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Molecular Techniques for Enhanced Drought Resistance in Vegetable Crops: A Review


Abstract
Drought stress poses a significant threat to global food security, particularly impacting vegetable crops that are essential for human nutrition. This review paper synthesised the current state of knowledge on breeding strategies aimed at enhancing drought resistance in vegetable crops.  A systematic analysis was done on the key genetic and physiological mechanisms underlying drought response in vegetables, providing insights into the complex traits involved. The review highlighted advancements in molecular breeding techniques, genomics, and phenomics that have facilitated the development of drought-tolerant varieties. Moreover, the role of traditional breeding methods, genetic engineering, and emerging technologies in imparting resilience to vegetables under water scarcity conditions was assessed. Additionally, the impact of climate change on drought patterns and its implications for vegetable breeding programs were explored. It was found that functional genomics, a field of molecular biology, is a technique that uses high-throughput techniques like DNA microarrays, proteomics, metabolomics and mutation analysis to describe the function and interactions of genes. Many major crops lack the ability to synthesise the special osmoprotectants that are naturally accumulated by stress-tolerant organisms. The genetic engineering of metabolic pathways for the production of osmolytes such as mannitol, fructans, trehalose, proline, or glycinebetaine might increase resistance to drought. By integrating findings from diverse research approaches, this review offered a comprehensive understanding of the challenges and opportunities in breeding for drought resistance in vegetable crops. It was concluded that despite challenges, the pursuit of resilient cultivars through conventional and molecular breeding methods is crucial for sustainable agriculture in the face of escalating water scarcity. As agriculture grapples with climate uncertainties, the insights gleaned from this review provide a roadmap for continued research and innovation in fostering drought-resistant vegetable crops. The synthesis of knowledge presented herein serves as a valuable resource for researchers, breeders, and policymakers striving to enhance the sustainability and resilience of vegetable production systems in the face of evolving climate scenarios.
Introduction
Vegetables play a crucial role in human diets, providing essential antioxidants, vitamins, and dietary fibres, along with unique flavours, textures, and cultural significance. The global production of vegetables witnessed a substantial 65% increase between 2000 and 2019. Given that most vegetables consist of over 90% water, drought stress emerges as a significant obstacle, hindering their growth, development, and overall yield. Drought, along with salt, induces osmotic, ionic, and oxidative stresses that slow down plant growth. As stomata close, CO2 absorption, carboxylation, and internal CO2 levels drop, which leads to more photorespiration (Ahmad et al., 2024). Over the years, vegetables have evolved diverse defence mechanisms to confront drought stress and sustain growth and metabolism. The mechanisms include the hormonal regulation of key gene expression/signalling pathways, the activation of antioxidant enzymes, and protein synthesis and degradation processes (Park et al., 2025). However, these responses vary significantly based on factors such as species, stress severity, growth stage, and specific vegetable parts. Moreover, negative effects on vegetable production caused by water shortage are way higher than other abiotic factors, and it is most detrimental for adequate plant functioning and growth (Junaid et al., 2025). Additionally, each vegetable exhibits distinct critical stages of water requirement, and insufficient water during these periods can lead to a notable reduction in both yield and quality. While natural acclimatisation aids vegetables in enduring various environmental constraints, these adaptive strategies may prove inadequate in rapidly mitigating the impact of drought stress. Under such conditions, vegetables undergo reversible and irreversible physiological and biochemical changes. Consequently, addressing vegetable drought tolerance demands a multifaceted approach, incorporating innovative cultivation methods and exogenous regulatory technology to fulfil the normal growth and developmental needs of vegetables globally.
Drought-induced reductions in both quantity and quality of vegetables have profound implications for food security. The sensitivity of most vegetables to drought becomes pronounced when their water content drops to approximately 20%. In response to water deficiency, vegetables experience osmotic, ionic, and oxidative stress, leading to temporary stomatal closure and eventual shrinkage. This constriction hampers CO2 uptake, disrupts carboxylation, elevates photorespiration, and heightens oxidative damage to organelles, exacerbated by increased reactive oxygen species (ROS) production under drought stress (Mir et al. 2012). This comprehensive review delves into the impact of morphological and structural attributes on vegetables' resilience to drought. Additionally, it explores pivotal genes, signalling transduction pathways, osmotic adjustments, antioxidants, and the involvement of hormones in orchestrating drought stress tolerance. The review not only synthesises existing knowledge but also addresses gaps in understanding how vegetables specifically respond to and endure drought. These insights are pivotal for augmenting vegetable tolerance through advancements in cultivation technology and stress-resilient breeding, contributing to water conservation and fostering efficient vegetable production strategies.
Concept and Mechanism of Drought Tolerance:
Drought is defined as a prolonged duration with inadequate rainfall (Linsley et al., 1959). However, Quizenberry (1982) proposes that a shortage of rainfall alone does not qualify as drought within a crop production system until it results in water scarcity that restricts the growth and development of crop plants. Crop plants are exposed to several environmental stresses, all affecting plant growth and development, which consequently hampers the productivity of crop plants. Moisture stress is one of the greatest environmental factors in reducing yield in the arid and semi-arid tropics. From an agricultural point of view, its working definition would be the inadequacy of water availability, including precipitation and soil moisture storage capacity, in quantity and distribution during the life cycle of a crop plant that restricts the expression of the full genetic potential of the plant. (Seki et al., 2003; Farooq et al., 2009).
At the genetic level, the adaptive mechanisms by which plants survive drought, collectively referred to as drought tolerance, can be grouped into three categories, viz. drought escape, drought avoidance and drought tolerance. However, crop plants make use of more than one mechanism at a time to tolerate drought. (Karthika and Maheswari, 2019)
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Fig 1. Concept and Mechanism of Drought Tolerance
Drought escape: The phenomenon wherein a crop plant successfully concludes its life cycle prior to the onset of significant soil and plant water deficits is referred to as drought escape. This strategy entails swift phenological development, specifically early flowering and maturity, with the duration of the growth period varying based on the severity of water scarcity. For example, in cowpea, early erect cultivars like 'Ein El Gazal' and 'Melakh' exhibited strong performance in situations where the rainfall season was brief but well-defined. This success is attributed to their capacity to evade late-season drought (Hall, 2004).
Drought avoidance: It pertains to a crop's capacity to endure periods of insufficient rainfall while maintaining a heightened plant status through a high plant water potential, known as dehydration postponement or drought avoidance (Krammer, 1980). Alternatively, drought avoidance denotes a plant's ability to uphold relatively elevated tissue water potential despite a scarcity of soil moisture. Enhancing water uptake mechanisms, storage in plant cells, and minimising water loss contribute to drought avoidance. The mechanisms involved include physiological adaptations across the entire plant, such as canopy tolerance and reduction of leaf area (which diminishes radiation absorption and transpiration), as well as processes like stomatal closure, cuticular wax formation, and adjustments in sink-source relationships through modifications in root depth and density, root hair development, and root hydraulic conductance (Beard and Sifers, 1997; Rivero et al., 2007).
Drought Tolerance: The capability of a crop to withstand moisture deficits at a low tissue water potential, known as dehydration tolerance, is emphasised (Levitt, 1972). In drought conditions, plants navigate survival by striking a balance between maintaining turgor and reducing water loss (Begg and Turner, 1976). Drought tolerance mechanisms involve the equilibrium of turgor through osmotic adjustment (accumulation of solutes in cells), an increase in cell elasticity accompanied by a decrease in cell size, and desiccation tolerance via protoplasmic tolerance (Ugherughe, 1986). In a laboratory study with tomato, the cultivar PS-10 exhibited a lower osmotic potential under all polyethylene glycol (PEG) treatments, establishing it as a more effective drought-tolerant cultivar than Roma, while cultivars Peto and Nora demonstrated average drought tolerance (Aazami et al., 2010).

Table 1. Traits associated with drought tolerance
	Sr. No.
	Category
	Traits

	1.
	Morphological & Anatomical
	“Yield; More Root length, Root Volume, Root Dry Weight, Root, Thickness; Root surface area, More Plant Biomass; Harvest index; Leaf drying; Leaf tip firing; Delay in flowering”.

	2.
	Phenological
	“Early to maturity, Late Flowering; Anthesis, Silking Interval; Seedling vigor; Weed competitiveness; Photosensitivity; perennially”.

	3.
	Physiological & Biochemical
	“Osmotic Adjustment; Carbon Isotope Discrimination;
Stomatal conductance; Remobilization of stem reserves;
Specific leaf weight; ABA; Electrolyte leakage; leaf rolling, tip firing, Stay-green; Epicuticular wax; Feed forward response to stress; Heat shock proteins; Cell wall proteins; Leaf water potential; Water use efficiency; Aquaporins; Nitrogen use efficiency; Dehydrins”.



Screening for Drought Tolerance
The diversity among the genotypes may serve as the primary source for screening against drought stress. Drought tolerance is the interactive result of diverse morphological, physiological and biochemical traits, and thus, these components could be used as strong selection criteria to screen out an appropriate plant ideotype. Implications of developing an effective screening procedure for drought tolerance have been realised utilising different procedures (Table 2). Traditionally, plant breeders have addressed the problem of environmental stress by selecting for suitability of performance over a series of environmental conditions using extensive testing and biometrical approaches (Blum, 1988).
Table 2. Screening procedure for drought tolerance (Kumar et al., 2012)
	Sr. No
	Instruments/ techniques used
	Screening for the purpose of

	
	Infrared thermometry
	Efficient water uptake

	
	Banding herbicide metribuzin at a certain depth of soil, and use of iodine-131 and hydroponic culture under stress of 15 bar
	Root growth

	
	Infrared aerial photography
	Dehydration postponement

	
	Drought index measurement
	Total yield and number of fruits

	
	Visual scoring or measurement
	Maturity, leaf moulding, leaf length, angle, orientation, and root
morphology and other morphological characters

	
	Diffusion porometry technique
	Leaf water conductance

	
	Mini-rhizotron technique
	Root penetration, distribution and density in the field



Sources of drought-stress-tolerant vegetables 
Potential sources of drought tolerance species and genotypes of major vegetable crops have been identified in many of the vegetable crops (Table 3).
Table 3. Sources of drought-stress-tolerant vegetables
	Sr. No
	Vegetable crops
	Drought tolerance

	
	Tomato
	S. habrochaites, S. pennelli, S. Pimpi-
nellifoloium, S. esculentum var. ceras-
iforme, S. hirsutum, S. cheesmanii, S. 
chilense, S. habrochaites, S. sitiens

	
	Brinjal
	S. microcarpon, S. gilo, S. macrosperma, 
S. integrifolium, S. sodomaeum (syn 
S. linneanum)

	
	Okra
	A. caillei, A. rugosus, A. auberosus

	
	Chilli
	C. chinense, C. baccatum var. pendulum, 
C. eximium

	
	Onion
	Allium fistulosum, A. munzii

	
	French bean
	P. acutifolius

	
	Water melon
	Citrullus colocynthis (L.) Schrad



Breeding approaches for drought resistance:- 
Mass selection: Mass selection is a straightforward selection method utilised to build large populations by combining positive or negative mass selection techniques. This approach is applied within populations, particularly for traits characterised by high narrow-sense heritability. However, a significant drawback of mass selection lies in its susceptibility to environmental influences, which can adversely impact the development and phenotypic expression of individual plants. Despite this limitation, mass selection remains advantageous for identifying varieties that are well-suited for local performance. (Giménez et.al.,2001)
Pureline Selection: In this approach, a parent exhibiting drought tolerance is crossbred with a high-yielding parent to produce segregating individuals. Recombination and trait segregation during this process result in novel combinations of alleles. In the F2 generation, plants that perform optimally under both drought stress and irrigated conditions are carefully selected. Seeds from these selected plants are then gathered to raise new plant progenies. These new plant types undergo screening to identify the best progenies and superior plants within the population, leading to the development of pure lines. However, this method has its drawbacks. The formation of very few recombinants occurs from F1 to F3 generations, and there is a minimal probability of altering genotypes in subsequent generations. This is because nearly 87.5% homozygosity is achieved by the F4 generation (Mitra, 2001).
Recurrent selection: In this methodology, individual plants are carefully chosen from the original population and subjected to progeny testing. Subsequently, these selected individuals are crossbred with each other in all possible combinations to generate seeds and establish a new base population. The selfing of F2 plants leads to heterozygosity, introducing novel genetic variations in each population and generating new recombinants. This process facilitates the incorporation of promising alleles into a single genotype, gradually removing gene linkage and introducing new recombination. This iterative process is repeated multiple times, leading to the formation of novel genetic recombinations in each cycle of selection. Recurrent selection is widely employed to enhance yield potential and develop resistance to drought (Richards, R. 2006). After each cycle, precise selection is applied to increase genetic variability. Numerous studies have demonstrated that the use of recurrent selection in drought-prone conditions leads to a noticeable increase in yield gain.
Manipulation of Somaclonal Variation: Phenotypic variations arise from epigenetic changes occurring in cells derived from somatic or gametic explants. Typically, these variations are considered undesirable as they diminish the homogeneity of the restored plants. Nevertheless, these variations, being spontaneous, offer plant breeders the opportunity to identify new traits among the emerging individuals (Blum et.al., 1982). These variations can be either permanent or temporary in nature. Temporary variations result from physiological effects within the plants and are not heritable. On the other hand, permanent variations may occur due to mutations, polyploidy, endopolyploidy, or chromosomal aberrations.
Molecular approaches 
Many major crops lack the ability to synthesise the special osmoprotectants that are naturally accumulated by stress-tolerant organisms. The genetic engineering of metabolic pathways for the production of osmolytes such as mannitol, fructans, trehalose, proline, or glycinebetaine might increase resistance to drought (Ramanjulu et al., 2002). The active accumulation of osmolytes in the cytoplasm of plants decreases the cell's osmotic potential and maintains cell turgor. Furthermore, gene editing in vegetable crops has emerged as a groundbreaking and precise approach to enhance crop characteristics and agricultural productivity. CRISPR-Cas9 and other gene editing tools have revolutionised plant breeding, enabling scientists to modify specific genes with unprecedented accuracy (Roychowdhury et al., 2025). 
Isolation of stress-responsive genes 
Gene isolation and cloning through molecular biology research can be based on RNA or protein expression, differential screening, differential display technique, DNA insertions such as transposon or T-DNA insertions, map based cloning and methods of random cDNA sequencing and genome sequencing. The recent upsurge in activities concerned with identifying genes with unknown functions through research on expressed sequence tags (ESTs) and sequencing of total genomes is a boon for abiotic stress-related work. 


Functional genomics approach 
Functional genomics is a field of molecular biology that is attempting to make use of the vast wealth of data produced by genome sequencing projects to describe genome function. This technique uses high-throughput techniques like DNA microarrays, proteomics, metabolomics and mutation analysis to describe the function and interactions of genes. The recent discovery of promoter regulatory elements, like DRE or ABRE, involved in both dehydration and low temperature-induced gene expression in Arabidopsis, as well as the identification of transcriptional factors interacting with those promoters, are exciting developments.
Table 4. Key phases of drought stress and its repercussions on vegetable crops are noteworthy
	Sr. No.
	Vegetable crops
	Critical period for watering
	Impact of water stress

	1
	Tomato
	Early flowering, fruit set, and enlargement
	Flower shedding, lack of fertilisation, reduced fruit size, fruit splitting, puffiness and development of calcium-deficient disorder, i.e. blossom end rot (BER), poor seed viability

	2
	Brinjal
	Flowering and fruit
development
	Reduces yield with poor colour development in fruits, poor seed viability.

	3
	Potato
	Tuberization and tuber
enlargement
	Poor tuber growth and yield, splitting, internal brown spot

	4
	Cucurbitaceous
	Head/ curd formation and
enlargement
	Tip burning and splitting of the head in cabbage; browning and buttoning in
cauliflower

	5
	Bean
	Pollination and pod
development
	Blossoms drop with inadequate moisture levels, and pods fail to fill, poor seed viability

	6
	Root vegetable
	Root enlargement
	Distorted, rough and poor growth of roots, strong and pungent odour in carrot, accumulation of harmful nitrates in roots

	7
	Leafy vegetable
	Consistently throughout
development
	Toughness of leaves, poor plant growth, and tip burning



Management of drought in vegetable crops 
Germplasm selection: Short-duration varieties, having an efficient root system and capacity to recoup after the alleviation of stress need to be selected. Vegetable crops like French bean, cowpea, lima bean, chilli, cluster bean, drumstick, Brinjal, and okra are suitable for rainfed cultivation. 
Use of drought stress tolerant rootstocks: Use of appropriate drought tolerant rootstocks, their cultivation is possible under stressed conditions to a great extent.
Seed priming: Seed priming is a technique by which seeds are partially hydrated to a point where germination-related metabolic processes begin, but radicle emergence does not occur. Primed seeds show increase germination rate, greater germination uniformity. KCl, KH2PO4, ZnSO4, MnSO4, ascorbic acid, succinic acid, cycocel, MgSO4, NaCl etc.
Uses of anti-transpirants 
Anti-transpirants are chemicals sprayed on plants to form a film which increases the diffusion resistance of water from stomata and thus reduces transpiration losses of water. One of the most widely used film-forming antitranspirants is Vapor Gard. Its formulation is based on polymer di-1-p-menthene (pinolene). On wheat under drought, it was seen that plants treated with Vapor Gard used, on average, 45% less water than those untreated. Furthermore, under drought conditions, wheat with antitranspirant received higher grains per spike and more yield than without its use (Kocięcka et al., 2023). Several chemicals have been successfully used, like acropyl in grapes, polycot in banana and kaolinite (3-8%) in different fruit plants. Moreover, Salicylic acid (SA) has been recognised as a promising molecule for improving abiotic stress tolerance in plants due to its ability to enhance the antioxidant defence system and promote the root architecture system. SA regulates the production of reactive oxygen species (ROS). Moreover, it can also act as a signalling molecule that regulates the expression of stress-responsive genes (Yang et al., 2023).
Use of osmoprotectants 
Osmoprotectants help in mediating osmotic adjustment and protect subcellular structures under stressed conditions. Osmolytes like Proline, trehalose, fructan, and mannitol.
Use of plant growth regulators 
ABA and Cycocel reduce shoot growth and increase root growth. Exogenous application of gibberellic acid increased the net photosynthetic rate, stomatal conductance and transpiration rate under drought stress. Exogenously applied uniconazole, brassinolide, and abscisic acid increased yields both under well-watered and water-deficient conditions. Plant growth regulator treatments significantly increased water potential and improved chlorophyll content under water stress conditions.
Use of Silicon 
Silicon improves drought tolerance in plants like rice, pepper, and cucumber. Silicon also increases heat tolerance by preserving membrane strength. As drought is seldom escorted by extraordinary temperature usage of silicon can lessen the destruction of drought and heat (Halford et al. 2011).

Conclusion 
In conclusion, this review comprehensively explores the strategies and advancements in breeding for drought resistance in vegetable crops. The elucidation of physiological mechanisms, identification of key traits, and the incorporation of molecular techniques underscore the multifaceted approaches undertaken. Despite challenges, the pursuit of resilient cultivars through conventional and molecular breeding methods is crucial for sustainable agriculture in the face of escalating water scarcity. The integration of diverse germplasm, coupled with robust phenotyping and genotyping technologies, enhances our capacity to develop cultivars resilient to varying drought intensities. As agriculture grapples with climate uncertainties, the insights gleaned from this review provide a roadmap for continued research and innovation in fostering drought-resistant vegetable crops.
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