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ABSTRACT 
 

Molecular markers have emerged as the most useful tools in assessment of genetic diversity and 
characterizing germplasm, for crop improvement. This review paper comprehensively analyzes the 
applications of molecular markers in diversity analysis and germplasm characterization. It 
underscores the significance of genetic diversity as the bedrock for plant breeding programs, 
enabling the development of improved varieties with desirable attributes such as higher yields, 
stress tolerance, and enhanced nutritional profiles. The paper provides an overview of various types 
of molecular markers, including hybridization-based markers (e.g., RFLPs) and PCR-based markers 
(e.g., RAPDs, AFLPs, SSRs, and SNPs). It discusses marker selection strategies, emphasizing the 
consideration of factors like polymorphism, informativeness, and the potential for multiplexing and 
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high-throughput genotyping. Diversity analysis techniques, including principal component analysis 
(PCA), cluster analysis methods (UPGMA and Neighbor-Joining), and population structure analysis 
(model-based approaches like STRUCTURE), are detailed. These methods enable the assessment 
of genetic relationships, identification of subpopulations, and selection of diverse parents based on 
molecular marker data. The review further explores the applications of molecular markers in 
germplasm management, conservation, and utilization. It discusses the role of markers in targeted 
introgression of desirable traits from diverse sources, as well as the integration of genotypic and 
phenotypic data for association mapping, genomic prediction, and selection. Additionally, the paper 
addresses emerging technologies, such as next-generation sequencing (NGS) and the integration 
of molecular markers with other omics data. It also highlights the practical applications and impact 
of molecular markers in crop improvement programs, including marker-assisted selection (MAS), 
genomic selection, and the development of genetically modified crops. Finally, the review outlines 
challenges and future perspectives, including limitations0 of current technologies, the potential of 
emerging techniques like NGS, and the integration of molecular markers with other omics 
approaches for a comprehensive understanding of complex traits. 
 

 

Keywords: Molecular markers; genetic diversity; germplasm characterization; principal component 
analysis; cluster analysis; population structure. 

 

1. INTRODUCTION  
 

Genetic variations in or among the populations, 
can be effectively used for utilization of plant 
genetic resources [1]. Historically, plant breeders 
have relied on evaluating agronomic and 
morphological traits to assess genetic diversity 
and other crucial characteristics [2]. However, 
contemporary breeders increasingly favor 
diversity analysis using molecular markers due to 
their proficiency in uncovering variations among 
genotypes, surpassing the limitations of 
morphological markers [3].   
 

1.1 Genetic Diversity and Its Importance 
in Crop Improvement 

 

Term Genetic diversity is differently defined by 
various authors, “The degree of genetic variation 
seen in individuals within a species because of 
processes including recombination, mutations, 
gene flow, and genetic drift is known as genetic 
diversity. It symbolizes the diversity of alleles and 
gene combinations among a group of organisms” 
[4] or “The range and sum of genetic variation 
within a population or between populations”, in 
which the term diversity represents the 
differences among the individuals [5] or “Genetic 
diversity is the variability of heritable traits 
present in a population of the given species” [6] 
or “Genetic diversity is the variety of alleles 
present in a particular population or among 
populations and it is reflected in morphological, 
physiological and behavioral differences between 
individuals and populations” [7] or “Any measure 
that can calculate the magnitude of genetic 
variability present in a population” [8]. Genetic 
diversity forms the bedrock of plant breeding and 

crop improvement initiatives. Comprehending 
and characterizing the extant genetic variation 
within crop germplasm is imperative to pinpoint 
desirable traits for developing enhanced varieties 
boasting higher yields, resilience against biotic 
and abiotic stresses, and superior nutritional 
profiles [9,10]. A vast genetic diversity endows 
plants with the capacity to adapt to abrupt 
environmental fluctuations [11]. 
 

Plant genetic diversity is invaluable for breeders 
as it provides a pool of desirable traits to select 
from when developing new crop varieties or 
parental lines for hybridization [10]. Utilizing 
genetically divergent parents in breeding 
programs allows for the improvement of 
productivity, disease resistance, and other 
favorable characteristics in agricultural and 
horticultural crops [12]. Maintaining high levels of 
genetic diversity is crucial as it equips breeders 
with an array of genetic variations to draw upon. 
By combining diverse genetic backgrounds, 
breeders can assemble unique gene 
combinations, leading to the development of 
superior and adaptable varieties that meet 
changing environmental conditions and market 
demands [10,12]. The success of various crop 
improvement programs depends upon the 
efficient identification and incorporation of plant 
genetic resources, such as currently grown 
cultivars, newly developed varieties, landraces, 
wild relatives, and germplasm collections [9]. 
Detailed understanding of genetic diversity and 
its distribution is important for its effective 
conservation and utilization, as it guides 
breeders for the decisions on what to conserve 
and where to focus efforts [13]. From a plant 
breeder's perspective, genetic diversity is a must 
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for developing resilient and adaptable crops that 
can withstand various abiotic stresses and biotic 
stresses, it is also important for yield and yield 
related traits [14]. 
 

1.2 Role of Germplasm Characterization 
in Plant Breeding 

 

Characterization involves describing plant 
germplasm by evaluating highly heritable traits 
like morphology, physiology, agronomic features, 
seed proteins, oils, and molecular markers. This 
information aids germplasm utilization. Though 
time-consuming and costly, characterization can 
occur at any conservation stage [15]. 
 

Plant breeders use various methods to 
characterize germplasm and evaluation of 
genetic diversity, for identification of diverse 
parents for breeding programs [16]. These 
methods include evaluation of phenotypic or 
morphological traits, molecular approaches and 
biochemical or allozyme analysis [17]. 
Germplasm is considered a valuable source for 
identification of genes related to desirable traits. 
Once a trait is linked to biosynthetic pathways 
then alleles responsible for expression of that 
trait are identified, researchers understand crops 
on broader base. This knowledge is helpful for 
making specific parental and allelic combinations 
for the discovery of superior varieties [18]. By 
leveraging these characterization methods, 
breeders can unlock the potential of genetic 
diversity and develop improved crop varieties 
with enhanced performance and adaptability. 
 

Germplasm collections comprise trait-specific 
accessions exhibiting tolerance to stresses like 
heat, drought, salinity, cold, as well as desirable 
traits like high nitrogen and water use efficiency 
[19]. These accessions offer valuable genetic 
resources for crop improvement programs. 
 

1.3 Overview of Molecular Marker 
Technologies 

 

Over the last three decades, major 
advancements in understanding plant genomes 
and gene functions have revolutionized plant 
breeding. Breeders can now engineer crops with 
desired traits like higher yields and resilience, 
driving more effective crop improvement [2]. 
Molecular markers are DNA sequences that 
highlight genetic variations like insertions, 
deletions, and mutations across individuals. Their 
function is to identify and differentiate specific 
genomic regions, making them invaluable tools 
for genetic mapping and analysis. [20]. The 

ability to detect genetic variations with molecular 
markers has enabled breeders to pinpoint 
desirable traits and excellent plant genetics. This 
advancement has driven the development of 
improved crop varieties with better 
characteristics. 
 

2. MOLECULAR MARKER-BASED 
DIVERSITY ANALYSIS 

 
Molecular markers are invaluable tools in the 
study of genetic diversity. They are used in  the 
analysis of phylogenetic relationships, facilitate 
the selection of elite varieties, and allow for the 
comparison of genetic similarities and differences 
between species. [21]. Various DNA markers 
have been used as important molecular tools in 
plants for genetic relation studies among 
individuals, hybrid validation, varietal 
identification, phylogenetic relationship between 
species, gene mapping and quantitative trait loci 
(QTL) detection in last few decades [22]. 
 
Genetic variability within a population can be 
assessed through: The number (and percentage) 
of polymorphic genes in the population, number 
of alleles for each polymorphic gene and the 
proportion of heterozygous loci per individual 
[20]. 
 

2.1 Types of Molecular Markers 
 
Molecular markers are of two types, 
 
2.1.1 Hybridization-based markers  
 

In molecular genetics, hybridization-based 
markers are used to visualize DNA profiles. This 
involves digestion of DNA with restriction 
enzymes and then hybridizing the resulting 
fragments to radioactive labeled probe, probe 
can be a DNA segment of known sequence. 
Restriction Fragment Length Polymorphism 
(RFLP) was the first hybridization-based marker 
[23]. The pioneering work in utilizing RFLP 
markers for human linkage mapping was 
conducted by Botstein and colleagues [24]. 
 

RFLP markers are regarded as powerful tools for 
comparative and synteny mapping studies. 
These markers exhibit a co-dominant inheritance 
pattern and are highly specific to loci. One of the 
key advantages of RFLP genotyping is its high 
reproducibility, coupled with a relatively 
straightforward methodology that does not 
necessitate specialized equipment [25]. The 
simplicity and reliability of RFLP markers have 
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made them invaluable in genetic research and 
analysis. 
 
2.1.2 PCR-based markers 
 
Polymerase Chain Reaction (PCR) based 
markers work on the principle of variations in 
DNA sequences. Also known as the second 
generation of molecular markers [26]. Random 
Amplified Polymorphic DNA, Amplified Fragment 
Length polymorphism, Simple Sequence 
Repeats and Single Nucleotide Polymorphism 
are some major PCR based markers used in the 
last few decades. 
 
2.1.2.1 Random amplified polymorphic DNA 

(RAPDs) 
 
The Random Amplified Polymorphic DNA 
(RAPD) is a PCR-based marker system that was 
developed independently by Williams et al. 
(1990) and Welsh and McClelland (1990) [27,28]. 
The RAPD technique utilizes short, random 
oligonucleotide primers (8-15 nucleotides) that 
bind and amplify multiple complementary 
sequences scattered across DNA, generating a 
unique banding pattern [25,29]. To visualize the 
results, an agarose gel electrophoresis system is 
used. The specific banding pattern on the gel 
indicates polymorphisms that present either at or 
between the primer binding sites [25,30]. This 
technique allows identification of genetic 
variations without prior information of the target 
DNA sequence, making it a valuable tool for 
genetic diversity studies and molecular marker 
analysis. 
 
2.1.2.2 Amplified fragment length polymorphism 

(AFLPs) 
 
The limitations of RAPD and RFLP markers were 
solved with the development of Amplified 
Fragment Length Polymorphism (AFLP) markers. 
AFLP is a combination of RFLP and PCR 
technology, in this method DNA is first digested 
and then PCR amplification is done [31]. 
 
In AFLP technique the digestion of DNA was 
done by using two restriction enzymes – a 
frequent cutter and a rare cutter, then the short 
oligonucleotide sequences are ligated to the 
resulting fragments, with one oligonucleotide 
being specific to the frequent cutter site and the 
other to the rare cutter site [32]. Subsequently, 
PCR amplification is performed, selectively 
amplifying only those fragments that have both 
oligonucleotides attached. 

Then by using gel electrophoresis or 
autoradiography, the banding pattern observed 
represents the different DNA fragments amplified 
and can be utilized for analyzing genetic 
variations [33]. This technique combines the 
strengths of RFLP and PCR, providing a resilient 
method for detecting polymorphisms and 
facilitating diversity studies. 
 
2.1.2.3 Simple sequence repeats (SSRs) 
 
It was first discovered by Litt and Lutty in 1989 
and termed it as Microsatellites, in the same year 
Tautz, also recognize it as a polymorphic DNA 
marker [34,35]. It consists of 1–6 bp tandem 
repeat motifs which are abundantly present in the 
coding and non-coding parts of the genome [36]. 
Among all the molecular markers developed and 
used in breeding programs, SSR are considered 
as markers of Choice [37]. SSRs are regarded as 
the premier genetic markers for studying genetic 
variability. This is attributed to their widespread 
presence throughout genomes, the capability to 
examine multiple loci, and their capacity to 
distinguish heterozygous individuals from 
homozygous ones based on their allele 
combinations at a specific locus i.e. codominant 
[38]. 
 
2.1.2.4 Single nucleotide polymorphism (SNPs) 
 
Single Nucleotide Polymorphisms (SNPs) are 
individual base variations present in DNA. They 
can be substitutions (transitions or transversions) 
or insertions/deletions (InDels) of a single base. 
SNPs were found abundantly in coding and non-
coding regions of genomes, with plants having 
around 1 SNP per 100-300 bases [39]. Common 
SNP genotyping methods include RFLP, CAPS, 
ligation, allele-specific hybridization, primer 
extension and invasive cleavage. These 
techniques rely on analyzing sequence 
databases to identify and characterize SNPs 
within a given genome. In RFLP, if a SNP 
creates or eliminates a restriction enzyme 
binding site on one allele, digestion will yield 
fragments of varying sizes compared to other 
alleles [40]. 
 

2.2 Marker Selection and Optimization 
 
Marker selection and optimization is the process 
of carefully picking and refining the set of 
molecular markers used in genetic studies or 
breeding programs to ensure they are 
informative, efficient, and well-suited for the 
intended application. 
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Fig. 1. Types of molecular markers used for diversity studies 
 

2.2.1 Marker polymorphism and 
informativeness  

 

Polymorphism refers to the presence of different 
forms or variations of a gene, or DNA sequence 
in a population. DNA polymorphism involves 
genetic variations in the DNA sequence among 
individuals, such as single nucleotide changes, 
insertions, deletions, or structural modifications. 
Polymorphisms contribute to genetic diversity, 
influence traits and disease susceptibility, and 
aid in understanding population genetics and 
evolution. Polymorphic DNA markers, regions 
exhibiting genetic diversity, are major tools for 
studies like linkage and association mapping 
[41]. 
 

When selecting genetic markers for research 
purposes, certain characteristics are preferred to 
ensure informative and reliable results. Markers 
with a greater number of alleles tend to be more 
informative and possess greater discriminatory 
power. Conversely, markers with skewed or 
unbalanced allele frequencies, where one or a 
few alleles are highly common while others are 
rare, tend to be less informative [42,43]. 
Additionally, markers with rare or low-frequency 
alleles may not be as useful, especially in smaller 
population samples, as these rare alleles may 
not be represented or could be lost due to 
genetic drift [44]. 
 

An even or uniform allele frequency distribution 
maximizes heterozygosity and provides the 
highest possible gene diversity or polymorphism 
information content (PIC) value for a given 

number of alleles [24,45]. This characteristic 
makes the marker more powerful for 
distinguishing genotypes and assessing genetic 
diversity [46]. Markers with evenly distributed 
allele frequencies are more reliable for genetic 
diversity studies, as they are less affected by 
sampling effects and genetic drift, especially in 
smaller populations [47].  
 

2.2.2 Multiplexing and high-throughput 
genotyping 

 

Multiplexing refers to the ability to simultaneously 
analyze multiple molecular markers in a single 
reaction or assay [38,48]. This approach offers 
several advantages, including increased 
efficiency, higher throughput, reduced cost and 
labor, and faster data generation [49]. Strategies 
for multiplexing include the use of fluorescently 
labeled primers [50] or the design of compatible 
primer sequences [51]. Careful marker selection 
is crucial for successful multiplexing to avoid 
allele size overlap, ensure compatibility with 
fluorescent dyes, and optimize reaction 
conditions [38,49]. High-throughput genotyping is 
the rapid and fully automated analysis of large 
number of molecular markers and samples using 
advanced technologies [43,46].  
 

Several high-throughput genotyping platforms 
including, microarrays [52], next-generation 
sequencing (NGS) technologies [53], capillary 
electrophoresis systems [48], and other 
automated genotyping platforms [43]. These 
platforms can simultaneously analyze thousands 
of molecular markers and samples, Facilitating 
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increased efficiency, high speed, and low cost 
[43,46]. High-throughput genotyping is necessary 
for large-scale genetic studies like genome-wide 
association studies (GWAS) [54], genomic 
selection (GS) [55,56], and other applications 
that require extensive genotypic data generation. 
Crucial considerations include ensuring marker 
compatibility with the chosen genotyping 
platform, establishing robust data management 
and analysis pipelines, and carefully designing 
experiments to enable efficient data generation 
and analysis [43,48].  
 

The key advantages of high-throughput 
genotyping lie in its capability to generate large 
volumes of genetic data rapidly and cost-
effectively, facilitating advanced research. 
 

2.3 Diversity Analysis Techniques  
 

Diversity analysis techniques are statistical and 
computational methods used to analyze genetic 
variation data obtained from molecular markers 
[44,54]. These techniques help understand 
genetic relationships, population structure, and 
evolutionary patterns within and among groups of 
individuals or populations. By exploring genetic 
similarities and differences, diversity analysis 
techniques provide insights into genetic diversity, 
gene flow, adaptation and population 
differentiation [57]. Commonly employed 
techniques include,  
 

2.3.1 Principal component analysis (PCA) 
 

PCA is a data reduction and visualization method 
used to identify genetic clusters, outliers, and 
population relationships based on marker 
genotypes or allele frequencies [58,59]. It is a 
important tool for analyzing and interpreting large 
data sets generated from various molecular 
marker techniques [44]. 
 

2.3.1.1 Genetic diversity analysis 
 

PCA can be used to study the genetic diversity 
within and between germplasms or breeding 
populations. By reducing the high-dimensional 
molecular marker data to a few principal 
components, it becomes easier to visualize the 
patterns of genetic variation and identify distinct 
groups or clusters of genotypes [44]. 
 

2.3.1.2 Population structure analysis 
 

PCA can help identify subpopulations or 
genetically distinct groups within a breeding 
population, which is crucial for association 
mapping studies and controlling population 
structure [60,61]. 

2.3.1.3 Identification of redundant genotypes 
 

PCA can help identify genetically redundant or 
highly similar genotypes within a germplasm 
collection, which can aid in the efficient 
management and conservation of genetic 
resources [62]. 
 

2.3.1.4 Selection of diverse parents 
 

PCA can be used for selection of genetically 
diverse parents for hybridization and breeding 
programs, ensuring the maximum exploitation of 
genetic variation and the potential for 
transgressive segregation [62,63]. 
 

2.3.2 Cluster analysis (e.g., UPGMA, 
neighbor-joining) 

 

Cluster analysis is a widely used technique in 
plant breeding and genetic diversity studies for 
grouping genotypes based on their similarity or 
dissimilarity in molecular marker data. Two 
commonly employed clustering methods, 
Unweighted Pair Group Method with Arithmetic 
Mean (UPGMA) and Neighbor-Joining (NJ). 
 

2.3.2.1 UPGMA (Unweighted pair group method 
with arithmetic mean) 

 

UPGMA is a hierarchical clustering method that 
constructs a dendrogram based on the pairwise 
genetic distances or similarity measures between 
genotypes [64]. The key steps involved in 
UPGMA are: 
 

a) Calculation of a distance or similarity 
matrix based on the molecular marker 
data. 

b) Identification of the two most similar (or 
closest) genotypes or clusters. 

c) Joining these two genotypes or clusters to 
form a new cluster and calculating the 
average distance between this new cluster 
and all other genotypes or clusters. 

d) Repeating step 3 until all genotypes or 
clusters are joined into a single hierarchical 
tree. 

 

UPGMA assumes a constant rate of evolution 
across all lineages, making it suitable for 
analyzing closely related genotypes or 
populations [44]. 
 

2.3.2.2 Neighbor-joining (NJ) 
 

The Neighbor-Joining method which is 
introduced by Saitou and Nei, is a widely used 
clustering approach in plant breeding for genetic 
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diversity studies. It constructs an unrooted tree 
based on the pairwise genetic distances between 
genotypes. The key steps involved in NJ are: 
 

a) Calculation of a distance matrix based on 
the molecular marker data. 

b) Identification of the two genotypes or 
clusters that are "neighbors" (i.e., have the 
smallest sum of branch lengths). 

c) Joining these two neighbors to form a new 
node and recalculating the distances 
between this new node and all other 
genotypes or clusters. 

d) Repeating step 3 until all genotypes or 
clusters are joined into a single unrooted 
tree. 

Unlike UPGMA, NJ does not assume a constant 
rate of evolution and can better handle situations 

where the rate of evolution varies among 
lineages [65,66]. 
 
2.3.3 Population structure analysis 
 
In diversity analysis and plant breeding 
programs. In diversity analysis and various plant 
breeding programs, population structure analysis 
based on molecular markers plays a pivotal role.  
 
Population structure analysis using molecular 
markers can provide information about genetic 
diversity within and among subpopulations [44]. 
This information can be useful making strategies 
for maintaining and enhancing genetic diversity 
in breeding programs, which is crucial for long-
term genetic gain and adaptation to changing 
environments. 

 

Softwares that are used for population structure analysis and cluster analysis are as follows:- 
 

Table 1. Software’s used for diversity analysis 
 

Sr. no. Analysis Type Software 

1.  Cluster Analysis NTSYSpc [67] 

 
 

Powermarker [68] 
 

 
DARwin [69] 

  PAST [70] 

2.  Population Structure Analysis STRUCTURE [71] 

 
 

fastSTRUCTURE [72] 
 

 
BAPS [73] 

 
 

BAYES [74] 
 

 
GENECLUST [75] 

 
 

TESS [75] 
 

 
GENELAND [76] 

 
 

InStruct [77] 

3.  Principal Component Analysis DARwin [69] 

 
 

NTSYSpc [78] 
 

 
PAST [79] 

 

 
 

Fig. 2. Diversity analysis techniques 
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3. APPLICATIONS OF MOLECULAR 
MARKERS IN GERMPLASM 
CHARACTERIZATION 

 
3.1 Genetic Relationship and 

Phylogenetic Studies 
 
The study of genetic relation between genes or 
species via the comparison of homologous DNA 
or protein sequences is known as molecular 
phylogeny. Genetic divergence from molecular 
evolution is shown by differences. To 
comprehend the evolutionary history and 
relatedness of taxa, researchers recreate 
phylogenetic trees [80]. 

 
3.1.1 Interspecific and intraspecific 

relationships 

 
Molecular marker is the common tool for 
examining genetic relationship within and across 
species (intraspecific and interspecific) [80]. By 
utilizing marker data to determine genetic 
distances or similarities, these links may be 
valuable information about taxonomy, gene flow, 
and evolutionary history [57]. 

 
3.1.2 Identification of core collections and 

mini-core collections 

 
Subsets of germplasm collections called core 
and mini-core collections show the greatest 
genetic diversity found in a species or gene pool 
[81,82]. DNA molecular markers, which are 
developed based on DNA polymorphisms are 
used in measuring genetic diversity and are notr 
affected by environmental interactions [83] hence 
they are more suitable for evaluating genetic 
diversity than phenotypic traits and in 
constructing a core collection [81]. 

 
3.2 Germplasm Management and 

Utilization 
 
3.2.1 Maintenance and conservation of 

genetic resources 

 
Molecular markers play a vital role in the 
maintenance and conservation of plant genetic 
resources [84]. They facilitate the accurate 
identification and characterization of accessions 
and management of germplasm collections. 
Furthermore, molecular markers are essential for 
assessing genetic diversity ensuring the effective 
conservation of genetic variability [82]. 

3.2.2 Targeted introgression of desirable 
traits 

 

For targeted introgression of desirable traits from 
diverse germplasm sources, molecular markers 
are used in plant breeding programs [85]. 
Through marker-assisted selection (MAS) and 
backcrossing strategies, breeders can efficiently 
transfer and incorporate beneficial traits, such as 
biotic stress resistance, abiotic stress tolerance 
and improved yield, from wild relatives or diverse 
accessions into elite cultivars [86,87]. 
 

4. INTEGRATION OF MOLECULAR 
MARKERS WITH PHENOTYPIC 
DATA 

 

4.1 Combining Genotypic and 
Phenotypic Data 

 

The integration of marker data with 
morphological data is crucial for understanding 
the genetic basis of complex traits and enabling 
marker-assisted breeding [88]. By combining 
these two data, breeders can identify quantitative 
trait loci (QTLs) associated with traits of interest, 
estimate the effects of specific alleles or 
haplotypes, and develop statistical models for 
predicting phenotypes based on genotypic 
information [89]. Knowledge of genetic diversity 
in germplasm is vital for selecting parents to 
develop new varieties. Molecular markers 
provide a robust evaluation of diversity, 
unaffected by environmental factors, and enable 
thorough exploration of genetic variation across 
genomes. Leveraging molecular markers allows 
breeders to select divergent parents, maximize 
desirable trait combinations, characterize 
germplasm, and accelerate the development of 
improved varieties [90]. 
 

4.2 Genome-wide Association Studies 
(GWAS) 

 

Genome-wide association studies (GWAS) are a 
great tool for analyzing the genetic makeup of 
complex phenotypes because they combine 
phenotypic data with high-density molecular 
markers [91]. It involves looking across the whole 
genome for correlations between genetic 
markers and trait variations, which makes it 
possible to find the genes or genomic areas that 
govern traits of interest [92,93]. 
 

4.3 Genomic Prediction and Selection 
 

Genomic prediction and selection methods 
integrate molecular marker data with 
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morphological data to predict the breeding values 
or genetic potentials of individuals based on their 
genotypes [55,94]. These approaches utilize 
statistical models and machine learning 
algorithms to capture the combined effects of 
multiple markers across the genome, enabling 
the selection of superior individuals without 
extensive phenotyping [95,96]. Genomic 
selection has a high impact on plant breeding by 
accelerating the breeding cycle and improving 
genetic gains. 
 

5. CHALLENGES AND FUTURE 
PERSPECTIVES 

 

5.1 Limitations of Current Molecular 
Marker Technologies 

 

While molecular markers have revolutionized 
plant genetics and breeding, the existing 
technologies have certain limitations. These 
include relatively low throughput and high costs 
associated with marker development and 
genotyping, limited genomic coverage, and 
challenges in interpreting and utilizing marker 
data for complex traits [43]. Additionally, the 
presence of genetic complexity, such as 
polyploidy and structural variations, can pose 
challenges for accurate marker-based analysis 
[57]. 
 

5.2 Emerging Technologies  
 
The emergence of next-generation sequencing 
(NGS) technology has opened various 
possibilities for marker discovery, genotyping, 
and genomic analysis [43,53]. NGS-based 
approaches, such as Genotyping-by-sequencing 
(GBS) and whole-genome resequencing enable 
the efficient discovery and analysis of thousands 
to millions of molecular markers across the entire 
genome in a single process [97,98]. These 
technologies offer higher resolution, reduced 
costs, and increased throughput, helping in 
genome-wide association studies (GWAS) and 
genomic selection (GS) in various crop 
improvement programs [99]. 
 

5.3 Integrating Molecular Markers with 
other Omics Data 

 

Combining molecular marker data with other 
omics data like transcriptomics, proteomics, and 
metabolomics is a new area of research. By 
combining information from these different omics 
areas, researchers can better understand the 
molecular basis of complex traits and make more 

accurate predictions for genetic improvement 
[55,96]. 
 

5.4 Practical Applications and Impact on 
Crop Improvement 

 
Molecular markers have revolutionized crop 
improvement by enabling marker-assisted 
selection, genomic selection strategies, and the 
development of genetically modified crops with 
desirable traits [100,101]. MAS enables the 
efficient introgression of desirable traits from 
diverse germplasm sources, while genomic 
selection accelerates the breeding cycle and 
increases genetic gains [86,95]. Additionally, 
molecular markers have facilitated the 
identification and manipulation of key genes or 
regulatory regions, leading to the development of 
improved crop varieties with enhanced yield, 
nutritional quality, and resilience to biotic and 
abiotic stresses [102,103].  
 

6. CONCLUSION 
 
Molecular markers have emerged as invaluable 
tools for diversity analysis and germplasm 
characterization in plant breeding programs. This 
review paper highlights the use of principal 
component analysis (PCA), cluster analysis 
methods (UPGMA and Neighbor-Joining), and 
population structure analysis (model-based 
approaches like STRUCTURE) to assess genetic 
diversity, identify subpopulations, and select 
diverse parents based on molecular marker data. 
Molecular markers act as direct method for 
measurement of genetic variation at the DNA 
level, providing effective means for conservation, 
and utilization of genetic resources. They play a 
crucial role in various applications, including 
association mapping, genomic selection, 
introgression breeding, and monitoring genetic 
diversity for long-term genetic gain and 
adaptation. 
 

7. FUTURE PROSPECTUS  
 

Future research directions in the utilizing 
molecular markers for assessing diversity and 
characterizing germplasm (plant genetic 
resources) now involves the use of advanced 
high-throughput sequencing technologies, 
genotyping methods based on sequencing data, 
exploration of novel molecular marker systems 
(epigenetic markers, structural variations), 
development of advanced statistical and 
computational methods for data analysis, 
incorporation of molecular markers and 
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population structure information into genomic 
selection and prediction models, application to 
orphan crops and underutilized species, 
integration with other omics approaches 
(transcriptomics, proteomics, metabolomics), and 
fostering international collaborations and data-
sharing initiatives. All these advancements in 
plant breeding will promote the sustainable use 
of genetic resources and contribute to global 
food security. 
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