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Improvement of salinity tolerance in rice can minimize the stress-induced yield losses. Rice (Oryza sativa) is one of Asia’s most widely consumed crops, native to the subtropical regions, and is generally associated with sensitivity to salinity stress episodes. Salt-tolerant rice genotypes have been developed using conventional breeding methods; however, the success ratio is limited because of the complex nature of the trait and the high cost of development. The narrow genetic base of rice limited the success of conventional breeding methods. Hence, it is critical to launch the molecular tools for screening rice novel germplasm for salt-tolerant genes. In this regard, the latest molecular techniques like quantitative trait loci (QTL) mapping, genetic engineering (GE), transcription factors (TFs) analysis, and clustered regularly interspaced short palindromic repeats (CRISPR) are reliable for incorporating the salt tolerance in rice at the molecular level. Large-scale use of these potent genetic approaches leads to identifying and editing several genes/alleles, and QTL/genes are accountable for holding the genetic mechanism of salinity tolerance in rice. Continuous breeding practices resulted in a huge decline in rice genetic diversity, which is a great worry for global food security. However, molecular breeding tools are the only way to conserve genetic diversity by exploring wild germplasm for desired genes in salt tolerance breeding programs. In this review, we have compiled the logical evidences of successful applications of potent molecular tools for boosting salinity tolerance in rice, their limitations, and future prospects. This well-organized information would assist future researchers in understanding the genetic improvement of salinity tolerance in rice.
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Introduction

Rice is one of the most significant cereal crops and serves as a major dietary source and staple food for 50% of the world population, mostly in Asian countries (Rasheed et al., 2020a,b, 2021c,d). Due to its relatively small genome size, sufficient genetic diversity, molecular studies, and successful genetic transformation, rice has been labelled as a model crop (Chen et al., 2021b). The area under rice cultivation has been increased to counter the needs of the rapidly growing human population, which is expected to increase up to 9.5 billion by 2050 (Leridon, 2020). The goal of high-yielding rice must be attained (Kurniasih et al., 2021) under the increasing conditions of abiotic factors induced by climatic changes and uneven war for limited natural resources like water, land, and food (Park et al., 2022). The uneven distribution of natural resources pledged the war between rich and poor societies and enhanced hunger in many countries of the world, resulting in the loss of millions of human lives (Chen et al., 2021b). Abiotic stresses are a constant threat to agricultural sector and disturb the food supply chain (Rasheed et al., 2020c,d, 2021a,b). Salinity stress impairs rice growth, production, and yield and limits its areas of cultivation across many countries (Islam et al., 2021). Global estimates unleashed the fact that 1,000 million hectares of land is affected by salt stress, and besides this, around 30% of the irrigated land area is also disturbed (Shahid et al., 2018). This situation will be more worsen due to rise in seal level and rapidly growing human population (Liu et al., 2020a). Rice is considered a salt-sensitive crop, characterized by stunted plant growth, development, and yield loss when exposed to the salinity level of mmol L−1 NaCl (3 dSm−1) (Lutts et al., 1995). Recent research studies unravel that rice is more tolerant to salt stress during germination and vegetative stages than during seedling and reproductive phases (Bundó et al., 2022). Rice has adopted numerous strategies to cope with salinity stress at various developmental stages. Earlier researchers witnessed the 12% yield loss in rice at a salinity level of 3 dSm−1, and about a 50% yield drop has been recorded at a 6 dSm−1 salinity level (Linh et al., 2012).

In recent years, the development of salt-tolerant varieties and genetic studies to unlock the molecular mechanism of salinity tolerance have significantly contributed to the molecular breeding field (Niu et al., 2022). The development of high salt-tolerant varieties remains challenging because of several complications in plants’ response to salinity stress, which comprises ionic, and osmotic stress (Pareek et al., 2020). It has been a fact that salinity tolerance results from the coordinated action of several stress-responsive quantitative trait loci (QTL), genes, and enzymes induced by salt stress at various levels. The comprehensive mapping of potential QTL has been successful, but unfortunately, none of the identified QTL/genes is transformed into commercially cultivated rice cultivar (Kotula et al., 2020; Liu et al., 2020b). Salt stress has detrimental effects on rice growth, physiology, fertility, and yield, as shown by extensive research study (Tsai et al., 2019). Extensive research studies have underlined the underlying mechanisms of salt tolerance in rice, but they failed to provide a detailed overview of salt breeding in rice (Haque et al., 2021). For decades, rice breeders have been involved to cripple salt stress through multiple stress-related mechanisms (Chen et al., 2021b), but they did not shed light on the complete genetic control of salt tolerance (Prakash et al., 2022).

Therefore, breeding salt-tolerant rice varieties is the only promising step for ensuring food security in the future (Niu et al., 2022). Molecular studies have opened new doors to fully sequence rice genome and hunt for candidate genes in salt breeding programs (Habila et al., 2022). QTL and genes have shown tremendous results in developing tolerant varieties; however, further studies are needed to get a clear picture (de Ocampo et al., 2022). The introgression of QTL/genes encoding for salinity tolerance would compensate yield loss under salt stress (Prakash et al., 2022). Many TFs have been identified in rice contributing to salt tolerance and need to be transformed to develop transgenic rice varieties (Teng et al., 2022). A novel gene-editing tool, CRISPR/Cas9, emerged as the best-rewarded tool (Alam et al., 2022) that broke all biological barriers and showed the possibility of targeted gene editing for desired traits (Alam et al., 2022). Despite all of this, there is no sufficient progress in salt breeding in rice, and breeders are tackling this issue by adopting novel molecular tools leading toward sustainable agriculture (Fan et al., 2022). Secondly, the genetic diversity of rice is not fully conserved, which is constantly under threat because of the extreme climatic changes like rainfall, heat, fire, and land sliding (Mohammadinezhad et al., 2010). This review presented the latest developments about potent molecular tools used to sustain rice growth and yield under salt stress by identifying novel genes and their interacting networks. Molecular breeding tools have interfered in rice salt breeding programs and promised a more consistent result in coming time. We have debated the challenges and limitations of molecular studies and presented future prospective. This effort will be a powerful attempt to quicken the salt breeding program in rice.



Effects of salinity stress on rice

Salinity stress is one of the major impediments to rice production worldwide after drought (Zahra et al., 2022). Rice is relatively a highly salt-sensitive crop (Solis et al., 2022), as indicated by the rice threshold (dS/m) for salt stress (Maas, 1996). Rice seed germination is one of the main traits affected by salinity stress which causes poor seedling growth (Hasanuzzaman et al., 2009). Salinity stress impairs rice growth and production and leads to complete yield loss depending on its concentration and genotype. Salinity stress affected the rice plant height and tillers per plant when plants were exposed to 100 mM NaCl (sodium chloride; Soares et al., 2021). Salinity stress affected morpho-physiological traits and reduced dry matter yield (Channa et al., 2021). Phenolics and flavonoid contents are strongly affected by salinity stress in rice (Minh et al., 2016). Effects of salinity stress were observed on osmolytes and relative water contents (RWC) when a 7-days-old rice seedling was exposed to 100 mM NaCl. There has been a noticeable reduction in the contents of osmolytes (proline) under salinity stress (Polash et al., 2018). Salinity stress also affects rice sugar contents, pigments, and enzymatic activity (Amirjani, 2011). Hakim et al. (2014) evaluated five rice genotypes under salinity stress to observe the effects on growth (Figure 1), ion accumulation, and yield. Results showed that root length (RL), shoot length (SL), and yield traits were decreased with increasing salinity levels (Hakim et al., 2014). Higher salinity stress caused a huge decline in productive tillers and yield per plant in rice varieties (Arifuddin et al., 2021). Abdallah et al. (2016) exposed rice genotypes, Giza 177, and Giza 178 to different salinity levels (30, 60 mM NaCl). Salinity stress decreased photosynthesis pigments (Figure 1), carbohydrates, and activities of antioxidants like, SOD, APX, and CAT (Abdallah et al., 2016). Salinity stress reduced the transpiration rate, and stomatal conductance in rice. Salinity stress also caused the spikelet’s sterility, and reduced pollen viability (Irakoze et al., 2020). In another study, leaf number and total dry matter of rice were significantly reduced when rice genotypes were exposed to different salinity levels (50, 10, 150 mM) (Megha and Shankhdhar, 2022). Hence, effects of salinity stress on rice are harmful and caused significant yield loss which indicating a drift in global food security system. Effects of salinity stress could be minimized by evaluating rice genotypes against different levels of salt and observe the relative changes in studied characteristics.
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FIGURE 1
 Effects of salinity stress on rice. Salinity stress affects rice seed germination, growth, and photosynthesis. Salinity stress induces ions toxicity, osmotic pressure, dehydration, and alteration in reproduction organs. Salinity stress also reduces roots hairs number, root volume, diameter, root area, length, root dry weight, spikelet’s fertility, grain yield, and nutrients uptake.




Mechanisms of salinity tolerance in rice

To increase the rice yield under salinity stress, it is imperative to unfold the essential mechanisms involved in rice response to salinity stress (Reddy et al., 2017; Prakash et al., 2022). Studies recommended that multiple genes mainly control salinity tolerance in rice through a complex and interacting network (Chinnusamy et al., 2005; Wang et al., 2022; Yuan et al., 2022). Rice has been categorized in the list of salt-sensitive crops (Lutts et al., 1995; Sangwongchai et al., 2022), and salinity limits production at the maturity stage (Todaka et al., 2012; Kumar et al., 2022). Salinity stress could be alleviated at the seedling stage by removing old seedlings, but the rice cannot avoid stress during its flowering stage. The flowering stage is highly vulnerable to salinity stress and can cause an extraordinary loss in rice yield (Singh et al., 2004; Nagarajan et al., 2022), and salinity tolerance can be foreseen by comparing the percentage of biomass production under stress and non-stress conditions (Munns and Tester, 2008). Salt tolerance can be shown by two mechanisms, including ion exclusion and osmotic tolerance (Munns and Tester, 2008). These two salinity tolerance mechanisms are classified into ion exclusion, tissue tolerance, and osmotic tolerance or adjustment (Figure 2; Roy et al., 2014). The dominant mechanism is ions exclusion which involves the exclusion of toxic salt ions (Na+ and Cl−) from roots and prevents the uncontrollable concentration in the leaves. In this way, ions are retrieved from the xylem to the soil. The osmotic tolerance mechanism is controlled by a signaling network that compensate rice shoot growth, and it is triggered before ions accumulation (Rajendran et al., 2009).
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FIGURE 2
 Graphical display of the different types of salt tolerance mechanisms in rice. It involves the activation of different salt-responsive TFs and genes which encode different proteins and enzymes. Besides this rice plant also activates the antioxidants defense system, maintains ions homeostasis, and synthesizes osmoprotectants and compatible solutes to counter the toxic effects of salinity stress.


Tissue tolerance involves the Na+ sequestration in the vacuole production of solutes and enzymes capable of detoxifying ROS. The genes involved in the tolerance mechanism are, OsNHX, OsSOS1 which are functionally known as Na+/H+ antiporters (Kumari et al., 2013; Amin et al., 2016), OsTPC1 (Ca2+ permeable network; Kurusu et al., 2012), OsCLC1 (Cl− network; Diédhiou and Golldack, 2006), and OsNRT1;2 (nitrate carrier; Wang et al., 2012a). Besides this, early plant vigor is also used to characterize salinity tolerance in rice. Early growth mechanisms can avoid the toxic effect of salinity stress in rice (Kumari et al., 2013). To assess the balancing role of physiological traits in salinity tolerance, Yeo and Flowers (1990) evaluated the rice genotypes under salinity stress and measured the shoot Na+ concentration and plant vigor. Results showed that Na+ concentration in the shoot is lower in rapidly growing rice genotypes than in late-maturing genotypes. Growth vigor is an escaping strategy rather than a tolerance mechanism which is good as the yield is the main concern (Yeo and Flowers, 1990). Besides this different agronomic parameters play a key role in salinity tolerance in rice. In an experiment 12 rice cultivars were evaluated in a greenhouse against different levels of salinity stress. Noticeable genetic differences in relative salt tolerance were identified based on seedling growth. Genotypes were marked as salt-tolerant based on the average value of different traits. Dramatic changes in salt tolerance were noticed at early and seed maturing stages in genotypes (GZ5291-7-1-2 and GZ178). These results indicated that an early maturing attitude could prevent the toxic effects of salinity stress in rice (Zeng et al., 2002).



Molecular factors contributing to salinity tolerance in rice

The genetic dissection of salt-tolerant regions is one of the most feasible approaches for developing salinity tolerance in rice (de Ocampo et al., 2022; Li et al., 2022b). One of such techniques is QTL mapping which allows the identification of genomic regions involved in salinity tolerance and ensures the effective introgression of candidate genes through marker-assisted selection (MAS; Singh et al., 2021; Dai et al., 2022). The development of salinity tolerant rice cultivars is suitable for growing on salt-affected soils across the globe (Ali et al., 2022; Prakash et al., 2022). For this reason, identifying hotspot regions associated with salinity tolerance is critical to be used in salt breeding programs. Hence, it has been proven that salt breeding programs cannot be successful without the interference of molecular tools (Fan et al., 2021; Yuan et al., 2022). Salinity stress affects the rice reproductive stage and undermines its yield and quality. However, few studies have been published on this aspect that strongly emphasized going into depth for a detailed investigation of changes and mechanisms (Singh et al., 2021).



Quantitative trait loci mapping and genome-wide association studies for salinity tolerance in rice

Hundreds of potential QTL have been mapped for salinity tolerance in rice; however, few are cloned for transformation into elite cultivars. Recently, an F2 population was developed from cross of salt-tolerant (Kalarata) and salt-sensitive (Azucena) landraces. The F3 population was then evaluated and recorded for salt tolerance using several key indicators. Seedling growth, biomass, ions concentrations, and chlorophyll contents were studied. A total of 13 potential genomic regions were identified for 16 agronomic traits. Some novel QTL hold the key targets for QTL pyramiding to enhance salinity tolerance in rice (de Ocampo et al., 2022). In another study, a backcross inbred line population (BIL) was evaluated to unfold the genetic loci of a parent. Oryza longistaminata for salinity tolerance. As a result, 27 QTL were detected for salinity tolerance in 140 BIL. Results showed that 18 QTL were derived from O. longistaminata. The key indicators were salt injury score (SIC) and water content of seedling (WCS). QTL, qSIS2, and qWCSST2 for these two traits were located on chromosome 2 (Yuan et al., 2022). Likewise, Le et al. (2021) studied QTL mapping for salt tolerance in Vietnamese rice landraces genotyped with 21,623 SNP markers. Plants were exposed to 100 mM of NaCl. Salinity tolerance traits like SIS, chlorophyll contents, water contents, and Na+ and Cl− contents were studied. A total of 26 QTL were identified, and remarkably 10 of them were linked with various traits and involved in controlling several responses under salinity stress. Most of the QTL were co-localized with previously reported QTL (Le et al., 2021). The development of salinity tolerant rice varieties is limited because of the limited number of parental materials (Xie et al., 2021). A rice parent Haidao 86 (HD86), was evaluated to show the growth’s salinity tolerance, suggesting that it is a strong donor of salinity tolerant regions. An F2 segregating population was derived from a cross of HD86 with Nipponbare under 2% NaCl treatment. Salt-tolerant QTL, qST1 was reported on chromosome 1 and explained 9.27% of genetic variance (Xie et al., 2021). Yadav et al. (2021) conducted a genome-wide analysis of the rice population to identify the marker-traits association. A total of 23 marker-traits associations were found for studied traits. They have two novel QTL, qSDW2.1 and qSNC5, which could be a potential breeding target for salinity tolerance (Yadav et al., 2021). To unfold the genetics of salt tolerance at the reproductive stage, 140 F2 population was made by crossing PS5 a salt-sensitive and CSR10 a salt-tolerant genotype. Salinity tolerance was assessed using several morphological, and biochemical traits. A total of 39 QTL with explained variance of 3–45% were identified. Major and significant QTL were identified for sodium content, potassium content, and sodium/potassium ratio in leaves and shoots. The QTL, qNaL-1.2, qKR-1, and qNa/KL-1.2 with 45, 35, and 32% of phenotypic variance were mapped on chromosome 1. Beside this a novel QTL, qGY-2 for grain yield was identified on chromosome 2. QTL validation may be advantageous for MAS breeding for development of commercially important salt-tolerant cultivars (Pundir et al., 2021).

Salinity tolerance at the rice bud stage directly affects the seedling and yield; however, QTL mapping for salinity tolerance at the bud burst stage is limited. Earlier, a recombinant inbred lines (RIL) population was developed by crossing salt-sensitive (Kongyu131) and salt-tolerant cultivars (Xiaobaijingzi) and used to map the major QTL for salinity tolerance at the bud burst stage using the high-density genetic map. Two QTL, qRSL3, and qRRL3 were mapped on chromosome 3 and related to salinity tolerance (Lei et al., 2021). Rice is highly sensitive to salinity stress at the seedling and germination stage. QTL mapping for salinity tolerance at the seedling stage can prevent yield loss. Nakhla et al. (2021) evaluated the BIL population and conducted QTL mapping analysis for several traits at the seedling stage. They have identified 46 loci at the seedling stage. The identified 9 loci and 33 loci with ACC9 parent alleles increased salinity tolerance at the seedling stage. This locus can improve salinity tolerance in rice breeding programs (Nakhla et al., 2021). Kumari et al. (2021) identified several QTL for salinity tolerance in rice using the back cross population (BC1F2). QTL, qSTY11.1 for seedling salinity tolerance showed a promising increase in salinity tolerance in the BC population (Kumari et al., 2021).

In the same way, to study the genetic variation among the rice landraces, QTL mapping was conducted to identify the rice tolerance to salinity stress. 13 QTL were mapped out of them, ten were aligned with previously reported QTL (Alam et al., 2021). Hence an appropriate breeding plan is critical to developing salinity tolerance in rice by QTL pyramiding. A genome-wide association study (GWAS) was applied to identify rice QTL linked with salinity tolerance. A diverse rice panel was exposed to 100 mM NaCl to investigate the significant difference in salinity tolerance and identify the potent genomic regions. QTL, qSLn1.1, and qRLs2.1 were identified for shoot length and root length positioned on chromosomes 1 and 2 (Nayyeripasand et al., 2021). GWAS is one of the most powerful techniques which provide the marker traits association and identify the potential QTL for salinity tolerance. Therefore, it is critical to conduct GWAS better to understand the genetic control of salinity tolerance in rice. A multiparent advanced generation intercross (MAGIC) population was used to identify the novel QTL underlying salinity tolerance in rice. The candidate gene analysis discovered 12 genes, including SCKI, for rice salinity tolerance under NaCl conditions (Krishnamurthy et al., 2022). Several studies have uncovered the genomic regions for salinity tolerance in rice; however, a complete genetic understanding of salinity tolerance is still a mystery. Among all population, RILs is the most feasible for QTL mapping. Another study conducted by Kong et al. (2021) identified the QTL for survival traits in the rice RILs population. They have identified seven QTL positioned on chromosomes 3, 4, 5, 6, and 8 for several traits. Among the identified QTL, qST-3.1, qST-5.1, qST-6.1, and qST-6.2 (Table 1) were new in this study, and their contribution to salinity tolerance was functionally confirmed by relative analysis of RILs. The gene combination result of these four new QTL highlighted that the mixture of the four QTL cooperative genotypes could meaningfully enhance the salinity tolerance in rice (Kong et al., 2021). Yield is an end product of any breeding program. Salinity stress greatly affects the yield of rice in salt-affected areas. In experiment, 42 chromosomal segment substitution lines (CSSLs) were evaluated under salinity stress to map the potential genomic regions for yield and yield components. A total of six QTL were identified for grain yield and yield-related traits located on chromosome 2. A novel QTL, qSTGF2 for grain filling trait, was considered a potent donor to higher grain yield under extreme salinity stress in CSSLs (Mai et al., 2021). Another major QTL, qRSL7, for the bud burst stage, was identified in the F2:3 population. This major QTL was detected on chromosome 7, underlying shoot length-based salinity tolerance in rice (Lei et al., 2020). Another RIL population was used to identify the QTL underlying salinity tolerance in rice and the relationship between salt-induced injury and changes in different physiological and biochemical traits. In total 23 QTL were identified, including the earlier reported QTL Saltol. The QTL for salt injury score (SIS) were detected on chromosomes 1, 4, and 12 and linked with Na+ transport from roots to shoots in the rice population. The QTL, qSIS1 showed an additive effect and can be effectively used in QTL pyramiding (Chen et al., 2020).



TABLE 1 List of several salt-tolerant QTL in rice identified by GWAS and QTL mapping.
[image: Table1]

Jahan et al. (2020) used a RIL population developed from a cross of LYP9 and PA64s and showed significant variation for morphological traits under 100 mM salinity stress. 38 QTL for six variables were detected on chromosomes 1, 2, 3, 4, 5, 6, 7, and 10 under different salinity conditions. A novel QTL, qSL7 (Table 1), was identified on chromosome 7 under two different salinity conditions (Jahan et al., 2020). In another study, three major QTL, SH12.1, qSH12.2, and qDSW12.1 were identified for seedling height (SH) and dry shoot weight (DSW) in the RIL population exposed to 0.7% NaCl for 10 days (Wang et al., 2012b). One of the key methods for rapid identification of QTL is bulk segregant analysis. Tiwari et al. (2016) used RIL population grown under salinity stress and reported 34 QTL; out of them, several QTL were novel which ensured the success of QTL pyramiding (Tiwari et al., 2016). Many QTL have been identified using elite breeding population like RIL. RIL population was exposed to 100 mM of NaCl which induced noticeable changes in morpho-physiological traits. Six QTL were identified on chromosome 1, and 4 out of them qSSI1, qSL1 were identified for salinity survival index (SSI) and shoot length (SL; Dahanayaka et al., 2017). Identification of stress-related QTL increased our understanding of the complex nature of salinity tolerance. Different studies showed different results; however, the nature and pattern of salt stress are the same. Khan et al. (2016) investigated salt tolerance in rice using F2 population made by crossing Pollaki (salt tolerant), and IR36 (salt sensitive). The population was exposed to different salt stress conditions. They have identified six QTL for different agronomic traits (Khan et al., 2016). Pang et al. (2017) conducted QTL pyramiding to develop super high rice with improved tolerance to salinity stress. Out of many identified QTL, qChlo4 (Table 1) was detected for chlorophyll content which demonstrated that QTL pyramiding is a powerful way of genetic dissection of a complex trait of salinity tolerance in rice (Pang et al., 2017). In another study, 300 F5:6 RIL population was used to identify the QTL for salinity tolerance in rice. Twenty novel QTL were mapped on chromosomes 1, 3, 4, 6, 8, 9, and 12. It is strongly suggested to integrate the QTL into one genetic background by QTL pyramiding to enhance the salinity tolerance in rice (Bizimana et al., 2017). In a recent study, Krishnamurthy et al. (2020b) successfully introgressed the Satlol QTL in two high-yielding rice cultivars (Pusa44 and Sarjoo52) using the marker-assisted backcrossing breeding (MABB) technique. These techniques showed an improvement in salinity tolerance and the development of tolerant lines with the genetic background of Pusa44 and Sarjoo52 (Krishnamurthy et al., 2020b). The detailed and comprehensive analysis of salinity tolerance in rice suggested that salinity tolerance is a complex trait and needs further studies and use of emerging molecular techniques to develop tolerant rice cultivars. Biochemical based salinity tolerance in rice is poorly understood and needs further investigation. QTL and GWAS will unfold several new mechanisms of salinity tolerance in rice which is a critical need of time.



Application of CRISPR/Cas9 for salinity tolerance in rice

CRISPR/Cas9 gene-editing technique has been effectively used for targeted gene editing to enhance salinity tolerance in rice (Zhang et al., 2019a; Zegeye et al., 2022; Zhou et al., 2022; Figure 3). Targeted editing of salt-tolerant genes has been achieved (Nazir et al., 2022). Since the CRISPR/Cas9 tool emerged, speed of salinity tolerant rice cultivar development has been enhanced. Nevertheless, the underlying molecular mechanisms and individual genes involved in rice salinity tolerance are illuminated. Han et al. (2022) employed the CRISPR/Cas9 to edit the OsRR22 gene, which controls the salinity tolerance in rice. The mutant plants showed considerable differences in plant height and total fresh weight under two different salt concentrations (Han et al., 2022). Another salt-tolerant gene, OsDST, was edited by CRISPR/Cas9, which showed significant improvement in salinity tolerance in the indica elite cultivar. Mutants showed a high level of salinity tolerance at the seedling stage (Santosh Kumar et al., 2020). In another study, Zhang et al. (2019b) demonstrated targeted editing of OsOTS1 in rice by CRISPR/Cas9. CRISPR/Cas9 induced efficient gene knockout with 95% of transgenic plants exhibited the desired results with zero off-target effects (Zhang et al., 2019b). Different TFs have been edited to enhance salinity tolerance in rice. The role of OsbHLH024 was investigated in rice under salt stress. CRISPR/Cas9 was applied to edit the OsbHLH024 gene, and the resulting mutants showed an increase in shoot weight and chlorophyll contents. OsbHLH024 (Table 2) mutants also showed a considerable improvement in antioxidant activity and a reduced level of ROS (Alam et al., 2022). The potential genetic editing targets have been explored in rice to apply CRISPR/Cas9 for salinity tolerance. The CRISPR/Cas9 mediated knockout of OsmiR535 showed enhanced resistance to NaCl in mutants (Yue et al., 2020). The key enzyme involved in the xanthophyll cycle is violaxanthin de-epoxidase (VDE). CRISPR/Cas9 mediated gene editing of OsVDE showed that overexpression of the gene in transgenic plants did not increase the salinity tolerance in rice, and transgenic plants had no difference from wild type (Wang et al., 2022). Studies have shown that CRISPR/Cas9 mediated circle RNA loci (circRNA) deletion can increase salinity tolerance in rice. CRISPR/Cas9 mediated mutagenesis generated the null mutants for four circRNA loci. Each of the cirRNAloci can be edited at 10% or higher efficiency in both transgenic T0 or protoplast. Analysis of mutants revealed that participation of circRNA in salinity response during seedling stage mainly in the Os05circ02465 increased salinity tolerance (Zhou et al., 2021). The genes involved in sodium homeostasis are key target for CRISPR/Cas9 to mediate plant growth under salinity stress. Wei et al. (2021) demonstrated the targeted editing of clock component OsPRR73 (Figure 3) which confer salinity tolerance in rice by mediating sodium homeostasis. The CRISPR/Cas9 mediated mutants of OsPRR73 showed significant improvement in salinity tolerance by reducing cellular Na+ accumulation (Wei et al., 2021). ABA is main stress-responsive hormone which controls the germination and growth of seedlings in rice. Knockout of OsNAC45 genes revealed that transgenic lines showed improvement in germination and growth percentage (Zhang et al., 2020).

[image: Figure 3]

FIGURE 3
 Key steps of CRISPR/Cas9 mediated gene editing for salinity tolerance in rice. CRISPR/Cas9 has the ability to edit the gene of interest for salinity tolerance by a complex mechanism. Mutants plants with salinity tolerance character are exposed to salinity stress to confirm the targeted gene expression.




TABLE 2 Key applications of CRISPR/Cas9 in the knockout of the salt-tolerant genes in rice.
[image: Table2]

Certain genes are the negative controllers of salinity tolerance in rice. The generation of osRR9, and osRR10 double mutants demonstrated that these could affect the expression of multiple genes and have functionally differentiated to control stress response (Wang et al., 2019). The circadian clock plays a key role in the salinity stress response in rice. CRISPR/Cas9 mutated the OsEC1 to investigate its role under salinity stress. The osgi-101 mutant created by CRISPR/Cas9 is salt tolerant and showed an early heading date under salinity stress (Wang et al., 2021). Likewise, OsSPL10 also plays a key role in salinity tolerance in rice. It is considered a negative controller of salinity tolerance in rice which is shown by its involvement in initiation rather than the elongation of trichomes (Lan et al., 2019). The rice gene OsMPT3 is an important osmotic regulatory factor that enhances salinity tolerance. CRISPR/Cas9 mediated mutagenesis of OsMPT3 revealed that this gene modulates adenosine triphosphate (ATP) synthesis, reduces ions accumulation, and increases salinity tolerance (Huang et al., 2020). Members of TFs families play a key role in response to salinity stress in rice. Zhang et al. (2021) applied CRISPR/Cas9 tool to edit the OsNAC3 to test the hypothesis about its role in ABA response and salinity tolerance in rice. Overexpression of OsNAC3 (Table 2) reduced salts accumulation and increased salinity tolerance in rice (Zhang et al., 2021). Another member BEAR1 of the TFs family bHLH, acts as a positive regulator of salinity tolerance in rice. CRISPR/Cas9 mediated mutagenesis of BEAR1 exhibited significant changes in rice under salt stress. BEAR1 expression is induced by salinity stress and is dominantly expressed in root, seedling stage, and spikelet. BEARI enhanced salinity tolerance in rice by regulating the expression of salt-responsive genes and ions transport (Teng et al., 2022). Studies have shown that salt-sensitive TFs could be edited using CRISPR to alter their function under salinity stress. CRISPR/cas9 mediated editing of OsNAC041 (Table 2) showed increased tolerance to salinity stress. OsNAC041 mutants had higher plant height than wild type. These findings suggested the potential application of TFs and CRISPR/Cas9 in rice resistance breeding (Bo et al., 2019).

In another study, the OsBBS1 gene (Table 2), which was involved in early leaf senescence and salt sensitivity, was cloned and a guanine insertion was identified in the first exon of LOC_Os03g24930. CRISPR/Cas9 tool kit was applied to edit the gene, and LOC_Os03g24930 mutants were generated, showing early leaf senescence and confirming that LOC_Os03g24930 was OsBBS1 gene. The gene OsBBS1 was expressed in all tissues and found in the main region of the vein in mature leaves (Zeng et al., 2018). Yin et al. (2020) successfully created the mutant BG3 gene using the CRISPR/Cas9 tool to enhance salt tolerance in rice. BG3 is involved in the synthesis of purine permease and is responsible for the transport of cytokinin hormone. Results showed that BG3 mutants were hypersensitive to salinity stress and mutants with overexpression of BG3 exhibited improved tolerance to salinity stress and large grains size (Yin et al., 2020). Although many success stories have been published that exhibited the critical role of CRISPR/Cas9 in rice against salinity stress, they did not cover all aspects of salinity stress and its complex nature. There is still a need to use the latest Cas9 variants like Cas10, 12, and 13 which have higher efficiency than Cas9. In future the use of prime editing (PE) and base editing (BE) system will ensure the incredible success of gene editing for salinity tolerance in rice. There is limited information about CRISPR/Cas9 mediated editing of TFs which have a key role in controlling rice response to abiotic stresses. Knockout of salt-sensitive TFs will enhance the salinity tolerance and increase our understanding of the complex genetics of salt stress. It would be better to explore the wild relatives of rice to increase the genetic diversity in our rice pool to counter the adverse effects of climatic changes.



Transcription factor analysis

TFs play a key role in the development of stress tolerance in rice. The expression of TFs is often initiated by stress factors (Krishnamurthy et al., 2020a). There is plenty of evidence that shows that TFs are involved in improving salinity tolerance in rice. TFs are proteins that regulate gene expression during stress situations and are divided into many families like NAC, DREB, and bZIP (Figure 4). Although various TFs have been identified and targeted to develop salinity tolerance in rice, but they are not fully characterized and understood. The NAC TF, OsNAC2 had a key role in salinity tolerance in rice via an ABA-mediated pathway. Rice genotypes were evaluated under salt stress (NaCl), and results showed ABA synthesis genes OsNCED1 and OsNCED3 in the lines with overexpression of mOsNAC2 and expression level of stress-responsive genes were higher in these plants (Jiang et al., 2019). TFs are often expressed in roots when exposed to salinity stress. The TF, OsMADS25 expressed in roots and improved salinity tolerance in rice. Its expression enhanced the primary root length and root density under salinity stress. This potential TF can be used to improve salinity tolerance via an ABA-mediated pathway (Xu et al., 2018). Rice plants were exposed to NaCl stress, and overexpression of AtMYC2 and AtbHLH122 improved salinity tolerance via ABA-mediated pathways (Krishnamurthy et al., 2019).
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FIGURE 4
 Role of TFs in the development of salt-tolerant rice cultivars. It is obvious that the expression of TFs is induced by salt stress. TFs are overexpressed in leaves and roots and increase salt tolerance via ABA synthesis regulation, improving seed germination and increasing the activity of antioxidant enzymes. These TFs are transformed into rice cultivars via genetic engineering or targeted using the CRISPR/Cas9 gene-editing tool.


The mads-box TF, OsMADS25 plays a key role in root development in rice. MADS gene in some species played a key role in salinity tolerance, but functional features of OsMADS25 (Table 3) are still not understood. However, its overexpression in rice enhanced salinity tolerance in rice as compared to wild type by increasing proline content and lowering MDA content (Wu et al., 2020). The saltol QTL TF, OsGATA8 significantly improved salinity tolerance in rice by increasing seed size, photosynthesis, and reducing Na+/K+ contents. OsGATA8 (Table 3) induced these effects by regulating ROS critical gene expression and scavenging under salinity stress (Nutan et al., 2020). It is clear from the above studies that the expression of TFs is induced by salinity stress and can be increased or decreased depending on the duration of salinity stress. Trihelix TF plays a key role in plant morphological response to salinity stress. sGTγ-2 affects the nucleus and is expressed in roots, stems, and rice seeds. Its expression was induced by salinity stress. Results showed that rice seed germination rate, seedling growth, and seedling survival rate was enhanced under salinity stress in the lines with overexpression of sGTγ-2 (Table 3) lines (Liu et al., 2020c). MBA TF is also involved in the improvement of salinity tolerance in rice. Tang et al. (2019) cloned and characterized the OsMYB6 gene of MYB TF induced by salinity stress and located in the nucleus. Overexpression of OsMYB6 in plants increased tolerance to salinity stress by increasing proline contents and higher activities of antioxidant enzymes. It reduced the MDA contents in transgenic plants compared to wild type (Tang et al., 2019).



TABLE 3 List of key TFs involved in salinity tolerance in rice.
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Zinc finger proteins (ZFP) are the largest group of TFs and play a significant role in salinity tolerance in rice. A ZFP TF, OsZFP213 reportedly plays a key role in alleviating salt stress in rice through its transactivation activity. Transgenic plants exhibited enhanced tolerance to salinity stress as compared to wild plants. Results revealed that OsZFP213 leads to increased expression of stress-related genes and catalytic activity of enzymes like catalase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase (APX; Zhang et al., 2018). Identifying stress-responsive pathways is critical to developing salinity tolerance in rice. Cheng et al. (2018) reported the detection of ethylene-responsive TF, INDETERMINATE SPIKELET1(IDSI) and its role in the regulation of rice salt tolerance. The genetic screening revealed the involvement of IDSI in transcriptional repression activity and its role in negatively controlling salinity tolerance. IDSI repressed the activity of LEA1 and SOS1 genes (Cheng et al., 2018).

Another NAC TF, GmNAC20, was transformed into rice plants to improve salinity tolerance. The integration of GmNAC20 enhanced chlorophyll content, proline content, and relative water content in T3 plants. Moreover, transgenic plants showed lower MDA content and reduced electrocyte leakage with enhanced antioxidant activity under salinity conditions (Yarra and Wei, 2021). As previously discussed, MADS-box TFs have indispensable functions in salinity stress conditions. In a recent study, the role of OsMADS57 TF was studied under salinity stress conditions. The study showed that NaCl induced the TF expression and it is mainly expressed in leaves and roots. Overexpression of OsMADS57 improved germination rate, growth rate, and longer root length in rice plants (Wu et al., 2021). One of the most significant TFs classes is ethylene-responsive factors (ERFs) which play a major role in salinity tolerance in rice. The function of ERFs genes is mainly unknown. The gene, OsERF106, designated as OsERF106MZ, and had negative function in salinity tolerance. Results demonstrated that OsERF106MZ was expressed in young flowers, germinating seeds, and roots. Conversely, this gene is the negative controller of salinity tolerance in rice (Chen et al., 2021a). Another ERF is OsERF19 which had a key role in salt tolerance. OsERF19 plants exhibited stress tolerance and ABA hypersensitivity compared to wild type. Further analysis revealed that OsERF19 enhanced the transcription rate of OsOTS1 and OsNCED5 by targeting their promoters’ regions (Huang et al., 2021). WRKY TFs family has been studied and characterized for their key role in abiotic stress tolerance. OsWRKY87 overexpression in transgenic rice plants showed improved tolerance to salinity stress. OsWRKY87 worked as a transcriptional originator, as proved by yeast one-hybrid assay (Yan et al., 2021). A potential R2R3-MYB TF, SiMYB19 from foxtail millet is overexpressed mostly in the roots and is brought by salt stress. SiMYB19 enhances salinity tolerance in rice at seed germination and seedling stage. Transgenic plants with overexpression of SiMYB19 showed increased grain yield and shoot length. SiMYB19 regulated the ABA synthesis pathway and increased salinity tolerance (Xu et al., 2022).

The bZIP, a major TFs family, has been studied for salinity tolerance in rice. A previous study showed the characterization of bZIP TF, OsbZIP71, which is actively involved in salinity tolerance in rice. Its overexpression is induced by salinity stress. Rice lines with overexpression of OsbZIP71 exhibited higher salinity tolerance as compared to control conditions (Liu et al., 2014). It is well stated that different TFs of different families expressed under salinity stress, which can be a potential target for a salt breeding program. Almeida et al. (2017) identified five TFs belonging to five families and belonging to the promotor region of the OsNHX1 gene. These TFs improved salinity tolerance through different expressions in rice plants (Almeida et al., 2017). Because of the diversity of TFs, they can be transferred into another crop to enhance salinity tolerance. A wheat TF, TaSRG, significantly affects the salinity tolerance in rice. TaSRG encodes a protein that is in the nucleus. Overexpression of TaSRG increased salinity tolerance in rice and Arabidopsis (He et al., 2011). Heat shock transcription factors (HSFs) are also overexpressed under salinity stress and reduce the risk of attenuated growth in rice. An HSFs, OsHsfC1b in rice overexpressed when plants were exposed to salinity stress. OsHsfC1b increased salinity tolerance by increasing plant growth (Schmidt et al., 2012).

Sodium transporters often regulate the transport of sodium and potassium ions out of the cell in rice. A potassium transporter, OsHKT1;1 reduced Na+ accumulation in cells to reduce salinity stress in rice. Mutants with overexpression of OsHKT1;1 (Table 3) showed hypersensitivity to salinity stress. OsHKT1;1 was expressed in phloem sap, and its expression is upregulated by salinity stress (Wang et al., 2015). Many studies revealed the role of nuclear factors (NF-F) in salinity tolerance in rice. Manimaran et al. (2017) reported the OsNF-YC13, an NF-Y TF whose transcript level was upregulated in tissues by salinity stress treatment. It enhanced the proline contents, chlorophyll contents, and activity of antioxidant enzymes (Manimaran et al., 2017). The detailed overview of TFs analysis of rice showed that these factors played a key role in improving salinity tolerance in rice. However, all TFs are not characterized and analyzed for their role in salinity tolerance in rice. bZIP and WRKY families of TFs are least explored in rice. It is mandatory to increase the expression of TFs in rice by exposing to different salinity stress levels. The exploration of wild relatives of rice could be significant technique to increase the genetic diversity for salinity tolerance in rice. The identification of novel TFs would be a potential target for CRISPR/Cas9 and genetic engineering to develop salt-tolerant rice genotypes suitable to grown on saline soils to sustain growth and yield.



Applications of genetic engineering to breed salt-tolerant rice

Genetic engineering has been a potent tool for developing salt-resistant rice cultivars by introducing selected genes into elite cultivars (Ali et al., 2021; Chapagain et al., 2021). The role of ion transporters, antioxidants, and TFs is well known, so they have been transferred to engineer salinity tolerance in rice (Ganie, 2020). However, numerous studies have been published which described the exploitation of different methods used to develop salinity tolerance in rice. However, genetic engineering is one of the most feasible approaches. MicroRNAs (miRNAs) are well-known as key gene regulators and have an important contribution to stress tolerance. Fan et al. (2022) successfully revealed the role of miRNAs in salt tolerance. They have selected 2 out of 18 lines with higher expression of miRNAs for salt breeding. RNA-seq analysis uncovered the 1980 genes with different expressions in transgenic lines in rice (Fan et al., 2022). The functional characterization of genes is critical in developing salt-tolerant transgenic lines in rice. The biological role of the OSRIP18 gene was studied in the rice using genetic engineering technique. Eleven transgenic lines were developed, showing an improved tolerance to salinity stress (Jiang et al., 2012). Not only genes but many TFs have also been cloned and transferred to develop transgenic rice cultivars resistant to salt stress. ATAF1 member of the NAC family was cloned and transferred using the Agrobacterium-mediated transformation method to develop transgenic rice lines. Transgenic rice lines showed increased tolerance to salinity stress with insensitivity to ABA (Liu et al., 2016). Xu et al. (2014) reported the role of the OsMsr9 gene in salt tolerance in rice. OsMsr9 overexpression in transgenic rice plants showed a higher survival rate and enhanced root and shoot growth under salinity stress (Xu et al., 2014). Identifying new sources of salt tolerance is important for a successful breeding program.

NaMnSOD (Table 4) was transformed to generate transgenic rice lines with the improved character of salinity tolerance. As a result, transgenic lines showed reduced H2O2 contents and a higher photosynthesis rate (Chen et al., 2013). Likewise, overexpression of OsACBP4 protects rice plants from salinity stress via regulation of lipid metabolism (Guo et al., 2021). Different ribosomal proteins also play a key role in modulating stress tolerance in rice. The ribosomal protein RPL6 (Table 4) modulated salinity tolerance in transgenic rice under 200 mM NaCl. Rice transgenic plants exhibited greater phenotypic response, higher chlorophyll contents, proline contents, and yield than wild type (Moin et al., 2021). Genetic engineering resulted in the transformation of genes that reduced salinity tolerance in rice, as revealed earlier by (Zhang et al. 2022), who showed that OsSCL30 reduced tolerance to salt stress in rice.



TABLE 4 Engineered genes for salinity tolerance in rice.
[image: Table4]

OsSKL2 gene was characterized for its role in salinity tolerance in rice. Agrobacterium-mediated transformation method was used to develop transgenic lines of rice. OsSKL2 overexpression increased tolerance to salinity stress by increasing the activity of antioxidant enzymes and reducing electrolyte leakage (Jiang et al., 2022). A homolog OsSOS2 of SOS2 in rice improved salinity tolerance. Transgenic plants overexpressed OsSOS2 showed enhanced salinity tolerance by maintaining favorable ions homeostasis, indicating its potential biotechnological application in improving salt breeding programs (Kumar et al., 2022). In another study, Roy et al. (2022) studied the expression of the OsCYP2-P (Table 4) gene in salinity stress response in rice. Transgenic plants showed a reduction in toxic cellular ions accumulation and improved ions homeostasis (Roy et al., 2022).

In the same way, the OsCYP2 gene that constitutes the salinity tolerance characters was transformed into rice cultivars which increased salinity tolerance in transgenic rice (Liu et al., 2022a). These recent studies have increased our understanding of improving salinity tolerance in rice via applying genetic engineering. The key abiotic catalytic gene, OsABA8ox1-kd, improved salinity tolerance in rice. OsABA8ox1-kd overexpressing seedlings had a higher level of ABA, reduced ROS contents, and Na+/K+ ratio under salinity stress compared to non-transgenic plants (Liu et al., 2022c). Genetic engineering has achieved a landmark position in molecular breeding because of its role in developing several tolerant crop cultivars (Li et al., 2022a; Liu et al., 2022b).

Although detailed research reports have been published about salinity tolerance in rice, all TFs and genes are not characterized for their potential applications in salt breeding programs. Screening wild germplasm is a feasible way to identify the gene of interest. Haplotype plants have demonstrated their ability to thrive under extreme salinity stress conditions, and they are the best source of salt-tolerant genes. Landraces are a rich source of stable genes for yield improvement under salinity stress. Meanwhile, the efficiency of the Agrobacterium vector needs to be improved for successful transformation. In the future, the modified genetic transformation methods would help rapidly increase the salt breeding programs to cope with environmental fluctuations. Conservation of rice genetic diversity is critical for genetic engineering to safeguard the yield in extreme environmental conditions that gradually reduce the crop yield and quality and create an imbalance in the food security system.



Allele mining

QTL/genes regulating salinity tolerance show genetic variation among diverse genotypes. Genetic variation is a prerequisite to identifying the potential candidate allele for salt breeding (Chen et al., 2021b). A potential allele of salt inducible rice gene (Sal T) was discovered from various cultivated and wild rice genotypes (Ganie et al., 2014). Meanwhile, allelic diversity in the coding sequence (CDS) for key salt-tolerant genes, calcium-dependent protein kinase17 (OsCPK17), and OsHKT1;5 were identified in 392 rice accessions (Negrão et al., 2013). Genetic analysis exhibited the six ecotypic variants of gene OsKHT2:1 were detected with novel HKT isoform, No-OsHKT2;2/1 in Nona Bokra, added to salinity tolerance in rice (Oomen et al., 2012). The Aromatic allele of gene OsHKT1;5 showed the lowest Na+ concentration in rice leaves (Platten et al., 2013). In a recent study, the haplotypes of HKT1;5NB (OsHKT1;5 identified in Nona Bokra) signifying the “His” amino acids demonstrated a lower concentration of Na+ in rice straws (Yang et al., 2018). The conducive information provided by two OsHKT1:5 alleles is useful when choosing superior genotypes. Likewise, resequencing of eight KHT genes of 103 rice accessions was completed, revealing the novel salt-tolerant alleles of genes HKT1;5 and HKT2;3 (Mishra et al., 2016). Current findings about high-throughput genotyping approaches have improved the influence of allele discovery. 3,000 rice genomes project (3 K RGP; 3, 3000 Rice Genomic Project, 2014) was started for genomic sequencing of 3,000 rice accessions representing inherited and significant assortment. During the past years, this germplasm has been widely used in mapping of QTL and alleles mining for varied characters comprising salinity tolerance in rice (Campbell et al., 2017; Liu et al., 2019). The documentation of promising alleles of diverse genes or QTL for salt tolerance will assist to find more useful evidence for salt breeding in rice (Chen et al., 2021b).



Conclusion and recommendations

The world population continuously surges and puts unbearable pressure on available natural resources. Salinity stress is considered a major issue due to its detrimental effects on agricultural crop productivity and sustainability. If not properly managed, salinity stress can eliminate rice yield worldwide. Salinity stress has shrunk the rice yield and quality to above a certain salinity threshold. There are no clear estimates of the percentage of the land area damaged by salinity stress; however, according to a rough estimate 412 million hectares of land have been affected worldwide. These threats forced rice breeders and researchers to find the solution to counter severe salinity stress issues. Rice responds to salt stress by adopting morphological, physiological, and biochemical mechanisms. The plant maintains ions homeostasis, reduces Na+/Cl− ratio, and scavenges ROS in the cell by various mechanisms. The genetic mechanism of salinity stress tolerance is complex and needs further studies. For decades breeders have been engaged in stabilizing the agricultural food security system by developing salt-tolerant rice cultivars. Rice is a major staple food for around 50% of the world population, mainly in Asian countries. The earlier era of conventional breeding embraced the challenges of salt breeding and developed several salt-tolerant rice cultivars, which resulted in higher yields on salt-affected areas.

Conventional breeding methods have limited use in the modern era of crop genetics and breeding. Molecular breeding approaches have enhanced the speed of salt breeding and ensured rice production in extreme environmental conditions. QTL mapping is a reliable approach to identifying the potential genomic regions controlling salt tolerance in rice and their use in marker-assisted selection (MAS). The major QTL involved in salinity tolerance in rice have been briefly discussed in this review; however, not all of them are cloned and transformed via QTL pyramiding. Hence, these QTL must be cloned and transformed to develop salt-tolerant rice cultivars. Genetic engineering has increased the rice capability to yield higher under salt stress, and today hundreds of transgenic cultivars are grown commercially. It would be better to screen the wild germplasm and characterize the gene used in future breeding programs.

Meanwhile, many TFs families have not been fully analyzed for their role in salt tolerance. TFs have been critically analyzed regarding their role in salt tolerance, and most of them showed higher expression under salt stress. CRISPR/Cas9 for targeted gene editing of salt-tolerant genes has gained much attention in the molecular breeding field. Hundreds of mutants created by CRISPR/Cas9 showed increased salt tolerance under stress conditions. We strongly recommend using novel editing systems like base editing (BE) and prime editing (PE) to increase gene-editing efficiency. CRISPR/Cas9 use would enhance genetic diversity for salt breeding programs. These combined efforts would ensure food security and meet the food requirements of the rapidly growing human population.
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