



Review Article
Climate resilient rice: Progress and perspectives in submergence tolerance


.     
.
              . 
                     
	.
..


.



[bookmark: _Hlk209962794]ABSTRACT  
	[bookmark: _Hlk209963100]Rice cultivation in rainfed lowland regions faces mounting challenges due to climate-driven flooding stress, which severely threatens crop productivity. Farmers in flood-prone areas are often reluctant to adopt improved rice varieties due to their limited tolerance to submergence stress. Consequently, breeding rice for submergence tolerance has become a critical goal across Asia. Rice possess natural adaptation to wet environments, such as aerenchyma formation, which facilitate oxygen transport under waterlogged conditions. However, prolonged or complete submergence still disrupts physiological processes, limiting growth and yield. The discovery and fine-mapping of the Sub1 QTL in the flood-tolerant landrace FR13A was a breakthrough in rice breeding. This enabled marker-assisted introgression of Sub1 into popular high-yielding varieties, enhancing their resilience to flash flooding. Such genetic advancements are vital for stabilizing rice production in rainfed lowland areas prone to climate-induced submergence. Recent advances in molecular breeding and genomics have significantly accelerated the development of rice varieties with combined stress tolerance. The successful introgression of the Sub1 locus using SSR markers has led to the release of widely adopted submergence-tolerant cultivars such as Swarna-Sub1, BR11-Sub1, and IR64-Sub1 across South and Southeast Asia. This review synthesizes recent progress in understanding the morphological, biochemical, physiological and molecular mechanisms that govern submergence tolerance in rice. Diverse adaptive strategies employed by rice plants to withstand flooding stress is dicussed and a comprehensive overview of the genetic basis underlying these responses is provided. The review also discusses current breeding strategies aimed at developing submergence-tolerant cultivars, identifies critical gaps in existing approaches, and proposes targeted solutions to enhance breeding efficiency.  
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1. INTRODUCTION
	Rice (Oryza sativa L.) is a staple crop that sustains nearly half of the global population, which is projected to reach 9.1 billion by 2050 (FAO, 2021). However, current food production levels are insufficient to meet the rising demand. Among the various environmental challenges that limit productivity, drought and flooding are the two most significant abiotic stresses affecting rainfed lowland rice in South and Southeast Asia (Panda and Barik, 2021). The frequency of extreme weather events associated with climate change has exacerbated these stresses, posing a serious threat to global rice production. Each year, over 22 million hectares of rice fields worldwide experience damaging submergence, affecting the livelihoods of more than 100 million people (Singh et al., 2016). In India alone, approximately 6.2 million hectares of rice fields are subjected to frequent flooding (Azarin et al., 2017). 	
2. SUBMERGENCE AND ITS IMPACT ON RICE CULTIVATION
	Submergence tolerance is defined as the ability of a rice plant to survive and continue growing after being completely submerged in water for several days. Both susceptible and tolerant rice varieties can endure complete submergence for a limited duration, but susceptible varieties deteriorate more rapidly than tolerant ones. Flood tolerance in rice is characterized by the plant’s capacity to withstand full submergence for 10–14 days and resume growth once the water recedes (Catling, 1992). Rice cultivation in rainfed lowland areas of South and Southeast Asia is frequently exposed to different types of submergence stress including flash floods, stagnant flooding, deepwater flooding and flooding during germination (anaerobic conditions). Flash and stagnant flooding significantly impact plant establishment in lowland ecosystems by inducing anoxia, with the severity depending on the duration of submergence.
	 Flooding from rainwater usually results in clear water submergence and causes less crop damage than that with silted or turbid water. Turbid water severely inhibits the transmission of solar radiation to reach the canopy of submerged plants, limiting their ability for underwater photosynthesis (Das et al., 2009) and causing greater injury and mortality (Jackson and Ram, 2003).The extent of light transmission through floodwater also affects the concentration of CO2 and O2, thus directly affecting photosynthesis and metabolism of the submerged plants (Panda et al., 2006, 2008). 
	The temperature of floodwater also has a considerable effect on the survival of submerged plants. Flooding with warm water causes greater damage to plants than flooding with cooler water. Using rice varieties contrasting in their tolerance to different types of floods, Das et al. (2009) observed that survival of submerged plants was higher at cooler temperatures and that survival decreased at about 8 percent per degree (oC) increase in water temperature above 26 °C. 
[image: ]When rice plants are submerged, limited gas diffusion restricts oxygen uptake, while murky floodwater reduces light availability severely impairing photosynthesis (Gautam et al., 2015). Debarata and Sarkar (2012) studied Swarna and Swarna-Sub1 varieties under controlled conditions and found that submergence significantly decreased photosynthetic rate, chlorophyll content, and stomatal conductance compared to non-submerged controls. Poor gas exchange also disrupts transpiration, and extended flooding leads to nutrient deficiencies due to impaired root function (Tamang and Fukao, 2015) (Fig. 1).	
Fig. 1: Schematic representation showing physiological and biochemical damages caused by submergence stress in rice.
2.1 Flash Floods (Short-Term Inundation)
[bookmark: _Hlk211859767]	Flash floods occur due to intense rainfall or river overflow, leading to temporary submergence lasting up to two weeks (Vergara et al., 2014). This type of flooding is the most widespread, affecting approximately 20 million hectares of rice fields across Asia and parts of Africa (Bailey-Serres et al., 2010). Unlike deepwater flooding, flash floods involve shallower water levels but can completely submerge rice plants, particularly in low-lying and river-adjacent regions. The frequency of these floods varies based on climatic conditions, with some areas experiencing multiple flooding events within a single growing season, resulting in severe crop losses (Panda et al., 2021) (Table 1). 
2.2 Stagnant Flooding (Long-Term Inundation)
	Stagnant flooding occurs in low-lying regions, where water accumulates and remains for extended periods, often throughout the entire growing season. Water depths can fluctuate, but when they reach up to 50 cm, rice plants suffer from lodging, reduced nutrient uptake, and poor grain quality. Unlike flash floods, where water levels rise and recede quickly, stagnant flooding imposes sustained stress, limiting plant recovery and growth. In the lowland areas the flood water remains in the rice field for more than two weeks to several months. In such a circumstance, water level reaches 20- 50 cm, a phenomenon commonly known as stagnant flooding (Singh et al., 2011). In such a situation, rice production reduces due to poor tillering and lodging (Septiningsih et al., 2013). Although several varieties have been developed through conventional breeding to withstand stagnant flooding both nationally and internationally, they still experience substantial yield losses under such conditions. Research on the genetic and molecular basis of tolerance to stagnant flooding is still scarce, highlighting the need to identify genes and QTLs from novel sources to boost productivity under these conditions. 
2.3 Deepwater Flooding
	Deepwater rice varieties also known as ‘floating rice’ varieties possess the ability to elongate rapidly (up to 25 cm per day) to maintain access to oxygen. In deep-water flooding, water stagnation persists for an extended period, sometimes causing water levels to rise as high as 4 meters (Singh et al., 2017). Depending on the topography and climatic conditions, flooding stress can last for several months. The key survival trait of deepwater rice is its ability to rapidly elongate internodes underwater, allowing upper leaves to stay above water and continue photosynthesis (Catling, 1992), a process that demands a significant amount of carbohydrates, while submergence-tolerant rice types can endure complete underwater conditions for only 10 to 14 days. In India, deep-water rice is predominantly cultivated in regions such as Assam, Bihar, Odisha, West Bengal, and Uttar Pradesh (Bin Rahman and Zhang, 2016). 
2.4 Flooding during germination
	Rice seeds have some ability to germinate under low-oxygen (anaerobic) conditions, but often struggle to establish successfully in flooded soils post-germination. Flooding immediately after direct seeding in the field results in anoxic or hypoxic conditions. Under these circumstances, plants must undergo anaerobic germination (Magneschi and Perata, 2009), which often causes reduced germination rates, weak seedling growth, and even seedling mortality. Anaerobic germination (AG) refers to a seed’s capacity to initiate growth without oxygen, relying on anaerobic respiration for energy (Ray et al., 2016). This trait is especially important in direct-seeded rice (DSR) systems, commonly practiced in rainfed and flood-prone areas (Ray et al., 2016; Senapati, et al., 2019). Despite rice’s overall adaptability to different flooding environments, many varieties remain highly sensitive to anaerobic conditions during germination and early seedling development (Angaji, et al.,2010; El-Hendawy, et al., 2011) 
Coleoptile elongation is vital during early growth, allowing seedlings to reach the water surface and access air, triggering shoot and root development (Ismail, et al., 2009). AG-tolerant rice genotypes typically show faster germination, longer coleoptiles, higher amylase activity, expression of expansin genes, and efficient anaerobic respiration. These genotypes effectively convert starch into sugars and produce energy through glycolysis and fermentation (Ismail et al., 2013; Magneschi and Perata, 2009).,
Table 1: Flooding regimes relevant to rice Production
	Feature
	Flash floods
	Stagnant floods
	Deep water floods
	Anaerobic germination
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	Nature of flooding
	Sudden, Short term submergence
	Long term partial submergence
	Gradual, Prolonged deepwater rice
	Water logged or submerged soil during germination

	Water depth
	50-100cm (rapid rise)
	25-50cm (relatively stable)
	[bookmark: _Hlk213902690]> 50cm (Mackill 2006), gradually increasing up to 4mts
	Few cm (soil flooded during seed germination)

	Duration
	Days to 2 weeks
	Weeks to months, mostly in monsoon period
	2-4 months
	During early germination stage

	Affected growth stage
	Vegetative stage
	Vegetative to reproductive stage
	Vegetative stage
	Germination and early seedling stage

	Adaptation strategy
	Quiescence– growth suppression and energy conservation
	Partial elongation and energy management
	Escape-rapid internode elongation
	AG tolerance-ability to germinate and establish under low oxygen

	Key genes/QTLs
	Sub 1A
	Sub 1 Partial role
	SK1/SK2, SD1
	AG1, AG2, (AG tolerance genes)

	Hormonal regulation
	Increase in GA activity, decrease in Brassinosteroids, Increase in SLR1 (growth suppressor)
	Balanced GA and BR activity
	Increase in GA, increase in BR (promote elongation)
	Enzymes for starch mobilization, anaerobic metabolism

	Carbohydrate usage
	Very low
	Moderate
	High (rapid elongation)
	Used for germination and early seedling growth

	Survival mechanism
	Energy conservation until water recedes
	Slow elongation and survival
	Rapid elongation to reach water surface
	Efficient starch breakdown and anaerobic respiration

	Commonly affected areas
	Rainfed low lands, flash floods
	Semi deepwater areas
	Deepwater rice regions, Mangroove regions
	Direct seeded rice in flood prone or irrigated fields


3. STRATEGIES TO COPE WITH SUBMERGENCE TOLERANCE
[bookmark: _Hlk213902786]	The genetic foundation of flooding tolerance in rice remained unclear until the mid-1990s (Mackill 2006). The tolerance strategy of rice plants underlying each type of flooding condition differs greatly with the genotypes and different growth stages. Rice has evolved two primary contrasting strategies to cope with flooding: Quiescence Strategy (for flash flooding) and Elongation Strategy (for deep-water flooding). These adaptive mechanisms help rice plants survive flooding events by either conserving energy or elongating to escape submergence. Over the past two decades, substantial advancements have been made in understanding the molecular basis of flood tolerance and integrating these traits into breeding programs (Panda et al., 2021).
3.1 Quiescence Strategy  
	Flooding creates a hypoxic environment around rice plants, which rapidly stimulates the activity of 1-aminocyclopropane-1-carboxylate synthase (ACS) and 1-aminocyclopropane-1-carboxylate oxidase (ACO), the two key enzymes in the ethylene biosynthesis pathway. ACS converts S-adenosyl methionine (SAM) into 1-aminocyclopropane-1-carboxylate (ACC), the immediate precursor of ethylene, while ACO catalyzes the oxidation of ACC into ethylene gas (Yang and Hoffman, 1984). Together, ACS and ACO ensure a rapid increase in ethylene concentration in submerged tissues, enabling plants to perceive flooding stress and activate adaptive responses.
[bookmark: _Hlk213902835][bookmark: _Hlk213902859][bookmark: _Hlk213902888][bookmark: _Hlk213902954]	In the 1950s, rice landraces capable of surviving up to two weeks of complete submergence were discovered in farmers' fields. These traditional varieties led to the identification of SUBMERGENCE 1 (Sub1), located on chromosome 9, a key quantitative trait locus (QTL) linked to flood tolerance. Molecular studies have shown that Sub1 is a polygenic locus with variations across rice accessions. While all cultivated rice varieties contain the Sub1B and Sub1C genes, the flood-tolerant genotypes, including FR13A, possess an additional gene, Sub1A (Dar et al., 2017). The elevated ethylene levels activate the expression of the Sub1A gene, a major regulator of the quiescence strategy in rice (Xu et al., 2006). Sub1A suppresses genes associated with stem elongation, allowing the plant to conserve carbohydrates and energy rather than investing in growth during complete submergence. Normally, gibberellins (GA) and brassinosteroids (BR) promote elongation and carbohydrate utilization (Sun and Gubler, 2004; Clouse, 2011). However, Sub1A inhibits GA signaling by activating SLENDER RICE 1 (SLR1) and SLR1-Like 1 (SLRL1), which function as GA signaling repressors, thereby blocking GA-mediated stem elongation (Fukao and Bailey-Serres, 2008).
[bookmark: _Hlk213902982][bookmark: _Hlk213903010]	Sub1A also downregulates DWARF4 (DWF4) and DWARF1 (DWF1), two key enzymes in the BR biosynthesis pathway. DWF4 acts as a C-22 hydroxylase, while DWF1 functions as a sterol reductase required for BR precursor formation (Choe et al., 1998). Reduced expression of these genes lowers BR levels, further suppressing elongation growth and reinforcing energy conservation. As a result, plants remain in a quiescent state with slower growth and reduced carbohydrate consumption, ensuring that sufficient reserves remain for recovery after floodwaters recede (Bailey-Serres and Voesenek, 2008) (Fig.2). This mechanism underlies the enhanced survival and resilience of Sub1A containing cultivars, such as Swarna-Sub1 and IR64-Sub1, in flood-prone environments.
[bookmark: _Hlk213903056]Sub1A allele exist in the two forms which helps in submergence tolerance are Sub1A-1 allele (flood-tolerant) has Ser186 and Sub1A-2 allele (flood-sensitive) with Pro186 (Xu et al., 2006). The Sub1A-1 allele promotes quiescence, ensuring better post-flood recovery and led to the development of flood-tolerant rice varieties such as Swarna-Sub1, which can endure 14 days of complete submergence and BRRI dhan51 and BRRI dhan52, which tolerate up to 15 days (Malabayabas et al., 2014).
[bookmark: _Hlk213903099]This strategy is characteristic of rice varieties adapted to flash flooding, such as Swarna-Sub1.  It is notable that Sub1 confers no benefit under stagnant flooding (Singh et al.,2011). Kuanar et al (2019) studied rice varieties like Swarna and Savitri with the Sub1 gene and found that adding Sub1 made them more sensitive to stagnant flooding.
3.2 Elongation Strategy (Avoidance mechanism)
[bookmark: _Hlk213903130][bookmark: _Hlk213903166][bookmark: _Hlk213903192][bookmark: _Hlk213903243][bookmark: _Hlk213903271]	Deep-water rice cultivars, often referred to as ‘floating rice’, employ a specialized avoidance strategy to survive prolonged submergence by rapidly elongating their shoots and maintaining contact with the air (Tamang and Fukao, 2015). Flooding leads to ethylene accumulation as water prevents ethylene escape. The genes SNORKEL1 (SK1) and SNORKEL2 (SK2), located on chromosome 12 are central to the elongation approach and enable rice to survive in deepwater by rapidly extending stem growth.  Elevated ethylene levels activate SNORKEL genes (SK1 and SK2) (Minami et al., 2018). SK1/SK2 genes boost GA biosynthesis, particularly increasing GA4 levels (Ayano et al., 2014). Ethylene also promotes the activation of BR signaling pathways. SLR1 repression occurs, allowing GA-mediated shoot elongation. BR works synergistically with GA to promote rapid internode elongation. Shoots elongate quickly to escape submergence and the plant expends significant carbohydrate reserves to achieve this growth. SK genes induce elongation, enabling survival in prolonged deep-water conditions (Fig.2). Studies using NILs identified a major QTL on chromosome 12 responsible for rapid stem elongation (Hattori et al., 2008). Positional cloning later revealed two ethylene-responsive factor genes SNORKEL1 (SK1) and SNORKEL2 (SK2) as the drivers of elongation. These subgroup VII ERF genes, featuring an AP2(APETALA2) DNA-binding domain, are notably absent in elite parent genomes (Hattori et al., 2009).
[image: ]
Fig.2: Flooding tolerance strategies and responses in rice, showing key characteristics of the quiescence (Sub1-mediated) and escape (SNORKEL-mediated) mechanisms. SNORKEL and Sub1A1 genes code for transcription factors belonging to the ethylene response factor (ERF) family, which influence gibberellin signaling and hormone balance during stress.
3.3 Anaerobic germination (AG)
[bookmark: _Hlk213903338][bookmark: _Hlk213903364][bookmark: _Hlk213903400][bookmark: _Hlk213903436][bookmark: _Hlk213903468]	Earlier efforts to breed for anaerobic germination (AG) tolerance, as those by Yamauchi and Biswas in the 1990s, faced challenges due to the lack of suitable genotypes and insufficient understanding of AG genetics (Jiang et al., 2004). Progress began with the identification of the qAG9-2 (AG1) QTL from the rice variety Khao Hlan On (Kretzschmar et al., 2015; Kato et al., 2019). This AG1 locus has been successfully integrated into improved varieties such as IR64, IR64-Sub1, and PSB Rc18-Sub1 (Septiningsih et al., 2013). Another key AG QTL, qAG7-1 (AG2), was introduced from the traditional Chinese cultivar Ma-Zhan Red into modern rice lines. Marker-assisted tracking of AG1 uses two or three markers depending on the breeding population (Azarin et al., 2017; Kato et al., 2019). Together, these molecular breeding efforts focusing on Sub1, AG1, and AG2 are driving the development of rice varieties with greater resilience to flooding, enabling sustainable cultivation in rainfed and flood-prone regions.
[bookmark: _Hlk213903504][bookmark: _Hlk213903534][bookmark: _Hlk213903568][bookmark: _Hlk213903598]	Further research identified epistatic loci pairs on chromosomes 2, 3, 5, and 11, contributing variably (0.5–19.6%) to AG traits (Baltazar et al., 2014: Jiang et al., 2006). Notable QTLs were discovered on chromosome 7 in the flood-tolerant Chinese landrace Ma-Zhan Red (Zhang et al., 2017). A GWAS study using 5,291 SNP markers across 432 Indica cultivars pinpointed 15 loci linked to AG potential, highlighting HXK6, a hexokinase gene involved in coleoptile elongation under hypoxic conditions. Additionally, molecular evidence suggests that the HXK6 gene, which encodes a hexokinase, may play a vital role in regulating coleoptile elongation and AG tolerance. (Kuya et al., 2019). Researchers also characterized AG1 as an enhanced form of the previously mapped qAG9-2 locus, further contributing to improved germination (Jeong et a.,l 2020). The critical role of the weedy rice gene OsGF14h in enhancing anaerobic germination and early seedling development under submerged conditions was in elevating gibberellic acid (GA) synthesis and inhibiting abscisic acid (ABA) signaling.
4. Morphologial adaptations under submergence
Different morphological characters are considered to be contributing to the tolerant behaviour of rice under submergence stress.
4.1 Leaf Gas Film (LGF)  
[bookmark: _Hlk213903731]	Apart from the Sub1A-1-mediated quiescence strategy, rice plants have developed another adaptive mechanism viz the formation of leaf gas films (LGF) on hydrophobic cuticles to survive submergence. These thin gas layers enhance gas exchange and help maintain respiration and photosynthesis while submerged (Colmer and Pedersen, 2008; Pedersen et al., 2009).
[bookmark: _Hlk213903762][bookmark: _Hlk213903797][bookmark: _Hlk213903840][bookmark: _Hlk213903897]	Rice leaves possess hydrophobic surfaces that trap a thin layer of gas when submerged. This ability is primarily due to specialized leaf structures, including papillae (small protuberances on the leaf surface) and epicuticular wax (waxy coatings that increase hydrophobicity) (Kotula et al., 2009; Ensikat et al., 2011). The hydrophobicity of rice leaves is mainly attributed to epicuticular wax platelets, which repel water and allow for gas retention on the leaf surface (Herzog et al., 2018). Kurokawa et al. (2018) identified Leaf Gas Film 1 (LGF1) as the key gene responsible for gas film formation in rice (Fig.3). LGF1 regulates the production of C30 primary alcohol, a compound essential for leaf hydrophobicity and the formation of gas films on submerged leaves. The presence of LGF significantly improves the plant's ability to perform underwater photosynthesis, increasing its efficiency by 8.2 times, thereby enhancing submergence tolerance. Recent studies suggest that the genetic background of rice varieties carrying the Sub1 gene influences the thickness of the leaf gas film. Additionally, LGF helps dissipate ethylene, reducing its accumulation in plant tissues. This delays ethylene-induced leaf senescence, which would otherwise weaken the plant under prolonged submergence (Chakraborty et al., 2020). The leaf gas film mechanism plays a crucial role in submergence tolerance by supporting underwater respiration and photosynthesis. When combined with the Sub1A-1-mediated quiescence strategy, it provides rice plants with a dual advantage-energy conservation and improved gas exchange, enhancing their ability to survive and recover after flooding. Some studies reported these leaf gas films markedly enhance O2 and CO2 exchange between leaves and the surrounding water, and thus increase underwater net photosynthesis by supplying CO2 during the day (under light conditions) and promote O2 uptake for respiration at night (Pedersen et al. 2009; Raskin and Kende 1983).
[bookmark: _Hlk213903921]	Chakraborty et al (2020) concluded that there is significant diversity in leaf gas film (LGF) thickness among rice genotypes, with those containing the Sub1 QTL exhibiting greater LGF thickness. Additionally, higher expression of the LGF1 gene in Sub1-containing genotypes leads to increased biosynthesis of epicuticular wax, resulting in greater leaf hydrophobicity. The forced removal of the LGF leads to a partial loss of submergence tolerance due to increased ethylene accumulation and accelerated breakdown of chlorophyll and starch, particularly [image: ]in Sub1 lines.

Fig. 3 Illustrating  the role of Sub1 and LGF1 gene activities in maintaining leaf hydrophobicity and leaf gas film thickness, thereby enhancing submergence tolerance in rice
4.2 Leaf Hydrophobicity
[bookmark: _Hlk213903955][bookmark: _Hlk213903994] 	Hydrophobicity refers to the property of a surface that repels water and plays a crucial role in the plant's ability to manage water during submergence (Fig.3). The retention of hydrophobicity under submergence is critical and is measured by the contact angle of water droplets on the leaf surface. Different rice genotypes exhibit varying levels of leaf hydrophobicity, for instance, the genotype Swarna-Sub1 showed the highest hydrophobicity with a contact angle of 134.66°, while the Swarna genotype had the lowest at 123.33° (Khuntia, 2021). Swarna-Sub1 demonstrated superior retention of hydrophobicity (>60°) after 96 hours of complete submergence, compared to Swarna, which showed significant loss of hydrophobicity (contact angle of 0°). Upper layer of leaves of rice is hydrophobic in nature and submerged leaves have the ability to retain gas films which decreases with time resulting anoxia and decreased photosynthetic rates. The ability of Swarna-Sub1 to maintain hydrophobicity under water suggests that the Sub1 QTL contributes to the plant's resilience against flooding by preventing water from adhering to the leaf surface (Winkel et al., 2014). 
4.3 Aerenchyma Formation
[bookmark: _Hlk213904031][bookmark: _Hlk213904072][bookmark: _Hlk213904103][bookmark: _Hlk213904133]	Cortex cells often develops into a type of tissue called aerenchyma, which contains air spaces produced by separation, tearing, or dissolution of the cortex cell walls. Rice has developed unique strategies to generate ATP under waterlogged conditions, and one critical adaptation is the formation of aerenchyma tissue in its shoots and roots. This tissue consists of large intercellular spaces and living cell structures, which facilitate the low-resistance movement of gases between the aboveground and submerged plant parts (Evans, 2004). Aerenchyma is of two types: Lysigenous aerenchyma which is formed through programmed cell death (PCD), followed by cell lysis, and schizogenous aerenchyma that develops without cell death via the separation of adjacent cells due to differential division or expansion (Evans, 2004; Colmer and Voesenek, 2009). Rice primarily forms lysigenous aerenchyma in the root cortex, midribs of leaves, leaf sheaths, and stem internodes (Steffens et al., 2011; Colmer and Pedersen, 2008; Parlanti et al., 2011). During internode elongation, pith cells die progressively, creating air-filled cavities in the center, known as the pith cavity while nodes do not form this tissue, gas translocation across nodes is thought to occur, though the mechanism remains unclear (Steffens et al., 2011).
[bookmark: _Hlk213904162][bookmark: _Hlk213904187][bookmark: _Hlk213904223][bookmark: _Hlk213904254][bookmark: _Hlk213904282][bookmark: _Hlk213904319]	In addition to improving root aeration, these air spaces help reduce the number of oxygen-consuming cells, thereby enhancing plant survival under low-oxygen conditions (Sauter, 2000). Aerenchyma formation is significantly promoted by soil flooding (Abiko et al., 2012; Colmer et al., 2006). Under aerobic conditions constitutive aerenchyma forms naturally under normal oxygen levels, while in flooded or waterlogged conditions, aerenchyma formation increases to enhance oxygen supply to submerged tissues (Colmer and Voesenek, 2009; Nishiuchi et al., 2012; Yamauchi et al., 2018). Auxin mediated signaling takes place through AUX/IAA proteins and auxin response factors (ARFs) for constitutive aerenchyma formation in rice roots (Yamauchi et al., 2019). Saturated very long-chain fatty acids activate ethylene biosynthesis genes in waterlogged roots (Yamauchi et al., 2015). Under flooding, ethylene accumulates and the increased ethylene levels induce NADPH oxidase and respiratory burst oxidase homolog H (RBOHH), stimulating reactive oxygen species (ROS) production. The ROS burst ultimately drives PCD, facilitating the development of aerenchyma tissue (Drew et al., 2000; Shiono et al., 2008, Yamauchi et al., 2017). 
4.4 Radial Oxygen Loss (ROL) Barrier
[bookmark: _Hlk213904356][bookmark: _Hlk213904383][bookmark: _Hlk213904409][bookmark: _Hlk213904439][bookmark: _Hlk213904468]	In rice roots, oxygen transported through the aerenchyma from the upper parts of the plant to the root tips can escape laterally into the surrounding soil. This process is known as radial oxygen loss (ROL) (Jackson and Ram, 2003). The extent of ROL is determined by oxygen concentration gradients, the physical resistance to oxygen diffusion, and oxygen consumption by root cells along the diffusion pathway. When rice plants experience waterlogging, they develop a ROL barrier that helps retain oxygen within the roots and minimize its escape into the rhizosphere (Nishiuchi et al., 2012; Yamauchi et al., 2018). This ROL barrier is formed through the accumulation of lignin and suberin in the hypodermis (outer cortex) and sclerenchyma tissues of the roots (Kotula et al., 2009). Notably, suberin deposition occurs before lignin accumulation (Shiono et al., 2011), and genes involved in suberin biosynthesis show strong upregulation under ROL barrier induction (Kulichikhin et al., 2014; Shiono et al., 2014b). Shiono et al., (2014a) has shown that mutant rice plants lacking suberin lamellae are unable to prevent the infiltration of external tracers into their roots, highlighting the critical role of suberin deposition rather than lignin in the formation of the ROL barrier during waterlogging stress.
5. PHYSIOLOGIAL ADAPTATION UNDER SUBMERGENCE
5.1 Photosynthetic gas exchange  
[bookmark: _Hlk213904499][bookmark: _Hlk213904531][bookmark: _Hlk213904556][bookmark: _Hlk213904584][bookmark: _Hlk213904613]	Photosynthesis is crucial for plant growth, enabling the conversion of solar energy into organic compounds while releasing oxygen. However, flooding disrupts this process in rice by limiting gas exchange, reducing light availability, and impairing cellular functions (Colmer and Voesenek, 2009). During submergence, oxygen (O₂) and carbon dioxide (CO₂) diffusion is restricted due to low gas solubility in water, leading to reduced photosynthesis, carbohydrate depletion, and potential plant death (Das et al., 2009). Turbid floodwater further limits light penetration, slowing energy production (Yang et al., 2017). Physiological changes such as chlorophyll degradation, stomatal closure, lipid peroxidation, and reduced intracellular CO₂ levels further suppress photosynthesis (Panda et al., 2008). Reactive oxygen species (ROS) accumulation accelerates leaf senescence, worsening stress effects. Flood tolerance varies among rice genotypes with sensitive varieties like IR42 showing a 95 percent decline in photosynthesis after eight days of submergence, whereas, tolerant varieties like FR13A experience a lower reduction of 74.8 percent (Panda and Sarkar, 2013). Tolerant genotypes maintain photosynthesis by preserving chlorophyll, sustaining gas exchange, and recovering faster post-submergence. 
5.2 Chlorophyll content
[bookmark: _Hlk213904646][bookmark: _Hlk213904678][bookmark: _Hlk213904705][bookmark: _Hlk213904738]	Chlorophyll is the primary pigment in plants responsible for capturing light energy and converting it into chemical energy during photosynthesis. In rice, maintaining chlorophyll levels is crucial for survival, especially under stress conditions such as flooding. Flooding causes a rapid decline in chlorophyll content, negatively impacting photosynthesis. Both flood-sensitive and flood-tolerant rice genotypes experience chlorophyll degradation, but the extent and rate differ. This degradation can serve as a biochemical marker to assess the tolerance level of different rice varieties (Sarkar et al., 2006). Ethylene, a plant hormone, plays a central role in chlorophyll degradation during flooding. Under submerged conditions, ethylene levels increase, triggering the activation of chlorophyllase, an enzyme that breaks down chlorophyll (Pradhan et al., 2017). As a result, leaves turn yellow (leaf chlorosis), reducing the plant’s ability to photosynthesize and survive prolonged submergence. Retaining chlorophyll allows rice to perform underwater photosynthesis, which provides energy reserves and aids in faster recovery once floodwater recedes (Singh et al., 2014). Sarkar et al. (2006) showed that the flood-sensitive rice variety Swarna exhibited a sharp decline in chlorophyll content after 10 days of complete flooding. In contrast, the flood tolerant Swarna-Sub1 variety maintained chlorophyll for a longer period, allowing it to recover better after submergence. Scientists have discovered that blocking ethylene synthesis or its signaling pathways can help plants retain chlorophyll under flooding stress (Singh et al., 2014). 
5.3 Adventitious root formation
[bookmark: _Hlk213904773][image: ]	The formation of adventitious roots in rice involves a complex interplay of environmental signals, particularly ethylene, and physiological processes. Adventitious roots in rice are primarily induced by submergence or treatment with ethylene-releasing compounds like 1-aminocyclopropane-1-carboxylic acid (ACC) (Fig.4) When rice plants are submerged, ethylene production increases, leading to the formation of root primordia. This process is part of the plant's normal developmental program and is essential for the emergence of roots. Mergemann and Sauter (2000) found that progressive death of epidermal cells at the site of root emergence is induced by ethylene, specifically through the application of ACC and this facilitates the penetration of the growing roots through the nodal epidermis and cuticle. Cell death was observed as early as 8 hours after ACC treatment and by 18 hours a significant number of epidermal cells were dead, leading to cracks that allow the roots to emerge. This indicated that the cell death is not just a mechanical consequence but a regulated process that aids root emergence. The coordinated cell death and root growth is an adaptive mechanism for establishment of an effective root system, which is vital for nutrient and water uptake that helps rice plants cope with submergence. Fig. 4 Adventitious roots at first internode of jaya rice variety




6. EVOLUTIONARY INSIGHTS AND GENETICS OF SUB 1 GENE  
[bookmark: _Hlk213904823][bookmark: _Hlk213904847][bookmark: _Hlk213904877][bookmark: _Hlk213904911]	During the 1970s, the International Rice Research Institute (IRRI) carried out large-scale screening of rice landraces to identify sources of submergence tolerance. Among the accessions tested, two Indian varieties FR13A and FR43B, originating from Dhalputtia and Bhetnasia in Odisha displayed outstanding flood tolerance. Several Sri Lankan landraces, such as Kurkaruppan, Goda Heenati, and Thavalu, also performed well under flooding stress. Notably, FR13A showed 100 percent survival after seven days of complete submergence in 10-day-old seedlings (Hille Ris Lambers and Vergara, 1982), whereas, the Sri Lankan lines achieved about 75 percent survival under the same conditions (Vergara and Mazaredo, 1975). FR13A, developed in 1950 at the Central Rice Research Institute in Cuttack, India, originated from farmer selections of the [image: ]“Dhalputtia " variety from Odisha. A pivotal achievement in submergence-tolerance rice breeding was the discovery of the key quantitative trait locus (QTL) known as Submergence 1 (Sub1) located on chromosome 9, identified by Xu and Mackill in 1996. This laid the foundation for later advancements, including the cloning of the Sub1 region from the FR13A landrace. From this region, researchers ultimately located the ethylene-responsive factor gene, Sub1A-1, which was shown to be both essential and sufficient for imparting submergence tolerance (Xu et al., 2006). FR13A, recognized as “miracle rice germplasm” for its submergence tolerance, displays minimal stem elongation during flooding and maintains a high survival rate under complete submergence. After floodwaters recede, it also shows strong recovery and regeneration ability. This genotype preserves chlorophyll content under both submerged and post-submergence conditions and produces substantial biomass and grain yield, indicating a distinct adaptive strategy. Fig: 5 The Sub1 locus in Oryza sativa includes genes for ethylene-responsive factors-Sub1A, Sub1B, and Sub1C. Among these, the Sub1A-1 allele, found only in tolerant rice types, is responsible for providing submergence tolerance (Fukao et al., 2006; Xu et al., 2006).


[bookmark: _Hlk213904945][bookmark: _Hlk213904978][bookmark: _Hlk213905006]	The Sub1 gene family Sub1A, Sub1B, and Sub1C likely diverged during the differentiation of AA and CC genome groups (Fukao et al., 2009; Niroula et al., 2012). Sub1A is thought to have evolved from a duplication of Sub1B and is found in wild ancestors like O. rufipogon and O. nivara, indicating the introgression of submergence tolerance into cultivated rice. These wild species evolved in distinct water regimes, influencing Sub1A’s adaptation. Sub1A shows limited allelic diversity (e.g., Sub1A-1 and Sub1A-2), with Sub1A-1 linked to strong submergence tolerance (Fukao et al., 2009; Septiningsih et al., 2009) (Fig.5). The Sub1A-1 allele is prevalent in the Ganges valley, spreading to Southeast Asia through human cultivation (Pucciariello and Perata, 2013). 
	The Sub1 region, flanked by the genetic markers CR25K and SSR1A, covers a physical distance of over 182 kilobases. Within this segment, there are three genes Sub1A, Sub1B, and Sub1C that contain ethylene response factor (ERF) domains. The Sub1 genotype modulates gene expression influenced by ethylene and gibberellin, particularly those involved in carbohydrate utilization and cell elongation. Notably, a genetic interplay between Sub1A and Sub1C may be significant, as antagonistic interactions among ethylene response factors (ERFs) have been previously documented. Additionally, it includes ten other genes without ERF domains, of which four are actively transcribed and six are predicted to code for hypothetical proteins, along with approximately 50 percent retrotransposon-related sequences. Within the ethylene response factor (ERF) domain, Sub1A exhibits 87.7 percent and 77.2 percent sequence similarity with Sub1B and Sub1C, respectively. The Sub1A gene consists of one intron measuring 817 base pairs and two exons, with the second exon being only 11 base pairs long, including the stop codon. A similar genomic arrangement is observed in Sub1B, which has a 15-base-pair second exon. In contrast, Sub1C contains a single intron located within the 3' untranslated region (UTR). A haplotype analysis of the Sub1 region across 17 indica and 4 japonica rice varieties revealed 2 Sub1A, 9 Sub1B, and 7 Sub1C alleles, based on amino acid sequence variation. The Sub1A-1 and Sub1C-1 alleles were exclusively found in six submergence-tolerant varieties including FR13A. No Sub1B allele was linked specifically to submergence tolerance.
 The japonica rice variety Nipponbare, which possesses Sub1B and Sub1C alleles but lacks Sub1A, does not exhibit submergence tolerance. In contrast, the indica variety FR13A, carrying all three Sub1 alleles Sub1A, Sub1B, and Sub1C is tolerant to submergence. Interestingly, another indica variety, IR64, also carries all three alleles but remains intolerant to flooding. Gene expression analysis in selected indica varieties showed that submergence tolerance is linked to the presence of the highly induced Sub1A-1 allele under flooding, while intolerance is associated with the weakly induced Sub1A-2 allele or the absence of Sub1A altogether. The Sub1A-1 allele is exclusive to submergence-tolerant rice varieties like FR13A, while Sub1A-2 is commonly found in susceptible indica accessions. 
[image: ]	Once identified, the Sub1 gene was transferred into high-yielding modern rice varieties using Marker-Assisted Backcrossing (MAB) a precise molecular breeding method that allows breeders to introduce the desired gene without changing other beneficial traits. This gene was used by breeders worldwide to develop flood-tolerant, high-yielding “Sub1 mega rice varieties,” transforming rice cultivation in flood-prone regions across Asia (Fig 6).
Fig. 6: Illustrates the timeline of FR13A’s use in breeding programs for developing Sub1 mega rice varieties.
7. BREEDING STRATEGIES TO DEVELOP SUBMERGENCE TOLERANT VARIETIES
7.1 Conventional breeding
[bookmark: _Hlk213905103]Extensive efforts have been undertaken at research institutes across India such as CRRI Cuttack, OUAT Bhubaneswar, NDUAT Faizabad, and the Rice Research Station Chinsurah as well as internationally at IRRI (Philippines), Kasetsart University (Thailand), Can Tho University (Vietnam) and others, to develop rice cultivars tolerant to flooding through traditional breeding approaches. These efforts have primarily relied on the selection of donor genotypes and their use in sexual hybridization to introgress flooding tolerance into elite backgrounds (Mandal and Gupta, 1997).
[bookmark: _Hlk213905128][bookmark: _Hlk213905167][bookmark: _Hlk213905197][bookmark: _Hlk213905220]Large-scale germplasm screening at IRRI (Yamauchi et al., 1993) evaluated over 650 accessions, leading to the identification of several promising donors like FR13A (Setter et al., 1997), JC148, JC178, ASD1, and Kurkaruppan. However, the traditional flood-tolerant types often carry undesirable agronomic traits, such as low yield, susceptibility to diseases, and poor grain quality. Genetic studies suggested that crosses between FR13A/Kurkaruppan and high-yielding non-tolerant cultivars could combine tolerance with desirable agronomic traits (Mohanty and Khush, 1985). Work done by Saha Ray et al. (1993) indicated the possibility of combining submergence tolerance and elongation ability within a single genotype when strong donor genes are available.
One of the most notable breakthroughs was the identification of the Sub1 QTL from the Indian landrace FR13A. Through pedigree-based selection and backcrossing, FR13A and other tolerant landraces have contributed to the development of improved varieties such as Swarna-Sub1, IR64-Sub1, and Samba Mahsuri-Sub1, which retain high yield and grain quality while surviving 10–14 days of complete submergence. These efforts have laid the groundwork for more precise breeding approaches.
[bookmark: _Hlk213905254]Bharathkumar et al. (2015) developed a wide range of breeding lines through single crosses and two-way crosses involving tolerant donors (e.g., Swarna-Sub1, IR64-Sub1, Samba Mahsuri-Sub1) and local varieties such as Gayatri, Savitri, Varshadhan, Durga, and Sarala. Morphological traits like plant height and tiller number were also evaluated, along with survival rate under submergence stress. Despite these advances, conventional breeding faces limitations in speed and precision. Future strategies should integrate genome-wide association studies (GWAS) and multi-trait QTL mapping to combine submergence tolerance with other stress resistances such as drought, salinity, and pest resistance, thereby enhancing the resilience of rice in increasingly.
7.2 Marker Assisted Backcross Breeding
[bookmark: _Hlk213721044][bookmark: _Hlk213905295][bookmark: _Hlk213905324]	Marker-Assisted Backcrossing (MAB) is a powerful method used in genome introgression to transfer a specific allele from a donor to a recipient line. By utilizing molecular markers, MAB enables efficient selection across generations, reducing breeding time and increasing precision (Jiang, 2013). The major benefits of MAB include targeted selection of the desired gene (foreground selection), recovery of the recurrent parent genome (background selection) and minimizing linkage drag near the target locus. This approach is widely used in crops like rice to eliminate unwanted traits from donor genomes. Marker-Assisted Selection (MAS) enhances this process by precisely reducing the size of donor DNA segments (Hospital and Charcosset, 1997). 
[bookmark: _Hlk213905360][bookmark: _Hlk213905399][bookmark: _Hlk213905433]	Fine-mapping of the Sub1 QTL from FR13A significantly advanced MABB strategies for flood-tolerant rice breeding (Bailey-Serres et al., 2010). The International Rice Research Institute (IRRI) released Swarna-Sub1 in 2009, and since then, Sub1 has been introduced into several popular varieties such as IR64-Sub1, Samba Mahsuri-Sub1, CR1009-Sub1, and BINA Dhan 11. These have shown strong resilience in flood-prone areas of South and Southeast Asia, improving rice yields and farmer resilience (Neeraja et al., 2007; Singh et al., 2013; Ismail et al., 2013). Introgressed Sub1 rice lines (e.g., Samba Mahsuri-Sub1, Swarna-Sub1, IR64-Sub1) showed 3–6 times higher grain yield under submergence compared to non-Sub1 versions, without compromising performance in non-flooded conditions (Xu et al., 2004; Collard and Mackill 2008; Sarkar et al., 2009). 
[bookmark: _Hlk213905456]	A study by Rahman et al. (2018) confirmed the successful introgression of the Sub1 locus from FR13A into CO 43 through marker-assisted backcrossing. F2:3 progenies carrying both CO 43 and FR13A alleles showed enhanced survival under submergence. The resulting CO 43 near-isogenic lines (NILs) demonstrated significantly higher flood tolerance and 20–25% greater yield compared to the parent line. Sub1 has also proven effective across multiple genetic backgrounds, including Swarna, Samba Mahsuri, and others, suggesting that this improved CO 43 version is well-suited for cultivation in its traditional regions.
[bookmark: _Hlk213905490][bookmark: _Hlk213905528]Marker-assisted PCR screening using IYT1, IYT3, Sub1BC2, and Sub1 C173 markers was applied to identify lines carrying Sub1 genes, with Sub1BC2 proving highly reliable due to its close association with Sub1A and Sub1B (Fukao et al., 2006). Background markers spanning all 12 rice chromosomes were used, and marker-assisted selection (MAS) was applied in the first backcross generation (BC1F1) to select plants carrying the minimal number of chromosomal segments from IR49830-7-1-2-3, a descendant of FR13A Xu et al (2006). 
[bookmark: _Hlk213905616][bookmark: _Hlk213908519][bookmark: _Hlk213908552]Using marker-assisted backcrossing (MABC), several Asian mega-varieties, such as Swarna, Samba Mahsuri, CR 1009, IR64, PSBRc 18, BR 11, Ciherang, and Thadokkham, have been successfully upgraded with Sub1 (Singh et al. 2016). Samba Mahsuri-Sub1, a submergence-tolerant version of the widely grown Indian variety Samba Mahsuri, was developed using the same marker-assisted backcrossing (MAB) approach as Swarna-Sub1. It was achieved through two backcross generations followed by one generation of self-pollination (Neeraja et al., 2007). Field trials confirmed that the introgression of Sub1 does not negatively affect other agronomic traits, including yield under favorable conditions (Sarkar et al. 2009). Additionally, Sub1-based mega-varieties have been widely adopted by farmers (Mackill et al. 2012; Collard et al. 2013; Dar et al. 2017). Molecular breeding has also enabled the introgression of the qAG-9-2 QTL for anaerobic germination into the Sub1 background variety Ciherang-Sub1, improving germination under submerged conditions without compromising submergence tolerance (Toledo et al. 2015). Combining the Sub1 gene with other major tolerance genes and QTLs for abiotic stresses (like drought, salinity, and phosphorus deficiency) and biotic threats (such as pests and diseases) offers immense potential for breeding resilient rice varieties. 
[bookmark: _Hlk213908583][bookmark: _Hlk213908616]Alternative approaches like marker evaluated selection (Steele et al., 2004), which involve genotyping chosen breeding lines to pinpoint genomic regions under selection, offer promising tools for initial QTL mapping related to submergence tolerance especially useful at early generations such as F2 and F3. Additionally, comprehensive phenotypic and genotypic screenings of germplasm have been conducted to uncover novel tolerance sources that may be integrated with the Sub1 gene for enhanced resilience (Singh et al., 2010).
7.3 QTL mapping
[bookmark: _Hlk213908688]	In the past decade, substantial progress has been made in developing submergence-tolerant rice varieties through the discovery of the major QTL Sub1. Using marker-assisted QTL mapping with 153 high-quality homo-polymorphic SNPs derived from genotyping-by-sequencing (GBS), researchers identified 17 QTLs for key traits under normal and stagnant flooding conditions in a RIL population from Swarna × Rashpanjor. Major QTLs included qEL-NS-1.1 and qGW-NS-10.1, explaining 9.8% and 54.68% of phenotypic variation, respectively. Additional QTLs for stress susceptibility (SSI) and stress tolerance (STI) indices were mapped, with significant clusters on chromosome 3, confirming its role in stagnant flooding tolerance (Chattopadhyay et al., 2021).
	Advances in molecular marker technologies enable the efficient stacking of multiple traits through marker-assisted selection. However, the limited number of well-characterized QTLs and insufficient data across diverse environments still challenge breeding efforts. With ongoing improvements in genome sequencing and high-throughput genotyping, more robust QTLs are expected to be identified critical for developing climate-resilient cultivars, particularly in vulnerable rain-fed ecosystems.

7.4 Convergence of Conventional and Molecular Breeding
[bookmark: _Hlk213908786][bookmark: _Hlk213908848]	However, since the genetic mechanisms underlying tolerance to submergence and stagnant flooding act antagonistically, combining these traits requires integrating conventional and molecular breeding approaches. This “convergent breeding” strategy (Siddiq., 2013) allows for the gradual accumulation of desirable traits that result in high and stable yield, wide adaptability and good grain quality. While marker-assisted selection (MAS) and backcross breeding are powerful tools, additional steps such as utilizing new germplasm, developing more precise molecular markers and improving phenotyping methods are needed to enhance breeding efficiency and complement conventional breeding (Collard et al. 2013).

7.5 Genome editing
[bookmark: _Hlk213908929]	Recent advances in CRISPR-Cas9 genome editing have opened new possibilities for improving rice submergence tolerance without introducing foreign DNA. A notable example is the development of Ciherang-Sub1, an enhanced indica rice variety derived from the widely cultivated Indonesian cultivar Ciherang, which is resistant to genomic instability and transgene introduction during regeneration. CRISPR-based gene editing has emerged as a powerful tool for crop improvement. However, its application in grain crops like rice faces challenges, particularly in vector delivery and callus regeneration, which are often genotype dependent. The Sub1A-1 gene in Ciherang-Sub1 was successfully edited through two transformation methods viz., Agrobacterium-mediated transformation using immature embryos, and biolistic bombardment using mature seeds which were optimized by Liang, et al. (2021) for indica rice, specifically targeting the submergence tolerance. Phenotypic evaluation of T1 seeds from edited T0 plants under submergence stress revealed a weaker tolerance compared to controls, confirming the disruption of Sub1A-1 function. These optimized methods provide a framework for efficient CRISPR-Cas9 gene editing in recalcitrant indica rice cultivars. 
By editing the Sub1A locus, this study demonstrated that CRISPR-Cas9 can be used to fine-tune submergence tolerance while eliminating the dominant effect of the Sub1A-1 QTL. This provides opportunities to explore and pyramid additional tolerance genes into Ciherang-Sub1 and related indica varieties. 
7.6 Transgenic Interventions for Enhancing Submergence Resilience in Rice
In recent years, genetically engineered rice plants have been developed for a wide range of traits, including resistance to insects, viruses, fungal pathogens, herbicides, and tolerance to water, salt, and low temperature stress. These advancements reflect the growing maturity and reliability of gene transfer technologies in rice. 
[bookmark: _Hlk213909003]Emerick and Ronald (2019) cloned the Sub1A-1 coding sequence and introduced into submergence-intolerant rice backgrounds through Agrobacterium tumefaciens-mediated genetic transformation. Transgenic japonica lines like M202 carrying the Sub1A-1 gene survived prolonged submergence significantly better than the non-transgenic controls and confirmed that Sub1A alone is sufficient to confer submergence tolerance in rice. While these Sub1A-transgenic lines validated the mechanism, they were not directly released to farmers due to regulatory restrictions on GM rice. Instead, the knowledge was used to accelerate marker-assisted breeding programs that created non-transgenic but Sub1-based tolerant varieties such as Swarna-Sub1, IR64-Sub1, Samba Mahsuri-Sub1.
[bookmark: _Hlk213909099][bookmark: _Hlk213909160][bookmark: _Hlk213909202]	Physiological studies established that during submergence, rice shifts from aerobic respiration to fermentative pathways to maintain ATP supply and recycle NADH (Perata et al., 1997). The two main enzymes involved are pyruvate decarboxylase (PDC), which converts pyruvate to acetaldehyde, and alcohol dehydrogenase (ADH), which reduces acetaldehyde to ethanol. This switch is crucial, as rapid ethanol formation prevents toxic lactate accumulation and cytoplasmic acidosis (Menegus et al., 1991). Rice lines overexpressing PDC or ADH showed enhanced ethanolic fermentation, improved survival, and reduced damage under submergence (Hossain et al., 1994). Importantly, PDC activity is considered rate-limiting, and several PDC gene family members in rice have been isolated and shown to be strongly upregulated under anoxia. Similarly, ADH-null mutants in maize and Arabidopsis fail to produce ethanol and are highly sensitive to flooding stress ( Jacobs et al., 1988). These findings demonstrate that targeted overexpression of PDC and ADH through transgenic methods enhances submergence tolerance in rice, offering a viable strategy for improving anaerobic survival alongside conventional Sub1-based tolerance. Finally the PDC (Pyruvate Decarboxylase) initiates ethanol fermentation, prevents toxic lactate buildup and ADH (Alcohol Dehydrogenase) detoxifies acetaldehyde and sustains glycolysis while both shown to be strongly induced under submergence and enhance survival when overexpressed.
	Beyond survival, these transgenic approaches may also improve seed germination and seedling establishment under anoxic conditions. The PDC gene could serve as a molecular marker for identifying submergence-tolerant germplasm or breeding lines. Although tested in only one rice cultivar so far, expanding this strategy to diverse genotypes could reveal broader applications. Transgenic manipulation of fermentation pathways offers a promising route to enhance submergence tolerance in rice. These molecular tools can complement conventional breeding, paving the way for the development of climate-resilient rice varieties suited to flood-prone regions. 
Table 2: Recent progress in flood-tolerant rice breeding
	Key trait
	QTL/gene
	Method
	Donor
	Stage
	Outcome
	Reference

	[bookmark: _Hlk213909424]Submergence tolerance
	Sub1
	MABC
	BRRI dhan52
	Vegetative stage
	Can withstand 3 upto weeks of complete submergence in flash floodaffected areas
	Shalahuddin et al., 2024

	Improving submergence tolerance in direct-seeded rice
	Combining Sub1 with AG1
	Pyramiding
	   

  --
	Early germination or 4–5 leaf stage
	Enhances seedling establishment under shallow flooding and supports direct seeding
	[bookmark: _Hlk213909449]Ashikari et al., 2025

	Submergence tolerance
	86 key QTLs along with Sub 1
	Transition from Trait to Environment” (TTE)
	89 IRRI genotypes
	     _
	· 37 lines with 40–50% higher tolerance than Sub1A varieties
· 35 lines tolerant to stagnant flooding
· 17 lines with dual tolerance
· TTE achieved a remarkable 65% increase in genetic gain for submergence tolerance
	[bookmark: _Hlk213909499]Anumalla et al., 2025

	Seedling establishment techniques under submergence stress
	   

       -
	

        -
	Japonica rice (‘Nanjing 46’)
	Tillering stage
	· Flooding delayed growth and induced physiological changes (POD, SOD, MDA, proline, chlorophyll)
· Over two-thirds of tillers survived 7 days submergence; machine-transplanted seedlings from hard-ground nursery showed highest tolerance and yield
	[bookmark: _Hlk213909552]Duan et al (2025)

	Identifying genes for bud and root length for better submergence tolerance

	37 QTLs, 31 genes on chr 6
	GWAS, Knockout transgenic validation
	300 accessions
	Germination stage
	· LOC_Os06g17260, encoding a UDP-glucosyl transferase protein 
· Hap1 haplotype showed superior tolerance under submerged conditions during germination. 
	[bookmark: _Hlk213909595]Zhang et al 2025


8. GAPS IN SUBMERGENCE TOLERANCE BREEDING AND STRATEGIES TO ADDRESS THEM
[bookmark: _Hlk213909639]	Flooding stress remains a major constraint to rice production in South and Southeast Asia, with no high-yielding variety yet capable of vigorous growth under prolonged submergence. Changes in precipitation patterns and the increasing frequency of floods pose significant threats to rice yield stability and economic viability (Shukla et al, 2019). 
[bookmark: _Hlk213909683][bookmark: _Hlk213909726][bookmark: _Hlk213909757][bookmark: _Hlk213909784][bookmark: _Hlk213909826][bookmark: _Hlk213909863][bookmark: _Hlk213909896]	Current rice breeding programs for submergence tolerance are constrained by the reliance on a few donor varieties such as FR13A, which restricts the genetic base. To broaden this, wild rice species like O.nivara and O. rufipogon should be explored through genome-wide association studies (GWAS) to identify novel alleles for submergence tolerance (Mackill., 2006). While Sub1 introgressed lines have shown improved survival, their performance varies across environments with differences in water depth and flooding duration, emphasizing the need for multi-location field trials to assess genotype environment interactions (Sarkar et al., 2009). Incorporating marker-assisted selection (MAS) will further refine these varieties for specific agro-ecological conditions (Neeraja et al., 2007). Since Sub1 enhances survival at the vegetative stage but does not address germination under submerged conditions, integration of anaerobic germination (AG) QTLs such as qAG9-2 and qAG7-1 is essential for ensuring better crop establishment (Angaji et al., 2010). Moreover, the genetic and molecular basis of submergence and post-submergence recovery is still incomplete; thus, omics approaches (transcriptomics, proteomics, metabolomics) can help identify key regulators, while CRISPR/Cas9 editing offers precise opportunities to enhance these traits (Bailey-Serres et al., 2010). Despite progress, adoption of tolerant varieties remains low due to poor farmer awareness and limited seed availability. Therefore, strengthening extension services, on-farm demonstrations, and seed distribution programs is vital (Emerick and Ronald, 2019). Finally, since flooding often co-occurs with other abiotic stresses, breeding efforts should aim to develop multi-stress tolerant rice varieties by pyramiding QTLs for submergence, drought, and salinity (Ismail et al., 2013). By combining advanced molecular tools with strong field-level interventions, breeding programs can significantly boost rice productivity in flood-prone regions.
	Despite advances in understanding flood adaptation, important research gaps remain for rainfed lowland and deepwater rice ecosystems, where excess water, drought, and poor soils reduce yields. Continuous monitoring of hydrological conditions and systematic evaluation of traits such as low-light photosynthetic efficiency and photoperiod response are still limited. Sub1 introgression improves tolerance, but effectiveness varies with plant vigor and type, and moderately elongating cultivars (e.g., INGR08110, AC20431-W) hold untapped potential in stagnant water environments. Biotechnological strategies such as downregulating gibberellin biosynthesis or enhancing starch accumulation alongside optimized agronomic practices like better seedling management and balanced nutrition, could further strengthen tolerance. Future efforts must integrate physiological, genetic, and molecular approaches to identify robust markers, refine breeding strategies for both flash flood and deepwater conditions, and ultimately build climate-resilient rice systems for vulnerable regions.
9. CONCLUSION
	Several submergence tolerant rice varieties have been developed through conventional breeding approaches as well as biotechnological interventions (Table 2). Efforts to enhance rice climate resilience is now expanding beyond submergence tolerance alone, with breeding programs aiming to integrate traits such as drought and salinity tolerance using locally adapted landraces as donor sources, thereby broadening adaptability to multiple stresses in marginal environments. Looking forward, with the global population projected to increase by nearly 50 percent by 2100 and climate change continuing to challenge food security, the development of flood-resilient, multi-stress tolerant rice varieties through a combination of conventional breeding, marker-assisted selection, and advanced biotechnological tools will be essential to sustaining rice productivity in vulnerable ecosystems. 
	Indian rice breeding is shifting toward pre-breeding to broaden the narrow genetic base of elite cultivars by introgressing stress-tolerant traits from wild relatives and landraces. To speed up varietal development, accelerated breeding methods such as Rapid Generation Advancement (RGA) and doubled haploidy (DH) are being used, enabling up to 3–4 generations per year and gene fixation in a single cycle. Additionally, genome editing which does not introduce foreign DNA and mimics natural mutations is emerging as a transformative tool. 
10. Future Prospects
	Discovering additional QTLs for submergence tolerance has become a top priority in rice breeding programs. By incorporating these new genetic factors, researchers aim to develop varieties that can endure flooding beyond 14 days. This enhancement would not only strengthen survival under prolonged submergence but also boost the plant's ability to recover and regenerate once floodwaters recede offering a promising path toward more resilient rice crops in the face of increasing climate variability. Future progress will depend on integrating molecular breeding, genome editing tools like CRISPR-Cas9, and insights into phenotypic plasticity to enhance resilience. Combining Sub1 with other traits, such as tolerance to stagnant flooding or anaerobic germination (AG), and other abiotic and biotic stresses through gene pyramiding, holds great promise for producing multi-stress tolerant rice varieties that ensure both yield stability and grain quality under adverse conditions. Advances in genomics, GWAS, MAS, and genomic selection (GS) will accelerate the identification and incorporation of beneficial alleles into elite cultivars. At the same time, high-throughput phenotyping, transcriptomics, and metabolomics will enable the simultaneous improvement of complex traits within shorter breeding cycles. Ultimately, the future of flood-tolerant rice breeding lies in combining cutting-edge genomic tools with farmer-centered approaches to deliver multi-stress resilient varieties that can thrive in flood-prone and marginal environments. Urgent efforts in this direction will be vital for ensuring food and nutritional security in the face of climate change and rising global population pressures.
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