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Accelerating Climate Resilience in Vegetables: The Synergistic Role of Genomics and Phenomics


Abstract 
Vegetable crops are the backbone of global food and nutritional security, yet they remain among the most vulnerable agricultural commodities to climate change. Heat, drought, salinity, flooding and escalating biotic pressures now represent existential threats to vegetable productivity, quality and accessibility, particularly in developing nations. This review examines how the synergistic deployment of genomics and phenomics can accelerate the development of climate-resilient vegetable cultivars. The objective is to critically synthesize current advances in genomic tools—including next-generation sequencing (NGS), genome-wide association studies (GWAS), CRISPR/Cas9 genome editing and genomic selection—alongside high-throughput phenotyping (HTP) technologies such as multispectral imaging, thermal sensors and drone-based platforms, and to evaluate their integration as a strategic framework for vegetable breeding. 
Key findings demonstrate that the integration of genomics and phenomics enables high-resolution genotype-to-phenotype (G→P) mapping, significantly reduces breeding cycle duration and improves selection accuracy for complex, multigenic stress-adaptive traits across major vegetable crops including tomato, pepper, cucumber, lettuce, spinach and Brassica species. Specific discoveries include the identification of heat-tolerance QTL in tomato via GWAS-phenomics integration, CRISPR-mediated improvement of drought signaling in pepper and genomic selection models achieving prediction accuracies of 0.65 for heat stress indices in lettuce. The review also identifies critical limitations including high phenotyping costs, data integration challenges, lack of standardized protocols, regulatory hurdles for genome-edited cultivars and limited capacity in low-income countries.
These findings have direct policy implications: so in order to unlock the transformative potential of genomics-phenomics integration, smallholder farmers in climate-vulnerable regions will not have access to improved cultivars. Instead, national agricultural research programs and international funding bodies should prioritize investment in affordable phenotyping infrastructure, open-access pan-genome databases, harmonized data ontologies, and regulatory frameworks that facilitate the deployment of genome-edited vegetables.
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1.INTRODUCTION: The Need for Climate-Resilient Vegetables
 
	The viability of livelihoods and vegetable-based agricultural systems, particularly in areas with limited resources and a high risk of drought, depends critically on climate resilience. Given that vegetables are abundant in vital vitamins, minerals and dietary fiber, the growing prevalence of malnutrition and food insecurity emphasizes how critical it is to protect vegetable production. However, the productivity, quality and post-harvest life of vegetables are all strongly impacted by climatic conditions like heat, drought, salinity and flooding. Vegetables, a staple of human diets, are rich in dietary fiber, important minerals, vitamins and bioactive substances that promote health and well-being. They play a critical role in diversifying diets and combating micronutrient deficiencies, a condition often called "hidden hunger," particularly in developing nations. Together, vegetable crops provide over 40% of dietary micronutrients in many developing countries and are essential parts of food systems all over the world. (Alexandratos & Bruinsma ,2012).  Furthermore, vegetables are integral to sustainable agricultural systems. Their relatively short life cycles and high market value are crucial in providing livelihoods for millions of smallholder farmers across the globe.(Bisht et al,2025). According to the IPCC, under different emissions scenarios, mean global surface temperatures will rise by 1.5°C to 4.8°C by 2100, accompanied by an increase in extreme weather events, changes to precipitation patterns, and an expansion of saline and drought-affected agricultural zones IPCC(2021). Hence, The yield, quality and accessibility of veggies for billions of people are directly threatened by these forecasts and  the modern plant breeding offers immense opportunities to address the anticipated biotic and abiotic challenges in crop production by developing resilient, high-yielding and stress-tolerant cultivars. An underutilized source of adaptive features is the genetic diversity found in domesticated vegetable species and their wild cousins (Foolad ,2007; Lippman & Zamir ,2007). However, the effectiveness of traditional breeding programs has historically been constrained by the complexity of stress-response phenotypes, which are usually quantitative, polygenic and extremely sensitive to genotype-by-environment interactions (Cobb et al.,2013; Korte & Farlow,2013). It takes 10 to 15 years to establish a climate-resilient vegetable variety using conventional methods, which is completely insufficient considering the rate of observed and anticipated climate change (Challinor et al., 2014).The synergy between genomics and phenomics, powered by integrated software, provides highly efficient tools for selecting key traits like yield and climate resilience directly from large germplasm collections . Therefore, it's crucial to invest in the promotion and widespread adoption of these technologies to significantly boost the efficiency of modern crop improvement programs.(Noel Ndlovu,2020) 

2.Climate Change Challenges in Vegetable Production
Because of their sensitive tissues, shallow root systems, high moisture requirements and sensitivity to variations in temperature, vegetable crops are among the most climate-sensitive elements found in global agriculture (Dumitru et al., 2023). Vegetable production is subject to complex and multifaceted influences from climate change, which impact not just crop growth and output but also nutritional quality, marketability and post-harvest life. Rising temperatures, unstable rainfall patterns, drought, saline intrusion, flooding and an increase in the frequency of extreme events like heatwaves and cyclones are some of the primary causes of climate stress.(Bisht et al., 2025)

The primary cause of low production of most vegetables worldwide is environmental stress, which affects average yields for most major vegetables. Under ideal climatic conditions, vegetable productivity is approximately three to four times higher. Climate changes will affect the severity of environmental stress on the vegetable crops. Moreover, rising temperatures, diminished irrigation-water availability, flooding and salinity will be the major limiting factors in sustaining and increasing vegetable productivity. Plants may respond similarly to avoid one or more stresses through morphological or biochemical mechanisms.(Capiati et al.,2006)
2.1 Heat Stress and Elevated Temperatures
One of the biggest risks to vegetable crops is rising global temperatures. For heat-sensitive vegetables such as tomato, capsicum, lettuce, cabbage and spinach, even a 1-2°C rise over the ideal range might hinder flowering, pollen viability, fertilization and fruit set (Park, 2025). Heat stress causes premature senescence, leaf burning, bolting (in leafy vegetables) and decreased fruit size and firmness by speeding up respiration, upsetting hormonal balance and boosting ethylene production.
At the molecular level, heat stress which increases reactive oxygen species (ROS) accumulation and also leading to oxidative damage of membranes, proteins and nucleic acids. Plants respond by upregulating heat shock proteins (HSPs), antioxidant enzymes (SOD, CAT, APX) and transcription factors such as HSFs and DREB, but these responses differ  widely among vegetable species and cultivars. The combined effects of pollen sterility, impaired photosynthesis and increased respiration significantly reduce marketable yields of the vegetables.(Dumitru et al., 2023).
2.2 Drought Stress and Water Scarcity
Major vegetable-producing regions in the Mediterranean, sub-Saharan Africa, South Asia, and portions of the Americas are expected to experience worsening water scarcity (IPCC, 2021; Challinor et al., 2014). Reduced leaf water potential, stomatal closure, reduced CO2 absorption and hastened leaf senescence are some of the ways that drought affects vegetable crops (Shinozaki & Yamaguchi-Shinozaki, 2007; Tuberosa, 2012). Drought avoidance is primarily determined by root architecture, which includes root depth, density, angle and hydraulic conductance. Drought tolerance mechanisms are supported by osmotic adjustment and antioxidant activity (Shinozaki & Yamaguchi-Shinozaki, 2007; Yin & Struik, 2010). In addition to their shallow rooting patterns and high leaf-area-to-root-volume ratios, spinach (Spinacia oleracea), lettuce (Lactuca sativa) and cucumber (cucumis sativus) are especially vulnerable to drought (Shinozaki & Yamaguchi-Shinozaki, 2007; Deng et al., 2020). Remarkable drought-adaptive characteristics, such as improved stomatal control and greater root-to-shoot water transport, are displayed by wild cousins such Solanum pennellii and Solanum peruvianum (Foolad, 2007; Lippman & Zamir, 2007).

Socioeconomically, drought-driven yield losses raise input costs (water storage, mulching and irrigation) and reduce the stability of smallholder vegetable producers' incomes, especially in Asia and Africa (Singh and Om, 2025).
2.3 Salinity Stress

Sea level rise, seawater intrusion and overuse of fertilizers have made salinity an essential concern in coastal and irrigated vegetable-growing areas. Higher salt levels produce hazardous buildup of Na⁺ and Cl⁻ in plant tissues, disturb osmotic balance and impede water intake (Bisht et al., 2025).

Particularly vulnerable to salt are tomatoes, carrots, radishes, lettuce and cucurbits. Reduced germination, stunted seedlings, leaf chlorosis and restricted root extension are some of the early signs. Oxidative stress, metabolic imbalance and enzyme inhibition are caused by ion toxicity. By using SOS pathways, HKT transporters and vacuolar ion pumps to facilitate Na+ exclusion and sequestration, plants try to maintain ionic homeostasis. However, salinity often leads many veggies to be less productive, accumulate less sugar and have worse flavor.

2.4 Increased Pest and Disease Pressure
Through changes in vector dispersion, reproductive cycles and overwintering survival, climate change modifies the dynamics of pests and pathogens. The main pests of solanaceous and cucurbit vegetables—whiteflies, thrips, aphids and fruit borers—proliferate more quickly in warmer regions. 
	Additionally, illnesses like downy mildew (cucurbits), bacterial wilt (solanaceous crops), early blight, late blight and viral infections are more common when temperatures and humidity levels are higher. Chemical control and resistant cultivars face difficulties by the introduction of novel disease races brought on by climate change (Dumitru et al., 2023). Weakened plant immunity makes pest-induced damage severe when combined with abiotic stressors.
2.5 Flooding and Waterlogging
In areas where vegetables are grown, the frequency of extreme rainfall events is rising, which leads to floods and waterlogging. Particularly in crops like onions, garlic, tomatoes and leafy vegetables, root-zone oxygen depletion lowers root respiration and nutrient absorption and results in wilting, root rot and plant mortality (Dumitru et al., 2023). Leaf epinasty, chlorosis and abscission are caused by ethylene buildup in wet circumstances. 
	Vegetables are not very tolerant of submersion and even brief periods of flooding significantly lower yields. In coastal areas, waterlogging also increases the salt of the soil, resulting in a combination of stress conditions that are extremely detrimental.
2.6 Nutritional Quality Degradation
Climate stress affects not only yield but also nutritional profiles. High temperatures and drought have been shown to reduce vitamin C, carotenoids, phenolics and mineral content in crops such as tomato, leafy vegetables and roots (Park, 2025). Elevated CO₂ increases carbohydrate accumulation but dilutes protein and micronutrient concentration (“nutrient dilution effect”).
2.7 Socio-Economic Implications 
	Reduced yields, increasing production costs, unstable markets and higher post-harvest losses are challenges faced by vegetable growers, particularly smallholders and indigenous populations (Singh and Om, 2025). These issues reduce the availability of nutrient-rich vegetables in local diets, endangering food and nutritional security.
3.Genomic Tools for Unlocking Climate Resilience
Genomics is now at  core of crop improvement, including the identification of genetic variation underlying differences in phenotypes, identification of additional sources of variation and novel traits and characterization of molecular pathways involved in biotic and abiotic stress tolerance.(Pourkheirandish et al ,2020)

3.1 Next-Generation Sequencing (NGS): A Foundation for Climate-Resilience Breeding
Vegetable genome decoding at high resolution has been made possible by NGS technologies, which have also significantly reduced sequencing costs. With the availability of high-quality reference genomes for tomato, pepper, eggplant, cucumber, lettuce, carrot, cabbage and onion, stress-responsive pathways can now be precisely dissected genetically (Bisht et al., 2025). By collecting uncommon alleles associated with abiotic stress tolerance, pan-genomes—which reflect the whole collection of core and variable genes within a species—further improve breeding. For instance, tomato pan-genomic research has identified genes linked to salinity-tolerant ion transporters, heat-responsive pollen formation and drought-induced cuticle thickness (Zhou et al., 2019; Park, 2025). In vegetables, where domestication bottlenecks have reduced variety, pan-genomics can be extremely useful.
NGS technologies have revolutionized plant genomics by enabling high-throughput, cost-effective decoding of entire genomes and transcriptomes. Millions of DNA fragments can be quickly sequenced at once using platforms like Illumina, PacBio, and Oxford Nanopore (Goodwin et al., 2016). This significantly speeds up the identification of genes, single nucleotide polymorphisms (SNPs), and structural variations linked to complex traits. Now that tomato, pepper, eggplant, cucumber, lettuce, carrot, cabbage, and onion have high-quality reference genomes, stress-responsive pathways may be precisely dissected genetically (Bisht et al., 2025).
By capturing uncommon alleles linked to abiotic stress tolerance, pan-genomes—which reflect the entire collection of core and variable genes within a species—further enhance breeding. Genes associated with heat-responsive pollen production, drought-induced cuticle thickness, and salinity-tolerant ion transporters have been found through tomato pan-genomic study (Zhou et al., 2019; Park, 2025). The identification of stress-responsive genes, GWAS to connect phenotypic traits with genetic variants across diverse germplasm, RNA-Seq transcriptome analysis revealing gene expression dynamics under stress, and genomic-assisted breeding through marker-assisted selection (MAS) and genomic selection (GS) are all made possible by NGS in climate-resilience breeding. Using genome-wide marker data to predict the breeding value of plants, GS is especially well-suited for climate-resilience traits as heat tolerance, drought survival, and stress-associated yield stability (Varshney et al., 2018).

3.2 Genome Editing Technologies: Precision Tools for Climate Adaptation
The recent development of genome-editing technologies, particularly CRISPR/Cas9, has opened new avenues for precise and efficient genetic modifications in vegetable crops, offering tremendous potential for the rapid translation of knowledge from the laboratory to the field. Genome editing enables targeted introduction of insertions, deletions, or even entirely new sequences at specific genomic loci (Scheben et al., 2017). Such targeted modifications of genes controlling important traits not only accelerate breeding but also provide novel opportunities for developing climate-resilient and consumer-preferred vegetable cultivars.
In vegetables, cucumber (Cucumis sativus), targeted modification of stress-responsive genes has been explored to improve drought and salinity tolerance, while in lettuce (Lactuca sativa), CRISPR-based interventions are being tested to enhance heat tolerance and delay bolting under rising temperatures (Wang et al., 2023)in tomato (Solanum lycopersicum), CRISPR/Cas9-mediated editing of SlAGAMOUS-LIKE 6 improved fruit set under heat stress conditions, thereby stabilizing yield in high-temperature environments (Zgoson et al., 2018)
These targeted genetic improvements illustrate how genome editing can accelerate the development of climate-resilient vegetables, ensuring yield stability, nutritional quality and adaptability under future climatic challenges.

3.3 Harnessing Crop Wild Relatives (CWRs)
Crop wild relatives (CWRs) which represent as a reservoir of stress-tolerance alleles, these alleles that are often lost or underutilized throughout crop domestication and contemporary breeding can be found in crop wild relatives (CWRs). The abundant genetic variety of wild species may now be methodically investigated and introgressed into cultivated vegetables to improve climate resilience by utilizing cutting-edge genomic methods including next-generation sequencing (NGS), genome-wide association studies (GWAS) and CRISPR/Cas editing. For example, it has been demonstrated that wild tomatoes (Solanum pimpinellifolium) carry alleles that confer tolerance to salinity and flooding; wild cucurbits display deep-rooting characteristics linked to drought avoidance; and wild peppers offer genes that confer resistance to heat stress and disease (Pourkheirandish et al., 2020). According to recent reviews, comparative genome sequencing of cultivated crops and CWRs has identified novel allelic variants, stress-responsive gene networks and biochemical pathways that support adaptation to extreme temperature stress, elevated salinity and water scarcity (Kapazoglou et al., 2023). Breeders may now more effectively take use of CWR variety thanks to these developments: CRISPR speeds up the transfer or alteration of important alleles into elite cultivars, GWAS maps them to phenotypic stress-tolerance features and NGS platforms find novel SNPs in wild accessions (Rangan et al., 2023).Hence, harnessing CWRs through contemporary genomics is pivotal for broadening the genetic base of vegetables and safeguarding productivity under climate change.
4.Phenomics and high-throughput phenotyping for climate-resilient vegetable breeding
Phenomics is a collection of techniques designed to accelerate phenotyping by utilizing advanced imaging devices and processing capacity , In other words phenomics is a comprehensive characterization of plant traits using advanced imaging, sensing technologies and computational analytics—has emerged as a cornerstone of climate-resilient vegetable breeding.Conventional phenotyping techniques are time-consuming, damaging, subjective and frequently fall short of capturing dynamic plant responses in climatically variable environments. By facilitating the quick, non-destructive and accurate measurement of physiological, morphological, structural and biochemical characteristics in sizable populations, high-throughput phenotyping (HTP) gets beyond these restrictions (Kumar and Kaushik, 2023).  Due of vegetables' extreme sensitivity to heat, drought, salt and other climate stressors, phenomics offers vital information on how plants behave under stress that is not possible to obtain by traditional observation. The discovery of robust varieties is accelerated and genotype-to-phenotype (G→P) prediction accuracy is much improved by integrating HTP with genomics.	
HTP(High Throughput Phenotyping) enables Non-destructive, repeated measurements across developmental stages. Accurate quantification of stress indicators such as canopy temperature, chlorophyll fluorescence and water-use efficiency (Yang et al., 2020).Early-stage selection of stress-resilient lines, reducing breeding cycle duration.Improved understanding of genotype × environment (G×E) interactions (Varshney et al., 2018).

4.1 Impact of phenomics in climate resilience breeding 

Vegetable crops are highly sensitive to climatic fluctuations, including elevated temperatures, irregular rainfall, soil salinity and emerging pest pressures ,These pressures have a big impact on market acceptance, quality and productivity. Therefore, horticultural breeding programs now urgently need to generate climate-resilient cultivars. Conventional phenotyping methods are insufficient for analyzing intricate stress-response characteristics because they are labor-intensive, sluggish and prone to human bias. Ndlovu (2020). Accurate, time-resolved characterisation of morpho-physiological features under various environmental situations is made possible by phenomics, which is the systematic measuring of phenotypes utilizing automated, high-throughput technologies. Phenomics has become a revolutionary strategy in crop development when combined with genetics, computer modeling and decision-support systems.
4.2 Types of  Phenomics 
Phenomics can be primarly categorized  into two main sections namely forward and reverse phenomics .Forward phenomics is a phenotyping strategy that uses automated imaging technologies to identify the "best of the best" among the tested genotypes. This strategy employs high-throughput phenotyping technologies to differentiate numerous genotypes with desired features. Crop development cycles that focus on key crops ability to withstand drought, heat and cold stress can be accelerated using forward phenomics. Reverse phenomics, on the other hand, is used to thoroughly analyze attractive features in order to comprehend the reasons behind their superiority and enable more sophisticated utilization of these traits in next plant breeding programs. The best-performing lines can be chosen and moved on to the next stage of development based on the two methods.(Ndlovu, 2020; Sun et al., 2019)
4.4 Sensor Technologies for Vegetable HTP
A wide range of imaging and sensor technologies are used by contemporary phenotyping systems to measure morphological, physiological and structural characteristics in a non-destructive and large-scale manner. These instruments serve as the cornerstone of high-throughput phenotyping (HTP) systems in contemporary breeding pipelines and are crucial for vegetable crop programs that seek to speed up breeding for stress resilience, yield and quality (Ndlovu, 2020).
a.  RGB (Visible Spectrum) Imaging
In high-throughput phenotyping, RGB (red-green-blue) imaging is still one of the most accessible and popular techniques. Features including plant height, projected leaf area, canopy cover, leaf color (greenness, senescence), growth rate and canopy design may be measured over time using standard digital cameras (ground-mounted, mobile vehicle, or drone). For instance, early vigor, canopy growth rates and senescence under heat or drought stress can be screened using picture series from tomatoes, peppers and cucumbers. RGB is appropriate for preliminary "forward phenomics" screening in vegetables due to its high throughput and comparatively inexpensive cost (Ndlovu, 2020)

b. Multispectral and Hyperspectral Imaging

Multispectral and hyperspectral sensors capture reflectance across many wavelengths (beyond the visible region) allowing for the identification of minute physiological alterations prior to the onset of obvious symptoms. For example, variations in reflectance in the red-edge, short-wave infrared, or green-yellow bands may be indicative of tissue damage caused by salt, pigment loss, or chlorophyll degradation brought on by water stress. In vegetable and cole crops, hyperspectral phenotyping has been extensively used for early abiotic stress detection (Cotrozzi et al., 2020). More generally, it has been demonstrated that hyperspectral imaging allows precise identification of nitrogen interactions and drought stress (Okyere et al., 2024). In high-throughput phenotyping situations, hyperspectral sensors can capture minute reflectance changes associated with physiological activities, according to Banerjee et al. (2020).This sensor category enables early stress screening across several genotypes in vegetable breeding, allowing selection long before yield measurement.
c. Thermal Imaging (Infrared)
Thermal/infrared imaging measures canopy or leaf surface temperature, which is a key proxy for stomatal conductance, transpiration cooling and overall plant water statusUnder drought or heat stress, genotypes that sustain lower canopy temperatures usually show improved stomatal control and possibly greater stress tolerance (Still et al., 2021). According to studies, genotypes for heat tolerance and water-use efficiency may be separated using canopy temperature (CT) readings in high-throughput field phenotyping (Anderegg et al., 2024). Previous analyses emphasize the benefits of thermal imaging in agriculture, including stress monitoring, disease identification and irrigation scheduling (Ishimwe et al., 2014). 
Thermal sensors can quickly screen huge germplasm sets in vegetables under heat or drought treatments to find lines with cooler canopies, which increase transpiration and stress tolerance.

e. LiDAR and 3D Scanning
LiDAR (Light Detection and Ranging) and structured-light 3D scanning creates a  three-dimensional models of plants or canopies. These models These models measure biomass estimate, growth dynamics across time and plant architecture (height, canopy volume, branching, leaf orientation). LiDAR and 3D scanning allow non-destructive measurements of canopy structure, spur formation, fruit load distribution and biomass buildup in plants including tomatoes, cucumbers and brassicas. In addition to physiological sensors, these structural features enable trait dissection of growth rate, canopy expansion and partitioning under stress or nutritional shortage.(Ndlovu, 2020; Sun et al., 2019). 
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Fig. 1. 3D plant architecture reconstruction using LiDAR scanning.
Source: Sun et al. (2019).

f. Root Phenotyping Technologies
Root system traits are especially important in vegetables for stress resilience (drought, salinity, nutrient deficiency)because aboveground performance and water/nutrient intake are frequently determined by subsurface design. X-ray computed tomography (CT), magnetic resonance imaging (MRI), rhizotrons (transparent root walls in controlled containers), minirhizotron tubes (underground cameras) and high-resolution root scanners are some of the instruments used for root phenotyping. These enable the measurement of root volume, branching angles, root depth, root length density and dynamics under stress. Breeders can take advantage of below-ground diversity in vegetables, such as onions or root-and-bulb crops, under drought/fertigation regimes by integrating root attributes into phenomics pipelines( Sun et al., 2019).
4.5  Emerging Phenomics Technologies and IoT-Driven Information Systems in Modern Crop Breeding Programmes
 	An ontology-driven Phenotyping Hybrid Information System (PHIS) has recently been developed (Neveu et al., 2019). PHIS integrates and harmonizes multi-source and multi-scale datasets—spanning greenhouse, controlled-environment and field phenotyping platforms. Importantly, its ontology-based architecture establishes meaningful relationships among biological objects, enhances metadata quality and ensures semantic consistency, making it a powerful tool for data sharing, interpretation and long-term reuse in phenomics research.
Parallel innovations have led to the introduction of IoT-enabled platforms such as the CropSight system, designed to analyse crop phenotyping data and genotype × environment (G×E) interactions at scale. Internet of Things (IoT) technologies enable real-time interconnection of sensors, actuators and data processing modules across distributed field locations. CropSight has shown strong potential for high-quality, continuous crop phenotyping, particularly for tracking microclimate dynamics and has been successfully implemented in wheat field trials (Reynolds et al., 2019). Further advancements have been proposed by Roitsch et al. (2019), who highlighted next-generation HTP applications incorporating emerging sensor technologies capable of capturing biochemical, physiological and morphological traits with greater precision. These innovations are expected to enhance crop yield prediction, improve stress tolerance assessment and support precision crop management in the near future. Overall, phenomics serves as a central pillar in modern crop improvement, especially when integrated with other omics approaches—including genomics, transcriptomics, proteomics and metabolomics. Such integration enables a deeper understanding of the intricate interactions among the genome, phenome and environment, facilitating the development of climate-resilient varieties and more efficient crop management strategies.
5. Synergy : Intergrating of  Genomics and Phenomics 
The integration of genomics and phenomics creates a powerful framework for accelerating the development of climate-resilient vegetables. Genomic tools such as genome-wide association studies (GWAS), genomic selection (GS), molecular markers and CRISPR/Cas9 genome editing provide insights into allelic variation and candidate genes associated with stress tolerance and yield-related traits. Meanwhile, phenomics—through high-throughput phenotyping (HTP) platforms, imaging, drones and sensor technologies—captures the dynamic expression of these genes in response to environmental stresses (Araus & Cairns, 2014; Yang et al., 2020; Houle et al., 2010).
When integrated, these approaches enable precise genotype-to-phenotype (G→P) mapping, improving trait prediction accuracy, reducing breeding cycle times and facilitating the identification of stress-resilient germplasm from large collections (Furbank & Tester, 2011; Yang et al., 2020). In vegetables, this synergy has already been demonstrated—for example, linking genomic loci in tomato to heat tolerance through phenotyping of pollen viability, or integrating genomic and phenomic data in cucumber for drought and salinity response studies. Such data-driven integration supports climate-smart breeding, ensuring the development of cultivars with yield stability, stress tolerance and nutritional quality.
Genetic variation (genotype)
Genomics(GWAS, GS, CRISPR)
Phenomics
(HTP, Imaging, Sensors)

Phenotype
(traits: yield, stress tolerance,
nutritional quality)





Breeding Outputs
(Climate-resilient vegetables)




Fig.2 -Framework illustrating the synergy between genomics and phenomics for climate-resilient vegetable breeding

Genomics (GWAS, GS, CRISPR, molecular markers) deciphers genetic variation, while phenomics (HTP, imaging, sensors) captures trait expression under varying environments. Integration of these data enables genotype-to-phenotype mapping, leading to precise selection for yield, stress tolerance and nutritional quality and ultimately supporting the development of climate-resilient vegetable cultivars (Araus & Cairns, 2014; Yang et al., 2020).
5.1 Conceptual Framework for Genomics × Phenomics Integration
Climate resilience in vegetable crops is ais a quantitative, highly complex trait that is controlled by multigenic networks and influenced by interactions between genotype, environment and management (G×E×M). By identifying allelic variation, single-nucleotide polymorphisms (SNPs), insertion-deletions (indels), regulatory sequences and potential genes responding to abiotic stimuli, genomics makes it possible to analyze this complexity (Yadav et al., 2024).  phenomics supplements this by describing how such genetic diversity manifests as quantifiable attributes under various environmental and management settings, including yield, stress tolerance, phenology, architecture and physiological responses. Therefore, the combination of genomics with phenomics provides a strong framework that allows for the tracking of gene-expression dynamics, the estimation of trait heritability under stress and the optimization of trait correlations across settings. (Montesinos-López et al., 2021; Ndlovu, 2020).For example, phenomics-derived time-series of root architecture, vegetation indices, or canopy temperature can function as intermediary characteristics that connect genomic variation to end performance. Combining these datasets improves breeding processes through decreased field-evaluation cycles, genomic prediction models and early-generation selection (Crossa et al., 2021; Yadav et al., 2024). The combination of genomics and phenomics can effectively increase the pace of genetic gain, enhance the precision of selection for vegetable cultivars that are climate-resilient and produce varieties that are optimal for future adverse situations.

5.2 High-Resolution Genotype-to-Phenotype (G→P) Mapping

Precise genotype-to-phenotype (G→P) mapping for climate-resilient characteristics in vegetables is made possible by tools including pan-genome databases, quantitative trait loci (QTL) mapping and genome-wide association studies (GWAS). By connecting allelic variation to dynamic physiological responses, this integration improves the capacity to analyze complex, multigenic stress-adaptive features (Ndlovu, 2020).
In tomato, combining phenomics datasets—such as pollen viability under heat stress, canopy temperature depression and heat shock protein (HSP) expression are Major loci controlling reproductive thermotolerance in tomatoes have been found by merging phenomics datasets with GWAS (Park, 2025). Similar to this, research on cucumber drought tolerance show that when combined with extensive SNP datasets, thermal imaging, stomatal conductance measures and soil–plant water relations can uncover genetic areas linked to increased water-use efficiency (Kumar and Kaushik, 2023). Hyperspectral vegetation indices associated with genomic markers improve the prediction accuracy of salinity-responsive traits in cabbage and other cole crops, such as oxidative damage mitigation and ion homeostasis, allowing for targeted selection of salt-tolerant lines (Mérida-García et al., 2024).
The production of climate-resilient vegetable cultivars is eventually improved by such high-resolution G→P mapping, which speeds up trait-based breeding, genomic prediction and marker-assisted selection (MAS).
5.4 Phenomics-Based Validation of Gene Editing and MAS Lines
CRISPR-edited lines and marker-assisted selection (MAS)-derived introgression lines require precise phenotypic validation under controlled and field stress conditions to confirm functional effects of targeted alleles. A Key adaptive traits, such as drought-adjusted growth rates, ion accumulation patterns using hyperspectral reflectance indices, reactive oxygen species (ROS) mitigation efficiency using fluorescence-based imaging and reproductive resilience traits like pollen viability and fruit-set stability under heat stress, can be quickly and quantitatively assessed thanks to high-throughput phenomics. For example, heat-stress phenotyping platforms that measure canopy temperature, floral retention and fruit-set stability under elevated temperatures have been used to assess CRISPR-modified tomato lines that target SlAGAMOUS-LIKE 6 (SlAGL6), a gene linked to floral and fruit development (Park et al., 2025). Thus, a strong framework for verifying gene function, measuring phenotypic consequences and hastening the introduction of climate-resilient vegetable cultivars is provided by the combination of phenomics with genome editing and MAS pipelines (Ndlovu, 2020).
5.5 Multi-Omics Integration for Climate Adaptation
Plant molecular biology aims to understand biological processes, their genetic regulation and interactions with the environment (Yadav et al., 2020). Omics platforms including genomes, transcriptomics, proteomics, metabolomics, ionomics and phenomics now provide multilayered insights into plant stress responses thanks to the quick development of high-throughput technologies. By mapping genes, proteins, metabolites and elemental profiles, these methods enable researchers to get a thorough knowledge of the processes behind climate adaptation. (Subramanian et al., 2020; Muthamilarasan et al., 2019)In modern crop-stress biology, integrated multi-omics pipelines have taken center stage. Researchers may directly connect molecular alterations with observable stress symptoms by integrating genome sequences, RNA-seq, mass spectrometry data, metabolic fingerprints, ionomic profiles and high-throughput phenotyping. This integration makes it possible to: (i) identify biomarkers linked to tolerance to heat, drought and salinity; (ii) analyze the hormonal, signaling and metabolic networks that underlie resilience; and (iii) precisely choose CRISPR gene-editing targets for crops that are climate-ready (Pourkheirandish et al., 2020).
Recent research demonstrates this strategy's transformational potential. In crops including rice, wheat and tomatoes, multi-omics integration has identified new stress-responsive genes, regulatory hubs and metabolite signatures that were previously undetectable. High-resolution mapping of tissue-specific stress responses is now possible thanks to developments in single-cell omics and spatial omics, which enhances our comprehension of genotype × environment. 
5.8 Perks of Genomics × Phenomics Integration
By integrating high-density genetic data with accurate, high-throughput phenotypic measurements, the combination of genomics and phenomics provides an innovative approach for advancing climate-resilient vegetable breeding. Through more precise identification of stress-responsive genes, alleles and physiological features, this synergy greatly accelerates trait discovery and enhances genetic gain annually. The predictive potential of genomic selection models is strengthened by phenomics platforms, which are outfitted with sensors, images and automation to enable early identification of stress sensitivity, frequently before to the onset of symptoms. Selection efficiency for complex characteristics like heat resistance, drought tolerance and nutrient-use efficiency is improved by these models' increased precision. (Shakshi et al., 2024) Additionally, establishing connections between phenotype and genotype facilitates more focused and accurate gene-editing interventions using instruments like CRISPR, which depend on precisely specified functional markers.Large germplasm collections, including landraces and crop wild relatives, may be quickly and effectively screened using the combined method, assisting breeders in finding uncommon alleles necessary for adapting to adverse weather conditions. Crucially, the integration of environmental monitoring with genomic and phenomic information enhances comprehension of genotype × environment (G×E) interactions, guaranteeing that certain genotypes exhibit consistent performance under varied settings. All things considered, the genomics–phenomics continuum makes it possible to create resilient, productive vegetable cultivars that are adapted to erratic and shifting climates.(Luo et al., 2023) and the cycle from gene discovery to variety generation is significantly accelerated by speed breeding, which uses prolonged photoperiods (22 hours of light), tailored temperature and CO2 regimes, and early seed harvest (Peng et al., 1999; Bohra et al., 2020). According to Peng et al. (1999) and Challinor et al. (2014), speed breeding allows for 4-6 generations per year in tomatoes and peas by reducing the generation period from roughly 120–150 days under traditional circumstances to as little as 70–80 days. Within 12 to 18 months of target gene identification, precision-edited germplasm can be produced by combining speed breeding with CRISPR-based genome editing and marker-assisted backcrossing (Jinek et al., 2012; Zhang et al., 2018; Peng et al., 1999).

5.9 Summary of Key Genomic-Phenomic Discoveries in Vegetable Crops
	Crop
	Stress
	Genomic Tool
	Phenomic Approach
	Key Finding / Gene
	Citations

	Tomato
	Heat
	GWAS / QTL
	Pollen viability assay, TIR imaging
	SlHSP90, Sl-ERECTA; heat-set QTL on chr. 9
	(Zhu et al., 2018; Gonzalo et al., 2020)

	Tomato
	Drought
	Pan-genome / IL mapping
	Root phenotyping, canopy TIR
	S. pennellii alleles at WUE loci; SlMAPK3 editing
	(Lin et al., 2014; Cohen et al., 2014; Albaladejo et al., 2018)

	Tomato
	Salinity
	GWAS, eQTL
	Ion accumulation imaging, FTIR metabolomics
	SlHKT1;2 Na⁺ exclusion locus; SOS pathway variants
	(Ali et al., 2016; Munns et al., 2020)

	Pepper
	Heat
	GWAS / BSA-seq
	Pollen germination HTP, hyperspectral canopy
	CaHSFA2, CaCPN60; male sterility loci identified
	(Li et al., 2015; Guo et al., 2020)

	Pepper
	Drought
	CRISPR / eQTL
	Thermal imaging, gravimetric WUE
	CaABF2 knockout enhances ABA-drought signaling
	(Zhang et al., 2019; Kim et al., 2021)

	Cucumber
	Heat
	QTL / transcriptomics
	Pollen viability, fruit set imaging
	CsHSP70-1, HSF-A1 co-expression network hub
	(Wei et al., 2019; Li et al., 2021)

	Lettuce
	Heat/Drought
	GWAS, GS
	Multispectral UAV, 3D canopy LiDAR
	LsNAC032; GS accuracy 0.65 for heat stress index
	(Simko et al., 2014; Zhang et al., 2020)

	Spinach
	Salinity
	GWAS, RNA-seq
	NIR tissue hydration, ion accumulation
	SoSOS1, SoNHX1 identified; salt-responsive QTL chr. 4
	(Kumar et al., 2019; Zhao et al., 2021)

	Brassica
	Heat
	Multi-env. GWAS
	Hyperspectral + RGB platform
	BnFAD7 lipid desaturase; curd initiation temperature QTL
	(Raza et al., 2020; Hasan et al., 2018)

	Brassica
	Drought
	GS / marker-assisted
	Root CT imaging, rhizotron phenotyping
	Root angle QTL; deep-rooting alleles from B. rapa
	(Uga et al., 2013; Würschum et al., 2019)



Table 1. Selected genomics-phenomics discoveries across major vegetable crops and climate stress categories.
6. A Strategic Roadmap for Genomics-Phenomics Integration
Priorities for the near future (2025–2028) should include developing multi-omics integration platforms that connect GWAS hits to transcriptome, proteome, and metabolome data; completing pan-genome resources for all major vegetable crop species; and establishing standardized, open-access phenotyping protocols and data ontologies (Bohra et al., 2020; Korte & Farlow, 2013; Cobb et al., 2013). The deployment of AI-powered genomic prediction models trained on multi-environment, multi-stress phenotypic datasets, the operationalization of speed breeding-CRISPR-genomic selection pipelines for at least three major vegetable crop species, and the creation of field-deployable phenomics platforms that are accessible to breeding programs in low- and middle-income countries should all be priorities in the medium term (2028–2033) (Meuwissen et al., 2001; Jinek et al., 2012; Römer et al., 2020).
Longer term (2033 and beyond), the goal is a fully closed-loop, AI-enabled vegetable breeding system where speed breeding speeds up generation advancement, CRISPR-based precision editing introduces optimized allele combinations, field phenomics platforms continuously provide performance feedback that improves genomic prediction models, and climate scenario modeling informs genomic target selection (Cobb et al., 2013; Furbank & Tester, 2011; Jinek et al., 2012; Yin & Struik, 2010).
7. Limitations and Existing Technologies
This review acknowledges several inherent limitations that should be considered when interpreting its findings. First, while a systematic search strategy was employed, the literature search was confined to English-language publications in major electronic databases, potentially missing relevant research published in other languages or in regional journals. 
The technologies under discussion have significant drawbacks. For the majority of breeding programs in low- and middle-income nations, the capital cost of sophisticated HTP platforms—such as hyperspectral sensors, LiDAR systems, and drone fleets—remains unaffordable. Large-scale and diverse data produced by HTP systems pose serious computational and bioinformatic integration, storage, and analysis issues. Reproducibility and cross-study comparability are diminished by the continued lack of standardization of phenotypic measurements across contexts and institutions.
Due to regulatory obstacles, especially for genome-edited cultivars, and the difficulty of verifying stress-tolerance features in a variety of agro-ecological settings, the conversion of genomic findings into field-deployable varieties continues to go slowly. Fifth, the lack of qualified personnel in bioinformatics, computational biology, and precision phenotyping—especially in developing nations—represents a systemic bottleneck that cannot be overcome by technology investment alone without parallel capacity-building initiatives. For genomics-phenomics integration in vegetable breeding to be fully realized, these obstacles must be addressed through interdisciplinary cooperation, uniform standards, and fair access to resources and training.
Conclusion
Climate change poses an unprecedented threat to vegetable production, nutritional security and farmer livelihoods worldwide. Vegetables, due to their physiological sensitivity and high nutritional importance, are among the most vulnerable crop groups under rising temperatures, erratic rainfall, salinity, flooding and increasing pest pressure. Addressing these challenges requires a paradigm shift from conventional breeding toward data-driven, precision-based crop improvement strategies and integration of genomics and phenomics represents a powerful and complementary framework for accelerating climate-resilient vegetable breeding. While genomics deciphers the underlying genetic architecture of stress tolerance and yield stability, phenomics captures the dynamic expression of these genes under real-world environmental conditions. Together, they enable high-resolution genotype-to-phenotype mapping, rapid trait discovery, improved selection accuracy and faster genetic gain.When further combined with genome editing, multi-omics integration, AI-driven analytics and IoT-enabled phenotyping systems, this synergy holds immense promise for developing vegetable cultivars that are resilient, nutritious and adaptable to future climates. Ultimately, investing in genomics–phenomics integration is not merely a technological advancement, but a strategic necessity for ensuring sustainable vegetable production, resilient food systems and global nutritional security in an era of climate uncertainty.
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