into 
the xylem (Kim et al. 2015). We observed higher expres-
sion of OsSKOR in both the leaves and roots of transgenic 
plants than in WT plants under salt stress. Upregulation of 
OsSKOR may contribute to enhanced  K+ loading into the 
xylem, thereby maintaining  K+ homeostasis in transgenic 
plants. Another hypothesis proposed to explain the increased 
 K+ retention is based on the reduction in ROS-activated non-
selective cation channels due to the low levels of ROS in the 
transgenic lines under salt stress (Demidchik et al. 2010). 
Decreased ROS levels in transgenic plants may inhibit non-
selective cation channels, resulting in better  K+ retention 
under salt stress. Taken together, the differential expression 
patterns of OsGORK and OsSKOR may lead to the modu-
lation of ROS-activated non-selective cation channels and 
contribute to the regulation of  K+ content in the transgenic 
plants under salt stress.

ROS are often generated under extreme conditions, and 
their accumulation has detrimental effects on plant growth, 
leading to growth inhibition and cell death (Das and Roy-
choudhury 2014). Plants have evolved scavenging systems 
to prevent ROS accumulation (Pang and Wang 2008). We 
found that OsSIRH2-3-overexpressing plants exhibit higher 
activities of antioxidant enzymes, including SOD, POD, 
and CAT, than WT plants. The increased activities of SOD, 
POD, and CAT, along with the decreased  H2O2 content in 
OsSIRH2-3-overexpressing plants, may lead to an improved 
ability to scavenge ROS, thus preventing their accumulation. 
Despite the overexpression of OsSIRH2-3, no significant 
changes in antioxidant activity were observed for several fac-
tors under unstressed conditions; thus, OSIRH2-3 might not 
directly regulate antioxidant enzyme activity or production. 
Alternatively, the basal antioxidant capacity of the plant may 

be sufficiently robust under unstressed conditions, resulting 
in no changes in OsSIRH2-3 overexpression. Further studies 
are required to investigate specific antioxidant pathways and 
their regulation by OsSIRH2-3.

The accumulation of compatible solutes, such as proline 
and soluble sugars, also confer tolerance to salt (Hayat et al. 
2012). Increased accumulation of proline and soluble sug-
ars in OsSIRH2-3-overexpressing plants under salt stress is 
consistent with previous reports.

Another indicator of plant stress response is lipid per-
oxidation through MDA production under salt stress (Liang 
et al. 2018). Low MDA content is an indicator of salt-tol-
erance (Xiong et al. 2014; Tang et al. 2019). We also found 
lower MDA levels in OsSIRH2-3-overexpressing plants 
than in WT plants. These results suggest that the overex-
pression of OsSIRH2-3 contributes to a reduction in lipid 
peroxidation and membrane damage, thereby enhancing salt 
tolerance.

ABA plays a crucial role in the response to salt stress and 
accumulates rapidly under extreme stress conditions. ABA 
regulates various salt tolerance mechanisms. Increased ABA 
levels through the regulation of ABA biosynthesis genes 
have a positive effect on salt tolerance (Zhang et al. 2006; 
Sah et al. 2016). ABA sensitivity is also closely associated 
with salt tolerance in plants (Xu et al. 2011; Zhang et al. 
2020). Our findings regarding the high ABA sensitivity dur-
ing the germination of OsSIRH2-3-overexpressing plants, 
and the high expression levels of ABA signaling pathway-
related genes, suggest that the overexpression of OsSIRH2-3 
may improve salt tolerance through ABA-dependent path-
ways in rice. The unchanged ABA sensitivity and expres-
sion patterns of ABA-dependent genes in OsSIRH2-3 over-
expressing lines under unstressed conditions indicated that 
OsSIRH2-3 may not modulate ABA signaling pathways or 
downstream gene expression without exogenous stressors, 
suggesting that the role of OsSIRH2-3 in stress responses 
may be context-dependent, with its effects on ABA signaling 
being more pronounced under stress conditions.

In conclusion, the findings of this study regarding the 
differential expression of stress-responsive genes, such as 
OsSIRH2-3 under various stress conditions have implica-
tions for breeding and engineering crops with enhanced 
resilience to climate change-induced stresses, contribut-
ing to the promotion of environmentally sustainable agri-
cultural practices. We investigated the molecular mecha-
nisms responsible for the role of OsSIRH2-3 in response 
to salt stress in transgenic rice plants. Overexpression of 
OsSIRH2-3 resulted in reduced  Na+ accumulation in both 
leaves and roots, increased activity of ROS-scavenging 
enzymes, high germination rates, and increased sensitivity 
to ABA. Interestingly, we also observed significant changes 
in the expression of  Na+/K+ transporter genes, suggesting 
that OsSIRH2-3 increases salt tolerance, and provides a 
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potential strategy for enhancing crop productivity in high-
salinity environments. Unfortunately, we were not able to 
detect direct evidence of the mechanism behind the regu-
lation of expression of  Na+/K+ transporter genes through 
the overexpression of OsSIRH2-3. An attempt to use yeast 
two-hybrid screening failed to identify the substrate(s) of 
OsSIRH2-3 (data not shown). Therefore, further investiga-
tions should focus on identifying protein (s) that interact 
with OsSIRH2-3 to understand the molecular mechanisms 
involved in RING E3 ubiquitin ligases.
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