


Review Article
Integrated multi-omics approach for the enhancement of secondary physiological traits to develop abiotic stress tolerance in cereal breeding.


Abstract: 
Abiotic stresses, particularly salinity, drought, and heat, pose severe threat to the productivity of major cereal crops, threatening global food security at a time when climate variability is intensifying. Conventional yield-based selection strategies have proven inadequate under these conditions, largely owing to the complexity of genotype × environment interactions that hide the true genetic potential of stress-tolerant lines. Consequently, attention has shifted toward secondary physiological traits as more dependable for stress adaptation. In rice, sodium exclusion capacity and sustained stomatal conductance have been closely associated with salinity tolerance, while in wheat, reduced canopy temperature and high stomatal conductance serve as meaningful markers of drought resilience and yield stability. In sorghum, stay-green lines demonstrate a remarkable capacity to sustain photosynthetic activity under water-deficit conditions, and in maize, reduced anthesis-silking interval alongside stay-green phenotypes confers a measurable advantage under drought stress.
Complementing these physiological insights, multi-omics approaches have substantially advanced our mechanistic understanding of stress adaptation at the molecular and metabolic levels. Metabolomic profiling of wheat and rice under drought conditions has revealed consistent patterns of soluble sugar and osmoprotectant accumulation, while genome-wide association studies and quantitative trait locus mapping have successfully pinpointed genomic regions governing stress-responsive phenotypes. When these molecular tools are coupled with high-throughput phenotyping platforms, the resulting framework offers both precision and scalability in breeding programmes. Collectively, this integrated strategy holds considerable promise for accelerating the development of climate-resilient grain varieties, stabilising crop yields under environmental adversity, and ultimately reducing the vulnerability of agricultural systems to the growing pressures of a changing climate.
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I. Introduction:
Global food systems run on cereal crops. However, abiotic stresses such as drought, salinity, heat, cold, and soil toxicity are reducing the productivity of these crops. These environmental constraints interfere with physiological processes, such as photosynthesis, nutrient absorption, and metabolic activities, eventually reduce crop production and stability (Roychowdhury et al., 2023). The increased climatic variability has also led to an amplification of stressors in agricultural systems across the world (Koshariya, 2022). According to Food and Agriculture Organisation (FAO) 2025 estimates indicate that 40% of the land is already degraded, affecting 3.2 billion people and posing challenges for biodiversity and global food security. 
Abiotic stresses cause both acute and sub-acute responses; the former is a case where cell death is a direct effect (ROS accumulation), and the latter is a case where the crop prepares to respond to the stress by epigenetic memory (Atta et al., 2023; Ganie et al., 2024). Sub-acute stress, i.e. DNA methylation, histone changes, and chromatin rearrangements that do not change the main sequence of the DNA but have a strong impact on the transcriptional plasticity of the plant (Singh et al., 2021). 
One such case of sub-acute responses where salinity stress causes RNA-directed DNA methylation (RdDM) in Zea mays (Maize), which has been dispersed through the germline and is mediated by the KTF1 protein (Wang et al., 2025). Unlike the progeny of naive parents, this offer progeny with a pre-stressed epigenetic configuration, which is defined by enhanced salt rejection, and increased biomass growth in saline habitats (Wang et al., 2025; Atta et al., 2023). These findings indicate the significance of sub-acute stress as a signal to resilience and phenotypic response in unpredictable ecosystems.
Recent studies in both legumes and cereals have revealed that heat and drought stress break the sink-source relationship, as the plant is no longer able to produce enough sucrose for the growing grain, resulting in lower grain weight and number        (Sukumaran et al., 2021; Jha et al., 2021). Abiotic stresses often co-exist in a natural environment due to the interdependent nature of their pathways, influencing crops' physiological, metabolic, and cellular processes (Sachdev et al., 2021) cause of the interdependency of their pathways.
Conventionally, breeding programs have been based on grain yield-based selection. Nevertheless, yield is a multifaceted quantitative trait that strongly depends on environmental variability, so it cannot be considered an important selection criterion during stress periods (Raffo and Jensen, 2023). To address these limitations, plant breeders are using secondary physiological traits that provide indirect evidence of stress tolerance. 
Recent developments in molecular biology have improved crop enhancement through integration with multi-omics technologies. Such methods enable the discovery of genetic variation, gene expression patterns, protein-protein interactions, and stress-related metabolic pathways. Such datasets can be integrated to elucidate the regulation of complex networks underlying plant adaptation to abiotic stress and to produce climate-resilient cereal crops (Roychowdhury et al., 2023; Satrio et al., 2024). A new era of omics-assisted breeding, combining multi-omics approaches for specific abiotic stress tolerance with genome-assisted breeding (GAB) to improve crop yield, quality, and related agronomic traits (Roychowdhury et al., 2023). A successful approach for recognising the biochemical basis of stress adaptation is metabolite profiling across species and cultivars with different levels of stress tolerance (Raza, 2020). Variations in metabolite composition can be used as markers for stress tolerance and represent the physiological state (Carrera et al., 2021). Therefore, these metabolite profiles can be employed as predictive biomarkers in crop development and screening, especially for identifying genotypes that are resistant to stress (Mashabela et al., 2023). Additionally, this method makes it possible to identify qualitative and quantitative variations in metabolites linked to phenotypes that are stress-tolerant (Salam et al., 2023). For example, comparative metabolomic analysis of drought-tolerant and sensitive genotypes of rice (Oryza sativa L.) has revealed that the tolerant genotypes accumulate more osmo-protectants, such as proline, soluble sugars, and amino acids, which aid in osmotic adjustment and cellular protection under stress (Głuchowska et al., 2025).
II. Theoretical Framework of Secondary Traits
The secondary physiological characteristics are significant in enhancing the effectiveness of selection in breeding crops. These characteristics are not directly related to yield, but they offer desirable data on plant adaptation to environmental stress. The trait should be of breeding value since it should have a medium to high level of heritability and should positively correlate with grain yield in a stress environment, stable and non-destructive (Wang et al., 2022). Traits like canopy temperature depression (CTD) and stomatal conductance are common since they exhibit high correlations with plant water status and water transpiration efficiency (Lepekhov, 2022).
Physiological breeding, a theoretically based concept of ideotype breeding. Under this concept, breeders construct an ideal plant type that has a given set of characteristics that result in productivity under given environmental conditions. As an example, ideotypes of drought-resistant cereals often have a deep root system, water efficiency, and late leaf senescence (Djanaguiraman et al., 2024). The other factor of significance is the economic viability of the measurement of physiological characteristics. Some of the traits may demand advanced technology, but others are measurable with relatively basic methods, hence making them appropriate in a large-scale breeding program (Raffo and Jensen, 2023). 
Through the integration of omics technology, breeders can target the underlying molecular drivers of resilience, such as reduced anthesis-silking intervals (ASI) in maize, osmotic adjustment in wheat, and sodium exclusion in rice, rather than just measuring surface-level traits like yield (Langridge & Reynolds 2021). In order to compute Genomic Estimated Breeding Values (GEBVs), this multi-layered data is combined using strong predictive frameworks such as GBLUP and Bayesian Alphabet models, which take into consideration the high-dimensional nature of omics data (Varshney et al., 2021).

2.1. Water-Relations and Cooling Traits
Water-related physiological traits provide critical information about plant adaptation to drought and heat stress conditions.
[bookmark: _Toc223989346]Canopy Temperature Depression
Canopy temperature depression (CTD) is the variation between ambient air temperature and plant canopy temperature. Plants with the ability to keep the canopy cooler usually are more efficient in transpiration and access water more easily through the soil (Lepekhov, 2022). This attribute has been a popular tool in wheat breeding programs to select drought-tolerant genotypes. Radiation, wind speed, and soil moisture availability are some of the environmental conditions that impact CTD. Research has indicated that wheat genotypes that have low heat stress canopy temperatures tend to give better grain yields than relatively vulnerable genotypes (Wang et al., 2022). CTD values exhibited a significant correlation with yield under drought and heat stress in a large scale of experiments (Sohail et al., 2020). A simple linear regression is revealed through (Kaur et al., 2018), wherein if CTD decreases by 1 °C, the yield declines by 1.5 and 1.7 q/ha. Wheat research has also demonstrated a strong correlation between increased grain counts and yield stability and a cooler canopy during the reproductive stage (Yildirim, M. et al. 2008). In rice systems, through the evidential work of  (Tian et al. 2024), the heat-tolerant varieties maintained lower canopy temperature and higher stomatal conductance, which reveals that canopy temperature is likely the most reliable indicator for rice crop to withstand heat.
[bookmark: _Toc223989347]Stomatal Conductance
Stomatal conductance controls the exchange of gases between the atmosphere and the plant leaves. The stomata are controlled in an efficient manner, so plants can photosynthesise and lose little water (Zhang et al., 2023). Stomatal reactions vary between leaves and reproductive structures in rice crop during drought, which emphasises the complexity of the physiological traits under the stress condition (Zhang et al., 2023). Genotypes of wheat that experience drought stress at low canopy temperature exhibit enhanced yield because of an efficient process of transpiration, whereas rice genotypes that experience water shortage have regulated stomatal conductance (Lepekhov, 2022; Zhang et al., 2023). Through studies conducted by (El Sabagh et al., 2017) under drought stress, it was concluded that stomatal conductance is closely connected with grain yield, indicating better grain output and can be used as a selection criterion to identify the drought stress genotypes in maize under Mediterranean conditions. A study conducted by the US Department of Energy to investigate the transcriptome approach for drought on Sorghum, findings state that nearly 44% of the genome is responsive to drought, and the increased level of photosynthetic gene up-regulation and chlorophyll maintenance during recovery distinguish pre-flowering tolerant lines  from the rest (Varoquaux et al., 2019).
[bookmark: _Toc223989348]Through the Nested Near Isogenic Lines (NIL), an integrative approach of Genome Wide Association Studies (GWAS) and Transcription Wide Association Studies (TWAS) in maize demonstrated an association between cuticle conductance and ISTL1 (Increased Salt Tolerance-Like1) and proved that wax chemistry (fatty acids, aldehydes) drives cuticular water permeability rather than just cuticle thickness or stomatal structure, providing insights into future cereal breeding (Lin et al., 2022). Studies by (Ouyang et al. 2017) on rice and wheat explains that transpiration efficiency is governed by the balance of stomatal conductance (gs) and mesophyll conductance (gm). To measure the gas exchange, a fluorescence chamber head (Li-Cor 6400XT; USA) and chlorophyll fluorescence were used at three levels of moisture content, suggesting that for improved water use efficiency, in rice, the ratio of gm/gs should be made to higher levels under drought conditions. 
2.2 Photosynthetic Stability and Pigment Traits
Photosynthesis is highly sensitive to environmental stress. Therefore, maintaining photosynthetic stability under adverse conditions is essential for crop productivity.
[bookmark: _Toc223989349]Chlorophyll Fluorescence
A non-destructive method to examine the operation of photosystem II (PSII), a key component of the light-dependent reactions in photosynthesis, is chlorophyll fluorescence analysis, which is performed on leaf samples. In stressful environments, the photosynthetic apparatus can lower the efficiency of PSII, leading to lower values of fluorescence. Abiotic stresses, especially salinity, cause changes in the composition and the functioning of chloroplasts, which in turn affect the photosynthetic activity. Research carried out on barley genotypes revealed that salt-tolerant genotypes exhibit higher chlorophyll fluorescence levels than sensitive genotypes, suggesting that the photosynthetic system is more stable under salinity stress (Hammami et al., 2024).
Another work on barley of (Makhtoum et al., 2023) explained the importance of chlorophyll inflorescence for the study of drought and salinity, where under stress, higher photosynthetic capacity genotypes can be used in Marker Assisted Selection (MAS) programs, and it is identified that upon multiple or combined stress, i.e., salinity, heat and drought, the photochemical, PS II efficiency and quantum yield decreases, increasing non-photochemical quenching (photo-protective mechanism). The work on the Recombinant Inbred Lines (RIL) population of (Makhtoum et al. 2022), which covers the genes controlling stomata length, leaf number, leaf weight, and genetic score, identifies the significance of chromosomes 1, 4, 5, and 7 under salt stress. QTLs (8, 9, and 26) for normal, drought, and salinity have been identified using Composite Interval Mapping (CIM). Additionally, novel alleles (qLWS-4a, qSLS-4, qLNS-7b, qSCS-7, and qLNS-7a) have been identified, promoting innovative strategies to enhance barley's ability to tolerate salinity.
[bookmark: _Toc223989350]Stay-Green Trait
The stay-green (SG) trait is the early delay in the onset of senescence of the leaves during grain filling. Plants with this property live longer in terms of chlorophyll content and photosynthetic activity. Stay-green genotypes of sorghum can maintain active photosynthesis during drought times, which also leads to enhanced grain filling and sustained yield in the face of water scarcity (Djanaguiraman et al., 2024). On a comparative genomic study on rice, three potential candidate genes (GRMZM2G359974, GRMZM2G301884, and GRMZM2G083894) were identified through Mega QTL analysis which are related to kernel weight and size in maize (Chen et al., 2017; Kamal et al., 2022) and QTL mapping of RIL population using Simple Sequence Repeats (SSR),  23 QTLs have been identified for chlorophyll content, PS II, photochemical efficiency, stay green at maturity, confirmed that stay green QTL’s are significantly correlated to plant yield (Yang et al., 2017; Kamal et al., 2022) and the importance of transcriptional factor NAC 7 to improve SG in maize laid out by (Zhang et al., 2019; Kamal et al., 2022). 
[bookmark: _Toc223989351]Vegetation Indices
[bookmark: _Toc223989352]Remote sensing technology has been utilised to rapidly evaluate plant health using vegetation indices such as the Normalised Difference Vegetation Index (NDVI). These indices contain novel information on canopy structure, biomass growth, chlorophyll content, and crop vigour can be used to monitor the reaction of plants to environmental stress in the case of large breeding populations (Skendžić et al., 2023). Barley genotypes that retain chlorophyll fluorescence are more salinity-tolerant, and sorghum stay-green genotypes continue photosynthesis and grain filling during drought (Hammami et al., 2024; Djanaguiraman et al., 2024). Changes in ionic balance, stomatal conductance, and transpiration that contribute to maize tolerance to drought and high temperatures can be measured by ultraviolet spectrum (UV) (Huang et al., 2016). Infrared Thermography (IRT) has been used to measure temperature differences between leaves, air, and canopies under heat and drought stress (Boote et al. 2016). Spectroscopy to track the rate of photosynthetic activities of leaves and canopies in response to the initial stages of drought (Boote et al. 2016; Farooqi et al., 2022), supporting efficient selection in cereal breeding. 
2.3. Biochemical and Osmotic Traits
Abiotic stresses like drought and salinity on plants result in various biochemical and physiological adaptive changes that allow plants to sustain cellular homeostasis and survive in harsh environmental conditions. These biochemical reactions are important in the defence of the cellular structures, stabilising the metabolic activities, and maintaining the growth of plants under stress exposure. 
Osmotic adjustment involves the build-up of osmolytes in plant cells to balance water in water-depriving conditions. Such osmolytes are made of proline, glycine betaine, soluble sugars, and organic acids, which are necessary to preserve the turgor pressure and prevent damage to cellular membranes and proteins caused by dehydration. These compounds reduce the osmotic potential of the cell and thus help the plants to retain water and maintain the metabolic activities in case of drought stress (Bhutto et al., 2023). Proline is one of these osmolytes, which has received a lot of attention because of its various protective properties, such as osmotic control, antioxidant and stabilisation of the macromolecules. It has been extensively reported that increased proline accumulation is a major physiological memory that is linked with enhanced drought resistance in various cereal plants, such as maize and wheat (Khan et al., 2025).
Besides osmotic adjustment, crops exposed to salinity stress perform ionic movement to prevent sodium ions (Na+) from being accumulated in sensitive tissues that are toxic. Salt-tolerant plants attain this through selective ion uptake, root exclusion of sodium, and decompartmentalization of sodium ions into vacuoles, which maintain cellular potassium (K+) homeostasis (Shahzad et al., 2022). Figure 1 shows the physiological processes and critical pathways that make plants salinity-tolerant. Genetic research has also found vital genomic areas governing sodium rejection, a Saltol locus in rice, which is significant in the regulation of Na+ transport and the tolerance of salinity in rice varieties (Lokeshkumar et al., 2023).
Numerous reactive oxygen species (ROS), especially hydrogen peroxide, are essential for the detection of both biotic and abiotic stress, the integration of various external signals, and the activation of stress-response networks, all of which support the development of defence mechanisms and plant resilience (Mittler et al., 2022).
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Figure 1: Mechanisms of salinity tolerance, including ion exclusion and osmotic adjustment in plants (Shahzad et al., 2022
III. High-Throughput Phenotyping Technologies
The current developments in high-throughput phenotyping (HTP) systems have assisted plant breeders greatly in testing large breeding populations in field and controlled environmental conditions. Conventional phenotyping methods are often manual, time-consuming, labour-intensive, and not scalable. Conversely, a recent generation of high-throughput phenotyping systems is based on innovative imaging technology, sensor-based monitoring systems, and automated data analysis software to provide efficient, low-cost, and rapid measurement of plant phenotypes. Such technologies allow breeders to record large phenotypic data in response to different stresses, which enhances the effectiveness of the selection process in breeding programs (Sheikh et al., 2024).
The most commonly used HTP applications include unmanned aerial vehicles (UAVs), drones with multispectral, hyperspectral, and thermal sensors. Large experimental fields are rapidly covered by these aerial platforms, generating high-resolution images containing much information about the structure of the canopy and plant vigour and physiological status of crops. Vegetation indices commonly calculated by multispectral sensors include the Normalised Difference Vegetation Index (NDVI), which is used in determining plant biomass and chlorophyll content. In a similar way, thermal sensors can be used to measure the canopy temperature, a critical parameter for the water status of vegetation and its ability to transpire efficiently during drought (Gono et al., 2024). The overall process of the UAV-based phenotyping systems can be visualised as shown in Figure 2, with the combination of remote sensing technologies and image-processing algorithms in conjunction with machine learning methods. This has made high-throughput phenotyping technologies necessary mechanisms to expedite genetic gain and enhance the selection of stress-tolerant genotypes in present-day crop breeding programs (Sheikh et al., 2024).
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 Figure 2:  Illustrates how aerial images are gathered, processed, and analysed to obtain suitable plant features.

	Crop
	Abiotic stress
	Trait Phenotyped
	HTP Technology
	Key Findings
	References

	Wheat, barley

	Drought, nitrogen stress
	Evapotranspiration, respiration, and spectral traits
	Hyper spectral + IR imaging
	Identified physiological responses across growth stages for stress tolerance
	(Paul et al., 2025)

	Cereals & crops

	Drought, heat, salinity
	Root/shoot traits, chlorophyll content, canopy temperature
	AI-integrated imaging, multispectral sensors
	Enabled non-destructive, continuous monitoring 
	(Angidi et al., 2025)

	Maize, wheat

	Multiple stresses
	Spectral indices, canopy traits
	Remote sensing + machine learning
	Integration of ML improved stress detection accuracy and selection efficiency
	(Gill et al., 2022)

	Wheat

	Heat, drought
	Growth rate, biomass accumulation
	Controlled-environment phenotyping chambers
	Developed a precise environmental simulation for stress screening
	(Ren et al., 2022)

	Wheat, rice, maize

	Drought, heat, salinity
	Canopy temperature, NDVI, chlorophyll fluorescence
	UAVs, thermal imaging, multispectral sensors
	Enabled rapid screening of large germplasm for stress-adaptive physiological traits
	(Islam et al., 2021)

	Cereals

	Drought
	Root architecture, stomatal conductance, biomass
	Imaging platforms, automated phenomics systems
	Identified key drought-adaptive traits for breeding programs
	(Kim et al., 2021)



[bookmark: _Toc223989354]Table 1: HTP tools and targets for the abiotic stresses in cereal breeding.
IV. Genomic Basis of Secondary Traits
The genomic technology has made a lot of progress in understanding the genetic mechanisms of secondary physiological traits related to abiotic stress tolerance in cereals. Numerous of them, such as root structure, canopy temperature, and water-use efficiency, are numerically inherited and are regulated by several genes. This has resulted in genomic methods like GWAS, QTL mapping and genomic selection have gained prime importance in identifying genetic determinants that can lead to stress adaptation. Genome-wide association studies allow scientists to describe the associations between genetic markers and phenotypic characters among samples of a diverse germplasm. GWAS can identify genomic regions in association with significant agronomic traits by studying the occurrence of SNP variants in the genome. GWAS in wheat has identified multiple genomic regions that are linked to both drought tolerance and micronutrient accumulation, which is insightful information about the genetic mechanism of adaptation to stress conditions (Devate et al., 2022).
On the same note, genetic loci of root system architecture and water-use efficiency, essential characteristics of drought resistance in wheat, have been identified using QTL mapping techniques (Sallam et al., 2022). Moreover, genomic selection also aims at using genome-wide molecular markers to predict the breeding value of individuals before conducting extensive phenotypic screening. This method allows breeders to reduce the generation duration and obtain a higher genetic profit in crop development programs (Ma and Li, 2024).
The functions of Transcription Factors (TFs) in maize responses to abiotic stressors have been emphasised in several studies. Genes encoding antioxidant enzymes, synthase, and molecular chaperones linked to the endoplasmic reticulum stress response were expressed more when this TF was overexpressed. Therefore, during the vegetative and reproductive stages, lines maintained increased photosynthesis, enhanced dehydration, and drought stress tolerance, which increased maize grain yield under drought-stressed circumstances (Farooqi et al., 2022).
V. Multi-Omics Integration in Crop Improvement
 Multi-omics integration has now become an effective tool for investigating the complex metabolomic reactions in plants in response to abiotic stress and accelerating crop improvement. Multi-omics is the collective study of multi-layers of biological data, such as genomics, transcriptomics, proteomics and metabolomics. These omics platforms offer their own perspectives across various fields of plant biology. Genomics represents those genetic variations linked with stress tolerance, transcriptomics represents the examination of gene expression connections, proteomics represents the amount and interaction of proteins, and metabolomics represents the examination of the biochemicals implicated in plant metabolism. Combining these datasets, scientists will be capable of deriving a full picture of the molecular networks involved in regulating the plant responses to environmental stresses (Roychowdhury et al., 2023). Recent developments in high-throughput technology and bioinformatics software have made tremendous improvements to the creation and analysis of vast volumes of molecular data. With the current technological advances, researchers can associate genetic variation and physiological characteristics and metabolic throughputs of stress adaptation (Satrio et al., 2024).  According to transcriptome studies (RNA-seq) conducted by (Schmidt et al., 2018) the findings exhibit that the salinity-tolerant rice cultivars respond to salinity more quickly than sensitive ones, and they also induce H2O2 and signal transduction earlier. By restricting salt to roots and old leaves and turning on photosynthesis-related genes in new leaves, salinity-tolerant plants build up an adaptation program. According to functional genomics studies, the transcription factors encoded by the ZmWRKY40 and ZmNF-YB2 genes give maize improved resistance to drought (Gangola and Ramadoss 2020). Moreover, artificial intelligence (AI) and machine learning (ML) algorithms have been applied, which have improved the analysis of large omics data. Such computational methods make it possible to identify important candidate genes and regulatory mechanisms related to stress tolerance and contribute to creating climate-resistant varieties of crops (Syeda, 2025). The application of metabolomics in studying the plant stress response is critically important in the analysis of small molecules of metabolic processes.
· Poor fatty acid composition in wheat has been identified in metabolomic analysis as a result of drought stress and recovery (Ullah et al., 2022).
· The compatible solutes, including proline, have the role of stabilising proteins and cell membranes in times of stress exposure (Khan et al., 2025).
· Such sophisticated analytical methods, such as gas chromatography-mass spectrometry and liquid chromatography-mass spectrometry, enable researchers to identify hundreds of metabolites simultaneously (Raza, 2022).
· The need to make metabolic adaptations to enhance the resilience of plants in response to environmental stress conditions has been emphasised recently (Głuchowska et al., 2025).
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Figure 3: Multi-omics integration framework for developing stress-resilient cereal crops (Syeda, 2025).

VI. Challenges and Future Perspectives
Although improved technologies aid in crop improvement, there are still several challenges in breeding stress-resistant cereal crops. The genotype × environment interactions have a significant impact on the phenotype of stress-related traits, and it may be challenging to forecast the plant performance in the diverse environments (Raffo and Jensen, 2023). Multi-omics technologies have sophisticated laboratory facilities and computing tools, which might restrict their use in certain breeding programs (Satrio et al., 2024). In the future, this is likely to be made more accessible by the constant technological advances and the falling costs of sequencing.

VII. Conclusion
Abiotic stress remains a major problem in global cereal production, threatening food security and the sustainability of agriculture. Enhancing crops' resistance to such environmental limitations has thus emerged as a primary goal in contemporary breeding schemes. Secondary physiological traits such as stomatal conductance, CTD, osmotic adjustment, and SG phenology have proven to be reliable and heritable indicators of stress tolerance across rice, wheat, maize, sorghum, and barley. When combined with multi-omics tools — including GWAS, QTL mapping these traits gain molecular context, allowing breeders to identify not just tolerant genotypes, but the underlying genetic and biochemical reasons for their tolerance. HTP platforms further amplify this capacity by enabling rapid, large-scale screening which is not feasible via conventional methods alone.
Challenges remain, particularly around genotype × environment interactions, the cost of omics technologies, and the complexity of translating molecular findings into field-level gains. However, the continued decline in sequencing costs and the growing sophistication of AI, ML-driven data analysis are steadily lowering these barriers. The convergence of physiological trait selection, multi-omics profiling, and high-throughput phenotyping represents not just a technical advance but a genuine shift in the approach to breeding stress-resilient crops. This integrated strategy, if scaled and adopted broadly, represents a promising strategy to accelerate breeding programs and develop climate-resilient cereal varieties.
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