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Abstract
Modern plant breeding faces unprecedented challenges driven by climate change, population growth, and the demand for sustainable 

agriculture. While traditional breeding and molecular marker technologies have significantly advanced crop improvement, the 

integration of high-throughput omics approaches provides new opportunities to accelerate genetic gains. Transcriptomics and 

metabolomics, in particular, serve as powerful complementary tools to unravel gene expression patterns and metabolic networks 

underlying complex agronomic traits. Transcriptomics reveals regulatory pathways through genome-wide gene expression profiling, 

while metabolomics captures the biochemical end-products of these processes, offering a direct link between genotype and phenotype. 

Together, these tools enable breeders to identify candidate genes, biomarkers, and metabolic signatures associated with stress 

tolerance, yield stability, and nutritional quality. This review highlights the applications of transcriptomics and metabolomics in plant 

breeding, including stress-resilience improvement, nutritional enhancement, and marker discovery. It further discusses integrative 

frameworks such as multi-omics analysis, systems biology, and machine learning to translate omics data into practical breeding 

pipelines. Challenges such as high costs, data complexity, and limited field validation are acknowledged, alongside future prospects for 

precision breeding and climate-resilient agriculture.
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1. Introduction

The twenty-first century presents critical challenges for global agriculture, including climate variability, biotic and abiotic 

stresses, land degradation, and the need to feed an ever-growing population. Traditional breeding approaches have delivered 

remarkable success in developing improved crop varieties, but they are often time-consuming and limited in their ability to 

dissect complex traits governed by multiple genes and environmental interactions. Molecular marker technologies such as 

quantitative trait loci (QTL) mapping and genome-wide association studies (GWAS) have improved breeding precision, yet they 

provide only partial insights into the dynamic regulation of plant traits [2], omics technologies have emerged as transformative 

tools. Among them, transcriptomics and metabolomics are particularly promising because they capture different but 

interconnected layers of plant biology. Transcriptomics offers a snapshot of gene activity, revealing the networks that regulate 

physiological responses [2]. Metabolomics, on the other hand, identifies the small-molecule metabolites that act as functional 

intermediates and final products of gene expression, thus linking genotype to phenotype more directly. By combining these two 

approaches, breeders can obtain a holistic understanding of trait architecture, enabling the identification of novel biomarkers 

and breeding targets.This review discusses the role of transcriptomics and metabolomics in modern breeding programs, their 

integration with other omics and breeding tools, key applications in stress resilience and nutritional quality, and the future 

prospects of these technologies in precision agriculture.
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Table 2. Applications of Metabolomics in Plant Breeding

Table 3. Integration of Transcriptomics and Metabolomics in Breeding Pipelines

2. Transcriptomics in Plant Breeding

Transcriptomics, the study of RNA transcripts, provides 

insights into gene activity under specific developmental 

stages or environmental conditions [3].

2.1 Applications in Stress Tolerance

• Abiotic stress: Transcriptome profiling has identified 

drought-responsive genes such as  dehydrins, 

aquaporins, and transcription factors (e.g., DREB, NAC). 

These markers help breeders target genetic variation for 

stress tolerance.

• Biotic stress: Pathogen-induced transcriptome shifts 

reveal resistance genes, secondary metabolite pathways, 

and defense-related transcriptional regulators.

2.2 Yield and Developmental Traits

Transcriptome studies reveal gene expression patterns linked 

to flowering time, grain filling, and biomass accumulation. 

For example, differential expression of starch biosynthesis 

genes in cereals has been used to enhance yield stability [4].

2.3 Marker Discovery

RNA-sequencing facilitates the discovery of single 

nucleotide polymorphisms (SNPs) and expression QTLs 

(eQTLs), which can be used in marker-assisted or genomic 

selection.

3. Metabolomics in Plant Breeding

Metabolomics analyzes plant metabolites, the biochemical 

products that reflect both genetic makeup and environmental 

influences.

3.1 Nutritional Enhancement

Metabolite profiling has been widely applied to improve crop 

nutritional quality. For instance, carotenoids and flavonoids 

have been metabolically engineered in maize and tomato for 

biofortification.

3.2 Stress-Related Metabolites

Compatible solutes (proline, glycine betaine), antioxidants, 

and secondary metabolites (phenolics, alkaloids) are key 

metabolic markers of abiotic and biotic stress responses. 

Their identification enables breeding of stress-resilient 

cultivars [5].

3.3 Quality Traits

Metabolomics supports the improvement of flavor, aroma, 

and postharvest quality. For example, sugar and volatile 

compound profiling in fruits informs breeding programs for 

consumer-preferred varieties [6].

4. Integrating Transcriptomics and Metabolomics

Individually, transcriptomics and metabolomics provide 

valuable insights into plant biology, but their integration 

creates a powerful framework for modern breeding programs. 

Together, they enable researchers to move beyond single-

layer observations and gain a systems-level understanding of 

how genes, pathways, and metabolites interact to shape 

complex agronomic traits.One important application is 

systems biology, where transcript and metabolite data are 

jointly analyzed to uncover regulatory gene–metabolite 

networks [7]. For instance, correlation analyses have revealed 

how drought-induced transcription factors influence the 

biosynthesis and accumulation of metabolites such as proline 

and antioxidants, which act as protective molecules under 

stress. Such network-based approaches identify both 

upstream regulators and downstream metabolic signatures, 

offering dual entry points for targeted breeding.

The use of multi-omics pipelines has further expanded the 

scope of plant improvement. By integrating transcriptomics, 

metabolomics, and genomic approaches such as genome-

wide association studies (GWAS) and quantitative trait loci 

(QTL) mapping, researchers can identify not only causal 

genes but also the biochemical pathways that directly 

influence stress tolerance, yield stability, or nutritional 

quality [8]. This holistic perspective provides a stronger 

foundation for marker development and candidate gene 

validation compared to single-omics studies, machine 

learning and artificial intelligence tools are increasingly 

being employed to handle the complexity of multi-omics 

datasets. Predictive models trained on transcriptomic and 

metabolomic signatures can forecast phenotypic outcomes 

such as yield under drought or nutrient efficiency. These 

computational approaches enhance the precision of breeding 

decisions, helping breeders prioritize genotypes with the 

greatest potential for field success.
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editing promise to overcome these barriers. Ultimately, the 

strategic use of transcriptomics and metabolomics will be 

essential to developing resilient, nutritious, and high-

yielding crop varieties capable of sustaining global food 

security in a changing climate.

5. Challenges in Applying Omics to Breeding

Despite the promise, several limitations hinder widespread 

adoption:

• Cost and infrastructure: High-throughput sequencing 

and metabolite profiling remain expensive for large-

scale breeding programs.

• Data complexity: Multi-omics datasets are large and 

computationally demanding, requiring bioinformatics 

expertise.

• Environment-dependent variation: Gene expression 

and metabolite accumulation vary under different 

conditions, complicating reproducibility.

• Field validation gap: Many discoveries remain at the 

laboratory stage, with limited translation into real-

world breeding pipelines [9].

6. Future Perspectives

Future advancements in plant breeding will increasingly rely 

on the seamless integration of omics technologies with field-

level applications. One of the most promising directions is 

the development of high-throughput phenotyping systems 

that can be directly linked with transcriptomic and 

metabolomic datasets, enabling faster and more precise 

selection of superior genotypes. To ensure the practical value 

of omics-based discoveries, greenhouse-to-field pipelines 

will play a central role in validating transcriptomic and 

metabolic markers under realistic agricultural conditions 

[10]. At the molecular level, CRISPR-Cas genome editing 

offers an unprecedented opportunity to functionally validate 

candidate genes identified through omics approaches, 

thereby bridging the gap between discovery and application. 

Moreover, the future of plant breeding lies in pan-omics 

platforms, where transcriptomics, metabolomics, 

proteomics, and epigenomics are analyzed collectively to 

capture the full complexity of plant responses to 

environmental challenges. To handle the vast datasets 

generated by these platforms, artificial intelligence and 

machine learning models will become indispensable, 

transforming raw omics data into actionable breeding targets 

with predictive accuracy [11]. Together, these innovations 

will not only accelerate crop improvement but also ensure 

that modern breeding strategies remain sustainable, 

resilient, and adaptive to climate change.

7. Conclusion

Transcriptomics and metabolomics have emerged as 

transformative tools in modern plant breeding, bridging the 

gap between genotype and phenotype. Transcriptomics 

provides a window into regulatory networks, while 

metabolomics reflects the biochemical fingerprints of plant 

adaptation and productivity. 

When integrated, these approaches enhance the ability to 

identify biomarkers, dissect complex traits, and accelerate 

crop improvement. While challenges related to cost, data 

management, and field validation remain, advances in 

computational biology, systems integration, and genome 
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