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ice (Oryza sativa L.) is the primary food source for more than half of the global 

population and plays a vital role in ensuring food and nutritional security. However, 

rapid population growth, changing climatic conditions and increasing biotic and abiotic 

stresses continue to threaten sustainable rice production. These challenges have exposed the 

limitations of conventional breeding methods, creating a need for more precise and efficient 

breeding strategies. Recent advances in molecular breeding have transformed rice 

improvement by enabling faster and more targeted development of superior cultivars. 

Marker-assisted selection (MAS) has enhanced the efficiency of incorporating genes 

associated with disease resistance, grain quality and tolerance to drought, salinity and 

submergence. Genomic selection (GS), which uses genome-wide marker information to 

predict the breeding potential of individuals, has significantly accelerated the improvement of 

complex quantitative traits such as grain yield and stress adaptation. In addition, CRISPR-

Cas9 genome editing technology has provided new opportunities for precise modification of 

genes governing important agronomic characteristics, including stress tolerance, disease 

resistance and grain quality, while considerably shortening the breeding cycle. Combining 

conventional breeding with molecular marker technologies, genomic prediction and genome 

editing offers an integrated and effective approach for developing high-yielding, climate-

resilient and nutritionally enhanced rice cultivars.  
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Introduction 
Rice is one of the world’s most important cereal crops and serves as the primary source of 

calories for more than half of the global population. More than 90% of global rice production 

and consumption occurs in Asia, where rice contributes nearly 60% of the daily caloric intake 

for approximately 3 billion people (Bajpai and Singh, 2010). The growing global population 

and changing dietary patterns have led to a continuous increase in rice demand, emphasizing 

the need to enhance grain yield, quality and tolerance to biotic and abiotic stresses. Although 

conventional breeding methods have contributed substantially to rice improvement over the 

last century, the pace of yield enhancement has gradually declined, highlighting the need for 

more efficient breeding strategies. 

Rice exhibits extensive intra-specific genetic variation, making sub-specific 

classification important for genetic studies and breeding programmes. India, recognized as 

one of the major centres of rice cultivation, has the largest area under rice cultivation in the 

world. It is the second-largest producer of rice after China and ranks second in global rice 

exports after Thailand (Singh and Singh, 2008). 
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Advances in molecular biology and genomics have provided new opportunities for 

accelerating rice improvement. Molecular breeding approaches, including marker-assisted 

selection (MAS) and genomic selection (GS), facilitate the identification and effective 

utilization of genes governing important agronomic traits, thereby improving breeding. More 

recently, CRISPR-Cas9 genome editing has emerged as a powerful tool for precise 

modification of target genes, enabling the improvement of key traits such as disease 

resistance, drought tolerance and grain quality with greater accuracy (Zhang et al., 2021). 

Need For Improvement 
The continuous increase in the global population, together with the impacts of climate 

change, has intensified the need to improve rice yield, grain quality and tolerance to biotic 

and abiotic stresses. Although conventional breeding has made significant contributions to 

rice improvement, achieving further gains in productivity and resilience requires the adoption 

of advanced breeding technologies (Fukushima et al., 2020). The integration of modern 

genomic and biotechnological approaches has become increasingly important for meeting the 

changing demands of rice production. 

Among these approaches, genomic selection enables breeders to utilize genome-wide 

genetic information for predicting breeding performance, thereby improving selection 

efficiency and accelerating the development of high-yielding and stress-resilient rice 

cultivars. Likewise, genome-editing technologies such as CRISPR/Cas9 provide a precise 

means of modifying specific genes, allowing the incorporation of desirable traits including 

drought tolerance and disease resistance (Zhang et al., 2018). 

The application of these advanced technologies in combination with conventional 

breeding methods enhances breeding efficiency and supports the development of improved 

rice varieties. Their integration also promotes sustainable agricultural production by 

increasing productivity, reducing production costs and minimizing environmental impacts. 

Thus, the combined use of conventional and modern breeding approaches provides a 

comprehensive strategy for addressing current and future challenges in rice production while 

contributing to global food security. 

Advances in Rice Breeding 
Molecular Breeding Techniques 

Marker-Assisted Selection (MAS): MAS uses DNA markers linked to specific genes 

(Nadeem et al., 2017) or QTLs controlling desirable traits. This allows breeders to identify 

and select favorable plants at early stages (e.g., seedlings) based on their genotype, rather 

than waiting for trait expression (phenotype) (Collard & Mackill, 2008). Process: Involves (1) 

identifying and validating markers linked to target traits, (2) genotyping breeding populations 

and (3) selecting individuals carrying favorable marker alleles for subsequent crossing.  

Success Examples: MAS has successfully incorporated genes for bacterial blight resistance 

(Xa5, Xa21, Xa13) (Fiyaz et al., 2022), improved drought tolerance using QTLs like 

qDTY1.1 (Ghimire et al., 2012), and refined grain quality traits like fragrance (badh2) 

(Sweeney et al., 2007).  

Quantitative Trait Loci (QTL) 

QTL mapping identifies genomic regions associated with complex, quantitative traits (yield, 

stress tolerance). It involves phenotyping diverse populations and genotyping them (Yano et 

al., 2016) with high-density markers (e.g., SNPs). Statistical analysis links marker variations 

to trait variations, pinpointing QTLs that serve as targets for MAS or further genetic 

investigation. Successful identification and use of QTLs for traits like drought tolerance have 

significantly impacted practical breeding programs. 

Genetic Engineering  

Transgenic approaches: These techniques involve inserting foreign genes (transgenes) or 

modified native genes into the rice genome using methods like Agrobacterium-mediated 

transformation or biolistics (gene gun). This allows for the introduction of traits not readily 

available in the rice gene pool. A prime example is Golden Rice, engineered to produce beta-
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carotene (provitamin A) to combat vitamin A deficiency (Potrykus, 2001; Khush, 2005). 

Other applications include insect resistance (e.g., Bt rice) and herbicide tolerance.  

RNA Interference (RNAi): RNAi utilizes the cell’s natural gene-silencing machinery. 

Introducing double-stranded RNA (dsRNA) corresponding to a target gene triggers the 

degradation of its messenger RNA (mRNA), effectively silencing the gene. In rice, RNAi has 

been used to target genes essential for pathogen virulence or insect pest survival, offering a 

specific and potentially reversible way to enhance resistance with potentially fewer off target 

effects than some other methods (Baulcombe, 2004).  

Genome Editing Technologies  

Genome editing enables precise, targeted modifications (insertions, deletions, substitutions) 

at specific locations in the genome.  

CRISPR/Cas9: 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 fix the break. Nonhomologous end joining (NHEJ) often 

introduces small insertions or deletions (indels), typically leading to gene knockout. 

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. Ongoing research focuses on minimizing potential off-

target mutations through improved gRNA design and delivery methods (Greenwood et al., 

2023).  

Alternative gene editing tools (TALENs, ZFNs): Before CRISPR, tools like Transcription 

Activator-Like Effector Nucleases (TALENs) and Zinc Finger Nucleases (ZFNs) were used 

for targeted genome modification. Both rely on engineered proteins to bind specific DNA 

sequences and cut the DNA. While capable of high specificity, designing and constructing 

these protein-based nucleases is generally more complex and less flexible than the RNA-

guided CRISPR system making CRISPR/Cas9 the preferred tool in many current rice 

research programs.  

High-Throughput Phenotyping and Multi-omics Integration  

Modern breeding benefits immensely from technologies that rapidly measure plant traits 

(phenotyping) and analyze biological molecules on a large scale (omics).  

High-Throughput Phenotyping (HTP): Platforms using sensors, imaging (e.g., RGB, 

thermal, hyperspectral), and automation allow for rapid, non-destructive measurement of 

numerous phenotypic traits (growth rate, plant architecture, stress responses) on large 

populations under controlled or field conditions.  

Multi-Omics: Integrating data from genomics (DNA sequence), transcriptomics, proteomics 

(proteins), RNA and metabolomics (metabolites) provides a holistic view of the biological 

systems underlying traits.  

Integrated Analysis: Combining HTP data with multi-omics datasets using bioinformatics 

and machine learning algorithms helps uncover complex gene-trait relationships, identify 

candidate genes, and predict plant performance, accelerating breeding decisions (Shahzad et 

al., 2021).  

High-Throughput Data Collection (Phenomics, Genomics, Transcriptomics, etc.) -> 

Integrated Data Analysis (Bioinformatics, ML) -> Predictive Modeling & Trait/Gene 

Discovery -> Accelerated Breeding & Crop Improvement.  

Integration of Conventional Breeding and Biotechnology 
Combining the strengths of traditional breeding with modern biotechnology offers a 

powerful, synergistic approach to rice improvement, enhancing speed, precision and 

effectiveness. 

Synergistic Strategies 

Integration leverages the genetic diversity explored through conventional crossing while 

using molecular tools to refine and accelerate the process: 

MAS in Backcrossing: QTLs or genes identified via molecular techniques (Hasan et al., 

2015) can be rapidly introgressed into elite breeding lines using MAS to track the desired 
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alleles during conventional backcrossing, significantly reducing the number of generations 

required. 

Genomic Selection (GS): GS uses genome-wide marker data to predict the breeding value of 

individuals, even before phenotyping. This allows breeders to select superior parents early, 

shortening the breeding cycle and increasing genetic gain per unit time, especially for 

complex traits. GS predictions can complement conventional field evaluations. 

Targeted Trait Introduction: Genome editing (e.g., CRISPR) or transgenesis can introduce 

specific, high-value traits (like novel resistance or nutritional enhancement) directly into elite 

cultivars developed through conventional breeding, bypassing the lengthy process of crossing 

and selection needed to bring in traits from potentially inferior genetic backgrounds. 

Case Studies 

Submergence-Tolerant Rice (Sub1 Varieties): A classic example is the development of 

rice tolerant to flooding. The Sub1A gene, (Emerick & Ronald, 2019) identified through QTL 

mapping, confers tolerance to prolonged submergence. Using marker-assisted backcrossing 

(MABC), researchers efficiently transferred Sub1A into popular, high-yielding varieties 

sensitive to flooding. The resulting ‘Sub1’ varieties maintain yield and quality while gaining 

crucial resilience in flood-prone areas. 

Stacked Insect and Disease Resistance: Conventional breeding identifies lines with inherent 

resistance. Molecular tools help pinpoint the underlying genes/QTLs. Integration allows 

breeders to pyramid (stack) multiple resistance genes-identified through both conventional 

screening and molecular discovery-into a single elite background using MAS or genetic 

engineering, providing broader and more durable resistance than single-gene approaches. 

Challenges, Limitations and Regulatory Aspects 
Technical and Scientific Challenges 

• Off-Target Effects in Genome Editing 

• Complexity of Agronomic Traits 

• Limited Genetic Diversity in Elite Germplasm 

Regulatory and Biosafety Considerations 

• Divergent Global Regulations 

• Biosafety Assessment 

Socioeconomic 

• Public Perception and Farmer Adoption 

• Intellectual Property (IP) Rights 

• Equity and Access 

Conclusion 
Advances in plant genomics have transformed rice improvement by enabling precise 

identification and utilization of beneficial genes for yield, quality and stress tolerance. The 

integration of genomics with modern breeding tools is accelerating the development of 

climate-resilient and high-performing rice varieties. As genomic technologies continue to 

evolve, they will play a pivotal role in ensuring sustainable rice production and strengthening 

global food security. 

References 
1. Bajpai, A. & Singh, Y. (2010). Study of quality characteristics of some small and medium 

grained aromatic rices of Uttar Pradesh and Uttarakhand. Agric. Sci. Digest., 30(4), 241-

245. 

2. Baulcombe, D. (2004). RNA silencing in plants. Nature., 431(7006), 356-363. 

3. Collard, B. C. & Mackill, D. J. (2008). Marker-assisted selection: An approach for 

precision plant breeding in the twenty-first century. Philosophical Transactions of the 

Royal Society B., 363(1491), 557-572. 

4. Emerick, K., & Ronald, P. C. (2019). Sub1 Rice: Engineering Rice for Climate Change. 

Cold Spring Harbor perspectives in biology., 11(12), a034637. 



Makwana et al. (2026) Agri Magazine, 03(09 ): 736-740 (SEP , 2026)     

Agri Magazine ISSN: 3048-8656 Page 740 

5. Fiyaz, R. A., Shivani, D., Chaithanya, K., Mounika, K., Chiranjeevi, M., Laha, G. S., 

Viraktamath, B. C., Subba Rao, L. V. & Sundaram, R. M. (2022). Genetic Improvement 

of Rice for Bacterial Blight Resistance: Present Status and Future Prospects. Rice 

Science., 29(2), 118-132. 

6. Fukushima, A., Kusano, M., Redestig, H., Arita, M. & Saito, K. (2020). Integrated omics 

approaches in plant systems biology. Current Opinion in Chemical Biology., 24, 26-34. 

7. Ghimire, K. H., Quiatchon, L. A. & Vikram, P. (2012). Application of marker-assisted 

selection for introgression of drought QTLs into upland rice. Euphytica., 187(1), 113-125. 

8. Greenwood, J. R., Zhang, X. & Rathjen, J. P. (2023). Precision genome editing of crops 

for improved disease resistance. Current Biology., 33(11), R650-R657. 

9. Hasan, M. M., Rafii, M. Y., Ismail, M. R., Mahmood, M., Rahim, H. A., Alam, M. A.  & 

Latif, M. A. (2015). Marker-assisted backcrossing: a useful method for rice improvement. 

Biotechnology & Biotechnological Equipment., 29(2), 237-254. 

10. Khush, G. S. (2005). What it will take to feed 5 billion rice consumers in 2050. Plant 

Molecular Biology., 59(1), 1-6. 

11. Nadeem, M. A., Nawaz, M. A., Shahid, M. Q., Doğan, Y., Comertpay, G., Yıldız, M. & 

Labhane, N. (2018). DNA molecular markers in plant breeding: current status and recent 

advancements in genomic selection and genome editing. Biotechnology & 

Biotechnological Equipment., 32(2), 261-285. 

12. Potrykus, I. (2001). Golden Rice and beyond. Plant Physiology., 125(3), 1157-1161. 

13. Shahzad, R., Jamil, S., Ahmad, S., Nisar, A., Kanwal, S., Atif, R. M., Iqbal, M. Z., Ali, 

Z., Ghazy, A. I. & Khan, A. A. (2021). Omics approaches for improving abiotic stress 

tolerance in rice: recent advances and future prospects. In T. Aftab & K. R. Hakeem 

(Eds.), Frontiers in Plant-Soil Interaction., pp. 199-220. 

14. Singh, Y. & Singh, U. S. (2008). Genetic diversity analysis in aromatic rice germplasm 

using Agro-morphological traits. J. Plant Genet. Resour., 21(1), 37-42.  

15. Sweeney, M. T., Thomson, M. J., Pfeil, B. E. & McCouch, S. R. (2007). Caught red-

handed: Rc encodes a basic helix-loop-helix protein conditioning red pericarp in rice. 

Plant Cell., 19(1), 131-140. 

16. Thiruppathi, A., Salunkhe, S. R., Ramasamy, S. P., Palaniswamy, R., Rajagopalan, V. R., 

Rathnasamy, S. A. & Muthurajan, R. (2024). Unleashing the Potential of CRISPR/Cas9 

Genome Editing for Yield-Related Traits in Rice. Plants., 13(21), 2972. 

17. Yano, K., Yamamoto, E., Aya, K., Takeuchi, H., Lo, P. C., Hu, L. & Matsuoka, M. 

(2016). Genome-wide association study using whole-genome sequencing rapidly 

identifies new genes influencing agronomic traits in rice. Nature Genetics., 48(8), 927-

934. 

18. Zhang, H., Zhang, J., Wei, P., Zhang, B., Gou, F. & Feng, Z. (2021). The CRISPR/Cas9 

system: A powerful technology for crop improvement. Current Opinion in Plant Biology., 

30, 80-87. 

19. Zhang, Y., Zhang, Q. & Zhu, J. (2018). Genome editing for crop improvement. Nature 

Biotechnology., 36(10), 1045-1050. 


