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INTRODUCTION 

Agriculture is the foundation of food security, rural 

livelihoods and economic development across the world. It 

provides food, fibre, feed, industrial raw materials and 

employment to a substantial proportion of the global 

population. During the last century, advances in plant 

breeding, irrigation, fertilizers, crop protection and 

mechanization resulted in considerable improvements in 

agricultural productivity. Among these developments, plant 

breeding has remained one of the most important scientific 

approaches for improving the genetic potential of crops. 

Conventional breeding methods have produced varieties with 

increased yield, improved quality, resistance to insects and 

diseases, shorter duration and adaptation to diverse agro-

climatic conditions. However, the agricultural sector is now 

facing increasingly complex challenges that cannot always be 

addressed through conventional breeding alone. 
 

2. Evolution of Plant Breeding 

Plant breeding originated with the selection practices of early 

farmers. Farmers traditionally selected plants with desirable 

characteristics such as large seeds, better taste, improved 

adaptation, greater productivity and resistance to 

environmental conditions. Repeated selection over 

generations resulted in domestication and diversification of 

major agricultural crops. Although early selection was largely 

empirical, it provided the genetic foundation for modern 

agriculture 

 The scientific development of plant breeding 

accelerated following the rediscovery of Mendel's principles 

of inheritance. Understanding the segregation and inheritance 

of traits enabled breeders to make controlled crosses between 

selected parents. Pedigree selection, bulk breeding, backcross 

breeding, recurrent selection and hybrid breeding 

subsequently became important approaches for improving 

crop characteristics. The development of hybrid varieties 

demonstrated the potential of exploiting heterosis to increase 

crop productivity. 
 

 

 

 

http://sunshineagriculture.vitalbiotech.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


 

 

Copyright © Aug., 2026; Sunshine Agriculture                                                                                                    56 

 

3. Need for Advanced Plant Breeding 

The need for advanced plant breeding has 

increased because many important agricultural 

traits are complex and controlled by numerous 

genes. Traits such as grain yield, drought 

tolerance, heat tolerance, nutritional quality and 

water-use efficiency are influenced by multiple 

genes and environmental factors. Conventional 

phenotypic selection can be inefficient for such 

traits because the performance of a genotype 

may vary considerably between locations and 

seasons. 

 Climate change has further increased 

the need for resilient crop varieties. A crop 

variety developed under historical 

environmental conditions may not perform 

effectively under future climatic conditions. 

Therefore, breeders increasingly need to 

consider genotype × environment interactions 

and identify varieties that maintain stable 

productivity across diverse environments. 
 

4. Genetic Resources and Pre-Breeding 

Genetic diversity represents the fundamental 

raw material for plant breeding. Crop varieties, 

landraces, wild relatives and other germplasm 

contain genes that may provide resistance to 

pests and diseases, tolerance to drought and 

salinity, improved nutritional quality and 

adaptation to diverse environmental conditions. 

However, much of the useful genetic diversity 

remains underutilized because breeders may 

have limited information about the traits and 

genes present in germplasm collections. 
 

5. Molecular Marker-Assisted Breeding 

Molecular marker-assisted breeding is one of 

the most established applications of 

biotechnology in crop improvement. Molecular 

markers are identifiable DNA variations that 

can be associated with particular genes or 

genomic regions. When a marker is closely 

linked to a desirable trait, breeders can use it to 

select plants carrying the target allele. 

Marker-assisted selection is 

particularly useful for traits controlled by major 

genes. Disease resistance genes, certain quality 

characteristics and specific stress-resistance 

genes can often be efficiently transferred using 

marker-assisted selection. Marker-assisted 

backcrossing is widely used for transferring 

specific genes into elite varieties while 

retaining most of the genetic background of the 

recipient parent. 
 

6. Quantitative Trait Loci Mapping and 

Genome-Wide Association Studies 

Quantitative trait loci are genomic regions 

associated with variation in quantitative 

characteristics. QTL mapping has been widely 

used to identify genomic regions controlling 

yield, flowering time, plant height, stress 

tolerance, disease resistance and nutritional 

characteristics. Once important genomic 

regions are identified, molecular markers 

associated with these regions can be used in 

breeding programmes. 

Genome-wide association studies 

provide another important approach for 

identifying genes associated with complex 

traits. GWAS uses genetic variation present 

within diverse populations and statistically 

examines relationships between DNA markers 

and phenotypic traits. The approach can 

provide high-resolution information because 

historical recombination has already occurred 

within diverse populations. 
 

7. Genomic Selection 

Genomic selection has emerged as a major 

component of modern plant breeding. Unlike 

marker-assisted selection, which generally 

focuses on markers linked to specific genes, 

genomic selection uses genome-wide marker 

information to predict the genetic breeding 

value of individuals. The approach is 

particularly valuable for complex traits 

controlled by many genes. 

A genomic selection programme 

generally involves a training population 

containing individuals for which both genotype 

and phenotype information are available. 

Statistical models are developed to estimate the 

relationship between genome-wide marker 

profiles and observed phenotypes. The 

resulting model is then applied to breeding 
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candidates for which genomic information is 

available. Individuals with high predicted 

breeding values can be selected before 

extensive phenotypic evaluation. 
 

8. Speed Breeding 

Speed breeding is an innovative approach 

designed to reduce the time required to 

complete plant generations. The technique uses 

controlled environmental conditions involving 

optimized photoperiod, temperature, light 

intensity and plant management. Under 

appropriate conditions, several generations can 

be produced within a single year for certain 

crops. 

The reduction in generation time is 

extremely valuable because conventional 

breeding may require several years to produce 

sufficient generations for trait fixation. Speed 

breeding can be combined with genomic 

selection so that plants are genotyped and 

selected early and rapidly advanced to 

subsequent generations. 
 

9. High-Throughput Phenotyping 

Although genomic technologies have advanced 

rapidly, accurate phenotyping remains essential 

for successful breeding. High-throughput 

phenotyping addresses this challenge by using 

automated systems to measure large numbers of 

plants rapidly and objectively. 

Imaging technologies can measure plant height, 

canopy structure, leaf area, biomass, disease 

symptoms and developmental characteristics. 

Thermal imaging can provide information 

about canopy temperature and plant water 

status, while hyperspectral imaging can detect 

biochemical and physiological changes that 

may not be visible to the human eye. 
 

10. Genotype × Environment Interaction 

and Envirotyping 

One of the major challenges in crop breeding is 

genotype × environment interaction. Genotypes 

may respond differently to changes in 

temperature, rainfall, soil moisture, nutrient 

availability and other environmental 

conditions. Consequently, a variety that 

performs exceptionally well in one location 

may perform poorly in another. 

Envirotyping provides a systematic 

approach for characterizing the environmental 

conditions experienced by plants. Information 

regarding temperature, rainfall, solar radiation, 

humidity, soil moisture and soil characteristics 

can be integrated with genotype and phenotype 

data. 
 

11. Genetic Transformation 

Genetic transformation involves introducing 

foreign or modified genetic material into plant 

cells and subsequently regenerating plants 

carrying the desired genetic construct. 

Agrobacterium-mediated transformation and 

particle bombardment are among the 

commonly used transformation approaches. 

Transgenic technology has enabled the 

development of crops with insect resistance, 

herbicide tolerance and modified nutritional or 

quality characteristics. Insect-resistant cotton 

expressing Bacillus thuringiensis proteins is an 

important example of biotechnology-based 

crop improvement. 
 

12. RNA Interference 

RNA interference is a biological mechanism 

through which specific RNA molecules 

suppress the expression of target genes. In plant 

biotechnology, RNAi has been investigated for 

controlling viruses, insects and diseases and for 

modifying specific metabolic pathways. 

RNAi-based approaches can potentially reduce 

the expression of genes required by pathogens 

or insect pests. They can also be used to modify 

plant quality characteristics and metabolic 

composition. 
 

13. CRISPR/Cas Genome Editing 

CRISPR/Cas technology represents one of the 

most important advances in modern 

biotechnology. The CRISPR system uses guide 

RNA to direct a Cas protein towards a specific 

DNA sequence. The target DNA can then be 

modified through cellular DNA-repair 

mechanisms. 



 

 

Copyright © Aug., 2026; Sunshine Agriculture                                                                                                    58 

 

CRISPR technology has several 

advantages over conventional breeding because 

it allows targeted modification of specific 

genomic regions. It can be used to disrupt 

susceptibility genes, modify regulatory regions 

or introduce changes associated with desirable 

traits. 
 

14. Prime Editing 

Prime editing represents another important 

development in genome engineering. It 

provides the possibility of making precise 

substitutions, insertions and deletions at 

selected genomic sites. Compared with 

conventional CRISPR/Cas approaches, prime 

editing provides greater flexibility in the type of 

genetic modification that can be introduced. 

Prime editing has considerable 

potential for crop improvement because many 

important traits are associated with specific 

allelic variations rather than complete loss of 

gene function. The technology could therefore 

allow breeders to reproduce favourable alleles 

more precisely. 

Although prime editing remains technically 

challenging in many plant species, continuing 

improvements in editing efficiency and 

delivery systems are expected to increase its 

application in crop breeding. 
 

15. Multi-Omics Approaches 

Modern crop improvement increasingly 

integrates multiple biological data types. 

Genomics provides information about DNA 

variation, transcriptomics measures gene 

expression, proteomics examines proteins and 

metabolomics identifies biochemical 

compounds. Epigenomics provides information 

about regulatory changes associated with gene 

expression. 

Integration of these data sources can 

help researchers understand the molecular 

mechanisms underlying complex traits. For 

example, a drought-tolerant genotype may 

exhibit particular DNA variants, increased 

expression of stress-related genes, altered 

protein abundance and accumulation of specific 

metabolites. 

Multi-omics approaches can therefore 

help identify candidate genes and pathways for 

subsequent validation through molecular 

breeding or genome editing. 
 

16. Artificial Intelligence in Plant Breeding 

The increasing volume of genomic, phenotypic 

and environmental data has created 

opportunities for artificial intelligence and 

machine learning. These technologies can 

identify patterns within large datasets and 

support breeding decisions. 

Machine-learning algorithms can be 

used for genomic prediction, disease 

classification, yield prediction, genotype 

ranking and image-based phenotyping. Deep-

learning approaches are particularly useful for 

analyzing large numbers of crop images 

generated by drones and automated 

phenotyping systems. 

Artificial intelligence can also assist 

breeders in identifying promising parental 

combinations. In the future, breeding 

programmes may use integrated platforms in 

which genomic information, phenotypic data 

and environmental information are analyzed 

simultaneously to predict the performance of 

potential crosses. 
 

17. Biotechnology for Climate-Resilient 

Crops 

Climate-resilient crop development has become 

a major priority in agricultural research. 

Drought, heat, salinity and flooding can 

substantially reduce crop productivity. 

Conventional breeding has produced varieties 

with varying levels of tolerance, but 

biotechnology can accelerate the identification 

and manipulation of genes involved in stress 

responses. 

Drought tolerance may involve 

changes in root architecture, stomatal 

regulation, osmotic adjustment and water-use 

efficiency. Heat tolerance may involve 

improved pollen viability, reproductive 

stability, membrane integrity and antioxidant 

defence. Salinity tolerance may involve 

improved ion exclusion, ion 

compartmentalization and osmotic regulation. 
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Because these traits are generally 

complex, effective improvement requires 

integration of genomics, physiology, 

phenotyping and environmental 

characterization. 
 

18. Nutritional Improvement and 

Biofortification 

Agricultural productivity must be accompanied 

by nutritional security. Micronutrient 

deficiencies remain important public-health 

concerns, particularly in populations dependent 

on staple crops. 

Biofortification aims to increase the 

concentration or bioavailability of nutrients 

such as iron, zinc, provitamin A and protein in 

staple food crops. Conventional breeding and 

molecular marker-assisted selection have 

already contributed to biofortification 

programmes. 

Biotechnology can further modify 

genes involved in nutrient synthesis, transport 

and storage. Genome editing may enable 

precise modification of metabolic pathways 

associated with nutritional characteristics. 

Therefore, future crop varieties can potentially 

combine high productivity with improved 

nutritional value. 
 

19. Challenges and Limitations 

Despite its considerable potential, advanced 

plant breeding faces several challenges. 

Genome editing and multi-omics technologies 

require specialized infrastructure and technical 

expertise. Transformation efficiency varies 

among species and genotypes, making some 

crops difficult to modify. Complex traits such 

as yield and drought tolerance are influenced by 

many genes and environmental factors and 

cannot always be improved by modifying a 

single gene. 

High-throughput phenotyping and 

controlled-environment facilities can require 

substantial investment. Genomic prediction 

also requires large and representative training 

populations. Regulatory frameworks for 

genetically modified and genome-edited crops 

vary between countries, creating uncertainty 

regarding technology deployment. 
 

20. Future Prospects 

The future of crop improvement will 

increasingly involve the convergence of 

biotechnology, genomics, artificial 

intelligence, robotics and digital agriculture. 

Genomic selection is expected to become more 

accurate as larger datasets become available. 

Pangenomics will provide increasingly 

comprehensive representations of crop genetic 

diversity. Speed breeding will reduce 

generation intervals, while high-throughput 

phenotyping will improve the speed and 

accuracy of field evaluation. 

CRISPR-based technologies are also 

expected to become increasingly precise. Base 

editing and prime editing may allow breeders to 

introduce specific favourable alleles rather than 

simply disrupting genes. De novo 

domestication could expand the range of crops 

available for agriculture by converting wild 

plants with useful stress tolerance into 

productive crop types. 

 

CONCLUSION 

Advanced plant breeding and biotechnology are 

transforming the traditional process of crop 

improvement into a faster, more precise and 

data-driven system. Conventional breeding 

remains the foundation of crop improvement, 

but the integration of molecular markers, 

genomics, genomic selection, speed breeding, 

high-throughput phenotyping, pangenomics, 

multi-omics and genome editing has 

significantly expanded the ability of breeders to 

develop improved varieties. 

Genomic selection provides 

opportunities to accelerate genetic gain for 

complex traits, while speed breeding reduces 

generation intervals. High-throughput 

phenotyping enables large populations to be 

evaluated rapidly, and pangenomics expands 

the genetic diversity available for breeding. 

CRISPR/Cas, base editing and prime editing 

provide unprecedented opportunities for 

targeted genetic modification. 


