



Harnessing salinity-tolerance genes via CRISPR gene editing: a milestone in rice breeding
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ABSTRACT 

	Salinity is a major abiotic stress limiting global rice production and threatening food security, as salinized lands continue to expand. Conventional breeding has improved salt tolerance in rice, but improvement is constrained by the complex, multigenic nature of the trait. CRISPR gene editing has revolutionized rice breeding by enabling precise functional validation of genes and regulatory elements controlling salinity tolerance. This technology has facilitated the knockout of the undesirable genes and the disruption of multiple targets, accelerating the development of salt-tolerant rice varieties. Numerous studies highlight how CRISPR-edited rice lines exhibit enhanced ion homeostasis, osmotic regulation, antioxidant defense, and improved developmental traits under salinity stress. Beyond salinity tolerance, CRISPR-based gene editing opens new prospects for creating climate-smart rice, resilient to multiple abiotic stresses, including drought, submergence, acidity, and extreme temperatures, promoting sustainable food production in challenging environments.
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1. INTRODUCTION

Rice (Oryza sativa L., 2n=24) is the staple food crop providing nourishment to more than half of the global population, and ensuring its sustainable production is vital to meet the escalating food demands. Although rice is globally significant, its cultivation is severely constrained by numerous biotic and abiotic stresses. Of these factors, abiotic stresses such as drought, salinity, submergence, heat, acidity etc. pose severe threats, collectively responsible for about 42 percent decline in global rice production (Muthu et al., 2020).
Salinity is one of the major abiotic stresses limiting rice production, as rice is highly salt-sensitive, with a threshold of 3 dSm-1 (Eynard et al., 2005). Recent studies indicate that soil salinity affects more than 1.4 billion hectares of land worldwide, and another billion hectares are increasingly at risk due to climate change and unsustainable human activities (FAO, 2024). Salinity affects nearly 30 percent of rice-growing areas and can reduce yields by up to 35 percent, posing a significant threat to global food and nutritional security (Ravikiran et al., 2018; Farooq et al., 2015). If left unaddressed, the salinity-affected area could expand by more than 50 percent within the next three decades, leading to annual global agricultural losses worth about $27 billion (Wang et al., 2021a). The projected rise in global population from 7 billion in 2011 to over 9 billion by 2050 will intensify food demand, especially in developing nations, making the use of salt-affected lands essential for ensuring future food security and agricultural sustainability (FAO, 2009). To make salt-affected lands cultivable, two main strategies are employed; technological and biological approaches. Compared to conventional engineering interventions like irrigation and drainage systems to mitigate the effects of salinity, breeding of salinity-tolerant varieties represents a superior strategy due to its cost-effectiveness, sustainability, and minimal environmental impact (Epstein et al., 1980).
Plants under salinity stress experience multiple challenges, including ion imbalance, Na+ toxicity, osmotic stress, and oxidative stress etc. These stresses disrupt normal cellular functions and can severely inhibit growth, development, and ultimately, survival (Saeed et al., 2018). Nevertheless, plants have evolved sophisticated mechanisms to cope with these challenges. A detailed understanding of various responses under salinity stress is needed to develop a salt tolerant rice variety. Ashraf et al. (2008) reported that salinity tolerance is a highly complex trait, evident at both the whole plant level and the cellular level, involving interaction between molecular, biochemical, and physiological processes at various stages of plant growth and development.
Almost all the conventional breeding methods have been adopted for the development of the salt tolerant varieties viz., introduction, selection, hybridization, recurrent selection, pedigree selection, backcrossing, and induced mutation (IRRI, 2004). With the introduction of molecular markers and Marker-Assisted Selection (MAS) technology, breeding programs have been revolutionized, enabling more efficient selection process and faster development of new varieties. Their environmental independence and resource saving nature made them preferred over traditional approaches (Alpuerto et al. 2009). Moreover, MAS enables gene pyramiding, which assembles several desirable genes into a single plant, which is crucial since salt tolerance is a complex trait influenced by many genes (Das et al., 2015).
Although the QTLs pertaining to salt tolerance can be identified using sequence-based markers, pinpointing the exact gene within these regions remains a significant challenge. To address this limitation, programmable gene editing technologies emerged in the 1980s. These tools represented a major advance, providing a more precise means of investigating the molecular mechanisms underlying salinity stress responses in plants. The early gene editing techniques like transcription activator-like effector nucleases (TALENs) and zinc finger nucleases (ZFNs) were highly promising. However, the requirement of an engineered unique protein for DNA binding domain made these programs highly challenging (Gaj et al., 2016). These limitations led to the development of another highly efficient gene-editing tool, Clustered regularly interspaced short palindromic repeats (CRISPR). CRISPR-Cas (CRISPR associated protein) technology is a powerful tool which allows precise, site-specific gene editing and mutagenesis in a variety of species, including rice (Kato-Inui et al., 2018). 
This review highlights the application of CRISPR in developing salinity-tolerant rice, with a focus on its role in validating gene function and transcription factors involved in the tolerance mechanisms adopted by rice under salt stress.

2. VARIOUS TOLERANCE MECHANISMS ADOPTED BY RICE UNDER SALINITY STRESS

2.1 ION HOMEOSTASIS
Salt stress is primarily caused by high concentrations of sodium (Na+) and chloride (Cl−) ions in the soil (Qin et al., 2020). The presence of excessive Na+ ions disrupts the cellular functions by displacing K+ ions which is essential for numerous functions like osmotic regulation, catalytic activity of enzymes, photosynthetic functions etc. (Fu et al., 1998). Na+ toxicity leads to a competition between Na+ and K+ ions, since they share the same transport system to enter the plant cell (Greenway et al., 1980). This interference with K+ uptake and transport leads to breakdown of Na+/K+ homeostasis, which is necessary for plant survival under saline conditions (Yang et al., 2018). High concentrations of Na+ also cause nutrient imbalance by disrupting the uptake and transport of other vital nutrients like nitrogen (N), phosphorus (P), calcium (Ca2+), and zinc (Zn2+) etc. (Razzaq et al., 2020). 
Plants, such as rice, have developed sophisticated mechanisms to manage the toxic effects of high sodium (Na+) and chloride (Cl−) levels. These mechanisms can be sodium exclusion, limiting sodium intake, or sequestering it in less sensitive cellular compartments like vacuole (Tester et al., 2003). 
A major mechanism for the exclusion of Na+ from the cytosol is a calcium-dependent protein kinase pathway known as the salt overly sensitive (SOS) pathway which consists of three major proteins, SOS1, SOS2, and SOS3 (Zhu et al., 2000). Ca2+ signal response proteins like calmodulin (CaM), calmodulin-like proteins (CMLs), calcium-dependent protein kinases (CDPK/CPKs), calcineurin B-like proteins (CBLs), and CBL-interacting protein kinases (CIPKs) also play a role in salt stress signalling. (Saijo et al., 2000; Seifikalhor et al.,2019; Boudsocq et al.,2009). High sodium levels trigger an increase in intracellular calcium, which is sensed by the protein OsSOS3/CBL4. This protein then interacts with and activates OsSOS2/OsCIPK24, a type of protein kinase. The activated OsSOS2/OsCIPK24 phosphorylates and activates OsSOS1, a Na+/H+ antiporter located on the cell's plasma membrane. This activation of OsSOS1 enhances the removal of sodium ions from the cell, thereby maintaining cellular sodium balance and improving the plant's ability to withstand salt stress (Mahi et al., 2019).
In rice, proteins like OsMSR2 (Oryza sativa Multi-Stress-Responsive 2), OsCam1-1, OsCCD1, OsCam1, and the calmodulin-like protein OsCBL8 can sense calcium and improve the plant's ability to tolerate high salt levels (Boonburapong et al., 2007; Xu et al., 2011; Saeng-ngam et al., 2012; Jing et al.,2016). Additionally, proteins from the CDPK/CPK family, specifically OsCPK4, OsCPK7, and OsCPK12, help the plant cope with salt stress (Asano et al., 2012).
Some membrane proteins like High-affinity potassium transporters (HKTs), play a critical role in ion homeostasis by preventing sodium entry into a plant's shoots (Ren et al.,2005). High-affinity potassium transporters (HKTs), such as OsHKT1;1 and OsHKT1;4, are vital for preventing sodium (Na+) from accumulating in a plant's shoots and leaves. These proteins actively transport Na+ out of the shoots, helping the plant cope with salt stress (Wang et al., 2015; Suzuki et al., 2016). Other membrane proteins, including AKT/KAT (Arabidopsis K+ transporter)-type channels and HAK (High-affinity K+ transporters)/KT (K+ transporters) /KUP(K+ uptake permeases), are also essential for potassium (K+) uptake, which is a key process for maintaining ion homeostasis (Su et al., 2001; Su et al., 2002)
The vacuolar Na⁺/H⁺ antiporters (NHX) in rice, including OsNHX1, OsNHX2, OsNHX3, OsNHX4, OsNHX5, and OsARP/OsCTP, facilitate the compartmentalization of excess Na⁺ and K⁺ from the cytoplasm into vacuoles, thereby contributing to the regulation of ion balance and improving rice salt tolerance (Fukuda et al., 2011; Uddin et al., 2008). This process is further supported by the vacuolar H⁺-translocating inorganic pyrophosphatase OsVP1, which enhances the electrochemical potential gradient of H⁺ across the vacuolar membrane, promoting efficient Na⁺/H⁺ exchange and ultimately strengthening resistance to salt stress in rice (Liu et al., 2010).

2.2 OSMOTIC PROTECTION - ACCUMULATION OF COMPATIBLE SOLUTES

In salt-affected environments, plants face significant challenge in acquiring essential nutrients. The saline soil contains a high concentration of non-essential elements, which hamper the availability of essential ones. This forces plants to expend extra energy to absorb the necessary nutrients from a weaker source, and the soil salinity increases the osmotic potential of the soil solution, making it difficult for the plant roots to absorb water. Consequently, the plant experiences a physiological drought, even when water is physically present, which can severely stunt its growth (Saqib et al., 2008; Ribeiro et al. 2009).
Osmotic adjustment, which is achieved by building up large amount of compatible osmolytes, is one of the key defense mechanisms of plants. Compatible osmolytes are a class of chemically varied organic molecules that are soluble, polar, and uncharged. Even at high concentrations, they do not disrupt cellular metabolism. These osmolytes' primary roles are to preserve the cell's structure and osmotic balance through constant water inflow (Saxena et al., 2012). They consist primarily of sucrose, glycine betaine, proline, and polyols (Ashraf et al., 2007; Rahman et al., 2002; Kerepesi et al., 2000). They also comprise of substances that contain nitrogen, including proteins, quaternary ammonium compounds, amides, amino acids, and imino acids (Mansour et al., 2000). In addition to offering stress tolerance, intracellular proline, which builds up during salt stress, acts as an organic nitrogen store during stress recovery (Jha et al.,1997). Deivanai et al. (2011) showed that during salt stress, rice seedlings from seeds pretreated with 1 mM proline showed improved growth. Glycine betaine, a non-toxic cellular osmolyte, stabilizes proteins, protects the photosynthetic machinery from stress-related damage, and lowers reactive oxygen species (Ahmad et al.,2013). Rahman et al. (2002) documented the beneficial effects of pre-treating seedlings with glycine betaine, and showed that it significantly reduced the damage caused by salinity.
Tolerance is also associated with the accumulation of carbohydrates, starch and polyols. The carbohydrates such as glucose, fructose, fructans, and trehalose are primarily involved in stress reduction by osmoprotection, reactive oxygen species scavenging and carbon storage (Parida et al., 2004). Polyols can be cyclic like myo-inositol or straight-chain metabolites like mannitol and sorbitol (Ashraf et al., 2007; Bohnert et al.,1995).

2.3 ANTIOXIDANT DEFENSE

Salt stress can also cause oxidative stress in plants by disrupting their normal metabolism, particularly photosynthesis. High salinity inhibits photosynthetic processes, leading to an overflow and de-regulation of the electron transport chain in chloroplasts and mitochondria. Under these conditions, molecular oxygen (O2​) becomes an electron acceptor, resulting in the overproduction of reactive oxygen species (ROS). These highly reactive compounds such as the superoxide radical (O2−​), hydrogen peroxide (H2​O2​), and the hydroxyl radical (OH−) are toxic and can damage cell components like lipids, proteins, and DNA, compromising the overall integrity of the plant cell (Groß et al.,2013). 
In order to detoxify ROS produced by salinity stress, antioxidant metabolism, including antioxidant enzymes and non-enzymatic compounds, is essential. The activity of antioxidant enzymes, including glutathione reductase, ascorbate peroxidase, glutathione peroxidase, catalase, and superoxide dismutase, as well as the build-up of non-enzymatic antioxidant molecules, are positively connected with salinity tolerance (Asada et al.,1999; Gupta et al.,2005).

2.4 SIGNALLING MOLECULES 

To adapt to salt stress, plants have developed various sophisticated signalling networks to optimize the balance between growth and stress response. This is mainly achieved by signalling molecules like phytohormones, GABA (Gamma-aminobutyric acid) and Ca2+ signal response proteins (Yu et al., 2020; Seifikalhor et al., 2019; Ramesh et al., 2017).
In both ideal and challenging environmental conditions, phytohormones are the essential endogenous chemical cues that regulate plant growth and development (Van Zelm et al., 2020). Coordination and integration of several phytohormones such as abscisic acid, ethylene, jasmonic acid, gibberellic acid, cytokinin, and salicylic acid are necessary for response and adaptability to salt stress (Sah et al., 2016; Van de Poel et al., 2015; Kazan et al., 2015).
The primary modulator of abiotic stress tolerance in plants is ABA (Chen et al., 2020). It plays a significant role in the salt stress response by controlling metabolic alterations, ion homeostasis, stomatal closure, and salt stress-responsive gene expression (Van Zelm et al., 2020). PYR (Pyrabactin resistance)/PYL (pyrabactin resistance-like)/RCAR (regulatory component of ABA receptors) ABA receptors (PYLs), type 2C protein phosphatases (PP2Cs), and class III Sucrose non-fermenting-1 related protein kinase 2 s (SnRK2s) are the three essential elements needed for ABA signal transduction (Zhang et al., 2020). SnRK2s are released from repression when ABA binds to PYR/PYL/RCAR receptors under salt stress conditions. These receptors subsequently engage with PP2Cs and block their activity (Ma et al.,2009; Park et al., 2009; Osakabe et al., 2014). In response to salt stress, SnRK2s phosphorylate a variety of ABA responsive element (ABRE)-binding proteins/ABRE-binding factor (AREB/ABF) transcription factors, which in turn control stomatal closure, ion homeostasis, and ROS scavenging (Rodriguez Egea et al., 2020; Hubbard et al., 2010).
The impact of ethylene on the ability to withstand salt is complicated and generally detrimental in rice. Studies on 'Nipponbare' rice shows that exposure to ethylene increases salt sensitivity in seedlings, and blocking ethylene sensing with 1-MCP (1-Methylcyclopropene) increases tolerance (Tao et al., 2015; Yang et al., 2015). As an ethylene sensor, the Salt Intolerance 1 (OsSIT1) protein positively mediates salt sensitivity by activating MITOGEN-ACTIVATED PROTEIN KINASE3/6 (MPK3/6), there by promoting ethylene biosynthesis, ROS accumulation, and sensitivity to salt stress (Li et al.,2014). In rice, ethylene signalling negatively impacts salt tolerance by positively regulating the ethylene response factors (AP2/ERFs), including OsAP23, OsERF922, OsEREBP1, and OsEREBP2, as well as the ethylene signalling component genes MHZ6/OsEIL1 and OsEIL2-maohuzi6/ethylene insensitive3-like1 and ethylene insensitive3-like2 (Yang et al.,2015; Serra et al., 2013; Zhuang et al., 2013; Liu et al., 2012; Jisha et al., 2015). By limiting ethylene production, the DOF (DNA binding with One Finger) transcription factor OsDOF15 and the ethylene-responsive element binding protein (EREBP) transcription factor OsBIERF3 favourably control primary root elongation under salt stress (Qin et al., 2019; Cao et al., 2005; Cao et al.,2006).
Gibberellic acid generally has a negative effect on salt tolerance, as its accumulation can reduce the plant's ability to cope with stress, while a reduction in gibberellic acid content enhances tolerance by slowing growth (Shan et al., 2014; Zhou et al., 2020). In contrast, auxins and cytokinins work together to regulate root development under saline conditions. Through the reduction of auxin levels and the increase of cytokinin content, which is likewise regulated by histidine phosphotransferases (OsAHP1 and OsAHP2), the OsNAC2 transcription factor aids in the integration of these two pathways and ultimately improves salt tolerance (Mao et al.,2020; Shen et al., 2017). 
Furthermore, jasmonic acid is vital for inhibiting root elongation and activating antioxidant enzymes to protect the plant from cellular damage caused by oxidative stress (Toda et al., 2013). Both brassinosteroids and salicylic acid have a positive effect on salt tolerance. Exogenous application of brassinosteroids can directly enhance a plant's ability to withstand salt (Sharma et al., 2013). Similarly, applying salicylic acid improves the plant's antioxidant system, boosts osmolyte synthesis, and promotes essential processes like photosynthesis and nitrogen fixation under stress (Filgueiras et al., 2019; Ahanger et al., 2019; Palma et al., 2013).
Apart from phytohormones, gamma-aminobutyric acid (GABA), a non-protein amino acid, is known for its favourable role in salinity stress tolerance. Exogenous GABA application improves salt-stress tolerance by increasing endogenous ABA and GABA contents, which enhance osmotic adjustment, boost antioxidant defenses, and regulate ion balance. These combined effects help maintain photosynthetic efficiency and support overall plant growth under salt-stressed environments (Feng et al., 2024).
Another important factor in a plant's reaction to salt stress is the calcium (Ca 2+) signal. This signal is detected and transduced by specialized proteins such as Calmodulin (CaM), calmodulin-like proteins (CMLs), calcium-dependent protein kinases (CDPKs), calcineurin B-like proteins (CBLs), and the CBL-interacting protein kinases (CIPKs), which convert the Ca2+ spike into a defensive reactions like SOS pathway as mentioned earlier (Seifikalhor et al., 2019, Boudsocq et al., 2009). 

3. APPLICATION OF CRISPR-CAS IN SALINITY TOLERANT RICE DEVELOPMENT

The CRISPR-Cas system is a versatile gene editing tool, derived from bacterial and archaeal adoptive system against foreign bacterial and viral invaders. It allows precise, site-specific gene editing and mutagenesis in a variety of species, including rice through the deletion or insertion of base (Mojica et al., 2016).
In CRISPR-Cas system, programmable nucleases (Cas9) are used to generate single strand breaks or double strand breaks (DSBs) at target region in a precise and predictable manner (Zhou et al., 2017). The breaks are then repaired by either homology-directed repair (HDR), non-homologous end joining (NHEJ) pathway or combination of both HDR and NHEJ (Ahmar et al., 2020). The specificity of CRISPR-Cas is achieved through a ribonucleoprotein complex (for example, the Cas9/sgRNA complex), which uses an easily-designed, low-cost guide RNA (gRNA) to target nearly any desired sequence in the genome (Mohr et al., 2016). 
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Researchers have identified numerous types of CRISPR-Cas systems, of which CRISPR-Cas9 and CRISPR-Cas12a (Cpf1) are the most extensively studied and utilized. Notably, the CRISPR/Cas9 system has proven effective for multiplex gene editing in plants, allowing researchers to modify several genes from the same subfamily that share high sequence homology (Zheng et al., 2016). Researchers have demonstrated CRISPR-Cas9 as an effective technique to eliminate plant miRNAs by single-base pair (bp) insertion/deletion mutations (Zhou et al., 2017). 
Over the past two decades, extensive research efforts in rice t have been devoted to the CRISPR mediated precise editing of its well-characterized and easily located endogenous genes. Findings from multiple studies indicate that targeted genome editing in rice frequently results in bi-allelic mutations, and these alterations are stably inherited across successive generations (Amano et al., 2020). This demonstrates CRISPR-Cas's high efficiency in creating consistent genetic changes in rice. Moreover, the CRISPR-Cas system has been effectively utilized in rice to validate the role of genes in salt tolerance, and to develop gene edited parental lines for hybridization, allowing breeders to integrate these precise genetic improvements into new, high-performing rice varieties (Sheng et al., 2023). 

3.1 CRISPR MEDIATED GENOME EDITING FOR ION HOMEOSTASIS

Han et al. (2022) developed a novel rice genotype by directional editing of OsRR22, a cytokinin response regulator gene, in the elite three-line restorer R192, which consequently activated OsHKT2;1, an HKT transporter associated with sodium uptake homeostasis. Similarly, deletion of cytokinin response regulator genes, such as OsRR9 and OsRR10, enhanced salinity tolerance by upregulating ion transporter genes including OsHKT1;1 and OsHKT1;3, which are essential for maintaining sodium and potassium levels (Wang et al., 2019). Sheng et al. (2023) combined CRISPR/Cas9-mediated OsRR22 gene editing with the exploitation of heterosis to develop novel hybrid rice lines. These hybrids demonstrated high salinity tolerance while retaining normal agronomic traits, presenting a promising approach for breeding elite salt-tolerant rice cultivars. OsPRR73 is a member of Oryza sativa Pseudo Response Regulator family. Its mutant is hypersensitive to salinity stress; which indicates its role in transcriptional repression of OsHKT2;1 which modulates ion homeostasis and thus confer salt tolerance. They confirmed the results by generating OsHKT2;1 mutant showing high salinity tolerance (Liu et al., 2025).
OsEC1 is a rice ternary protein complex composed of OsELF4a, OsELF3 and OsLUX. Its role in salinity tolerance was investigated by Wang (2021b) with loss-of-function mutants of OsEC1 generated by CRISPR/Cas 9 which exhibited lower survival rate under salt stress. Transcriptomic profiling together with biochemical assays identified the GIGANTEA homologue OsGI as a direct transcriptional target of OsEC1. Notably, the osgi-101mutant, generated by CRISPR/Cas9, is salt tolerant. indicating that OsGI might regulate rice salt tolerance, by altering the expression levels of Na+ and K+ transporter encoded genes, either directly or indirectly, which further modulates the Na+/K+ homeostasis (Wang et al., 2021b).
bHLH – basic helix-loop-helix is a transcription factor gene family critical for plant growth and salinity stress responses (Guo et al., 2021). OsbHLH 24, OsbHLH 44 and BEAR 1 are the members of this family, recently studied using CRISPR technology. Both OsbHLH 44 and BEAR 1 are positive regulators of salt stress, and hence, the mutants exhibited hypersensitivity (Teng et al., 2022; Alam et al., 2022b). Studies of Alam et al. (2022b) revealed that OsbHLH044 activates ion transporter genes like OsHKT1;3, OsHAK7, OsSOS1, OsSOS2, OsNHX2 to confer salinity tolerance via ion homeostasis. OsbHLH24 act as a negative regulator of salt stress, since knock out of this gene resulted in improved salinity tolerance by upregulating several ion transporter genes like OsHKT1;3, OsHAK7 and OsSOS1 (Alam et al., 2022a).
WRKY is one of the important TF gene families which play a crucial role in tolerance to various abiotic stresses including salinity (Li et al., 2020). Li et al. (2025) identified a WRKY TF, OsWRKY72, which exhibited transcriptional modulation under salt stress and is potentially involved in the salt tolerance response of rice. By studying mutants of OsWRKY72, they affirmed its role in enhancing salt tolerance via SKC1 mediated sodium regulation. OsWRKY72 directly binds the W box in the SKC1 promoter to regulate Na⁺ transport. Although OsWRKY72 does not directly affect SOS1 transcript levels, it modulates Na⁺ transport mediated by the SOS1 protein by regulating the activity of related enzymes, such as plasma membrane H⁺-ATPase. OsWRKY54 is another TF from this family involved in Na+ homeostasis by upregulating OsNHX4 and OsHKT1;5 (Huang et al., 2022).
A study by Alfatih et al. (2023) brought to light another transcription factor OsMADS 27 which positively regulates salt tolerance by transcriptionally activating OsHKT1;1 and OsSPL7 and the knockout mutant of this TF gene was hypersensitive to salinity.  Downregulation of the OsAKT1 K+/Na+ Transporter gene by CRISPR-Cas9 mediated transformation in sensitive rice IR29 made it tolerant to salt stress (Khan et al., 2023). OsHAK8 was disrupted by CRISPR/Cas9-mediated mutagenesis, Oshak8 mutant plants showed stunted growth, especially under low-K+ conditions. Ion content analyses indicated that K+ uptake and root-to-shoot K+ transport were significantly impaired in Oshak8 mutants (Wang et al., 2021c).
ErbB3 Binding Protein1(EBP1) positively regulates salt tolerance by maintaining Na⁺ and K⁺ homeostasis. Key genes involved in ion transport, such as the high‐affinity potassium transporter genes HKT1;1 and HKT2;1, the Na⁺/H⁺ antiporter gene SOS1, and the potassium channel gene HAK1, were significantly downregulated in the ebp1‐1 mutant compared to the wild‐type (Jiang et al., 2025). HKT1;1 and HKT2;1 facilitate Na⁺ influx and K⁺ efflux, thereby helping to regulate Na⁺ and K⁺ partitioning under salt stress (Hauser and Horie 2010; Wei et al. 2021; Xiao et al. 2022). Similarly, SOS1 plays a vital role in exporting Na⁺ from the cytoplasm to prevent toxic accumulation, while HAK1 is essential for maintaining K⁺ uptake and intracellular balance (Martínez‐Atienza et al. 2007; Wei et al. 2025; Zhou et al. 2006).
The OsFLA8 gene, encoding a fasciclin-like arabinogalactan protein, plays a crucial role in rice salt stress tolerance. CRISPR-based knockout of OsFLA8 caused defective Casparian strip formation in the root endodermis due to reduced lignin deposition, which disrupted Na⁺ and Ca²⁺ homeostasis. As a result, mutants were more sensitive to salt and calcium stress than wild-type plants. The study demonstrated that OsFLA8 regulates ion balance and stress tolerance through proper casparian strip formation, under the direct control of the transcription factor OsMYB36a (Chao et al., 2025).
OsCIPK9, a member of the CBL-interacting protein kinase (OsCIPK) family that decodes calcium (Ca²⁺) signals under environmental stresses, functions as a negative regulator of salt tolerance in rice. To clarify its role, researchers generated a CRISPR/Cas9 knockout mutant (Zhou et al., 2023). The study showed that OsCIPK9 interacts with OsSOS3, similar to the well-known regulator OsCIPK24, and modulates the expression of salt-related transporter genes, indicating its involvement in a shared regulatory pathway governing ion balance during salt stress (Zhou et al., 2023; Kanwar et al., 2014).

3.2 CRISPR MEDIATED GENE EDITING FOR IMPROVED OSMOTIC PROTECTION

CRISPR-based studies on OsPIP1, OsMPT3, FLN2, and RST1 have elucidated their functional roles in osmotic protection, primarily through the regulation and accumulation of key metabolites, thereby contributing significantly to salinity tolerance in rice.
To investigate the collective role of aquaporins in osmotic regulation under salt stress, a cluster of OsPIP1 genes, belonging to the plasma membrane intrinsic protein (PIP) subfamily of aquaporins, was targeted in rice (Oryza sativa  L. cv. Kitaake) using the CRISPR/Cas9 system (Maurel et al., 2015; Tao et al., 2023). Specifically, OsPIP1;1, OsPIP1;2, and OsPIP1;3 were simultaneously edited to assess their contribution to salt stress responses. The functional loss of OsPIP1 genes markedly suppressed the expression of key stress-responsive regulators, including OsSOS1, OsCIPK24, and OsCBL4, thereby disrupting ion homeostasis through increased Na⁺ influx and K⁺/H⁺ efflux in the roots, which led to excessive Na⁺ accumulation. Under salt stress, the mutants further exhibited reduced accumulation of soluble sugars and proline, elevated osmotic potentials, and higher MDA levels, collectively indicating a severe impairment of osmoregulation. This disruption of osmotic balance aggravated salt-induced damage in the mutants. Given that osmotic potential is closely linked to intracellular ion homeostasis, particularly of Na⁺ and K⁺, and that aquaporins are central to regulating their accumulation, these results underscore the pivotal role of OsPIP1 genes in maintaining osmotic stability and conferring salinity tolerance in rice (Tao et al., 2023) 
Plant mitochondrial phosphate transporters OsMPT3;1 and OsMPT3;2 were mutagenized using CRISPR/Cas9 gene-editing system to investigate their regulatory roles under salt stress. Mutagenesis sharply reduced the accumulation of ATP, phosphate, calcium, soluble sugar, and proline and increased osmotic potential, malondialdehyde, and Na+/K+ ratio under salt stress. The study provided insight into the regulatory pathway of the mitochondrial phosphate transporters in plants in response to salt stress, and confirmed it as an positive osmotic regulator depending on ATP synthesis (Huang et al., 2020).
CRISPR/Cas9-generated FLN2 knockout lines exhibited pronounced hypersensitivity to salt stress, accompanied by defective sugar partitioning toward the roots. The reduced vigour of the mutants correlated with significantly lower sucrose concentrations in the roots compared to the wild-type plants, indicating that loss of FLN2 disrupts assimilate allocation required for sustaining root growth under salinity stress. A functional copy of FLN2 was found to be essential for rice salinity tolerance.  (Chen et al., 2019).
RST1 is a rice gene that functions as a transcriptional repressor involved in nitrogen metabolism. In the study by Deng et al (2022), loss of RST1 function enhanced salt tolerance and improved grain yield. Molecular analyses revealed that RST1 directly represses the expression of OsAS1 (asparagine synthetase 1), and its loss of function enhances OsAS1 expression, thereby improving nitrogen utilization through increased asparagine production and reduced ammonium (NH4+) accumulation. These findings unravel a synergistic regulation of growth and salt tolerance associated with nitrogen metabolism and provide a new strategy for the development of tolerant cultivars (Deng et al., 2022).

3.3 CRISPR MEDIATED GENE EDITING FOR IMPROVED ANTIOXIDANT DEFENSE

OsbHLH24, OsPQT3, OsNAC1, OsCYBDOMG1, OsLPR2, and OsMIR528 have been investigated using CRISPR to elucidate their roles in salinity tolerance. These studies reveal their critical involvement in antioxidant defense mechanisms that enhance the plant’s ability to withstand salt stress.
OsPQT3, the rice homolog of Arabidopsis AtPQT3 (PARAQUAT TOLERANCE 3) encoding an E3 ubiquitin ligase, has been functionally characterized using CRISPR/Cas9 (Luo et al., 2016). Three independent OsPQT3 knockout mutants generated in the Zhonghua11 background displayed markedly enhanced resistance to salt stress. This improved tolerance was associated with elevated expression of antioxidant defense genes, including glutathione peroxidase (OsGPX1), ascorbate peroxidase (OsAPX1), and superoxide dismutase (OsSOD1), highlighting the pivotal role of OsPQT3 in regulating redox homeostasis under stress conditions (Alfatih et al., 2020).
NCA1a and NCA1b are two isoforms of the rice NO CATALASE ACTIVITY 1 (NCA1) gene, which encodes chaperone proteins that interact with catalase (CAT), an antioxidant enzyme, to ensure its correct folding and maintain enzymatic activity (Li et al., 2015). Using the CRISPR/Cas9 system, researchers generated single and double mutants of NCA1a and NCA1b to investigate their roles in regulating catalase (CAT) activity under salt stress. Their findings revealed that NCA1a and NCA1b function redundantly to support CAT activity during salinity stress. Disruption of either gene alone had no significant effect on CAT function or plant growth, whereas, the simultaneous loss of both isoforms caused a dramatic reduction in CAT activity and severe lesion phenotypes, highlighting their crucial role in maintaining oxidative stress tolerance under saline conditions (Liu et al., 2019). Researchers also investigated another gene, OsLPR2, which is believed to play an important role in enhancing antioxidant capacity during salt stress. Loss-of-function mutants of OsLPR2 showed higher peroxidase (POD) activity than the wild type, resulting in increased resistance to salt stress (Gu et al., 2024).
OsCYBDOMG1 and the basic helix-loop-helix transcription factor OsbHLH024 both positively regulate salt tolerance, as CRISPR/Cas9 knockout mutants of these genes exhibited salt sensitivity. CRISPR/Cas9-generated knockout mutants of OsCYBDOMG1 showed reduced ascorbic acid levels and a lower ascorbate-to-dehydro ascorbate ratio, while knockout of OsbHLH024 revealed its role in enhancing salinity tolerance by promoting the production of antioxidant enzymes superoxide dismutase and peroxidase that regulate ROS levels in shoots and roots to maintain ROS homeostasis (Alam et al, 2022a; Deng et al., 2023).
MicroRNAs (miRNAs), a class of small non-coding RNAs, play essential roles in regulating plant growth, development, and stress responses. The functional validation of miRNA target genes can be achieved through miRNA knockout approaches. In a study by Zhou et al. (2017), the single miRNA genes OsMIR408 and OsMIR528 in rice were targeted using the CRISPR-Cas9 system. The authors identified three potential target genes for OsMIR528 and one target gene for OsMIR408, concluding that OsMIR528 functions as a positive regulator in salt stress tolerance. In a separate study, Wu et al. (2017) reported that the OsMIR528 T-DNA knockout line exhibited elevated levels of reactive oxygen species (ROS) and further validated the ascorbate oxidase (AO) gene as one of the targets of OsMIR528.

3.4 CRISPR MEDIATED GENE EDITING FOR IMPROVED DEVELOPMENTAL REGULATION 

Oryza sativa Delayed Seed Germination 1 (OsDSG1) encodes a RING-type ubiquitin E3 ligase that plays a key role in regulating abscisic acid (ABA) signalling and abiotic stress tolerance in rice. Functionally, OsDSG1 acts as a negative regulator of the ABA signalling pathway. It binds to the transcription factor ABA Insensitive 3 (OsABI3), and targets it for degradation via the 26S proteasome. The degradation of OsABI3 subsequently leads to a reduction in ABA Insensitive 5 (OsABI5) expression, thereby suppressing ABA signalling. In contrast, loss or suppression of OsDSG1 results in the accumulation of both OsABI3 and OsABI5, which activates the ABA signalling cascade (Park et al., 2010; Gong et al., 2022). Functional studies using RNA interference (RNAi) to downregulate OsDSG1 revealed that such plants exhibited a delayed seed germination phenotype, but an enhanced tolerance to salt and drought stresses (Park et al., 2010).
Building upon these findings, researchers aimed to create targeted mutations in the OsDSG1 gene of the high salt-sensitive rice cultivar Khang Dan 18 (KD18) using the CRISPR/Cas9 system with dual guide RNAs (Anh et al., 2016; Huong et al., 2020; Nguyen et al., 2023). The resulting OsDSG1 mutant lines showed notable improvements in tolerance to salinity stress. When subjected to NaCl treatment, these mutants exhibited significantly increased shoot and root lengths, as well as greater total fresh and dry biomass, compared to the non-edited wild-type (WT) plants (Ly et al., 2024). 
In rice, SQUAMOSA promoter-binding protein-like (OsSPL) genes are key transcription factors that regulate a wide range of developmental and physiological processes, including plant architecture, grain morphology, and stress adaptation (Wang and Zhang, 2017). For example, OsSPL13 (GLW7) influences grain size (Si et al., 2016), while, OsSPL14 (IPA1, WFP) modulates tiller number and panicle branching (Jiao et al., 2010). Among these, OsSPL10 has been identified as a multifunctional gene involved in both salt tolerance and trichome formation. In this study, the CRISPR/Cas9 genome editing system was used to knock out OsSPL10, a candidate gene for the SST locus, in the ZH11 and HHZ rice cultivars. Previous research on the single-gene recessive mutant sst revealed a significant increase in salt tolerance (Lan et al., 2019). Consistent with these observations, OsSPL10 knockout lines exhibited enhanced salt tolerance compared to wild-type plants, indicating that OsSPL10 acts as a negative regulator of salinity tolerance (tolerance (Lan et al., 2019).
OsmiR535 is a key regulatory microRNA in rice that negatively influences salinity stress tolerance by targeting OsSPL19 (SQUAMOSA promoter-binding protein-like), a critical transcription factor involved in growth and stress responses (Sun et al., 2019). CRISPR/Cas9 knockout studies by Yue et al. (2020) revealed that loss of OsmiR535 enhances salt tolerance through the upregulation of OsSPL19, which activates stress-responsive pathways and by promoting root development, chlorophyll retention, and photosynthetic efficiency. Thus, the OsmiR535–OsSPL19 module is a promising genetic target for developing rice varieties resilient to salinity stress.
Violaxanthin de-epoxidase (VDE) is a key enzyme in the xanthophyll cycle, essential for photoprotection. To explore the role of OsVDE, a lipocalin-like VDE homolog in rice, CRISPR/Cas9 knockout lines were developed. Under salt stress, mutants showed higher ABA levels, increased stomatal closure, and enhanced survival. Expression of ABA biosynthetic genes (OsNECD2, OsNECD4, OsNECD5) was upregulated in the mutants, indicating that OsVDE negatively regulates ABA biosynthesis. These findings reveal that OsVDE functions not only in the xanthophyll cycle but also as a negative regulator of ABA-mediated salt stress tolerance in rice (Wang et al., 2022).
Zhang et al. (2020, 2021) utilized CRISPR/Cas9 genome editing to generate knockout lines of two NAC transcription factors, OsNAC45 and OsNAC3, in order to investigate their functional roles in salinity tolerance in rice. Both OsNAC45 and OsNAC3 enhance salt tolerance in rice through positive regulation of the abscisic acid (ABA) signalling pathway by influencing the expression of several stress-associated genes, with OsNAC45 specifically modulating the expression of OsDREB1F, a key gene involved in ABA-mediated stress responses (Wang et al., 2008). OsNAC3, along with OsNAC45, jointly regulates the expression of OsPM1, which is an important ABA influx carrier and ultimately make the plant salt tolerant (Yao et al., 2018). Wang et al. (2022) investigated the roles of three rice DREB1 genes-OsDREB1C, OsDREB1E, and OsDREB1G in salinity tolerance. Their findings revealed that OsDREB1C and OsDREB1G act as positive regulators of salt tolerance, whereas, OsDREB1E does not contribute to this trait.
OsNAC041 is another NAC transcription factor in rice that is induced by salt stress. CRISPR/Cas9-mediated knockout of this gene resulted in increased salt sensitivity, and transcriptome analysis of the knockout plants revealed that OsNAC041 influences a variety of pathways including MAPK signalling, ABC transporter pathway, plant hormone signal transduction, and photosynthesis, suggesting a broad role of OsNAC041 in the plant's response to salinity stress (Bo et al., 2019). 
Mitogen-activated protein kinase kinases (MAPKKs) are a class of kinases that regulate the salt stress response in plants. Researchers used CRISPR/Cas9 gene editing to study the functions of OsMKK1 and OsMKK6 in rice. They developed single-edited mutant lines (C-MKK1 and C-MKK6) and a double-edited mutant line (C-MKK1/6). It was found that both OsMKK1 and OsMKK6 positively regulated salt stress tolerance by enhancing auxin content in roots and promoting lateral root growth under saline conditions. The double mutant, C-MKK1/6, showed a more significant reduction in root growth compared to the single mutants, suggesting a cumulative or synergistic effect of these two genes in mediating the plant's root development response to salt stress (Yang et al., 2021). 
OsMPK4 is a mitogen-activated protein kinase (MPK) that plays a critical role in the salt stress response in rice by modulating key signalling pathways. OsMPK4 interacts with and phosphorylates the transcription factor IPA1 at the Thr180 residue, leading to IPA1's degradation. This phosphorylation and subsequent degradation of IPA1 is critical as IPA1 acts as a negative regulator of salt tolerance in rice. Genetic evidence from CRISPR studies demonstrates that disrupting IPA1 improves salt tolerance, whereas, OsMPK4 enhances the salt stress response in an IPA1-dependent manner. Thus, the OsMPK4-IPA1 signalling cascade is essential for conferring salt tolerance in rice by promoting the degradation of the negative regulator IPA1, making OsMPK4 a promising target for breeding salt-tolerant rice varieties (Jia et al., 2022).
OsPP2C68, a member of the PP2C family involved in the ABA signal transduction pathway, was studied using CRISPR to determine its role in salinity tolerance in rice. Results show that mutants enhanced salt tolerance in rice seedlings by boosting proline accumulation and increasing antioxidant enzyme activities like SOD and CAT under salt stress. This physiological improvement was supported by molecular data showing significant upregulation of salt stress-responsive genes including OsDREB6, OsHKT1, and OsNAC9 in the knockout mutants compared to wild-type plants (Wang et al., 2025). Similarly, OsPP65, another member of the PP2C family, was studied and found to enhance salt stress tolerance in knockout plants through activation of the ABA and JA signalling pathways. These findings indicate that OsPP65 normally acts as a negative regulator of salt stress (Liu et al., 2022).
In addition, CRISPR studies have revealed that BG3 (BIG GRAIN3), encoding a purine permease involved in cytokinin transport, plays a vital role in rice salt stress tolerance (Xiao et al., 2019). Researchers found that AGO2, a gene whose overexpression increases both grain size and salt tolerance, epigenetically activates BG3 expression. Knockout of BG3 in AGO2-overexpressing plants significantly reduced the enhanced grain size and salt tolerance, confirming BG3 as a critical downstream target of AGO2. BG3 positively regulates salt stress tolerance and ABA responses, with knockout mutants showing hypersensitivity to salt, while BG3-overexpressing plants exhibit strong tolerance. These findings demonstrate that AGO2’s effects on grain size and salt resistance are largely mediated through BG3 activation, which modulates cytokinin distribution to enhance adaptation to high-salinity conditions (Yin et al., 2020).
Studies on the function of OsPIL14 (PHYTOCHROME-INTERACTING FACTOR-LIKE 14) by comparing CRISPR-mediated knockout and overexpression lines revealed that salt stress promotes the accumulation of the DELLA protein SLR1, which in turn inhibits OsPIL14 function. SLR1 physically interacts with OsPIL14, interfering with its DNA binding and transcriptional ability, thereby suppressing the expression of genes directly regulated by OsPIL14. This OsPIL14-SLR1 interaction integrates gibberellin and light signalling to precisely modulate seedling growth under salt stress, highlighting a key regulatory mechanism by which rice adapts to saline environments (Mo et al., 2020).
The DNA-binding with one finger (DOF) proteins are a major family of plant transcription factors. OsDOF15 gene plays a role in rice's response to salt stress by regulating ethylene biosynthesis, which in turn controls cell proliferation in the root meristem (Yanagisawa et al., 2002). Under salt stress conditions, the transcription of OsDOF15 is repressed and it further suppress OsDOF15-mediated ethylene production, which is linked to the inhibition of primary root elongation, a known effect of salt stress. To investigate this, researchers utilized the CRISPR/Cas9 gene editing method to create osdof15 mutants. By comparing these mutants to a wild-type, they were able to demonstrate the specific function of the OsDOF15 gene in the plant's adaptation to high-salinity environments (Qin et al., 2019).
The Drought and Salt Tolerance gene (OsDST1) plays a critical role in regulating salt stress tolerance in rice. Researchers investigated its function by using CRISPR-Cas9 gene editing to create a mutant allele in the indica rice cultivar MTU1010. Mechanistically, this effect is, at least partially, due to the downregulation of stomatal developmental genes like SPCH1, MUTE, and ICE1. Mutants showed moderate tolerance to osmotic stress and a high level of tolerance to salt stress at the seedling stage, demonstrating that creating mutant alleles of the DST gene is a viable strategy for improving stress tolerance in elite indica rice cultivars (Huang et al., 2009).
GABA (Gamma-aminobutyric acid), a neurotransmitter which plays an important role in salinity tolerance, is synthesized from glutamate via the enzyme glutamate decarboxylase (GAD) (Li et al, 2021; Wang et al., 2017). The OsGAD4 gene, one of five glutamate decarboxylase (GAD) genes in the rice genome, is unique for its ability to bind to Ca2+/CaM. By trimming the coding region of CaMBD from the OsGAD4 gene using CRISPR/Cas9 genome editing, researchers were able to eliminate the autoinhibitory function of the enzyme and investigate the involvement of GABA in salinity stress tolerance. The study showed that the resulting genome-edited rice lines had a higher survival rate under salt stress, confirming that OsGAD4 plays a role in inducing salinity stress tolerance. It was shown that endogenous GABA can modulate salinity stress tolerance and that GAD4 is a potential focus for genetic manipulation to improve GABA production and salinity stress tolerance (Akter et al., 2024).
Hybrid lines carrying double-truncated version of OsGADs created by crossbreeding two parent lines: one with a CRISPR/Cas9-mediated C-terminal truncation of OsGAD1, and another with a previously developed C-terminal truncation of OsGAD3 showed a significantly pronounced increase in GABA accumulation compared to its parental lines and the wild type lines. This enhanced GABA accumulation is directly linked to a stronger salinity stress tolerance capacity, supporting the established role of GABA as a key metabolite in a plant's adaptive response to abiotic stress (Kulsum et al., 2025).









Table 1. CRISPR gene targets for salinity tolerance in rice

	Edited gene/TF
	Function of gene
	Genetic background of editing
	Reference

	OsRR22
	Activation of a HKT transporter a OsHKT2;1
	R192
	Han et al., 2022

	OsRR9, OsRR10
	Upregulation of OsHKT1;1, OsHKT1;3 and OsHKT2;1
	Oryza sativa cv kitaake
	Wang et al., 2019

	OsPRR73
	Transcriptional repression of OsHKT2;1
	Nipponbare
	Wei et al., 2020

	OsbHLH044
	Inactivation of OsHKT1;3, OsHAK7, OsSOS1, OsSOS2, OsNHX2
	Nipponbare
	Alam et al., 2022b

	OsbHLH024
	Upregulation of OsHKT1;3, OsHAK7, and OsSOS1
and better regulation of ROS and MDA
	Nipponbare (A91)
	Alam et al., 2022a

	BEAR 1
	Downregulation of HAK6 and NHX4
	Nipponbare
	Teng et al., 2022

	OsMADS27
	Downregulation of OsHKT1 and peroxidases like OsPRX29, OsPRX27, OsPRX74, OsGPX, OsPRX132)
	Zhonghua 11
	Alfatih et al., 2023

	OsEC1
	OsGI, direct transcriptional target of OsEC1, regulates Na+ and K+ transporter
	Zhonghua 11,  Nipponbare
	Wang et al., 2021b

	OsEBP1
	Downregulation of HKT1;1 and HKT2;1, HAK1, SOS1
	Nipponbare
	Jiang et al., 2025

	OsWRKY74
	SKC1 mediated Na regulation,
alters the expression of SOS1 and H⁺-ATPase
	Nan Geng9108 (NG9108)
	Li etal., 2025

	OsWRKY54
	Downregulation of OsNHX4 and OsHKT1;5
	Nipponbare
	Huang et al., 2022

	OsAKT1
	Downregulation of OsAKT1
	IR29
	Khan et al., 2023

	OsHAK8
	K+ uptake and root-to-shoot K+ transport were significantly impaired in mutants.
	Nipponbare
	Wang et al., 2021c

	OsFLA8

	Na+ homeostasis.
	-
	Chao et al., 2025

	OsCIPK9
	Upregulation of SKC1, OsKAT1, and OsNHX1
	Nipponbare
	Zhuo et al., 2023

	OsPIP1

	Inhibited the transcripts of the SOS1, CIPK24 and CBL4 genes, thus weakening the osmotic regulation ability
	Rice cv. Kitaake
	Tao et al., 2023

	OsPQT3
	Elevated expression of OsGPX1, OsAPX1 and OsSOD1.
	Zhonghua11
	Alfathih et al., 2020

	OsNCA1
	No catalase activity in double mutants
	Zhonghua 11
	Liu et al., 2019

	OsCYBDOMG1
	By affecting ascorbate biosynthesis and redox state.
	Nipponbare
	Deng et al., 2023

	OsLPR2
	Enhancing the antioxidant capacity of POD
	Nipponbare
	Gu et al., 2024

	OsMIR528
	Increased ROS detoxification since   AO gene (Os06g0567900) as one of OsMIR528’s targets
	Nipponbare
	[bookmark: _Hlk210933114]Zhou et al., 2017

	OsMPT3
	Lowered the accumulation of proline by changing the expression profiles of the P5CS2 and ProDH genes
	Kitaake
	Huang et al., 2020

	FLN2
	Reduction in the supply of assimilate,  RuBisCO activity is reduced
	Nipponbare
	Chen et al., 2019

	RST1
	Loss of RST1 function increased the expression of OsAS1 and improved nitrogen (N) utilization by promoting asparagine production and avoiding excess ammonium (NH4 +)
	Nipponbare, Dongjin, and Hwayoung
	Deng et al., 2022

	OsDSG1
	Role in ABA signalling pathway
	Khang Dan 18
	Khanh et al., 2024

	OsVDE
	Role in abscisic acid (ABA) biosynthesis
	-
	Wang et al., 2022

	OsMIR535
	Modulate plant growth under ABA signaling pathway
	Nipponbare
	Yue et al., 2020

	OsNAC45
	Role in ABA signaling pathway
	Nipponbare
	Zhang et al., 2020

	OsNAC3
	Role in ABA signaling pathway
	Nipponbare
	Zhang et al., 2021

	OsNAC041
	Impact on the MAPK signaling pathway
	Nipponbare
	Li et al., 2021

	OsPP2C68
	Role in ABA signaling pathway
	Nipponbare
	Wang et al., 2025

	OsPP65
	Involved in jasmonic acid (JA) and abscisic acid (ABA) signaling
	Nipponbare
	Liu et al., 2022

	OsMPK4
	OsMPK4-IPA1 signal cascade modulates the salt stress
	Zhonghua11
	Jia et al., 2022

	OsMPK1,6
	It promotes auxin content and lateral root growth under saline conditions
	Zhonghua11
	Yang et al., 2021

	OsDST1
	Downregulation of stomatal developmental genes SPCH 1, MUTE and ICE1.
	Indica rice cultivar MTU1010
	Kumar et al., 2020

	OsSPL10
	Role in growth and development
	Zhonghua11 &HHZ
	Lan et al., 2019

	OsDOF15
	primary root elongation via restricting ethylene biosynthesis
	Hwayoung (HY)
	Qin et al., 2019

	OsGAD4
	Role in GABA biosynthesis
	Nipponbare
	Akter et al., 2024

	OsPIL14
	Integrates light and gibberellin signals to fine-tune promotes mesocotyl and root growth
	Zhonghua 11
	Mo et al., 2020

	BG3
	Increased grain size and salt resistance via optimizing cytokinin distribution patterns
	Zhonghua11
	Yin et al., 2020




4. FUTURE PROSPECTS
CRISPR technology holds great promise for advancing salinity tolerance breeding in rice. It plays a vital role in the functional validation of uncharacterized genes by allowing precise knockout or modification, enabling rapid identification of genes that regulate salt stress responses. CRISPR also facilitates knocking out undesirable genes that negatively affect tolerance, and its multiplexing capability allows simultaneous editing of multiple target genes, accelerating breeding efforts. The application of CRISPR has already produced salt-tolerant rice lines with improved survival and yield under salinity stress, demonstrating clear benefits for crop improvement. Broadly, CRISPR-aided breeding paves the way for developing climate-smart rice varieties that can withstand multiple abiotic stresses including drought, submergence, acidity, temperature extremes, and salinity, thereby ensuring stable productivity in the changing climate scenario. This integrated approach can ensure the resilience and sustainability of future rice cultivation.
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