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Abstract. Global food security demands more precise and efficient plant breeding strategies to develop high-yielding varieties. Marker-

Assisted Selection (MAS) is a molecular approach that utilizes genetic markers such as SSRs, SNPs, and InDels to identify superior 

genotypes from early growth stages. This study employs a Systematic Literature Review (SLR) method following PRISMA guidelines 

to analyze the effectiveness of MAS in enhancing crop productivity compared to conventional methods. Review results indicate that 

MAS can accelerate breeding cycles, improve selection accuracy, and support strategies such as foreground selection, background 

selection, and gene pyramiding across various commodities, including rice, maize, wheat, soybean, and alfalfa. Significant success is 

observed in improved disease resistance, abiotic stress tolerance, and yield stability. However, the implementation of MAS still faces 

challenges, including high operational costs, limited laboratory infrastructure, the complexity of quantitative traits, and the need for 

marker re-validation across different genetic backgrounds. Future prospects suggest that the integration of MAS with genomic 

selection, artificial intelligence, and CRISPR-Cas9 technology will strengthen data-driven predictive breeding systems. Consequently, 

MAS can be viewed as a strategic solution to accelerate the development of high-yielding superior varieties and support the global 

food security agenda. 
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INTRODUCTION 

Global food security has become a paramount priority to meet the demands of a world population 

projected to reach unprecedented levels (Rajput et al., 2025). Ideally, plant breeding programs must 

significantly enhance Plant Productivity by developing high-yielding varieties resilient to various 

environmental stresses (Varshney et al., 2013). This is critical as the agricultural sector faces formidable 

challenges from climate change and land degradation, which threaten the stability of food production (Hafez 

et al., 2021). Increasing efficiency in identifying superior genotypes is an absolute prerequisite for accelerating 

breeding cycles and ensuring food availability for a rapidly expanding human population (Rajput et al., 2025). 

Current realities indicate that the productivity of major food crops has tended to stagnate over the last five 

decades due to a reliance on conventional breeding methods (Varshney et al., 2013). These traditional methods 

possess significant limitations, as they depend heavily on phenotypic observations influenced by 

environmental variability and soil heterogeneity, which often mask the true genetic potential of the plant 

(Baidyussen et al., 2024; Schneider et al., 2026). Furthermore, the process of introgressing superior traits 

through conventional crossing is time-consuming, often taking years to stabilize desired characteristics (Rajput 

et al., 2025; Sathishkumar et al., 2025). 

This productivity gap is driving a transition toward Molecular Breeding, which utilizes Genetic Markers 

as more precise and efficient selection tools. The primary mechanism of Marker-Assisted Selection (MAS) 

involves the use of DNA markers closely linked to quantitative trait loci (QTL) to identify high-yielding 

genotypes even at the seedling stage (Varshney et al., 2013; Sathishkumar et al., 2025). The utilization of 

molecular markers such as SSRs, SNPs, and InDels allows breeders to select for complex traits without waiting 

for plants to reach maturity or conducting extensive and costly field trials (Lin et al., 2024; Shen et al., 2026). 

Thus, a profound understanding of these marker utilization mechanisms is key to optimizing selection 

strategies for effective yield improvement (Rajput et al., 2025). 

However, the effectiveness of MAS in significantly increasing Plant Productivity still faces major 

implementation challenges in the field. A problem statement arises regarding the extent to which this 

technology can truly surpass the efficiency of conventional methods, particularly in crops with complex genetic 

structures (Baidyussen et al., 2024). Technical hurdles such as linkage drag, high operational costs for genomic 

platforms like KASP, and the need for adequate laboratory facilities often limit technology adoption, especially 

in developing nations (Sathishkumar et al., 2025; Baidyussen et al., 2024). Moreover, low prediction accuracy 

for quantitative traits controlled by multiple genes remains a bottleneck in integrating MAS universally into 

practical breeding programs (Baidyussen et al., 2024). 

Previous research has made significant contributions by identifying various genetic markers for disease 

resistance and drought tolerance in commodities such as rice, wheat, and legumes (Lin et al., 2024; Han et al., 

2025; Varshney et al., 2013). For instance, MAS has successfully introduced virus resistance genes into rice 

without compromising primary yield components (Lin et al., 2024). Other studies have demonstrated the 

successful development of Near Isogenic Lines (NIL) in melons and watermelons to map specific traits 

relevant to plant resilience (Chen et al., 2025). Nonetheless, these successes are often confined to laboratory 

scales or specific commodities and frequently fail when applied in heterogeneous field environments 

(Baidyussen et al., 2024). 

There is a distinct research gap where, despite thousands of molecular markers being reported in the 

literature, only a few have been successfully recommended for broad practical application. Many prior studies 

focus on the technical aspects of marker development without sufficient functional verification of gene 

expression under actual stress conditions. This gap creates a "paradox" where genomic technological 

advancements do not correlate linearly with productivity increases at the farmer level (Baidyussen et al., 2024). 

Consequently, a comprehensive evaluation is required to align academic findings with the practical needs of 

field plant breeding (Han et al., 2025). 

Given these conditions, a Systematic Literature Review is urgently needed to analyze the comprehensive 

effectiveness of MAS in breeding high-yielding crops. The primary objective of this study is to evaluate the 

successful application of genetic markers in enhancing productivity and to identify key factors hindering their 

efficiency (Baidyussen et al., 2024). To achieve this, the study is formulated around two main questions: 1) 

What are the mechanisms of utilizing Genetic Markers within the Marker-Assisted Selection (MAS) technique 

as a Molecular Breeding approach to identify and select high-yielding genotypes?, and 2) To what extent is 

the effectiveness of MAS in significantly increasing Plant Productivity compared to conventional methods, 

and what are the primary challenges in its application? By synthesizing data from various literature sources, 

this study will map the most effective and sustainable strategies, including the use of more affordable yet 

accurate alternative methods (Sathishkumar et al., 2025). 
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This systematic review serves as a crucial step in consolidating fragmented knowledge into practical 

guidelines for researchers and breeding practitioners (Han et al., 2025). The contribution of this study is 

expected to provide a strategic roadmap for the development of superior varieties to support future food 

security agendas. Theoretically, this study will enrich the literature on the correlation between molecular 

markers and tangible yield increases across diverse environments (Baidyussen et al., 2024). Practically, the 

results of this review will assist plant breeders in selecting appropriate technology platforms to minimize 

selection failure risks and reduce operational costs (Sathishkumar et al., 2025). Ultimately, this study aims to 

bridge the gap between molecular innovation and practical application, ensuring that modern breeding 

technology can deliver a real impact on global Plant Productivity (Rajput et al., 2025). 

 

MATERIALS AND METHODS 

This study employs a Systematic Literature Review (SLR) method adhering to the PRISMA (Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses) guidelines as outlined, complemented by a 

descriptive qualitative approach. A comprehensive literature search was conducted across several scientific 

databases, including Scopus, Web of Science, ScienceDirect, SpringerLink, PubMed, and Google Scholar, 

using the keywords “Marker-Assisted Selection”, “MAS”, “plant productivity”, and “genomic selection” for 

the 2022–2026 publication range. All search results were exported to a reference manager to remove duplicates 

(identification stage), followed by screening through titles and abstracts to exclude articles irrelevant to the 

focus of MAS in high-yielding plant breeding. Articles passing the screening phase underwent a full-text 

review to ensure eligibility, and the final inclusion stage determined the appropriate articles as primary sources 

for analysis. Data from the selected articles were subsequently synthesized using a descriptive qualitative 

technique to identify the effectiveness of MAS in enhancing crop yields, the types of markers utilized, target 

crops, and the prospects and challenges of implementing MAS in sustainable breeding programs. 

 

RESULTS AND DISCUSSION 

The results of the analysis of the effectiveness of marker-based selection (Marker-Assisted 

Selection/MAS) in breeding high-yielding plants have been studied by several researchers and are presented 

in Table 1. 

 
Table 1. Summary of molecular marker applications and key findings across various crop species (2021–2026). 

No. Researcher Research Title Results Year 

1 S. Arockiasamy, et al. Breeding and 

biotechnological efforts in 

Jatropha curcas L. for 

sustainable yields 

Developed a high-density 

linkage map and identified 83 

QTLs for yield and oil content, 

plus 3 minor QTLs for JMV 

resistance. 

2021 

2 J. Borella, et al. Resistance to orange rust 

associated with the G1 

molecular marker in 

parents of Brazilian RB 

sugarcane varieties 

Validated G1 marker in 63 

sugarcane lines with 71% 

selection accuracy for orange 

rust resistance in the field. 

2022 

3 Ahmed Mahmoud, et 

al. 

Integrated Bulk Segregant 

Analysis, Fine Mapping, 

and Transcriptome 

Revealed QTLs and 

Candidate Genes 

Associated with Drought 

Adaptation in Wild 

Watermelon 

Identified two major QTLs 

(qNLR_Dr. Chr01 and Chr02) 

and genes regulating root 

adaptation under drought 

stress. 
2024 

4 Louis McLeod, et al. Multi-environment 

association study 

highlights candidate genes 

for robust agronomic 

quantitative trait loci in a 

novel worldwide Capsicum 

core collection 

Identified 114 high-confidence 

QTLs and 31 candidate genes 

regulating agronomic traits 

through multi-environment 

GWAS. 

2023 

5 Noel Ndlovu, et al. Linkage mapping and 

genomic prediction of 

grain quality traits in 

Mapped QTLs for grain quality 

and demonstrated that genomic 

prediction efficiently 

2024 
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tropical maize (Zea mays 

L.) 

accelerates high-nutrition 

maize breeding. 

6 Aleksandra Noweiska, 

et al. 

Multiplex PCR assay for 

the simultaneous 

identification of race 

specific and non-specific 

leaf resistance genes in 

wheat (Triticum aestivum 

L.) 

Optimized 13 multiplex PCR 

protocols to simultaneously 

detect multiple leaf rust 

resistance genes (Lr19, Lr24, 

etc.). 

2023 

7 V. Sagwal, et al. Discovery of miRNAs and 

development of miRNA-

SSR markers in response to 

N and P use in wheat 

Validated novel miRNA-SSR 

markers to differentiate wheat 

lines based on Nitrogen and 

Phosphorus utilization 

efficiency. 

2022 

8 Arun Kumar Singh, et 

al. 

Improving blast resistance 

of maintainer line DRR 9B 

by transferring broad 

spectrum resistance gene 

Pi2 by marker assisted 

selection in rice 

Successfully introgressed the 

Pi2 gene into maintainer line 

DRR 9B, enhancing blast 

resistance without 

compromising grain quality. 

2023 

9 Gagandeep Singh, et al. Genetic Enhancement for 

Biotic Stress Resistance in 

Basmati Rice through 

Marker-Assisted 

Backcross Breeding 

Developed Basmati lines 

(PB1509) by pyramiding genes 

against bacterial leaf blight and 

blast using MABC. 

2023 

10 Lovepreet Singh, et al. Validation of DNA 

marker-assisted selection 

for forage biomass 

productivity under deficit 

irrigation in alfalfa 

Validated markers for biomass 

productivity in Medicago 

sativa under deficit irrigation, 

highlighting donor allele 

effects. 

2022 

11 Wei Zhou, et al. Integrative machine 

learning approach for 

identifying genes 

associated with 

quantitative traits: A 

soybean (Glycine max) 

yield case study 

Used LightGBM algorithm to 

isolate predictive SNP markers 

and identify genes associated 

with soybean yield stability. 2026 

 

Concepts of Marker-Assisted Selection (MAS) and Genetic Markers 

Marker-Assisted Selection (MAS) is a plant selection method that utilizes DNA markers linked to target 

loci as a tool to predict plant phenotypes (Cahyo, 2023). This method aims to increase the efficiency of 

selection for agronomic traits that are difficult to observe visually (Abbas et al., 2017). Breeders can identify 

the presence of superior genes at very early stages of plant development, such as the seedling stage (Fitriyah 

& Siregar, 2025). This selection procedure offers significant advantages because it is not affected by 

environmental factors that often mask original genetic potential (Baidyussen et al., 2024). These technical 

advantages make MAS a primary strategy for accelerating the duration of plant breeding programs 

(Sathishkumar et al., 2025). The speed of this selection process is largely determined by the availability of 

genetic markers with a high level of accuracy in detecting target genes. 

Genetic markers used in the MAS system include various types of molecular markers such as SSR, SNP, 

and InDel (Prayoga et al., 2022). Simple Sequence Repeats (SSR) markers are often chosen by researchers 

because they have a very high level of polymorphism (Prayoga et al., 2022). On the other hand, Single 

Nucleotide Polymorphism (SNP) markers have become the new standard in modern breeding because they are 

very abundant throughout the genome (Sathishkumar et al., 2025). In addition to SNPs, Insertion-Deletion 

(InDel) markers have also been shown to be effective in tracking the introgression of specific resistance genes 

in rice plants (Lin et al., 2024). These various types of molecular markers function as indicators of gene 

position on chromosomes during the crossing process (Manisa et al., 2026). The precise positioning of markers 

on the genetic map makes it easier for breeders to implement more specific selection strategies. 

Selection strategies in MAS generally involve foreground selection techniques to ensure the presence of 

target genes in offspring (Lin et al., 2024). Additionally, breeders employ background selection to accelerate 

the recovery of the genetic background of desired parents (Chen et al., 2025). The simultaneous application of 
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these two selection techniques can drastically increase genetic gain in a shorter time (Fitriyah & Siregar, 2025). 

The integration of genetic marker technology also facilitates the combination of several superior genes 

simultaneously, a process known as gene pyramiding (Prayoga et al., 2022). Therefore, mastering the concepts 

of MAS and genetic markers is a crucial step in producing high-yielding plant varieties (Cahyo, 2023). 

 

Marker-Assisted Selection (MAS) Mechanism in Increasing Crop Productivity 

The MAS mechanism for increasing productivity begins with the identification of quantitative trait loci 

(QTL) that control yield components (Baidyussen et al., 2024). Breeders conduct genetic mapping to find 

molecular markers located very close to target genes on chromosomes (Manisa et al., 2026). This process 

allows early detection of plants carrying potential genes for high yields without having to wait for the harvest 

phase (Fitriyah & Siregar, 2025). The use of these DNA markers provides much higher accuracy because 

genetic data is stable and not affected by environmental fluctuations (Luca et al., 2024). Through this precise 

selection mechanism, breeders can discard unproductive genotypes early in the laboratory (Cahyo, 2023). The 

integration of these markers in parent selection is a crucial initial step before carrying out further crossing 

procedures. 

Once the target marker is identified, the next step is the application of Marker-Assisted Backcrossing 

(MABC) to transfer superior genes into commercial varieties (Lin et al., 2024). This strategy involves 

foreground selection to maintain the presence of the target gene from the donor parent in each generation of 

the cross (Lin et al., 2024). Simultaneously, breeders apply background selection to restore the entire genome 

of the recipient parent to maintain its original agronomic traits (Lin et al., 2024). The use of molecular markers 

in this process drastically reduces the number of backcross generations required compared to conventional 

methods (Sathishkumar et al., 2025). The success of gene introgression through MABC has been shown to 

increase plant resistance to biotic stresses, directly securing yield potential (Lin et al., 2024). The efficiency of 

this gene transfer is then enhanced by techniques that combine multiple genetic advantages simultaneously. 

A more complex productivity improvement mechanism is implemented through gene pyramiding 

techniques to combine multiple yield-controlling genes into a single genotype (Abbas et al., 2017). This 

technique allows the accumulation of various resistance and productivity genes derived from different parental 

sources. Breeders monitor the presence of each marker representing these genes through PCR analysis in the 

laboratory (Prayoga et al., 2022). This approach ensures that new varieties have dual protection against pests 

and diseases while also having maximum production capacity (Abbas et al., 2017). Ultimately, this entire series 

of MAS mechanisms can significantly accelerate the achievement of genetic progress (genetic gain) compared 

to phenotype-based breeding (Fitriyah & Siregar, 2025). In Figure 1 you can see a flow diagram of genome-

based plant breeding. 

 

 
Figure 1. Flowchart of genome-assisted plant breeding. 

(Source: Manisa et al, 2026) 
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Analysis of the Effectiveness of Marker-Assisted Selection (MAS) for High-Yielding Crops 

The effectiveness of MAS in creating high-yielding plants is measured by its ability to significantly 

increase genetic gain (Fitriyah & Siregar, 2025). The application of this method has been proven to reduce 

costs and time required in the plant breeding program cycle. The analysis of this effectiveness is based on the 

strong level of linkage disequilibrium ( LD) between markers and causative genes (Luca et al., 2024). The use 

of precise molecular markers allows breeders to select complex yield traits with a higher level of accuracy than 

visual selection (Baidyussen et al., 2024). This success is seen in the accelerated development of superior 

varieties that have yield stability under various environmental conditions (Prasetya et al., 2025). This increase 

in selection accuracy is highly dependent on the selection of the type of molecular marker that is most 

representative of the plant genome. 

Selection accuracy in high-yielding breeding programs is greatly influenced by the abundance and 

distribution of markers such as Single Nucleotide Polymorphisms (SNPs) within the genome (Sathishkumar et 

al., 2025). SNP markers are considered highly effective because they can be analyzed rapidly through high-

throughput platforms at a relatively affordable cost (Sathishkumar et al., 2025). Furthermore, the use of 

molecular markers allows for the precise identification of homozygous and heterozygous plants in the early 

generations of crosses (Manisa et al., 2026). This technical effectiveness provides breeders with assurance that 

high-yielding traits are maintained throughout the gene introgression process (Lin et al., 2024). This superior 

genotype differentiation automatically minimizes the risk of selection failure due to phenotypic observation 

errors in the field (Prayoga et al., 2022). This genetic certainty then becomes the primary basis for evaluating 

the final yield performance of selected plants. The DNA banding profile resulting from amplification using 

SSR markers in five rice cultivars can be seen in Figure 2. 

  
            (a)                (b) 

Figure 2. DNA band profile resulting from amplification using SSR markers in five rice cultivars. 

(Source: Prayoga et al, 2022) 
 

The implementation of MAS has also demonstrated remarkable effectiveness in transferring resistance 

genes, indirectly securing maximum yield potential (Lin et al., 2024). The gene pyramiding technique, assisted 

by molecular markers, has been shown to combine multiple yield-controlling genes into a single cultivar 

(Abbas et al., 2017). Through this approach, the resulting varieties not only have high yields but also exhibit 

resistance to pests and diseases (Prayoga et al., 2022). Operationally, the MAS method can reduce the duration 

of annual plant breeding from decades to a much shorter time (Cahyo, 2023). Therefore, a comprehensive 

analysis indicates that MAS is the most effective solution to address the challenge of stagnant global food crop 

productivity (Baidyussen et al., 2024). 

 

Challenges and Limitations of Using Marker-Assisted Selection (MAS) 

The use of Marker-Assisted Selection (MAS) in breeding programs still faces significant challenges 

related to high initial operational investment costs. The cost of introducing resistance genes into selected lines 

through MAS is often considered prohibitively expensive for institutions with limited budgets. This limitation 

is even more pronounced when breeders use KASP-based genotyping methods, which require expensive 

laboratory equipment (Sathishkumar et al., 2025). In addition to financial challenges, the effectiveness of MAS 

is also severely limited by the availability of markers that are strongly linked to the target trait (Baidyussen et 

al., 2024). These technical challenges mean that the selection process does not always produce the expected 
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accuracy in every plant population (Baidyussen et al., 2024). Therefore, economic and technical factors are 

major obstacles to the widespread adoption of MAS technology in developing countries. 

Another technical limitation relates to the genetic complexity of quantitative traits controlled by 

numerous minor genes (Fitriyah & Siregar, 2025). MAS has low effectiveness when used to select traits that 

are strongly influenced by non-linear genetic interactions and epistasis (Fitriyah & Siregar, 2025). 

Furthermore, genetic recombination can cause linkages between molecular markers and target genes to be 

broken during the crossing process (Manisa et al., 2026). This problem often forces breeders to revalidate 

markers used in different genetic backgrounds (Baidyussen et al., 2024). These constraints indicate that MAS 

cannot fully replace the role of phenotypic evaluation under highly diverse environmental conditions (Luca et 

al., 2024). The inability of markers to predict all genetic variation requires integration with more sophisticated 

technological approaches. 

Operational challenges also arise in terms of the need for information technology infrastructure and 

bioinformatics expertise to manage genomic data (Fitriyah & Siregar, 2025). Reliance on standard laboratory 

facilities often hinders the acceleration of genotype analysis on a large population scale (Sathishkumar et al., 

2025). Furthermore, the limited number of functional markers for perennial crops makes the selection process 

require a long validation time (Cahyo, 2023). Breeders often face constraints regarding interspecific sexual 

compatibility, which limits the source of superior genes that can be transferred through MAS (Abbas et al., 

2017). The low availability of dense genetic maps for some local commodities also poses a serious obstacle to 

the effectiveness of marker-based selection (Manisa et al., 2026). Overall, the integration of cost, genetic 

diversity, and infrastructure remains a central issue in the development of high-yielding varieties in the future 

(Fitriyah & Siregar, 2025). The DNA banding profile resulting from amplification using SSR markers in five 

rice cultivars can be seen in Figure 3. 

 

 
Figure 3. DNA band profile resulting from amplification using SSR markers in five rice cultivars. 

(Source: Manisa et al, 2026) 

 

Future Prospects of Molecular Breeding 

The future prospects of molecular breeding point to a paradigm shift from conventional methods to 

predictive breeding strategies (Fitriyah & Siregar, 2025). This transformation is driven by the integration of 

molecular marker technology with artificial intelligence (Fitriyah & Siregar, 2025). The use of large-scale 

genomic data allows breeders to predict an individual's genetic potential with a higher degree of accuracy 

(Prasetya et al., 2025). This future technology is designed to address various environmental constraints caused 

by global warming, which increasingly threaten food security (Cahyo, 2023). Therefore, the development of 

future crop varieties will depend heavily on the ability of computing systems to process genetic information 

(Fitriyah & Siregar, 2025). Advances in data processing will strengthen the effectiveness of selection through 

a more comprehensive genomic selection approach. 

The implementation of Genomic Selection (GS) is predicted to become the new standard to overcome the 

limitations of traditional MAS methods (Fitriyah & Siregar, 2025). This strategy allows breeders to predict 

individual breeding outcomes without the need for repeated marker validation in each generation (Fitriyah & 
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Siregar, 2025). Furthermore, the use of cheaper and more efficient SNP genotyping platforms will facilitate 

the adoption of molecular technology by various research institutions (Sathishkumar et al., 2025). 

Technological innovations such as CRISPR-Cas9 will also be synergized with molecular markers to produce 

specific mutations that benefit plant productivity (Abbas et al., 2017). The combination of these cutting-edge 

technologies aims to create a faster and more precise breeding ecosystem (Fitriyah & Siregar, 2025). This 

technological synergy will ultimately lead to the concept of data-driven intelligent breeding. 

The concept of data-driven smart breeding will be a key pillar in producing superior cultivars that are 

adaptive to climate change. Future breeding will integrate genomic data with high -throughput phenotyping. 

This hybrid approach is expected to increase genetic progress many times over compared to traditional methods 

(Fitriyah & Siregar, 2025). Digital management of genetic resources will also facilitate the identification of 

rare genes with high yield potential (Prasetya et al., 2025). With the support of adequate technological 

infrastructure, molecular breeding will continue to evolve into a fundamental solution for global food security 

(Baidyussen et al., 2024). 
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CONCLUSION 

Marker-Assisted Selection (MAS) is a molecular approach capable of accelerating and increasing the 

accuracy of high-yielding plant breeding. The mechanism of MAS operates through the identification of 

Quantitative Trait Loci (QTL) and the utilization of genetic markers, such as SSR, SNP, and InDel, to detect 

target genes during the early growth stages. Foreground selection strategies ensure the presence of superior 

genes, while background selection accelerates the recovery of the recipient parent’s genome, and gene 

pyramiding facilitates the simultaneous integration of multiple resistance and productivity genes. 

Compared to conventional methods, MAS has proven more effective by reducing breeding durations from 

decades to just a few generations, enhancing yield stability across diverse environmental conditions, and 

minimizing field testing costs. Significant success has been demonstrated in major commodities, including 

rice, maize, wheat, soybean, and alfalfa, where MAS has successfully improved disease resistance, abiotic 

stress tolerance, and biomass productivity. 

However, the application of MAS still faces substantial challenges, such as high operational costs, limited 

laboratory infrastructure, the genetic complexity of quantitative traits controlled by numerous minor genes, 

and the necessity for marker re-validation across different genetic backgrounds. Furthermore, genetic 

recombination phenomena and the limited availability of dense genetic maps for local commodities remain 

significant obstacles. Consequently, while MAS is highly effective, it cannot yet fully replace phenotypic 

evaluations in the field. Future prospects indicate that integrating MAS with genomic selection, artificial 

intelligence, and CRISPR-Cas9 technology will provide a strategic solution to overcome these limitations 

while strengthening data-driven predictive breeding systems. Thus, MAS serves as a vital bridge toward 

sustainable smart breeding, supporting the global food security agenda amidst climate change and the growing 

needs of the world population. 
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