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Future Prospective of Resistance Breeding in Rice – A Comprehensive Review



Abstract
Aims: The objective of this paper is to discuss plant breeding methods as an evolving technology for resistant varieties of rice for better production. 
Study design: As this is a review paper so it will be evaluating existing literature regarding Resistance Breeding of Rice.
Place and Duration of Study: The review paper includes rice growing areas where resistance breeding was conducted. The breeding methods used for resistance from the earlier to now-a-days. 
Methodology: Some breeding methods are discussed here like conventional breeding, ideotype breeding, wide breeding, population breeding, heterosis breeding, speed breeding and most recently molecular breeding. Better productivity of any crop achieved through the deliberation of better knowledge and underlying mechanisms and the control of the process of generating and selecting superior resistant varieties. Host plant resistance of certain crop cultivars against pests and diseases developed through a long co-evolutionary process. Different breeding techniques of rice are discussed here for improvement of resistant rice varieties. Plant breeding is functional in selection of superior types among variants, in terms of yield and quality of edible parts; ease of cultivation, harvest, and processing; tolerance to environmental stresses; and resistance against pests. 
Results: Recent advances in controlling the disease and protecting from insect attack to improve rice production systems are achieved through conventional and molecular breeding. Traditional breeding methods were based on the complementarily between parental characteristics promoting recombination for shuffling favourable alleles. Molecular breeding is easier, faster, highly efficient and precise. Genotyping technology sharply reduced the cost of genotyping, creating the possibility of scoring thousands of markers in populations of plants under selection. 
Conclusion: Resistance rice varieties have been developing through the better modern process of combining traditional breeding with molecular breeding technology. This review focuses on the constraints of rice production, breeding methods, innovation in resistance rice breeding and future prospects of rice breeding.
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1. Introduction: 
Rice (Oryza sativa L.)  is a fundamental staple crop that feeds almost half of the World’s population and plays an essential role in global food security. The Green Revolution comprehensively boosted rice production more than 40% in the past four decades made a positive impact on increased yield and reduced mortality and malnutrition (Somvanshi et al., 2020; von der Goltz et al., 2020). Nevertheless, any decline in cultivation or yield could intimidate both global food supply and the economy (Thippeswamy et al.,2016; Pramesh et al., 2020; Sharanabasav et al., 2021). Even though rice is a staple crop of immense significance, its productivity is limited by a range of constraints (Alase et al., 2024; Pramesh et al., 2020b; Pramesh   et al., 2020; Alase et al., 2024). About half of the rice growing areas in South Asia, particularly in India, are rainfed and prone to abiotic stresses such as flooding, drought and salinity. Rice is traditionally fully fledged in flooded soil, most rice cultivars die within days of complete submergence, often resulting in total crop loss (Mackill et al., 2012). Therefore, the occurrence and relentlessness of poverty in these areas are elevated as farmers go through from diverse economic, social and political disadvantages. The challenges facing rice yield in flood-prone areas are fetching even more complex with the enduring adverse effects of climate change. The affected areas are expected to increase as a consequence of sea level rise, uneven distribution of rain and unpredicted increases in frequencies and intensities of flooding caused by extreme weather events. Quite often rice crops may experience both drought and submergence in same crop season during different growth phases, which may further add to the suffering of the farmers. The interruption and suffering caused by crop failure are well known. So, it is essential to continually identify and introduce new sources of resistance varieties (Pramesh et al., 2020; Kumar et al., 2019; Yadav et al., 2019; Devanna et al., 2024; Banakar et al., 2023; Acharya et al., 2019). Disease resistance may be labelled into fundamental kinds: primarily the host resists the establishment of a successful parasitic relationship through hypersensitizing the infection site and the contamination process, or it resists the following colonization and reproduction of the parasite following successful contamination. The kind of resistance may be called “vertical resistance,” “qualitative resistance,” “race-specific resistance,” “specific resistance,” “major-gene resistance,” “monogenic resistance,” “whole resistance,” or “actual resistance.”The interior of plant breeding is the selection of better types among variants, in terms of yield and quality of edible parts; ease of cultivation, harvest, and processing; tolerance to environmental stresses; and resistance against pests. Each of these aspects that damage the agronomic or food value of rice crop can be dissected in many specific traits, each presenting its own range of variation. Manipulating a single trait, disregarding all others, is relatively straight forward for developing durable resistance varieties. There are varieties of objectives of plant breeding but resistance is most important one. According to FAO (2002), the Green Revolution went on to introduce high yielding varieties that are appropriate only for specialized farms of distinct regions specially the irrigated lowlands. However, all agricultural institutions and development agencies promoted the new ‘miracle varieties’ and irrigation technology for all types of farms, to the failure of varieties adapted to upland and deep-water paddy farms, and the subsidence of the water table (Shiva, 1991; Deb, 2009) With the understanding that the productivity levels of staple crops in the irrigated areas had started to plateau off and with declining productivity it became clear that unless food production in the rainfed areas increase significantly, food scarcity may emerge as a very serious issue. 

Objectives of Rice Breeding: Increasing production is attainable by capturing the yield potential of the existing varieties. Stabilizing and increasing yield through developing varieties with resistance to biotic and abiotic stresses are the main objectives of breeding rice.
a) Enhancing Yield: To meet the increasing demand for rice, varietal developments are to be done with high yield potential by combining morphological characteristics like semi-dwarf, high tillering, thick culms, compact panicles, erect leaves to reduce shading and utilize solar radiation efficiently and physiological characteristics like early maturity, photo-insensitivity and fertilizer responsiveness.
b) Stability and Adaptability: Stability refers to the ability of the plant to yield potential over a wide range of environments. Constraints to productivity of rice crop due to seasonal fluctuations, such as low light intensity, floods, submergence, drought and other factors need to be taken into account to develop varieties that are suited to a specific location.
c) Disease and Pest Resistance: Besides age old problem of blast and brown spot, rice crop today suffers from viral, bacterial and other fungal diseases as well as from many insect-pest damage. Development of virulent strains of pathogen and rapid emergence of insect biotypes emphasizes the need to pyramid different resistant genes into an elite genetic background.
d) Quality: Rice grain quality is a combination of many characteristics that affect its market value and utilization as food. Breeding objectives for quality in rice may be grouped into four classes: Market quality, Milling quality, Cooking and processing quality and Nutritional quality.

2. Materials and methods:
1. Utilization of Wild Rice for Rice Improvement: Wild rice varieties are basically a fortified gene reservoir of the Rice Gene Pool. International Rice Research Institute (IRRI) has conserved 140,000 diverse rice accessions collected from 120 countries for human benefit (IRRI, 2016). The National Rice Research Institute (NRRI) dedicated and made significant accomplishment in collection and conservation of more than 35,000 germplasm accessions which were deposited in long term storage of NBPGR, New Delhi. Rice breeders are hunting for new varieties resolving the problems of climate change, nutritional security to overcome malnutrition. Landraces have developed into significant sources of genetic variability in the search for genes for tolerance or resistance to biotic and abiotic stresses in agriculture; hence they are called as “treasure of valuable genes” (Subramanian et al., 2023). Wild rice types are rich source of genes against many stresses caused by biotic and abiotic agents. Breeders utilized many of wild rice varieties to find solutions to severe detrimental pests on rice. Hybridization with wide genetic pools and exploitation of their derivatives are the key to accomplish high yielding superior varieties. The natural resistance found in certain of certain rice varieties to certainagainst  insect-pests and diseases, which have developed through a long co-evolutionary procedure,long-term co-evolution has been recognized as a key contribution  was identified as one of the important contributions of the continuation of crop genetic diversity to plant breeding and modern agriculture (Hawkes, 1983). Worldwide examples demonstrate how aboriginal farmers can identify individual traits of seeds and vegetative propagules to preserve genetic purity and can distinguish significant markers during time of plantation. The farmers are capable of identifying landraces that are appropriate for planting on different regional or temporal scales and extremely assess landraces for different uses (Gibson, 2009).  Wild rice serves as a valuable genetic resource for enhancing rice varieties (Yang et al., 2023). Some useful biotic stress tolerance genes that have been cloned from wild rice are Xa23, Gm-6(t), PROG1 etc.

2. Constraints of rice production across the World: Different constraints are there that restrict rice production. Most common constraints are diseases, insects and their pests, flood, drought, frost, winter hardness, lodging, alkaline and saline conditions. Rice production and post-production processes in Asia are sternly compromised by pests, diseases, and physiological and environmental factors. Rice cultivation perse is controlled by resource constraints, the most important of which are scarcity of water (Tuong and Bouman 2002) and scarcity of land. Technological progress is necessary to increase crop water production of rice (Cantrell and Hettel 2004) and rice crop productivity under fragile environments such as the rainfed lowlands and uplands. Biophysical constraints account for significant yield losses in Asia (Hossain 1997; Evenson et al. 1996). Technical constraints accounted for 33 percent of standard yield in the rainfed lowland and flood-prone ecosystems, with submergence being the most important, while it was more than 40 per cent of the average yield in the upland ecosystem, with drought being the most significant (FAO, 2007). Climate-related constraints like submergence, drought, and cold resulted in yield losses that ranged from 227 kg/ha (20 per cent of average yield) for the upland to 429 kg/ha (28 per cent of average yield) for the flood-prone ecosystems (Thakur, 1994 and Jha, 1999).

3. Breeding Methods: There are several methods of breeding techniques for disease resistance.
a) Conventional Breeding:- In this technique crossing of two rice plants having favourable traits are crossed. Merely the offspring leading to high yield is selected. For yield improvement the conventional breeding plays a crucial role by incorporating desirable traits and characteristics into new varieties. Conventional breeding aims to improve yield components like grain size, number of grains per panicle, and panicle size. Overall, conventional breeding in rice plays a pivotal role in enhancing yield potential by integrating a diverse range of genetic traits and characteristics that collectively contribute to improved productivity, resilience, and profitability for farmers (Ul-Allah et al., 2023). 
b) Ideotype Breeding:- In ideotype breeding, breeders prioritize traits fundamental for yield potential such as disease resistance, stress tolerance (e.g., drought or salinity tolerance), lodging resistance, nutrient efficiency, photosynthetic efficiency, and optimal plant architecture. Its ideotype breeding is used to get better rice yield under stress conditions (Bhanu et al., 2016). 
c) Population Breeding:- The term “population breeding” indicates a technique considered to improve the phenotypic performance of an intermating population by increasing the frequency of favourable alleles the domineering traits of interest. Mass selection is the simplest version of population breeding. This method applied to cross-pollinated species, in which the enhanced population is directly used as a cultivar. Breeders construct new populations by intercrossing several lines, selected as sources of favourable alleles for one or more traits. The population obtained-from selected plants will be more uniform than the original population. They have buffering accomplishment against abnormal environment. The genetic variability present in the original population is maintained.
d) Heterosis Breeding:- This approach exploits a trend called hybrid vigor. By crossing genetically varied rice lines, breeders can create progeny (hybrids) with significantly higher yields compared to their parents. This system relies on a specific type of sterility in one parent line to control seed production (Ouyang et al., 2022). In some traits,s negative heterosis add in yield improvement of rice hybrids (Saravanan et al. 2008; Singh et al. 2013; Kumar et al. 2017). In spite of hurdles, heterosis breeding has significantly increased rice yields, particularly in Asia, making it fundamental for areas with intensive agriculture and emphasizing its significant impact on global rice production.
e) Wide Breeding:- Wide breeding, introduces novel genetic deviation into rice varieties by incorporating genes from wild relatives or other rice species (Gaikwad et al,. 2021). This genetic diversity can include traits such as biotic and abiotic stress tolerance, better nutrient use efficiency, and other significant agronomic characteristics. One significant outcome of wide breeding is the improvement of rice varieties with enhanced stress tolerance, as wild relatives often acquire natural resistance to pests, diseases, drought, salinity, and flooding. By crossing cultivated rice with these wild relatives, breeders can transport genes for stress tolerance, leading to the establishment of resilient rice varieties. Diversification can also supply additional income streams for farmers (Chittapur et al, 2017). 
f) Speed Breeding:- Comparing conventional breeding with speed breeding, it is slow, allowing only 1–2 generations per year, whereas speed breeding reformed through controlled light, temperature, and humidity, can achieve 4–5 generations annually, accelerating genetic gain across indica and japonica varieties. It can also incorporate with genomic selection and gene editing to develop climate-smart, high-yielding rice. Challenges stay behind, such as costs, genotype-specific responses, and scalability, but speed breeding holds enormous potential for future food security. Speed breeding accelerates rice improvement by enabling multiple generations per year and integrating genomic tools, marker-assisted selection, and advanced phenotyping, facilitating the improvement of high-yielding, stress-tolerant, and climate-resilient cultivars. This method optimizes different environmental variables such as extended photoperiods (e.g., 22 hours of light per day), controlled temperature and humidity, and modified LED lighting regimes to significantly shorten breeding timeframes (Shanmugavel et al., 2023).
g) Molecular Breeding:- 
a. Marker-Assisted Selection (MAS): MAS uses DNA markers simultaneous to specific genes (Nadeem et al., 2017). This allows breeders to recognize and pick favourable plants at early stages (e.g., seedlings) based on their genotype, rather than waiting for trait expression (phenotype) (Collard & Mackill, 2008, Seth et al., 2024) later.
b. Transgenic approaches: These techniques engage inserting foreign genes (transgenes) or adapted native genes into the rice genome by means of methods like Agrobacterium-mediated transformation or biolistics (gene gun). This allows for the introduction of traits not readily available in the rice gene pool.
c. Genome Editing Technologies: Genome editing enables accurate targeted modifications (insertions, deletions, substitutions) at specific locations in the genome. The CRISPR/Cas9 system uses a guide RNA (gRNA) to direct the Cas9 nuclease to a specific DNA sequence, where it creates a double-strand break1 (DSB). The cell's repair mechanisms then (Zhu, Li, & Gao, 2020) fix the break.  Non-homologous end joining (NHEJ) often introduces small insertions or deletions (indels), typically leading to gene knockout.  In homology-directed repair (HDR), if a DNA template is provided, can precisely (Thiruppathi et al., 2024) insert or replace sequences.  CRISPR/Cas9 is widely adopted due to its efficiency, ease of use, and versatility (Shan et al., 2013). 

4. Advance Methodology in Rice Breeding: 
Rice is vulnerable to various diseases and hence capable of significantly impact yield and quality. Successful management strategies are crucial for minimizing the impact of diseases. Generating, characterizing, and utilizing genetic variations comprise three essential elements of crop breeding. 
a) Mining natural variations from landraces and wild relatives
Natural variation constitutes the elementary resource for crop genetic enhancement and the keystone of precision design breeding. As the most intensively deliberate crop, the genetic variations in broadly cultivated rice varieties have been roughly studied over the past two decades (Xu et al., 2024). In the intervening time, many elite genes have been successfully selected by knowledgeable rice breeders, well before their molecular cloning. 
b) Physical and chemical mutagenesis
The mutagenesis technique in a straight line could generate random genetic variations to endow with efficient tools for crop trait enhancement. Physical and chemical mutagenesis methods have been applied in breeding for decades because the mutations they encourage are regarded as analogous to natural variations, enabling their application in breeding devoid of being subject to policy boundaries.
c) Directed mutagenesis
[bookmark: bbib131][bookmark: bbib120]Artificial intelligence (AI) and synthetic-biology-mediated directed mutagenesis are revolutionizing the hypothesis in generating genetic variations, by which researchers can intend and create functional alleles absent in nature to augment function for target proteins, contributing novel solutions for breeding stress-resilient, high-yielding, and high-quality crops. For instance, deep-learning-based protein composition prediction models can resolve the 3D conformation of target proteins, such as disease resistance receptors or enzymatic catalysts, facilitating useful optimization throughout molecular dynamic simulations (Zhang et al., 2023b; Ye et al., 2025).
d) Transgene and synthetic biology
[bookmark: bbib24]Rice provides as a classical model organism in plant and crop research, partly owing to its success in a deep-rooted transgenic technology system. Ahead of its role as a tool for basic research, the development of rice artificial biology has endowed it with cellular factory capabilities. By reconstruction of heterologous metabolic pathways and designing genetic circuits, rice can economically produce high-value-added bio-products. For illustration, recombinant human serum albumin has been industrially produced with rice endosperm-specific promoters to constrain its expression (He et al., 2011). 
e) Genome editing
Genome-editing technology represents an innovative biotechnology in the field of crop genetic improvement in recent years. It quantifies the capabilities of specifically modifying specific genomic sequences and directionally inducing random mutations in targeted genomic regions, which has significantly expanded the capacity to generate and pyramid mutations in crops (Rajpurohit et al. 2011; Miah et al. 2013; Pinta et al. 2013; Ji et al. 2014; Pradhan et al. 2015). In the future, this technology requires continuous iteration and advancement to adapt to more complex breeding needs, as well as improving editing efficiency, particularly for multiplex editing and prime editing, breaking throughout technical bottlenecks in large fragment insertion, and precise chromosomal rearrangement.

3. Results and Discussions:
Innovation in Resistance Rice Breeding: The progress in world-wide endeavour to breed varieties for major rice ecologies involve stepwise accretion of desirable characteristics that would combine high and stable yield, extensive adaptability and acceptable quality. Rapid generation advance (RGA) is a breeding technique of growing bulk populations. RGA largely depends on minimum growth interval that can be induced in a specific growth situation. The use of RGA in Japan led to the development of the enormously popular rice variety called Nipponbare, which was used to generate the first rice genome sequence (Collard et al., 2017). Single seed descent method (SSD) coupled with Rapid generation advance (RGA) is well appropriate to breeding long duration photosensitive varieties under field condition. This method is extensively used for quantitative trait loci (QTL) mapping. In this method seed can be multiplied in huge amounts for many traits over many years (Collard et al., 2005; Collard et al., 2017). Significant progress has been achieved during the last decade in breeding of submergence tolerant rice varieties owing to the identification of a major quantitative trait locus (QTL) named SUB1. SUB1 the submergence tolerant gene generally confers tolerance to flash-flood for up to two weeks, and does not confer any tolerance to stagnant flooding or tolerance to anaerobic germination. (Ismail et al., 2009; Singh et al., 2011; and Kato et al., 2019). To avail the advantage of available genomic resources in rice for molecular breeding in the future, breeders will need: Planned and well-executed QTL mapping experiments, QTL and marker validation activities, efficient and cheaper genotyping and phenotyping systems and breeder-friendly analytical tools. Previous molecular genetics analyses identified numerous QTL (quantitative trait loci) of secondary traits such as root architecture, leaf water status, panicle water potential, osmotic adjustment and relative water content, etc., but unsuccessful to recognize any major genes that regulate these traits; mainly due to low mapping resolution and weak phenotypic effect has a negative role to make the system more efficient.

4. Conclusion 
In conclusion, the recognition of enhancing rice yield through traditional and transgenic breeding approaches represents a critical enterprise in securing global food security amidst the challenges of population growth, climate change, and diminishing agricultural land. Traditional breeding methods have laid the establishment for centuries, leveraging natural genetic variability to develop better rice varieties modified to diverse agro-climatic conditions. These methods, albeit time-consuming, have yielded considerable successes, indicative of resilience, adaptability, and improved yields. Simultaneously, transgenic approaches, enabled by advancements in biotechnology, recommend novel solutions to balance traditional breeding efforts. Genetic modification holds the pledge of precise manipulation of explicit traits, such as disease resistance, abiotic stress tolerance, and nutritional content, thereby accelerating the expansion of high-yielding rice cultivars. Nevertheless, the implementation of transgenic rice varieties is not without challenges, including regulatory hurdles, public perception, and prospective ecological impacts, necessitating thorough risk assessment and transparent communication. Moreover, the incorporation of traditional and transgenic breeding strategies presents a synergistic approach, harnessing the strengths of each method to maximize yield gains sustainably. Combined efforts between scientists, breeders, policymakers, and farmers are crucial to navigate the complexities of rice breeding, ensuring unbiased access to improved varieties and promoting agro ecological resilience. As we stand at the nexus of technological novelty and agricultural sustainability, it is paramount to prioritize research investments, foster interdisciplinary collaborations, and sustain ethical considerations to develop the full potential of rice breeding for global food security. By implementing a holistic approach that balances scientific intransigence, socio-economic inclusivity, and environmental stewardship, we can chart a path towards a future where rice production is not only enhanced but also equitable, resilient, and sustainable for generations to come. Breeding technologies have undergone rapid development over the last hundred years, which has considerably increased worldwide crop yield to ensure food security. However, the intensification rate of global food production is declining, which underscores an urgent need for breakthroughs in next-generation crop breeding in the next few decades. We expect comprehensive upgrading of the rice agricultural system by 2035, with significant progress in mounting genetic diversity, deciphering the molecular basis of key agronomic traits, creating novel selected alleles, and enhancing breeding effectiveness. This upgrade will make the breeding easy of diverse rice varieties that meet numerous demands, with advancements in the light of use effectiveness, heterosis utilization, ratooning ability, grain quality, and smart stress responses, realizing the breeding goal to ensure global food security through abundant, delicious, and nutritious rice-based food.
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