Molecular Breeding in Vegetables: Transition from Marker Assisted Selection to Genomic Strategies
ABSTRACT  
Current review provides a comprehensive overview of the application of Marker Assisted Selection (MAS) in vegetable crop improvement, highlighting its transition from conventional to genomic breeding approaches. Vegetable crops are vital for global nutrition and agricultural sustainability; however, their productivity is significantly constrained by biotic and abiotic stresses. Conventional breeding methods, although effective, are often time consuming and limited by environmental influences and complex trait inheritance. MAS offers a precise and efficient alternative by enabling selection at the DNA level through marker–trait associations. The review discusses the conceptual framework, types of molecular markers, and genetic principles underlying MAS, including linkage, recombination, and quantitative trait loci (QTLs). Key strategies such as marker assisted backcrossing, gene pyramiding, and marker assisted recurrent selection are examined in detail. The integration of MAS with genomic selection and advanced tools such as high throughput genotyping and genome editing is also emphasized. Applications of MAS in improving disease resistance, abiotic stress tolerance, yield, quality traits, and sex expression in crops like tomato, chilli, and cucumber are critically analyzed. Despite challenges such as high costs and limited marker availability for complex traits, MAS continues to enhance breeding efficiency. Future prospects indicate its growing role in developing climate resilient and high quality vegetable cultivars.
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Introduction
Vegetable crops form a key component of global agriculture, contributing to human nutrition, farm income, and cropping system diversification. They supply essential nutrients such as vitamins, minerals, antioxidants, and dietary fiber, which are important for maintaining health and reducing micronutrient deficiencies. Worldwide vegetable production has surpassed one billion tonnes annually, reflecting increasing demand driven by population growth, urbanization, and changing food consumption patterns. (FAOSTAT, 2026). In many developing countries, vegetables also serve as a major source of income for small and marginal farmers, particularly under intensive and protected cultivation systems. Major diseases such as downy mildew in cucumber, tomato yellow leaf curl virus in tomato, and viral complexes in chilli severely constrain vegetable production. In addition, abiotic stresses including heat, salinity, and drought are increasingly impacting crop performance due to climate variability, affecting growth, flowering, and fruit set. For instance, high temperature in tomato can reduce fruit set by over 60% under extreme conditions, emphasizing the need for stress tolerant cultivars. Conventional breeding has improved vegetable crops through phenotypic selection and hybridization, but it is time intensive and influenced by environmental conditions. Its effectiveness is limited for complex, polygenic traits due to genotype × environment interactions. Furthermore, traits such as disease resistance and stress tolerance are often expressed only under specific conditions, making early selection less reliable (Collard & Mackill, 2008).
Advances in molecular genetics have transformed plant breeding by enabling the detection of genetic variation at the DNA level. Molecular markers, as specific DNA sequences linked to genomic regions, allow tracking of desirable traits independent of environmental influence. Marker Assisted Selection (MAS) integrates these markers with conventional breeding, enabling indirect selection through marker trait associations, improving precision, and reducing breeding time. In vegetable crops, MAS has been widely used to improve disease resistance, yield, quality, and stress tolerance. In tomato, resistance to tomato yellow leaf curl virus and root knot nematodes has been successfully introgressed using genes such as Ty 1 and Mi 1. In cucumber (Cucumis sativus L.), MAS has facilitated the identification of genes controlling key traits. The gynoecious habit, governed by the F locus, is crucial for hybrid seed production due to increased female flower proportion. Additionally, QTLs associated with traits such as downy mildew resistance and parthenocarpy have been effectively utilized in breeding programs (Wang et al., 2020). From a genetic perspective, MAS is effective for both monogenic and polygenic traits. Quantitative trait loci (QTLs) identified through linkage and association studies enable the dissection of complex traits into genetic components. Parameters such phenotypic variance (R²) assess QTL reliability, while linkage disequilibrium influences marker–trait associations. High throughput SNP based genotyping has further improved the resolution and efficiency of MAS (Kumar et al., 2024).
The integration of MAS with advanced breeding strategies has expanded its utility. Marker assisted backcrossing allows precise gene introgression, while gene pyramiding ensures durable resistance. Additionally, combining MAS with genome wide association studies and genomic selection enhances breeding efficiency and accelerates genetic gain. In protected cultivation systems, there is increasing demand for high yielding, uniform, and stress tolerant vegetable hybrids. Traits such as compact growth, high fruit set, and stress resistance are essential, and MAS enables their rapid and precise selection. In cucumber, molecular breeding has accelerated the development of gynoecious and parthenocarpic hybrids suited for these systems. This review provides a comprehensive overview of MAS in vegetable crop improvement, focusing on its genetic basis, methodologies, and applications. Emphasis is given to crops like tomato, chilli, and cucumber, particularly for protected cultivation traits. It also highlights recent advancements and future prospects, underscoring the role of MAS in sustainable vegetable production.
Conceptual Framework of Marker Assisted Selection
Marker Assisted Selection (MAS) is a molecular breeding technique that allows selection of target traits using DNA markers associated with specific genes or quantitative trait loci (QTLs). Unlike conventional methods based on observable traits, MAS operates at the genetic level, improving both accuracy and efficiency of selection. It is based on genetic linkage, where markers closely associated with target loci enable tracking of desirable alleles within breeding populations (Collard & Mackill, 2008). A key component of MAS is the use of molecular markers closely associated with genes governing target traits. Common marker systems include simple sequence repeats (SSRs), single nucleotide polymorphisms (SNPs), and amplified fragment length polymorphisms (AFLPs). The reliability of MAS depends on how closely the marker is linked to the gene, as lower recombination frequency increases the accuracy of selection. Markers positioned near the target locus are therefore more effective for identifying desirable alleles (Yuan et al., 2017)
The MAS workflow begins with the creation of a suitable mapping population, such as F₂, backcross, or recombinant inbred lines (RILs), derived from parents contrasting for the target trait. The population is then genotyped using molecular markers and evaluated phenotypically. Subsequent statistical analysis identifies associations between markers and traits, enabling the detection of QTLs responsible for trait variation (Kumar et al., 2024) An important element of MAS is QTL mapping, which identifies genomic regions linked to quantitative traits. These loci are defined by their chromosomal location, magnitude of effect, and contribution to phenotypic variation (R²). In vegetable crops, key traits such as yield, quality, and stress tolerance are typically governed by multiple QTLs, highlighting the importance of MAS for their effective improvement (Shrestha et al., 2020).
After identifying markers associated with target traits, they are applied in breeding populations for selection. Individuals are screened using molecular techniques such as polymerase chain reaction (PCR) to detect desirable alleles. Selected plants carrying favorable alleles are advanced, while others are eliminated at early stages, improving efficiency and reducing time and resource requirements (Yuan et al., 2017).  An important aspect of MAS is the validation of markers across different genetic backgrounds and environments. Because marker–trait relationships can vary among populations and conditions, validation ensures their consistency and reliability for use in diverse breeding programs (Saini et al., 2025).
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Fig. 1: Workflow of Marker Assisted Selection (MAS) in vegetable crop improvement, showing steps from DNA extraction to selection of superior cultivars.
In vegetable crops such as tomato, chilli, brassica, and cucumber (Cucumis sativus L.), MAS has been widely applied to enhance traits like disease resistance, yield, quality, and sex expression. The use of markers linked to resistance genes and QTLs has enabled the development of improved cultivars. The MAS process includes steps such as DNA extraction, marker identification, genotyping, analysis of marker–trait associations, and selection of superior genotypes (Figure 1), reflecting the integration of molecular and conventional breeding approaches. The success of MAS depends on factors such as marker density, accuracy of phenotyping, and genetic complexity of traits. With ongoing advancements in genomic technologies, MAS continues to improve in precision and efficiency. Overall, it provides a structured approach for incorporating molecular tools into breeding programs, supporting the development of superior vegetable cultivars.
Molecular Markers in Vegetable Crops
Molecular markers are DNA based sequences used to detect genetic variation at specific genomic loci, making them key tools in modern plant breeding. Unlike morphological or biochemical traits, they are stable across environments and can be identified at any developmental stage. Their wide distribution, high abundance, and reliability make them highly useful for genetic analysis, linkage mapping, and marker assisted selection in vegetable crops (Varshney et al., 2005). 
An effective molecular marker is characterized by high polymorphism, co dominant inheritance, reproducibility, and ease of detection, along with uniform distribution across the genome for adequate coverage of genetic variation. Various marker systems have been developed over time, each differing in efficiency and application. Restriction Fragment Length Polymorphism (RFLP) was one of the earliest DNA based marker techniques, relying on differences in fragment sizes produced by restriction enzyme digestion. Although RFLP markers are co dominant and reliable, their use is limited due to labor intensive procedures, the need for high quality DNA, and low throughput (Karlik & Tombuloğlu, 2016). Despite their limitations, RFLP markers were instrumental in the initial development of genetic linkage maps, particularly in crops such as tomato.  Random Amplified Polymorphic DNA (RAPD) markers involve the amplification of random genomic regions using short primers. They are quick and simple to use and do not require prior sequence information. However, their application is restricted by low reproducibility and dominant inheritance, reducing their suitability for detailed genetic analysis (Semagn et al., 2006). Amplified Fragment Length Polymorphism (AFLP) markers integrate restriction digestion with PCR amplification, resulting in high polymorphism and reproducibility. They are commonly applied in studies of genetic diversity and linkage mapping in vegetable crops, although their dominant inheritance and technical complexity limit widespread use.
Simple Sequence Repeat (SSR) markers, or microsatellites, are extensively utilized in vegetable breeding. These markers consist of short repeated DNA sequences and show high polymorphism due to variation in repeat number. Their co dominant nature, reproducibility, and ease of analysis make them well suited for genetic mapping, diversity assessment, and marker assisted selection. (Miah et al., 2013). In vegetable crops such as tomato, cucumber, and brassica, SSR markers have been widely applied to identify QTLs related to yield, disease resistance, and quality traits. More recently, Single Nucleotide Polymorphism (SNP) markers have become the most advanced and commonly used marker system due to their high abundance and suitability for large scale genotyping. SNPs are single base variations occurring frequently across the genome. Advances in SNP arrays and next generation sequencing have enabled rapid and cost effective analysis of large populations. These markers are highly effective for fine mapping, genome wide association studies (GWAS), and genomic selection, offering detailed insights into complex trait genetics (Rafalski, 2002).
Molecular markers have greatly enhanced the efficiency of vegetable breeding programs. In tomato, they are extensively used to identify genes conferring resistance to bacterial wilt, late blight, and viral infections. In cucumber (Cucumis sativus L.), SSR and SNP markers have facilitated the detection of genomic regions controlling sex expression, fruit quality, disease resistance, and traits such as gynoecy and parthenocarpy for protected cultivation. In brassica, markers are applied to traits like oil content, stress tolerance, and disease resistance, while in chilli and capsicum they are important for identifying viral resistance genes. Advances in genome sequencing have accelerated the development and application of these markers. The selection of marker systems depends on breeding goals and available resources. Although RFLP and RAPD markers were used initially, SSR and SNP markers are now preferred due to their higher accuracy and efficiency. Their integration with genomic tools has improved both the precision and speed of breeding programs. Overall, molecular markers are essential for developing high yielding, quality, and stress tolerant vegetable cultivars.
Genetic Basis of Marker Assisted Selection
The efficiency of Marker Assisted Selection (MAS) depends on the genetic structure of target traits and key inheritance principles such as linkage and recombination. Understanding these mechanisms is crucial for effective use of molecular markers in breeding. MAS operates by associating markers with genes or QTLs controlling traits, allowing selection based on genotype rather than observable characteristics. A central concept in MAS is genetic linkage, where closely located genes or markers on a chromosome tend to be inherited together. The degree of linkage is influenced by recombination frequency, which indicates the likelihood of crossover during meiosis and is measured in centimorgans (cM). Markers positioned very close to the target gene, generally within 5 cM, are preferred to ensure reliable selection by minimizing recombination events (Hospital, 2009).
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Fig. 2. Identification of quantitative trait loci (QTLs) through linkage mapping, illustrating marker–trait association in a segregating population.
Quantitative Trait Loci (QTLs) are genomic regions associated with complex traits controlled by multiple genes. Identifying these loci is essential in MAS, as it enables the breakdown of complex traits into distinct genetic components. QTL mapping is commonly conducted through linkage analysis using populations such as F₂, backcross, or recombinant inbred lines. The significance of detected QTLs is assessed using the logarithm of odds (LOD) score, with values above 3 generally indicating reliable associations. The contribution of each QTL is further evaluated by the proportion of phenotypic variance explained (R²), where major QTLs typically account for more than 10–20% of trait variation (Bernardo, 2016).
Linkage disequilibrium (LD) is another key concept underlying MAS, describing the non random association of alleles at different loci within a population. It strongly influences the reliability of marker–trait relationships, especially in association mapping and genome wide association studies (GWAS). High LD allows markers to predict linked genes over broader genomic regions, whereas rapid LD decay requires a higher marker density to accurately capture genetic variation (Flint Garcia et al., 2003). Gene tagging and fine mapping are essential processes for improving the precision of MAS. Gene tagging involves the identification of markers that are closely linked to a gene of interest, while fine mapping aims to narrow down the genomic region containing the gene to a very small interval. This is achieved by analyzing recombination events in large populations, allowing for the identification of markers that are tightly associated with the trait. Fine mapping is particularly important for distinguishing between closely linked genes and reducing linkage drag, which refers to the co transfer of undesirable genes along with the target gene during breeding(Xu, Y. (2010).
The genetic nature of traits plays a major role in determining the effectiveness of MAS. Traits controlled by single major genes are easier to manage due to strong and stable marker–trait associations. In contrast, complex traits such as yield and stress tolerance are influenced by multiple loci with small effects, requiring the identification and selection of several QTLs simultaneously. This increases breeding complexity. Additionally, epistatic interactions, where genes influence each other’s expression, further complicate selection and must be considered in breeding strategies (Bernardo, 2016). In vegetable crops, MAS has been widely applied to economically important traits. In cucumber (Cucumis sativus L.), gynoecy is controlled by a major gene at the F locus, making it highly suitable for marker based selection. In contrast, traits such as downy mildew resistance are governed by multiple QTLs, requiring the use of several markers. In crops like tomato and chilli, resistance to viral and fungal diseases is often linked to major genes that can be efficiently tracked using molecular markers.
The effectiveness of MAS also relies on validation across different genetic backgrounds and environments. Marker–trait associations may vary among populations due to differences in genetic structure and recombination. Therefore, validation in diverse populations is necessary before practical use. The use of flanking markers, positioned on both sides of a target gene, further improves selection accuracy by minimizing recombination effects. Advances in genomics have strengthened the genetic foundation of MAS. High density maps, whole genome sequencing, and improved statistical tools have increased the precision of QTL detection and facilitated identification of candidate genes. Integration with approaches such as GWAS and genomic selection is shifting breeding towards genomics assisted strategies, enhancing both efficiency and precision in crop improvement (Varshney, Bohra, Yu, Graner, Zhang, Sorrells, et al., 2021).
Strategies of Marker Assisted Selection
The effectiveness of Marker Assisted Selection (MAS) depends not only on identifying reliable marker–trait linkages but also on their proper application in breeding programs. Various strategies have been developed to improve selection efficiency, increase genetic gain, and incorporate desirable traits into elite lines. Key approaches include marker assisted backcrossing (MABC), marker assisted recurrent selection (MARS), gene pyramiding, and the integration of MAS with genomic selection.

Marker Assisted Backcrossing (MABC)
Marker assisted backcrossing (MABC) is a widely used approach for transferring specific genes or QTLs from a donor into an elite recurrent parent while preserving its desirable traits. The main objective is the precise introgression of target genes with minimal alteration of the original genetic background.
MABC involves three key selection steps:
(i) Foreground selection – identification of individuals carrying the target gene using closely linked markers, ensuring its presence in successive generations.
(ii) Background selection – use of genome wide markers to accelerate recovery of the recurrent parent genome, often achieving about 96–98% recovery within two to three backcross generations (Hospital & Charcosset, 1997).
(iii) Recombinant selection – this step focuses on identifying recombination events that separate the target gene from nearby undesirable donor regions, thereby reducing linkage drag. It is especially important when unwanted traits are closely associated with the desired gene.
MABC has been effectively used in vegetable crops for transferring disease resistance genes. In crops such as tomato and chilli, resistance to viral diseases has been successfully introduced into elite lines using this strategy, leading to improved performance.
Marker Assisted Recurrent Selection (MARS)
Marker assisted recurrent selection (MARS) is used for improving complex traits controlled by many genes with small effects. Unlike MABC, which targets specific genes, MARS aims to accumulate favorable alleles from multiple loci across breeding cycles. In this approach, individuals are selected based on markers linked to several QTLs and then intercrossed to form the next generation. Repeated cycles gradually increase the frequency of beneficial alleles. MARS is particularly effective for traits such as yield, stress tolerance, and quality in vegetable crops. Its success depends on accurate QTL detection and availability of dense marker systems. Compared to conventional selection, MARS can provide greater genetic gain over time, especially for polygenic traits (Bernardo & Charcosset, 2006).
Gene Pyramiding
Gene pyramiding is a MAS approach that integrates multiple genes governing similar or complementary traits into a single genotype, mainly to achieve durable disease resistance. This strategy lowers the risk of resistance failure due to pathogen evolution. In conventional breeding, combining multiple genes is challenging because it is difficult to distinguish between single  and multi gene genotypes. MAS addresses this by allowing simultaneous selection of several genes using specific markers, and has been successfully applied in crops like tomato and brassica. In cucumber (Cucumis sativus L.), combining QTLs for traits such as downy mildew resistance has shown promising results in developing stable cultivars for both open field and protected environments. The effectiveness of this approach depends on the availability of closely linked markers and minimal negative interactions among the selected genes (Joshi & Nayak, 2010).
Integration of MAS with Genomic Selection
Recent genomic advancements have enabled the integration of MAS with genomic selection (GS), marking a major shift in plant breeding approaches. While MAS targets specific markers linked to major genes or QTLs, GS uses genome wide marker data to estimate the breeding value of individuals. This involves developing prediction models from genotypic and phenotypic data of a training population, which are then applied to select individuals based only on their marker profiles. GS is particularly effective for complex traits controlled by many small effect loci, where MAS alone is less efficient. Combining MAS and GS allows the use of both targeted gene introgression and genome wide prediction. MAS ensures precise transfer of major genes, whereas GS improves complex traits, together enhancing selection accuracy and shortening breeding cycles in vegetable crops (Heffner et al., 2009).
Comparative Efficiency of MAS Strategies
The choice of MAS strategy depends on the genetic architecture of traits and breeding objectives. Marker assisted backcrossing (MABC) is suitable for major genes, while MARS and genomic selection are effective for polygenic traits. Gene pyramiding is important for durable resistance against evolving pathogens. In vegetable crops, integrated use of these strategies is common. For example, in cucumber, MABC is used for gynoecy, while MARS and genomic approaches improve yield and stress tolerance. Overall, MAS strategies enable rapid and precise development of high yielding, stress resilient, and quality vegetable cultivars.
Integration of Marker Assisted Selection with Conventional Breeding
The integration of Marker Assisted Selection (MAS) with conventional breeding enhances plant improvement by combining phenotypic evaluation with molecular precision. While conventional breeding is effective, it is limited by time, environmental influence, and lower selection accuracy. Conventional methods rely on observable traits such as yield and disease resistance, but are affected by environmental variability and genotype × environment interactions, reducing reliability. In contrast, MAS enables selection at the DNA level, allowing accurate identification of desirable alleles independent of environmental effects (Crossa et al., 2017). Integrating MAS into conventional breeding enhances selection efficiency across different stages. At early stages, it enables screening at the seedling level, reducing reliance on extensive field trials, particularly for traits like disease resistance and stress tolerance. At advanced stages, MAS supports phenotypic evaluation by confirming trait expression and overall performance. It is especially useful in hybrid breeding of crops such as tomato, chilli, cucumber, and brassica, where it accelerates the development of pure parental lines through precise gene transfer and early identification of homozygous plants. In cucumber (Cucumis sativus L.), MAS is commonly used to select the F locus for gynoecious lines, enhancing breeding efficiency and hybrid seed production (Varshney, Bohra, Yu, Graner, Zhang, & Sorrells, 2021).
The integration of MAS also plays a crucial role in improving complex traits through combined selection approaches. For traits governed by multiple genes, such as yield and stress tolerance, MAS can be used to track major QTLs, while phenotypic selection ensures the overall performance of the genotype under field conditions. This combined approach enhances both selection accuracy and breeding efficiency. Studies have shown that integrating MAS with conventional breeding can increase genetic gain by 20–30% compared to phenotypic selection alone, particularly in crops with complex trait architecture (Varshney, Thudi, et al., 2018). MAS is particularly effective in backcross breeding, where it speeds up recovery of the recurrent parent genome while retaining target traits and minimizing linkage drag. In recurrent selection programs, MAS helps identify individuals carrying favorable alleles, while conventional methods facilitate recombination and field evaluation. This integration is especially valuable under protected cultivation, where traits such as compact growth, high fruit set, and stress tolerance are essential. In cucumber, it has supported the development of parthenocarpic and gynoecious hybrids suited for polyhouse conditions (Dhall et al., 2024).
Although MAS offers significant benefits, its integration with conventional breeding requires proper planning and resource management. Its effectiveness depends on the availability of reliable markers, precise phenotyping, and appropriate breeding populations, making a balanced strategy essential. Overall, combining these approaches improves the speed, accuracy, and efficiency of vegetable crop improvement, enabling the development of high yielding, quality, and stress tolerant cultivars suited to modern agricultural challenges.
Applications of Marker Assisted Selection in Vegetable Crops
Disease Resistance Breeding
Disease resistance breeding represents one of the most effective applications of Marker Assisted Selection (MAS) in vegetable crops. Biotic stresses caused by fungi, bacteria, viruses, and nematodes significantly reduce productivity, with yield losses commonly ranging from 20% to 50% under field conditions (Savary et al., 2019). Conventional breeding approaches are often constrained by complex resistance mechanisms, environmental effects on disease expression, and the time intensive nature of screening. In contrast, MAS enables accurate and early identification of resistance genes using molecular markers, improving selection efficiency (Kibe et al., 2020).
Disease resistance in plants may be controlled by single major genes (qualitative resistance) or by multiple genes (quantitative resistance). MAS is highly effective for traits governed by major resistance (R) genes, as closely linked markers allow accurate detection of resistance alleles. In vegetable crops like tomato, several resistance genes have been efficiently utilized through MAS. For instance, Ty 1 and Ty 2 genes provide resistance to tomato yellow leaf curl virus (TYLCV), and their marker based selection has enhanced breeding efficiency (Yan et al., 2018). Similarly, the Mi 1 gene provides resistance against root knot nematodes (Meloidogyne spp.), and markers linked to this gene have been widely used in breeding programs to develop resistant cultivars (Kibe et al., 2020).
In chilli and capsicum, viral diseases such as chilli leaf curl virus and cucumber mosaic virus represent serious production constraints. The application of MAS has enabled the identification and introgression of resistance loci, thereby reducing reliance on phenotypic screening under vector infested conditions and improving selection accuracy (Mehta et al., 2019). Cucumber (Cucumis sativus L.), an economically important vegetable crop, is highly susceptible to several diseases, among which downy mildew caused by Pseudoperonospora cubensis is one of the most destructive. Resistance to downy mildew is typically quantitative in nature, involving multiple QTLs distributed across the genome. MAS has facilitated the identification and utilization of these QTLs, enabling more efficient selection of resistant genotypes. Certain QTLs associated with downy mildew resistance have been reported to explain approximately 15–25% of phenotypic variation, indicating their significant contribution to resistance breeding (Sun et al., 2022). In brassica crops such as cabbage and cauliflower, clubroot disease caused by Plasmodiophora brassicae is a major constraint. MAS has been successfully employed to introgress resistance genes into elite cultivars, leading to the development of improved varieties with enhanced disease resistance and agronomic performance (Sánchez Martín & Keller, 2019).
One of the major advantages of MAS in disease resistance breeding is its ability to facilitate gene pyramiding. By combining multiple resistance genes into a single genotype, breeders can develop cultivars with durable and broad spectrum resistance. This is particularly important in vegetable crops, where pathogens evolve rapidly and can overcome single gene resistance. MAS enables the simultaneous tracking of multiple genes, ensuring their presence in the final cultivar (Prasanna et al., 2021). Another benefit of MAS is the shortening of breeding cycles. Traditional disease screening depends on suitable environmental conditions or artificial inoculation, which may not always be available. In contrast, MAS enables early selection without pathogen exposure, thereby speeding up breeding and lowering costs (Mehta et al., 2019). Despite its advantages, the effectiveness of MAS depends on the availability of reliable markers and a thorough understanding of the genetic basis of resistance. For quantitative traits, the identification of stable QTLs across environments remains a challenge. However, recent advancements in genomics and high throughput genotyping technologies are continuously improving the precision and efficiency of MAS in disease resistance breeding (Prasanna et al., 2021). 
Abiotic Stress Tolerance
Environmental stresses including high temperature, drought, salinity, and waterlogging severely restrict vegetable production by impairing plant development, productivity, and product quality. Climate change has intensified the occurrence of these stresses, increasing the need for cultivars capable of maintaining performance under adverse conditions. Breeding for abiotic stress tolerance using conventional approaches is challenging because these traits are usually controlled by multiple genes and are strongly affected by environmental variation, making accurate phenotyping difficult. Marker Assisted Selection (MAS) addresses these challenges by enabling the detection and selection of genomic regions associated with stress tolerance (Varshney, Singh, et al., 2018a). Abiotic stress tolerance is typically a complex trait controlled by multiple genes, where each genetic region contributes only a limited effect to the overall response. These genomic regions are referred to as quantitative trait loci (QTLs). Through Marker Assisted Selection (MAS), breeders can identify and track these loci using molecular markers linked to favorable alleles. This approach allows the selection of desirable genotypes at early stages of breeding, even in the absence of environmental stress conditions during the selection process (Bita & Gerats, 2013). In tomato, heat stress is a major concern, particularly in tropical and subtropical regions. High temperatures can adversely affect pollen viability, fruit set, and overall yield. QTLs associated with heat tolerance, including traits such as pollen thermotolerance and fruit set under high temperature, have been identified and utilized in breeding programs, enabling the development of heat tolerant cultivars (Camejo et al., 2005). Salinity is a major abiotic stress, especially in irrigated agricultural systems where salt accumulation is common. Excess salts cause osmotic stress, ion toxicity, and nutrient imbalance, leading to reduced plant growth and yield. In crops such as cucumber (Cucumis sativus L.) and tomato, several quantitative trait loci (QTLs) associated with salt tolerance have been identified, including those related to ion regulation and osmotic adjustment. Marker Assisted Selection (MAS) enables breeders to select genotypes carrying these favorable genomic regions, facilitating the development of salinity tolerant cultivars (Zhu, 2016).
Drought is a major limitation in vegetable production as water scarcity restricts cell expansion, reduces photosynthetic activity, and ultimately lowers yield. In crops such as chilli, tomato, and brassica, several quantitative trait loci (QTLs) linked to drought tolerance have been identified, particularly those influencing root development, water use efficiency, and stomatal control. Marker Assisted Selection (MAS) enables breeders to identify and select genotypes carrying favorable alleles for these traits, thereby improving drought tolerance in vegetable cultivars (Andleeb et al., 2020). Cucumber (Cucumis sativus L.) is highly sensitive to abiotic stresses due to its shallow root system. Marker Assisted Selection (MAS) has been used to identify quantitative trait loci (QTLs) associated with tolerance to heat and salinity. These genomic regions are linked to traits such as electrolyte leakage, chlorophyll stability, and fruit set under stress conditions. Some QTLs account for about 10–20% of phenotypic variation, indicating a moderate yet important role in stress tolerance (Dhall et al., 2023).
Marker Assisted Selection (MAS) is also used to combine multiple quantitative trait loci (QTLs) to improve tolerance to different abiotic stresses. Since several stresses often occur simultaneously under field conditions, integrating tolerance traits within a single genotype is important for stable crop performance. MAS allows breeders to track and select multiple QTLs at the same time, supporting the development of cultivars with improved multi stress tolerance (Varshney, Singh, et al., 2018). In protected cultivation systems such as polyhouses and greenhouses, environmental conditions can be partly regulated, but stresses like temperature variation and soil salinity still occur. Marker Assisted Selection (MAS) supports the development of vegetable hybrids adapted to these environments by enabling precise selection of traits such as heat tolerance, efficient nutrient use, and stress resilience. In cucumber, MAS has contributed to the development of parthenocarpic and stress tolerant hybrids suited for protected cultivation (Dhall et al., 2023). Although Marker Assisted Selection (MAS) offers several advantages, its use in breeding for abiotic stress tolerance faces certain limitations. These traits often have complex genetic control and are strongly influenced by genotype × environment interactions, which can reduce the reliability of marker based selection. Therefore, QTLs must be validated across different environments and genetic backgrounds before being effectively applied in breeding programs (Andleeb et al., 2020).
Yield and Yield Related Traits
Yield is a key and complex trait in vegetable crops because it directly determines productivity and economic value. It is controlled by multiple genes and is strongly influenced by environmental conditions and genotype × environment interactions. Yield depends on several component traits, including fruit number, fruit size and weight, earliness, and plant architecture. Because of this polygenic nature and environmental influence, improving yield through conventional breeding is often slow. Marker Assisted Selection (MAS) helps breeders identify and select favorable alleles associated with important yield components, thereby improving selection efficiency (Shrestha et al., 2020).
Yield is influenced by several quantitative trait loci (QTLs), each contributing a small to moderate effect on the final trait expression. Marker Assisted Selection (MAS) helps identify and utilize these loci, allowing breeders to select yield related traits at the genetic level. In tomato, various QTLs linked to fruit weight, fruit number, and yield per plant have been mapped. Some major loci for fruit weight account for nearly 20–30% of phenotypic variation, highlighting their importance in yield improvement (Topcu et al., 2021). Earliness is an important yield related trait in vegetable crops because early harvest often provides higher market value. Genetic studies have identified quantitative trait loci (QTLs) controlling traits such as flowering time and fruit maturity in crops like tomato, cucumber, and chilli. Marker Assisted Selection (MAS) enables early identification of genotypes with desirable earliness traits, helping reduce crop duration and improve cropping intensity (Chowdhury et al., 2022).
In cucumber (Cucumis sativus L.), yield is mainly influenced by traits such as fruit number per plant, fruit length, fruit diameter, and sex expression. Gynoecious lines, which produce mostly female flowers, are closely associated with higher yield potential. Marker Assisted Selection (MAS) has been applied to identify quantitative trait loci (QTLs) linked to these yield components, supporting the development of high yielding hybrids. Some genomic regions related to fruit length and fruit weight explain about 10–25% of phenotypic variation, indicating their contribution to yield improvement (Dhall et al., 2023). In chilli and capsicum, productivity is mainly determined by traits such as fruit number, fruit size, and plant branching pattern. Marker Assisted Selection (MAS) has helped identify quantitative trait loci (QTLs) controlling these characteristics, enabling breeders to combine favorable alleles for improved yield. Likewise, in brassica crops, marker based approaches have been used to enhance traits such as head size, compactness, and biomass production (Chowdhury et al., 2022).
A key advantage of Marker Assisted Selection (MAS) in yield improvement is its ability to select multiple yield components simultaneously. Since yield is a composite trait, improving individual components can collectively increase overall productivity. MAS allows breeders to track several QTLs at once, improving selection efficiency, particularly in hybrid breeding where combining ability and heterosis influence yield performance (Shrestha et al., 2020). Additionally, integrating MAS with genomic selection further improves yield breeding. While MAS targets major QTLs, genomic selection uses genome wide markers to predict breeding values for complex traits, thereby increasing selection accuracy and accelerating genetic gain (Crossa et al., 2017).
Although Marker Assisted Selection (MAS) offers significant advantages for yield improvement, several limitations remain. The expression of yield related QTLs is often affected by environmental conditions, resulting in variation across locations and seasons. Moreover, interactions among different QTLs (epistasis) can make selection more complex. Therefore, validating these loci across diverse environments and genetic backgrounds is necessary for their reliable use in breeding programs (Topcu et al., 2021). 
Quality Trait Improvement
Quality traits in vegetable crops are important because they influence consumer acceptance, market value, nutritional benefits, and post harvest behavior. These characteristics include nutritional components such as vitamins and antioxidants, along with physical and biochemical traits like fruit firmness, color, flavor, and shelf life. Most quality traits are quantitatively inherited and affected by both genetic and environmental factors, which makes their improvement through conventional breeding difficult. Marker Assisted Selection (MAS) provides an efficient approach to enhance these complex traits by targeting their underlying genetic determinants (Rouphael & Kyriacou, 2018).
Improving nutritional quality is an important objective in vegetable breeding due to the rising demand for functional foods. In tomato, considerable progress has been achieved in enhancing nutrients such as lycopene, β carotene, and vitamin C. Several quantitative trait loci (QTLs) controlling these traits have been identified, and Marker Assisted Selection (MAS) has been applied to increase their levels in improved cultivars. Some major QTLs for lycopene content explain about 25–40% of phenotypic variation, indicating a strong genetic effect (Buturi et al., 2021). In cucumber (Cucumis sativus L.), quality traits such as fruit firmness, skin color, bitterness, and shelf life are important, especially for fresh consumption and export markets. Bitterness is mainly caused by cucurbitacins, and the genes regulating this trait have been identified through genetic studies. Marker Assisted Selection (MAS) allows breeders to select genotypes with reduced bitterness while preserving other desirable characteristics. In addition, quantitative trait loci (QTLs) related to fruit firmness and shelf life have been reported, supporting the development of cultivars with improved post harvest quality (Shang et al., 2014).
Shelf life is an important quality trait that influences the storage and transport of vegetables. In crops such as tomato and capsicum, characteristics like delayed ripening, reduced softening, and resistance to post harvest deterioration are particularly important. Marker Assisted Selection (MAS) has helped identify genes involved in ethylene regulation and cell wall metabolism, which influence fruit ripening and firmness. Using markers linked to these genes allows breeders to develop varieties with longer shelf life and better market value (Varshney, Singh, et al., 2018). Color and visual appearance are key quality attributes that affect consumer preference. In vegetables such as tomato, carrot, and capsicum, coloration results from pigments including carotenoids and anthocyanins. Marker Assisted Selection (MAS) has helped identify genes involved in pigment biosynthesis, allowing breeders to develop varieties with improved color and nutritional value. For example, modification of carotenoid related genes has resulted in tomato cultivars with enhanced color and antioxidant levels (Saini et al., 2025). Flavor is a complex quality trait determined by the balance of sugars, organic acids, and volatile compounds. Although its genetic control is highly complex, advances in genomics have enabled the identification of quantitative trait loci (QTLs) linked to flavor related compounds. Marker Assisted Selection (MAS) can help select favorable alleles that enhance taste; however, improvement remains challenging due to the polygenic nature of the trait and strong environmental influence (Rouphael & Kyriacou, 2018).
In vegetables produced under protected cultivation, quality traits are especially important because premium markets demand high and consistent standards. Marker Assisted Selection (MAS) enables accurate selection of characteristics such as uniform fruit size, smooth texture, and improved nutritional composition. In cucumber, MAS has played an important role in developing parthenocarpic hybrids with better fruit quality and greater uniformity (Shang et al., 2014). Although Marker Assisted Selection (MAS) offers advantages for improving quality traits, its application is often limited by their complex genetic control and the lack of stable markers across environments. Many quality characteristics are governed by multiple genes with small effects, making it necessary to combine several QTLs for effective improvement. In addition, genotype × environment interactions can influence trait expression, so markers must be validated under different environmental conditions before use in breeding programs (Weiss & Gruda, 2025).
Sex Expression and Floral Traits
Sex expression is an important trait in cucurbits because it directly affects yield and hybrid seed production. In cucumber (Cucumis sativus L.), it regulates the proportion of male and female flowers, where a higher frequency of female flowers increases productivity. The development of gynoecious lines is therefore a major breeding goal. This trait is largely controlled by the F (Female) locus, where plants carrying the dominant F allele produce mostly female flowers. Marker Assisted Selection (MAS) enables early detection of gynoecious plants using markers linked to this locus, improving selection efficiency without relying on field based phenotypic evaluation  (Boualem et al., 2015).
Besides the F locus, other genes such as M (Monoecious) and A (Androecious) also influence sex expression in cucumber. The interaction among these genes determines the plant’s flowering pattern. For example, the combination of F and M alleles affects the level of femaleness, while environmental factors like temperature and photoperiod can further influence their expression. Marker Assisted Selection (MAS) helps identify these genetic combinations, enabling breeders to develop lines with desired flowering traits  (Dhall et al., 2023).
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Fig. 3. Genetic and hormonal regulation of sex expression in cucumber, highlighting the role of the F locus and ethylene in gynoecious flower development.
Hormonal regulation is important for controlling sex expression in cucumber. Ethylene promotes the formation of female flowers, whereas gibberellins generally encourage male flower development. Genes involved in ethylene biosynthesis, particularly ACC synthase (ACS) genes, play a major role in this process. For instance, the CsACS2 gene is associated with female flower development, and markers linked to such genes are used in Marker Assisted Selection (MAS) to improve selection efficiency (García et al., 2019). Marker Assisted Selection (MAS) has improved the development of gynoecious cucumber lines by allowing selection at the seedling stage. This approach minimizes the need for repeated phenotypic evaluation across different environments, which is often affected by environmental variation. Unlike conventional breeding, where gynoecious plants are identified through prolonged observation of flowering patterns, MAS enables faster and more accurate selection based on genetic markers (Dhall et al., 2023).
Gynoecious lines are especially valuable in hybrid seed production because they act as efficient female parents and produce a higher number of fruits. Their use simplifies pollination management and can improve seed yield while lowering production costs. Marker Assisted Selection (MAS) also helps maintain the genetic purity of these lines by confirming the presence of alleles responsible for femaleness (Boualem et al., 2015). In protected cultivation systems such as polyhouses and greenhouses, sex expression plays an important role in crop productivity. Parthenocarpic cucumber hybrids, capable of producing fruits without pollination, are often combined with gynoecious traits to enhance yield and ensure uniform fruit development. Marker Assisted Selection (MAS) has enabled the identification and combination of genes responsible for gynoecy and parthenocarpy, supporting the development of high performing hybrids for controlled environments (García et al., 2019). Although genetic factors control sex expression, environmental conditions such as temperature, light intensity, and nutrient supply can influence its stability. Therefore, molecular markers must be validated under different environments to ensure reliable use in breeding programs. Moreover, the interaction between genetic and hormonal regulation increases the complexity of this trait, highlighting the need for a clear understanding of its underlying mechanisms for effective breeding (Dhall et al., 2023).
Marker Assisted Selection in Protected Cultivation Systems
Protected cultivation systems such as polyhouses and greenhouses have become important for producing high value vegetables because they provide controlled growing conditions that improve yield and quality. However, successful production in these environments requires cultivars specifically adapted to such conditions. Marker Assisted Selection (MAS) supports the development of these cultivars by enabling precise and efficient selection of traits suitable for protected cultivation (Vasavi Devi et al., 2025).
Crop varieties grown under protected environments require specific traits such as compact plant architecture, high fruit set under controlled pollination, disease resistance, and tolerance to temperature and humidity changes. Conventional breeding for these characteristics is often slow and less precise because of environmental variation. Marker Assisted Selection (MAS) enables breeders to identify and select genes or QTLs associated with these traits, thereby speeding up the development of suitable cultivars (Varshney et al., 2005).
Parthenocarpy is an essential trait for protected cultivation because it allows fruits to develop without pollination, which is advantageous in greenhouse systems where pollinators are scarce. In cucumber (Cucumis sativus L.), parthenocarpic hybrids are widely cultivated as they produce uniform, seedless fruits with high market demand. Marker Assisted Selection (MAS) has helped identify genes responsible for parthenocarpy, facilitating the development of high yielding hybrids suitable for protected environments (Dey et al., 2023).
Sex expression is an important trait in protected cultivation, particularly in cucumber. Gynoecious lines that produce mainly female flowers help increase yield and ensure uniform fruit production. Marker Assisted Selection (MAS) allows early identification of gynoecious genotypes using markers linked to the F locus, improving the efficiency of hybrid seed production and cultivar development (Dhall et al., 2023).
Disease management is a key concern in protected cultivation because the warm and humid microclimate often favors pathogen growth. Conditions inside polyhouses can increase the incidence of diseases such as powdery mildew, downy mildew, and bacterial infections. Marker Assisted Selection (MAS) has been widely used to introduce resistance genes into vegetable crops, supporting the development of disease resistant cultivars and reducing dependence on chemical control methods (Vasavi Devi et al., 2025).
Abiotic stress tolerance is important in protected cultivation because temperature fluctuations and salinity can still affect crop performance. Marker Assisted Selection (MAS) helps identify QTLs linked to stress tolerance, enabling the development of cultivars that perform reliably under controlled conditions. In crops such as tomato and capsicum, MAS has been used to enhance heat tolerance and maintain fruit set under the high temperatures often observed in polyhouses (Varshney et al., 2005).
Marker Assisted Selection (MAS) also helps produce uniform and high quality vegetables under protected cultivation. Traits such as fruit size, shape, color, and firmness are important for consumer acceptance, particularly in premium markets. By enabling precise selection of these characteristics, MAS ensures consistency in the final produce and supports export oriented production. However, effective use of MAS depends on the availability of well characterized markers and reliable phenotypic data. In addition, genotype × environment interactions within controlled systems must be considered to maintain trait stability. Advances in genomics and high throughput phenotyping are further strengthening the use of MAS in protected cultivation breeding programs  (Dey et al., 2023). 
Advantages of Marker Assisted Selection
Marker Assisted Selection (MAS) has transformed plant breeding by offering a precise and faster method for crop improvement. Compared with conventional approaches, it improves the efficiency of breeding programs, especially in vegetable crops where rapid development of superior varieties is required. A major advantage of MAS is that selection is performed at the DNA level, reducing the influence of environmental factors on trait expression. By identifying specific genes or QTLs, breeders can select desirable genotypes with greater accuracy and consistency (Varshney et al., 2005).
Another important advantage of Marker Assisted Selection (MAS) is early stage selection. It enables breeders to identify desirable genotypes at the seedling stage without waiting for traits to appear at later growth stages. This is especially useful for traits such as disease resistance, sex expression, and quality characteristics that are difficult to assess phenotypically. Early identification shortens breeding cycles and speeds up the development of improved cultivars (Xu et al., 2020). Marker Assisted Selection (MAS) also enables the simultaneous selection of multiple traits through gene pyramiding. This approach is particularly useful in vegetable crops for combining resistance to several diseases or improving tolerance to different stresses. By using multiple molecular markers, breeders can monitor several genes within the same breeding population, thereby increasing selection efficiency and genetic improvement (Varshney et al., 2005). Marker assisted selection (MAS) provides a major benefit by increasing the precision of selecting plants with desirable characteristics, particularly when dealing with complex traits. While its effectiveness is highest for traits governed by single or major genes, it is also applicable for identifying quantitative trait loci (QTLs) linked to traits such as productivity, tolerance to environmental stresses, and quality attributes. Integration of MAS with traditional breeding practices and modern genomic tools strengthens selection reliability and accelerates the rate of genetic improvement over time (Crossa et al., 2017)MAS improves backcross breeding by speeding up recovery of the recurrent parent genome while retaining the target gene. Background selection enables faster genome restoration in fewer generations, reducing breeding time and limiting linkage drag, which supports efficient development of improved cultivars. (Varshney et al., 2005b). In vegetable crops like cucumber (Cucumis sativus L.), MAS has enabled efficient development of gynoecious and parthenocarpic types by allowing early stage identification of these traits, improving hybrid seed production and yield. It is also widely applied in tomato, chilli, and brassica for enhancing disease resistance and quality. Additionally, MAS reduces reliance on field based screening, lowering time, labor, and cost by enabling selection through molecular markers instead of environmental testing (Xu et al., 2020).
MAS increases breeding accuracy and consistency since DNA markers remain stable across environments, ensuring reliable selection in different conditions. This enables efficient transfer of desirable traits and supports the development of stress tolerant, disease resistant, and high quality vegetable cultivars. Overall, MAS shortens breeding time and improves efficiency, making it a key approach in modern crop improvement.
Limitations and Challenges of Marker Assisted Selection
Although widely used, MAS has several limitations that affect its broader adoption in vegetable breeding. Challenges arise from technical, biological, and economic factors, especially when dealing with diverse traits and environments. A key constraint is the high cost of genotyping and molecular analysis, which requires advanced facilities, skilled expertise, and substantial investment. Despite recent technological improvements, these costs still limit its use in smaller breeding programs and developing regions (Varshney et al., 2005).
Major limitation of MAS is the lack of reliable markers for several key traits in vegetable crops. Effective selection requires markers closely associated with target genes or QTLs, but this is difficult for complex traits like yield, quality, and stress tolerance due to their polygenic nature (Xu et al., 2020). The complexity of quantitative traits is a key limitation for MAS. Such traits are governed by many genes with small effects and are influenced by gene interactions and environmental factors. As a result, selecting only a few QTLs may not represent the complete genetic variation, reducing improvement efficiency, especially for traits like yield and stress tolerance in vegetable crops (Crossa et al., 2017). Genotype × environment interactions further limit MAS effectiveness, as trait expression can vary under different conditions. QTLs identified in one environment may not perform consistently in others, reducing selection reliability. Therefore, markers must be validated across multiple environments and genetic backgrounds, a process that requires considerable time and resources (Collard & Mackill, 2008). Linkage drag is another limitation of MAS, where unwanted genes are inherited along with the target gene due to close linkage. Although recombinant selection can reduce this effect, complete removal is difficult when recombination is limited, potentially affecting cultivar performance. Additionally, MAS relies on precise phenotyping for marker identification; inaccurate data can weaken marker–trait associations, especially for traits like stress tolerance and quality that are difficult to measure consistently (Varshney et al., 2005). Limited transferability of markers is another constraint in MAS. Markers effective in one genetic background may not perform similarly in others due to variation in linkage patterns and genetic diversity. This requires repeated validation for each population, increasing the time and complexity of implementation (Xu et al., 2020). In crops like cucumber (Cucumis sativus L.), MAS has improved traits such as sex expression and disease resistance, but its effectiveness remains limited for complex traits like yield and stress tolerance due to strong genotype–environment interactions. The need for advanced infrastructure and expertise in molecular genetics and bioinformatics further restricts its adoption, especially in resource limited programs. Moreover, MAS alone is often insufficient for complex traits, requiring integration with approaches like genomic selection and high throughput phenotyping to enhance genetic improvement  (Crossa et al., 2017). 
Future Prospects of Marker Assisted Selection in Vegetable Crops
The future of MAS in vegetable breeding is driven by advances in genomics, genome editing, and data based approaches. Integrating MAS with next generation sequencing and high throughput genotyping enables large scale SNP discovery, leading to high density genetic maps and precise QTL identification. This shift from single marker use to genome wide strategies is expected to improve selection accuracy and overall breeding efficiency (Gao, 2021).
The integration of MAS with genomic selection (GS) is a key advancement in plant breeding. While MAS focuses on specific QTLs, GS uses genome wide markers to estimate breeding value. Combining both approaches allows accurate selection of major genes along with efficient improvement of complex traits, leading to greater genetic gain per cycle (Bhat et al., 2016). This combined strategy is especially useful for improving polygenic traits like yield, quality, and stress tolerance in vegetable crops. Genome editing tools such as CRISPR Cas enable precise modification of target genes, and when integrated with MAS, they allow identification and direct improvement of key traits. In crops like tomato and cucumber (Cucumis sativus L.), this approach has been applied to enhance fruit quality, disease resistance, and plant structure, accelerating the development of improved cultivars (Chen et al., 2019).
High throughput phenotyping (HTP) is an important future direction for improving MAS. Since phenotyping is a major limitation in breeding, advanced tools such as imaging, sensors, and remote sensing allow fast and accurate trait measurement in different conditions. Integrating HTP with MAS strengthens marker–trait relationships and improves selection reliability (Li et al., 2021). The use of artificial intelligence (AI) and machine learning (ML) is becoming increasingly important in plant breeding. These tools can process large genomic and phenotypic datasets, detect complex patterns, and predict trait performance. When integrated with MAS, AI supports better genotype selection and faster decision making, making breeding more efficient and data driven (Montesinos López et al., 2024).
Under climate change conditions, developing resilient vegetable cultivars is essential. MAS, combined with advanced genomic tools, helps identify and transfer genes related to tolerance against heat, drought, and salinity. This supports the development of varieties that maintain productivity under stress, contributing to food and nutritional security (Langridge et al., 2021). Pangenomics and gene editing are advancing trait discovery by revealing new genes and alleles, which MAS can utilize to improve diversity and performance. In protected cultivation, MAS aids in developing hybrids with traits like parthenocarpy, gynoecy, compact growth, and uniform quality. Despite challenges in data integration and technical expertise, ongoing advances in genomics and data science are expected to enhance the precision and efficiency of MAS in crop improvement.
Conclusion
Marker Assisted Selection (MAS) has significantly improved vegetable breeding by increasing accuracy, speed, and efficiency through DNA based selection. It overcomes limitations of conventional methods, particularly environmental effects and delayed trait expression, enabling improvement of traits like disease resistance, stress tolerance, yield, quality, and sex expression. The combination of MAS with traditional breeding has accelerated genetic improvement in crops such as tomato, chilli, brassica, and cucumber (Cucumis sativus L.), allowing precise transfer of desirable genes into elite lines. It has been especially effective in developing gynoecious and parthenocarpic cucumber lines, supporting high yield hybrid production and durable disease resistance. Despite these advantages, factors like high genotyping costs, limited markers for complex traits, and genotype × environment interactions still pose challenges. However, advances in genomics and phenotyping are gradually addressing these issues. Future integration of MAS with genomic selection, genome editing, and artificial intelligence is expected to further enhance breeding outcomes. Overall, MAS serves as a vital link between conventional and advanced breeding approaches, contributing to sustainable vegetable production and food security.
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