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ABSTRACT: The growing global population and changing environmental conditions have intensified the 

demand for high-yielding, stress-resilient, and nutritionally enhanced crops. Conventional breeding, 

though historically impactful, is limited by dependence on phenotypic selection, long breeding cycles, and 

challenges in improving complex, low-heritability traits. Marker-assisted introgression (MAI) has emerged 

as a precise and efficient molecular breeding strategy to overcome these limitations. MAI enables the 

targeted transfer of genes or quantitative trait loci (QTLs) from donor lines into elite cultivars while 

retaining the desirable genetic background of the recurrent parent. The strategy relies on molecular 

markers, including functional markers, SNPs, SSRs, and multi-locus panels, to track alleles accurately, 

minimize linkage drag, and accelerate breeding cycles. MAI has been successfully applied across major 

crops, including rice, maize, wheat, and peanut, for improving disease resistance, abiotic stress tolerance, 

yield potential, and quality traits. Functional markers and multi-marker approaches have enhanced the 

precision of introgression, particularly for complex traits governed by multiple genes. Integration of high-

throughput genotyping, phenotyping, and knowledge of marker-trait associations ensures reliable selection 

under diverse environmental conditions. This review highlights the concepts, methodologies, influencing 

factors, applications, and advantages of MAI, emphasizing its critical role in modern crop improvement 

programs aimed at developing climate-resilient and high-performing cultivars. 
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INTRODUCTION 

The global agricultural sector faces mounting pressure 
to meet the food and nutritional needs of an 

exponentially growing population while grappling with 

increasingly challenging environmental conditions. The 

demand for enhanced crop productivity, superior 

quality traits, and increased stress resilience remains 

constant. While conventional breeding methods have 

made significant contributions in the past, they are 

limited by several factors. These include the reliance on 

phenotypic selection, the lengthy breeding cycles, the 

difficulty in accurately selecting for low heritability 

traits, and the challenges in pyramiding multiple genes 
controlling complex traits. Furthermore, phenotypic 

performance is often influenced by environmental 

variability, which can hinder conventional approaches 

from accurately capturing the true genetic potential of 

crops, thereby limiting genetic gains over successive 

breeding cycles (Zhou et al., 2012).  

The integration of molecular genetics into crop 

improvement has unveiled new avenues for overcoming 

these limitations. DNA-based molecular markers have 

emerged as reliable and indispensable tools, enabling 

breeders to pinpoint, map, and transfer genes linked to 

agronomic traits with precision. This precision 
facilitates the tracking of specific genomic regions and 

accelerates the selection process (Chung et al., 2017). 

Marker-assisted introgression (MAI) has emerged as a 

highly efficient breeding strategy from these 

applications. MAI allows the transfer of one or more 

target genes from a donor parent to a recipient parent 

while preserving the elite genetic background of the 

recurrent parent. This approach saves time and ensures 

the maintenance of agronomic superiority (Chhabra et 

al., 2019).  

MAI plays a crucial role in achieving complex breeding 
objectives, including enhancing stress tolerance, 

improving grain quality, and introducing disease 

resistance. The identification of functional single 

nucleotide polymorphisms (SNPs) in regulatory genes 

linked to stress responses has facilitated the 

introgression of abiotic stress tolerance traits, such as 

drought resistance (Assenov et al., 2013). The 

development of functional markers for nutritional 

quality traits has also enabled breeders to enhance 

biofortification in staple crops. In maize, for instance, 

the introgression of alleles associated with enhanced β-
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carotene accumulation has been achieved. Zhou et al. 

(2012) and Chhabra et al. (2019) demonstrates how 

MAI can contribute to addressing hidden hunger and 

consumer preference traits. The success of MAI is not 

limited to maize but extends across major cereals 
including wheat and rice. In wheat, molecular markers 

have been effectively used to introgress resistance 

genes against devastating diseases such as stem rust 

(Periyannan et al., 2014), providing durable and broad-

spectrum resistance to breeding lines. In parallel, the 

application of PCR-based markers has allowed the 

identification of transcription factors like DREB1, 

which are crucial for improving tolerance to multiple 

abiotic stresses (Huseynova, 2018). These 

advancements underscore the potential of MAI to 

simultaneously address both biotic and abiotic stresses, 

thereby ensuring stable yields under varying climatic 
conditions. Rice, a staple food for over half of the 

global population, has also significantly benefited from 

MAI. The introgression of genes associated with erect 

panicle architecture, such as EP, has resulted in 

improved yield potential by increasing the number of 

grains per panicle (Wang et al., 2009). The utilization 

of wide-compatibility genes like S5n has been 

instrumental in developing fertile inter-subspecific 

hybrids, thereby overcoming hybrid sterility barriers 

and enhancing heterosis in rice breeding (Xin et al., 

2012).  
These findings underscore the pivotal role of MAI in 

overcoming genetic bottlenecks and expediting the 

development of high-yielding varieties. In today’s 

climate change era, crops face more frequent droughts, 

salinity stress, pest outbreaks, and fluctuating 

temperature regimes. Conventional approaches alone 

are inadequate to meet the rapid adaptation demands of 

breeding programs.  

Breeders can efficiently monitor target gene 

introgression and minimize linkage drag by 

incorporating molecular markers into backcross 

breeding strategies. Advancements in genomics, high-
throughput sequencing, and bioinformatics have refined 

this process, enabling the identification of functional 

gene-based markers directly associated with trait 

expression (Assenov et al., 2013). As breeding 

programs continue to evolve, MAI stands as a powerful 

strategy for bridging the gap between classical 

approaches and advanced genomics.  

In maize, Zhou et al. (2012) and Chhabra et al. (2019) 

demonstrated the use of MAI for nutritional and quality 

traits, while Periyannan et al. (2014) and Huseynova 

(2018) highlighted its effectiveness in disease resistance 
and stress tolerance in wheat. In rice, Wang et al. 

(2009) and Xin et al. (2012) showed how MAI can 

overcome hybrid sterility and improve yield potential. 

Nedunchezhiyan et al. (2025), stated that advanced 

molecular approaches, such as gene expression 

profiling, genome wide association studies, and marker-

assisted selection, can be employed to identify and 

utilize key genes for expressing salinity tolerance. 

Fundamentals and Implementation Strategies of 

Marker-Assisted Introgression in Plant Breeding 

MAI is a molecular breeding strategy that allows the 
transfer of target genes or QTLs from donor lines into 

elite cultivars while maintaining the recurrent parent’s 

desirable traits. Unlike conventional phenotypic 

selection, which is heavily influenced by environmental 

conditions, MAI enables precise tracking of specific 

alleles across generations. This approach reduces 

linkage drag and accelerates the development of 

improved cultivars (Monden et al., 2014). MAI is 

especially valuable for low heritability traits and 

complex polygenic traits such as disease resistance, 

stress tolerance, or quality attributes. For example, 

functional markers have been used to improve kernel 
sweetness in maize (Chhabra et al., 2019) and leaf rust 

and stripe rust resistance in wheat (Suenaga et al., 

2003). By focusing on alleles that directly influence the 

trait, breeders can achieve more reliable genetic gains 

compared to conventional breeding (Ramirez-Prado et 

al., 2018).  

The introgression process begins with selection of 

donor and recurrent parents based on the presence of 

target traits and overall agronomic performance. 

Molecular markers linked to target loci are identified 

and validated for polymorphism between the parents 
(Monden et al., 2014). Controlled crosses are 

performed, followed by successive backcrossing to 

recover the recurrent parent genome. At each 

generation, foreground selection ensures that progenies 

carry the desired allele(s), while background selection 

monitors genome recovery to minimize unwanted donor 

segments (Suenaga et al., 2003). Functional markers, 

which detect causative mutations rather than linked 

loci, improve selection accuracy and reduce 

recombination errors (Chhabra et al., 2019). The final 

step involves field evaluation to confirm that 

introgressed traits are expressed effectively without 
affecting yield or quality. In potato, mapping of 

resistance genes against Potato virus Y (Tian & 

Valkonen 2012) demonstrates how careful marker-

assisted selection ensures successful introgression. 

Factors Influencing Efficiency  

The efficiency of marker-assisted introgression (MAI) 

is governed by a complex interplay of genetic, 

technical, and environmental factors, each of which can 

significantly impact the speed, precision, and overall 

success of breeding programs (Haberle et al., 2018). 

Understanding these factors is critical for designing 
introgression strategies that not only accelerate the 

transfer of desirable alleles but also ensure the retention 

of elite cultivar characteristics. Consideration of these 

variables enables breeders to optimize population size, 

choose appropriate marker systems, plan backcross 

generations strategically, and integrate phenotypic 
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validation with molecular selection. Effective 

management of these factors allows MAI programs to 

achieve maximum genetic gain in a shorter timeframe 

while minimizing unwanted linkage drag, resource 

expenditure, and experimental inefficiencies. 
Genetic Map Length  

The distance between markers and target genes is a 

crucial determinant of MAI efficiency. Markers closely 

linked to the target gene minimize recombination 

events, thereby ensuring that the desired allele is 

reliably transmitted across generations (Sarris et al., 

2016). For polygenic traits or genes located in 

recombination-poor regions, the use of flanking 

markers or multiple markers per locus increases 

precision and reduces the probability of losing the 

target gene during backcrossing (Chhabra et al., 2019). 

High-resolution genetic maps and functional markers 
that directly target causative mutations further improve 

selection efficiency by reducing linkage drag and 

unintended introgression of donor genome segments 

(Monden et al., 2014). 

Breeders can monitor recombination more effectively 

and select individuals carrying the maximum number of 

desired alleles while minimizing donor genome 

fragments by incorporating multiple markers per QTL 

region. Additionally, combining marker information 

with phenotypic evaluation enhances the reliability of 

selection, especially for traits influenced by 
environmental interactions or minor-effect loci 

(Ashkani et al., 2011). Integrating fine-mapping data 

with genome-wide association studies (GWAS) can 

further aid in identifying optimal marker positions, 

enabling precise allele tracking, expediting the recovery 

of recurrent parent genomes, and ultimately ensuring 

the efficient fixation of target traits in superior breeding 

lines.  

Population size 

Population size is a critical determinant of the 

efficiency and success of marker-assisted introgression 

(MAI). Larger populations increase the probability of 
capturing favourable recombination events, which is 

particularly important for complex traits governed by 

multiple genes or minor-effect loci (Saijo et al., 2018). 

Inadequate population sizes may result in the loss of 

target alleles, insufficient recovery of the recurrent 

parent genome, or reduced chances of identifying 

progeny carrying the desired allele combinations. 

Large populations facilitate more effective background 

selection, enabling breeders to select individuals with 

maximal recurrent parent genome recovery at early 

backcross generations (Ramirez-Prado et al., 2018). 
They also increase the likelihood of detecting rare 

recombinants, which is essential when introgressing 

genes located in recombination-poor regions or in 

clusters with tightly linked undesirable alleles. Optimal 

population sizes allow for better representation of 

genetic diversity and increase the probability of 

pyramiding multiple favourable alleles within a single 

genotype. 

Balancing operational feasibility with population scale 

is critical, as excessively large populations may pose 

logistical challenges, whereas very small populations 
reduce the effectiveness of selection and slow down the 

breeding process (Wenke et al., 2015). Careful planning 

of population size in conjunction with marker density 

and selection strategy ensures that breeding programs 

achieve maximum efficiency and genetic gain while 

maintaining cost-effectiveness and resource 

management.  

Backcross Duration  

The number of backcross generations plays a crucial 

role in determining how effectively the recurrent parent 

genome is restored while preserving the target allele(s). 

While increasing the number of backcrosses generally 
improves genome recovery, it also results in increased 

time, labour, and financial costs. Marker-assisted 

background selection has been demonstrated to 

significantly reduce the number of backcross 

generations by facilitating the early identification of 

progeny that carry the highest proportion of the 

recurrent parent genome (Sarris et al., 2016).  

Optimizing backcross duration is crucial not only for 

efficiency but also to minimize linkage drag, in which 

undesirable donor genomic segments remain linked to 

the target gene, potentially affecting agronomic 
performance. The use of functional markers that 

directly target causative mutations, along with flanking 

markers around the target locus, allows precise 

monitoring of both the allele of interest and adjacent 

genomic regions (Chhabra et al., 2019). By combining 

marker-assisted selection with strategic planning of 

backcross cycles, breeders can achieve rapid 

introgression, ensure the fixation of desired alleles, and 

maintain the elite background of the recurrent parent. 

Then, integrating high-density genetic maps and 

genotyping data can provide additional insight into 

optimal backcross timing and the selection of progeny 
with maximal recovery of the recurrent parent genome 

in fewer generations, thus improving both precision and 

efficiency of MAI programs.  

Marker Polymorphism and Type  

The effectiveness of marker-assisted introgression 

(MAI) is strongly influenced by the level of 

polymorphism between the donor and recurrent parent 

at the selected marker loci. Highly polymorphic 

markers allow greater discrimination between alleles, 

improving selection accuracy and reducing the risk of 

retaining unwanted donor segments. 
Functional markers that target causative nucleotide 

changes directly associated with the trait offer higher 

precision than markers linked to the gene, as they avoid 

uncertainties from recombination events near the locus 

(Chhabra et al., 2019). The choice of marker type SSR, 

SNP, or InDel affects genotyping throughput and cost-
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efficiency. SNPs are abundant and suitable for high-

throughput automated platforms, making them ideal for 

large-scale breeding programs, while SSRs, though 

highly informative, require more labour-intensive 

genotyping. Combining multiple markers or using 
panels of tightly linked markers enhances selection 

resolution and minimizes the loss of target alleles 

during backcrossing. 

Careful consideration of marker polymorphism, type, 

and genomic location is essential for efficient MAI 

strategies that maximize precision, reduce linkage drag, 

and accelerate recovery of the recurrent parent genome 

(Deshmukh et al.,   2020). 

Trait Complexity and Heritability 

Traits with simple inheritance, controlled by a single 

gene, are more straightforward to introgress compared 

to complex polygenic traits influenced by multiple 
genes and their interactions. Polygenic traits often 

exhibit additive and epistatic effects, making the 

selection of favourable alleles more challenging and 

requiring careful planning of marker-assisted 

introgression (Ramirez-Prado et al., 2018). Traits with 

low heritability are highly affected by environmental 

factors, which can obscure the expression of target 

alleles and complicate phenotypic evaluation.  

The successful introgression of these traits often 

necessitates the use of QTL mapping to identify key 

genomic regions, multiple linked markers to track 
alleles accurately, and larger population sizes to capture 

rare favourable recombinants (Steiner et al., 2017). A 

thorough understanding of the genetic architecture and 

inheritance patterns is critical for selecting the most 

effective markers, designing appropriate backcross 

schemes, and ensuring that desired alleles are reliably 

transmitted across generations. This strategic approach 

enhances precision in introgression programs and 

maximizes the recovery of recurrent parent traits while 

integrating the target genes effectively.  

Genotyping and Phenotyping Accuracy  

High-throughput genotyping platforms allow rapid 
screening of large breeding populations, significantly 

reducing the labour, time, and errors associated with 

manual marker analysis (Monden et al., 2014). These 

platforms facilitate the simultaneous evaluation of 

numerous loci across hundreds or thousands of 

individuals, ensuring precise identification of progeny 

carrying the desired alleles.  

Accurate phenotyping is equally critical, as it verifies 

that the introgressed traits are expressed as intended, 

preventing the selection of false positives and 

confirming the functional impact of target alleles. 
Integration of molecular marker data with phenotypic 

evaluations provides a comprehensive assessment of 

each progeny’s genetic and agronomic potential, 

thereby enhancing selection accuracy and program 

reliability (Boeven et al., 2016).  

Combining high-throughput genotyping with 

standardized phenotyping protocols enables breeders to 

track both major and minor-effect alleles efficiently, 

facilitating the introgression of complex traits while 

maintaining the elite background of the recurrent 
parent. This integrated approach ensures that MAI 

programs achieve rapid genetic gains with precision 

and consistency across generations.  

Environmental Interactions  

Molecular markers reliably track the presence of target 

alleles, but the expression of traits, especially 

quantitative traits, can be significantly influenced by 

environmental conditions. Factors such as temperature, 

soil fertility, water availability, and biotic stress can 

alter the phenotypic manifestation of introgressed 

genes, even when the alleles are present in the genome 

(Ramirez-Prado et al., 2018).  
Marker-assisted introgression programs must therefore 

incorporate strategies to account for genotype × 

environment interactions, ensuring that selected alleles 

perform consistently under the conditions for which the 

crop is intended. Multi-environment trials of 

introgressed lines allow breeders to evaluate the 

stability and effectiveness of marker-assisted selection 

across diverse locations and seasons (Andersson et 

al.,2015). These trials help identify progeny that 

combine the desired genetic traits with resilience to 

environmental variability, supporting stable genetic 
gains and enhancing the reliability of breeding 

outcomes. Integrating environmental considerations 

into MAI programs ensures that introgressed traits 

contribute effectively to yield, quality, and stress 

adaptation, reinforcing the practical utility of molecular 

breeding strategies in real-world agricultural settings.  

Marker-Trait Associations  

Marker-trait associations form the backbone of marker-

assisted introgression (MAI), enabling breeders to 

precisely identify and select alleles linked to desirable 

agronomic, quality, or stress-resistance traits (Wang et 

al., 2021). These associations allow the tracking of 
target genes across generations, reducing reliance on 

phenotypic selection, which can be strongly influenced 

by environmental conditions. A thorough understanding 

of marker-trait relationships is essential for improving 

the efficiency, accuracy, and reliability of breeding 

programs, particularly for traits with low heritability or 

complex polygenic inheritance. The effectiveness of 

marker-assisted selection is determined by the type and 

strength of the association between molecular markers 

and target loci (Kim et al., 2015). Markers tightly 

linked to the trait gene or located within regions of high 
linkage disequilibrium can reliably predict trait 

presence, facilitating precise introgression and 

minimizing the risk of recombination events that could 

separate the marker from the gene.  
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Functional markers, which directly target causative 

mutations, enhance selection accuracy by reducing 

linkage drag and avoiding unintended donor genome 

segments. For complex quantitative traits, multi-marker 

strategies or marker panels are applied to capture the 
cumulative effects of multiple QTLs, enabling the 

pyramiding of favourable alleles into a single elite 

genotype (Kamdar et al., 2022). In cereals, marker-

assisted introgression has contributed to improved 

disease resistance, abiotic stress tolerance, and grain 

quality. For instance, bacterial blight resistance in rice 

was successfully introgressed using markers linked to 

the Xa21 gene, demonstrating that MAI can introduce 

target traits while retaining the elite background of 

cultivars (Gao et al., 2013). Leaf rust and stripe rust 

resistance in wheat were similarly enhanced using 

markers associated with resistance genes, enabling 
rapid development of resistant cultivars through 

backcross breeding (Shanti et al., 2010).  

In legumes, particularly groundnut (Arachis hypogaea 

L.), marker-trait associations have supported 

improvements in yield, oil quality, and disease 

resistance. Molecular markers integrated with 

conventional breeding approaches have been 

instrumental in enhancing productivity under diverse 

cropping systems. Marker-assisted approaches 

complemented agricultural interventions, including 

direct cash transfer schemes, improving groundnut 
cultivation outcomes in Karnataka (Kavitha et al., 

2021). Breeding programs optimizing intercropping 

systems and yield stability have also benefited from 

marker-trait associations, ensuring efficient capture of 

favourable alleles while maintaining resource-use 

efficiency (Hussainy et al., 2020).  

Evaluations of the groundnut value chain highlight the 

role of molecular marker-assisted selection in 

strengthening production systems and supporting global 

food security (Sakha et al., 2022). Marker-trait 

associations provide the foundation for precision 

breeding. By combining functional markers, multi-
locus selection strategies, and knowledge of genetic 

architecture, breeders can accelerate the development of 

superior cultivars with target traits while maintaining 

the genetic integrity of elite lines (Zongo et al., 2017). 

Integrating molecular data with field performance 

evaluation ensures that MAI strategies deliver both 

genetic precision and agronomic effectiveness across 

variable environmental conditions.  

Linkage vs. Linkage Disequilibrium Linkage 

The physical proximity of a molecular marker to a 

target gene on a chromosome, which reduces the 
probability of recombination events separating them 

during meiosis. Markers that are tightly linked to a trait 

gene can reliably indicate the presence of the desired 

allele across generations, allowing breeders to track and 

select for the trait with high precision (Ashkani et al., 

2011). The closer the marker is to the gene, the lower 

the chance of recombination, making linkage-based 

selection particularly effective for monogenic traits or 

QTLs located in recombination-rich regions. In 

practical breeding, flanking markers are often used to 

further minimize the risk of losing the target allele, 
especially for traits with low heritability or polygenic 

inheritance (Hossain et al., 2018) Linkage 

disequilibrium (LD), Linkage refers to the physical 

proximity of a molecular marker to a target gene on a 

chromosome, which reduces the likelihood of 

recombination events separating them during meiosis. 

Markers closely linked to a trait gene ensure the desired 

allele is transmitted across generations, allowing 

precise tracking and selection (Ashkani et al., 2011). 

Tighter linkage lowers recombination probability, 

which is especially effective for monogenic traits or 

QTLs in recombination-rich regions. 
Flanking markers are commonly employed to reduce 

the risk of losing the target allele, particularly for low 

heritability or polygenic traits.  LD involves the non-

random association of alleles at different loci within a 

population. LD can occur between loci that are not 

physically adjacent, enabling marker-trait associations 

to be captured across broader genomic regions. This 

property underpins genome-wide association studies 

(GWAS) to detect QTLs controlling complex traits 

(Freeland, 2017). LD patterns depend on population 

size, mating structure, selection pressure, and 
recombination rates, and they vary across species and 

populations.  

Understanding LD decay over physical distance guides 

the required marker density in GWAS and MAS 

programs to maintain accurate allele tracking. LD 

facilitates identification of genomic regions controlling 

quantitative traits influenced by multiple small-effect 

genes. High-density marker panels combined with LD 

data allow detection of favourable alleles even without 

knowledge of causal genes. Functional markers and 

high-throughput genotyping platforms enhance the 

precision of marker-assisted introgression (MAI), 
accelerating the development of improved cultivars. For 

instance, polyphenols from finger millet seed coat 

improved oxidative stability in peanut oil 

(Balasubramaniam et al., 2020), and studies on fatty 

acid metabolism emphasize selecting alleles with 

beneficial nutritional effects (Mariamenatu & Abdu 

2021).  

Functional markers in Precise introgression 

Functional markers (FMs) target causative 

polymorphisms that are directly responsible for 

phenotypic variation, offering a significant advantage 
over markers merely linked to a trait locus. By 

detecting the actual functional allele, these markers 

reduce errors arising from recombination between the 

marker and the gene of interest and minimize linkage 

drag, thereby preserving the genetic background of elite 

cultivars (Jadhav et al., 2021). The use of FMs allows 
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breeders to distinguish between progeny carrying the 

favourable allele and those carrying closely linked but 

non-functional donor segments, which is particularly 

important for traits with low heritability or controlled 

by multiple loci (Salgotra et al., 2020).   
In rice, marker-assisted backcross breeding using 

functional markers for the bacterial blight resistance 

gene Xa21 has enabled precise transfer of the resistance 

allele into elite cultivars while retaining agronomic 

performance, demonstrating the reliability and 

efficiency of FMs in breeding programs (Gao et al., 

2013). Similarly, in peanut (Arachis hypogaea), 

functional markers targeting fatty acid desaturase 

mutant alleles have been used to improve oleic acid 

content, resulting in stable expression of high oleic acid 

across successive generations and minimal impact on 

other seed traits (Bera et al., 2019). Beyond disease 
resistance and quality traits, functional markers have 

been successfully applied to stress tolerance, nutrient 

content, and yield-related traits in cereals and legumes 

(Sagar et al., 2018). 

For complex quantitative traits, FMs can be combined 

with multi-locus or haplotype-based selection to capture 

favourable allele combinations across multiple loci 

simultaneously. Integrating functional markers with 

high-throughput genotyping platforms accelerates the 

selection process, enabling early generation screening 

and more efficient recovery of the recurrent parent 
genome (Bera et al., 2019). These approaches enhance 

both the precision and speed of marker-assisted 

introgression, ensuring that desired traits are fixed 

rapidly while maintaining overall cultivar performance. 

Multi-Marker Approaches for QTLs 

Complex traits such as stress tolerance, yield potential, 

and quality attributes are frequently governed by 

multiple quantitative trait loci (QTLs), each 

contributing partially to the overall phenotype. Single-

marker selection often fails to capture all beneficial 

alleles for such traits due to recombination events or 

incomplete linkage between the marker and causative 
gene. Multi-marker strategies address this challenge by 

employing flanking markers, haplotype blocks, or 

panels of tightly linked markers for each QTL, thereby 

improving selection precision and reducing the 

probability of losing desirable alleles during 

backcrossing (Lou et al., 2017). In rice, Lou et al. 

(2017) used multiple markers around the OsSAPK2 

locus to improve drought tolerance, enabling precise 

selection of progeny carrying favourable alleles while 

minimizing unwanted donor genome segments.  

You et al. (2023) applied multi-marker panels to 
pyramid several traits, combining yield-related and 

quality traits across different loci, showing how 

multiple markers facilitate simultaneous selection of 

complex traits. In peanut, Jadhav et al. (2021) 

employed functional and flanking markers to enhance 

oleic acid content, stabilizing the trait across 

generations. Bera et al. (2019) achieved steady 

expression of high oleic acid in peanut by using 

multiple markers per QTL, reducing recombination 

errors and ensuring efficient introgression of the desired 

alleles. These studies illustrate that multi-marker 
strategies allow breeders to capture the cumulative 

effects of minor-effect QTLs, improve the precision of 

selection for complex traits, and minimize the 

introgression of unwanted donor genome segments 

(Khanna et al., 2015). Multi-marker approaches also 

accelerate pyramiding of multiple desirable traits within 

a single genotype, enhancing both stress tolerance and 

quality attributes while maintaining the recurrent parent 

background. The application across different crops, 

including rice and peanut, underscores the versatility 

and effectiveness of using multiple markers for QTL-

based selection and trait improvement in both cereals 
and legumes.  

Applications of Marker-Assisted Introgression in 

Major Crops  

Rice has served as a model crop for demonstrating the 

effectiveness of marker-assisted introgression (MAI) in 

transferring disease resistance and other agronomically 

important traits. For instance, breeding programs 

targeting bacterial leaf blight resistance have 

successfully incorporated the Xa21 gene, along with 

additional resistance loci, into elite cultivars using 

closely linked molecular markers (Shanti et al., 2010). 
These programs illustrate how functional markers and 

precise foreground and background selection strategies 

can minimize linkage drag while retaining the elite 

characteristics of the recurrent parent. In peanut 

(Arachis hypogaea), marker-assisted backcross 

breeding has been employed to improve seed quality 

traits, such as high oleic acid content.  

Functional markers targeting fatty acid desaturase 

mutant alleles (ahFAD2A and ahFAD2B) enabled stable 

trait expression over successive generations while 

maintaining other seed and plant traits (Pasupuleti et 

al., 2016). The use of multiple markers per QTL region 
in these programs facilitated the pyramiding of 

beneficial alleles and improved selection accuracy, 

highlighting the importance of multi-marker strategies 

for complex or quantitative traits. These instances 

illustrate that integrating functional markers, multi-

locus marker panels, and high-throughput phenotyping 

enhances the efficiency and precision of MAI 

programs. Similar strategies have been applied to other 

cereals and legumes for disease resistance, stress 

tolerance, and quality improvement, indicating that 

marker-assisted introgression can accelerate genetic 
gains across diverse crop species (Janaki et al., 2021).  

The careful selection of markers, combined with 

rigorous genotypic and phenotypic evaluation, ensures 

that target traits are incorporated reliably without 

compromising overall cultivar performance. 
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CONCLUSIONS 

Marker-assisted introgression has emerged as a 

transformative strategy in modern plant breeding, 

bridging the gap between conventional phenotypic 

selection and molecular approaches. By enabling the 
precise transfer of target genes or QTLs from donor to 

elite cultivars, MAI speeds up genetic improvements 

while keeping the desirable traits of the recurrent 

parent. Its efficiency depends on factors as genetic map 

length, population size, backcross duration, marker type 

and polymorphism, trait complexity, and environmental 

conditions. Using multiple markers helps improve 

accuracy and reduces the chance of unwanted traits 

being transferred. MAI has shown effectiveness across 

major crops, including rice, maize, wheat, and peanut, 

for improving disease resistance, stress tolerance, yield, 

and quality traits. It contains introgression of Xa21 in 
rice for bacterial blight resistance, β-carotene and 

kernel sweetness alleles in maize, and high oleic acid 

alleles in peanut highlight its value in addressing 

challenges, improving nutrition, and supporting 

climate-resilient farming. It provides a precise and 

efficient way to develop improved crop varieties. 

Combining marker information with careful field 

evaluation allows breeders to produce high-performing, 

stress-tolerant, and nutritionally enhanced crops that 

meet the demands of a growing population (Suen et al., 

2003). 

FUTURE SCOPE 

MAI holds immense potential for the future by 

seamlessly integrating cutting-edge genomic 

technologies, high-throughput phenotyping, and 

bioinformatics. This integration enables the precise and 

efficient development of improved crop varieties that 

are not only resilient but also high-yielding and 

nutritionally enhanced. By expanding MAI to include 

orphan and minor crops, along with multi-trait 

pyramiding and considering environmental adaptation, 

its impact on food security and global agriculture will 

be significantly amplified. As the field continues to 
evolve, collaborative data sharing and a deeper 

comprehension of gene regulatory networks will further 

enhance the accuracy and scope of breeding programs. 

Consequently, MAI will emerge as a pivotal tool to 

address the challenges posed by climate change, 

population growth, and evolving consumer preferences. 
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