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olecular markers are specific DNA sequences with known physical locations on a 

chromosome, serving as crucial tools for identifying individuals, species and genetic 

diseases. This article provides a comprehensive overview of the evolution of molecular 

marker technologies, categorizing them into three distinct generations: hybridization-based 

(e.g., RFLP), PCR-based (e.g., RAPD, AFLP, SSR) and sequence-based markers (e.g., SNPs, 

DArT, GBS). By tracing the transition from labor-intensive first-generation techniques to 

high-throughput next-generation sequencing methods, this review highlights the advantages, 

disadvantages and current applications of each marker type in genetics and agriculture. 

Introduction 
The identification and utilization of genetic variation form the foundation of modern genetics, 

plant breeding and biotechnology. In the past, researchers primarily relied on morphological 

and biochemical traits to study genetic diversity and distinguish among individuals or 

populations. However, these conventional markers are often influenced by environmental 

conditions, developmental stages and subjective observations, limiting their reliability for 

precise genetic analysis. The advent of molecular markers revolutionized genetic research by 

enabling the direct detection of DNA polymorphisms, providing accurate, stable and 

reproducible information at the molecular level. 

 Molecular markers are specific DNA sequences associated with particular locations in 

the genome and serve as powerful tools for identifying genetic differences among 

individuals, populations and species. Because they are largely unaffected by environmental 

factors, molecular markers have become indispensable in genetic mapping, germplasm 

characterization, biodiversity studies, marker-assisted selection, disease resistance breeding 

and crop improvement programs. Their application has significantly enhanced the efficiency 

and precision of modern breeding strategies, enabling the development of high-yielding, 

disease-resistant and climate-resilient crop varieties. 

 The evolution of molecular marker technology has closely followed advances in 

molecular biology and genomics. Early marker systems, such as Restriction Fragment Length 

Polymorphism (RFLP), relied on DNA hybridization techniques and laid the foundation for 

genetic mapping studies. The introduction of Polymerase Chain Reaction (PCR) subsequently 

led to the development of rapid and efficient marker systems including RAPD, AFLP and 

SSR. More recently, next-generation sequencing technologies have facilitated the emergence 

of high-throughput sequence-based markers such as Single Nucleotide Polymorphisms 

(SNPs), Diversity Arrays Technology (DArT) and Genotyping-by-Sequencing (GBS), 

allowing genome-wide analysis at unprecedented resolution. 
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Today, molecular markers play a central role in genomics-assisted breeding, quantitative trait 

locus (QTL) mapping, genome-wide association studies (GWAS), genetic diversity analysis 

and precision agriculture. As sequencing technologies continue to advance and become more 

affordable, molecular markers are increasingly driving innovations in crop improvement and 

sustainable agricultural development. This article provides an overview of the major 

generations of molecular markers, their principles, advantages, limitations and applications in 

modern genetics and agriculture. 

 
Figure 1: Evolution of molecular marker technologies from first-generation hybridization-

based markers (RFLP) to second-generation PCR-based markers (RAPD, AFLP and SSR), 

followed by third-generation sequence-based markers (SNP, DArT and GBS). Recent 

advances in next-generation sequencing, pangenomics, long-read sequencing and artificial 

intelligence are driving the development of highly efficient genome-wide marker systems for 

modern genetics and crop improvement. 

First Generation: Hybridization-Based Markers 
RFLP (Restriction Fragment Length Polymorphism) 

RFLP was the first molecular marker technique developed and widely utilized for genetic 

mapping. This technique relies on the use of restriction enzymes, which cut DNA at specific 

recognition sequences. Variations in the DNA sequence (mutations) can create or destroy 

these recognition sites, resulting in DNA fragments of different lengths when run on a gel 

(Botstein et al., 1980). 
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Figure 2: Mechanism of RFLP. A point mutation in Allele B destroys a restriction enzyme 

recognition site, causing the DNA to be cut into fewer, larger fragments compared to Allele 

A. This size difference is visualized on a gel. 

Advantages: RFLPs are co-dominant (meaning they can distinguish between homozygous 

and heterozygous states) and highly reliable. 

Disadvantages: The process is time-consuming, expensive, requires large amounts of high-

quality DNA and often involves the use of radioactive isotopes. 

Second Generation: PCR-Based Markers 
The invention of the Polymerase Chain Reaction (PCR) fundamentally shifted marker 

technology, allowing scientists to amplify specific DNA regions from trace amounts of 

starting material. 

 
Figure 3: The fundamental principle of PCR, the basis for second-generation markers. 

Specific or arbitrary primers anneal to the target DNA, allowing Taq polymerase to 

exponentially amplify the sequence. 

RAPD (Random Amplified Polymorphic DNA) 

RAPD markers use short, randomly synthesized oligonucleotide primers (usually 10 base 

pairs long) to amplify random segments of the genome via PCR. If a mutation alters the 

primer binding site, the segment will not be amplified, creating a presence/absence 

polymorphism (Williams et al., 1990) 

Working Principle: The RAPD protocol utilizes a single, short oligonucleotide primer 

(usually 10 base pairs in length) of an arbitrary sequence. Because the primer sequence is 

short and the PCR is conducted under low-stringency annealing conditions (low temperature), 

the primer binds to multiple, random complementary sites across the entire genome. For 

successful amplification to occur, two of these primer binding sites must be located on 

opposite DNA strands, facing each other in an inverted orientation and within an amplifiable 

distance (typically less than 3,000 base pairs apart). If a mutation (such as an insertion, 

deletion or a single nucleotide substitution) alters the sequence at one of these binding sites, 

the primer will fail to anneal. Consequently, the Taq polymerase will not amplify that specific 

DNA segment, resulting in the absence of a band on an agarose gel. This creates a simple 

presence/absence (dominant) polymorphism 

Advantages: RAPDs are extremely quick, highly cost-effective and require absolutely no 

prior knowledge of the target organism's DNA sequence. They also require very small 

quantities of template DNA. 

Limitations: Because they only show presence or absence, RAPDs are dominant markers 

(they cannot differentiate between homozygous dominant and heterozygous individuals). 

Furthermore, they suffer from notoriously low reproducibility, as the low-stringency 

amplification is highly sensitive to minor changes in laboratory conditions, equipment and 

DNA quality. 

AFLP (Amplified Fragment Length Polymorphism) 

AFLP elegantly combines the reliability of RFLP with the speed and sensitivity of PCR. In 

this method, DNA is cut with restriction enzymes and short DNA sequences called adapters 
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are ligated to the ends of the fragments. PCR primers designed to bind to these adapters are 

then used to amplify the fragments (Vos et al., 1995). 

Working Principle: The AFLP protocol is essentially a three-step process designed to 

selectively amplify a manageable subset of restriction fragments from a complex genome. 

First, the genomic DNA is digested using two different restriction enzymes: a "rare cutter" 

(e.g., EcoRI) and a "frequent cutter" (e.g., MseI). This creates thousands of DNA fragments 

of varying lengths. Second, short, double-stranded synthetic DNA sequences known as 

"adapters" are ligated to the sticky ends of these digested fragments. Third, PCR is performed 

using primers that are completely complementary to the adapter sequences and the restriction 

site sequences, but with one crucial addition: the primers are designed to have 1 to 3 

"selective nucleotides" extending at their 3' ends. During the PCR cycles, Taq polymerase 

will only extend those primers that perfectly match the adapter sequence AND the randomly 

occurring adjacent sequence in the genomic DNA fragment. By increasing the number of 

selective nucleotides, the researcher exponentially decreases the number of amplified 

fragments, reducing the complexity to a readable profile (typically 50–100 bands) that is then 

visualized on a high-resolution polyacrylamide gel. 

Advantages: AFLP generates a massive number of polymorphisms per reaction (a very high 

multiplexing ratio) and is highly reproducible across different laboratories. Like RAPD, it 

does not require any prior sequence knowledge of the organism, making it excellent for 

unstudied genomes. 

Limitations: AFLPs are generally dominant markers. The protocol is technically demanding, 

labor-intensive and often requires expensive equipment such as automated DNA sequencers 

or specialized electrophoresis units for high-resolution scoring. 

SSR (Simple Sequence Repeats / Microsatellites) 

SSRs or microsatellites, are short tandem repeats of DNA sequences (usually 1–6 base pairs 

long) found abundantly across eukaryotic genomes. The number of repeats varies highly 

among individuals due to "slippage" during DNA replication (Tautz, 1989). By designing 

PCR primers targeting the conserved regions flanking these repeats, scientists can easily 

amplify and measure the length of the SSR. 

Working Principle: 

SSRs consist of short DNA motifs (1 to 6 base pairs in length, such as "AT" or "CAG") 

repeated multiple times in succession (e.g., ATATATATAT). The biological principle behind 

their polymorphism is a phenomenon known as "slipped-strand mispairing" or DNA 

polymerase slippage during DNA replication. This slippage causes the enzyme to add or 

remove repeat units, resulting in highly variable lengths of the SSR region among different 

individuals or accessions. To utilize this variation as a marker, researchers design forward 

and reverse PCR primers that bind specifically to the highly conserved, unique non-repetitive 

DNA sequences immediately flanking the repeat region. When PCR is performed, the 

targeted region is amplified. If individual A has 10 repeats and individual B has 15 repeats, 

the resulting PCR products will differ in size. These size differences are subsequently 

resolved and visualized using gel electrophoresis or capillary sequencers, clearly separating 

the alleles by their molecular weight (Tautz, 1989). 

Advantages: SSRs are co-dominant, highly polymorphic (often having many alleles per 

locus) and highly reproducible. They are easily shared between laboratories via primer 

sequences and are highly robust, making them ideal for assessing genetic diversity and 

establishing combining ability in hybrid breeding. 

Limitations: The primary drawback is the high initial cost and effort required for their 

development, as specific primers must be designed based on known DNA sequences of the 

target organism. Additionally, SSR markers developed for one species often do not transfer 

well to distantly related species. 



Pansuriya et al. (2026) Agri Articles, 06(03): 680-686 (MAY-JUNE, 2026)     

Agri Articles ISSN: 2582-9882 Page 684 

 
Figure 4: Illustration of a co-dominant SSR marker profile on a gel. Both parental bands are 

distinctly visible in the F1 hybrid. 

Third Generation: Sequence-Based Markers 
Third-generation markers are characterized by the application of Next-Generation 

Sequencing (NGS) technologies, allowing for the rapid and simultaneous discovery and 

genotyping of thousands to millions of markers across entire genomes. 

SNP (Single Nucleotide Polymorphism) 

SNPs represent the most abundant type of genetic variation in any genome. A SNP occurs 

when a single nucleotide (A, T, C or G) in the genome sequence is altered. Because they 

occur at such high frequencies (e.g., roughly one in every 1,000 nucleotides in the human 

genome), they provide incredibly dense genetic maps (Brookes, 1999). 

 
Figure 5: Example of a Single Nucleotide Polymorphism (SNP) between two genotypes. 

Diversity Arrays Technology (DArT) & GBS 

DArT and Genotyping-by-Sequencing (GBS) are modern techniques that enable high-

throughput detection of DNA polymorphism. They operate on the principle of reducing 

genome complexity using restriction enzymes and then sequencing the fragments. These 

provide comprehensive genome coverage, independent of prior DNA sequence knowledge 

(Jaccoud et al., 2001; Elshire et al., 2011). 

Table 1: Comprehensive comparison of advantages and limitations of different markers 

Marker Advantages Limitations 

RFLP Highly reliable, co-dominant Labor-intensive 

RAPD Fast and inexpensive Poor reproducibility 

AFLP High polymorphism detection Technically demanding 
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SSR Highly informative Primer development required 

SNP High throughput Expensive infrastructure 

GBS Genome-wide coverage Bioinformatics intensive 

 

Marker Type Generation Dominance Throughput Major Application 

RFLP First Co-dominant Low Genetic mapping 

RAPD Second Dominant Moderate Diversity studies 

AFLP Second Dominant High Fingerprinting 

SSR Second Co-dominant High MAS and diversity analysis 

SNP Third Co-dominant Very High 
GWAS and genomic 

selection 

GBS Third Co-dominant Extremely High Genome-wide analysis 

Applications of Molecular Marker in Agriculture 
The transition across varying generations of molecular markers has profoundly transformed 

agricultural practices, particularly in crop improvement and germplasm management. Based 

on the target areas highlighted in historical breeding milestones, molecular markers find 

critical utility in the following agricultural applications: 

 Marker-Assisted Selection (MAS): MAS leverages molecular markers tightly linked to 

target traits to select desirable genotypes before phenotypic expression. This cuts down 

breeding cycles significantly by allowing juvenile-stage selections and eliminating 

environmental bias. 

 Genetic Diversity Analysis: Assessing variations at the DNA level allows breeders to 

understand genetic distances within gene pools. This avoids inbreeding depression and 

guides strategic hybridization crosses to maximize heterosis. 

 Germplasm Characterization: Gene banks hold extensive collections of landraces and 

wild relatives. Molecular profiling provides an accurate, environment-independent 

inventory of these assets, enabling efficient conservation and usage patterns. 

 Quantitative Trait Loci (QTL) Mapping: Most agronomic traits (like yield or drought 

tolerance) are multi-genic. QTL mapping identifies chromosome regions controlling these 

traits by linking phenotypic data with marker segregation. 

 Disease Resistance Breeding: Pyramiding multiple resistance genes into a single cultivar 

via traditional phenotyping is highly challenging. Markers permit multi-gene tracking 

simultaneously, securing stable, durable field resistance against changing pathogens. 

 Hybrid Purity Testing: Commercial exploitation of F1 hybrids relies heavily on seed 

purity. Co-dominant markers (like SSRs) easily verify genetic purity by differentiating 

self-pollinated maternal seed contamination from true cross-hybrid seeds. 

 Variety Identification (DNA Fingerprinting): To protect intellectual property rights 

and ensure seed certification standards, distinct DNA fingerprints are generated to 

unambiguously identify varieties and resolve distinctness, uniformity and stability (DUS) 

criteria. 

 Genomic Selection (GS): An advanced breeding methodology where genome-wide 

marker data (primarily SNPs) are utilized to predict the genomic estimated breeding 

values (GEBVs) of individuals. GS is highly efficient for complex traits governed by 

many minor-effect genes. 

Future Perspectives 
The field of molecular marker technology is evolving rapidly with continuous advancements 

in genomics, sequencing technologies and computational biology. Traditional marker systems 

such as RFLP, RAPD, AFLP and SSR have significantly contributed to genetic analysis and 

crop improvement; however, modern agricultural research is increasingly shifting toward 

high-throughput sequence-based approaches that provide greater accuracy, genome coverage 

and analytical efficiency. The decreasing cost of next-generation sequencing (NGS) 
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technologies has accelerated the adoption of high-density marker systems such as Single 

Nucleotide Polymorphisms (SNPs) and Genotyping-by-Sequencing (GBS) in plant breeding 

programs. These technologies enable the simultaneous discovery and analysis of thousands of 

genetic variations across entire genomes, facilitating precise identification of genes 

associated with yield, quality, disease resistance and abiotic stress tolerance. 

 Emerging genomic approaches, including whole-genome resequencing, pangenomics 

and long-read sequencing platforms such as Pacific Biosciences (PacBio) and Oxford 

Nanopore Technologies, are further enhancing the resolution of genetic studies. These 

advanced technologies allow researchers to identify structural variations, repetitive genomic 

regions and rare alleles that were previously difficult to detect using conventional marker 

systems. The integration of molecular markers with genomic selection, genome-wide 

association studies (GWAS), artificial intelligence and machine learning is transforming 

modern crop improvement strategies. These tools enable the analysis of large-scale genomic 

datasets and improve the prediction of complex traits, thereby accelerating breeding cycles 

and increasing selection efficiency. In addition, molecular markers are expected to play a 

crucial role in validating genome-editing technologies such as CRISPR-Cas’s systems and 

monitoring genetic changes in edited crops. 

 As agriculture faces increasing challenges related to climate change, emerging pests 

and growing food demand, molecular markers will continue to serve as indispensable tools 

for developing high-yielding, resilient and sustainable crop varieties. Their integration with 

advanced genomics and digital agriculture technologies will further strengthen precision 

breeding and contribute significantly to future food security. 

Conclusion 
The evolution of molecular markers from first-generation hybridization methods to modern, 

third-generation sequence-based platforms reflects a continuous technological push for higher 

resolution, increased throughput and reduced per-sample costs. While early markers like 

RFLPs laid the foundational genetic maps, PCR-based markers such as SSRs democratized 

molecular breeding by offering robust, multi-allelic tools for localized laboratories. Today, 

high-density SNP arrays and Genotyping-by-Sequencing (GBS) dominate the landscape, 

driving large-scale genome-wide association studies (GWAS) and genomic selection 

programs. Ultimately, selecting the appropriate marker system requires a strategic evaluation 

of the specific genetic resolution needed, the complexity of the target organism’s genome and 

the available bioinformatic infrastructure. 
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