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Abstract 

Genetic diversity allows plants to adapt to changing environmental conditions to survive and 

increases their ability to respond to yield, production, pests and diseases. The application of 

molecular markers developed due to developments in biochemistry, molecular biology, and 

plant technology has shed light on plant genetics and breeding studies and produced an 

enormous amount of knowledge. The theoretical knowledge will guide in determining the 

scope, amount, and distribution of different aspects of genetic diversity harbored in plants 

and how it is structured, determining what, where, and how to protect and management of 

the studies in practice. In plants, molecular markers have been used in the assessment of 

genetic diversity and population genetics, characterization of germplasm, investigation of 

phylogenetic relationships, identification of species, hybrids and varieties, ecology, 

evolutionary biology, taxonomy, selection and breeding studies based on molecular markers 

in the construction of gene maps and QTL maps in the last four decades. Each of the known 

molecular markers or their derivatives has different methodologies, advantages, or 

disadvantages. Comparative studies of different molecular markers performed in different 

plant species along with their wild and primitive relatives offer researchers the opportunity to 

determine and apply the most appropriate methodologies for future detailed studies. The 
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sustainability of life on earth depends first on the genetic diversity in individuals, second on 

the species diversity in the ecosystems, and finally on the ecosystem diversity. Deterioration 

or loss in any of these will disrupt the balance between living things. 

Keywords 

Crop plants; genetic diversity; molecular markers; hybridization-based markers; PCR-based 

markers; transposon markers 

 

1. Introduction 

After our hunter-gatherer ancestors discovered agriculture around 10,000 years ago, they settled 

down and began cultivating domesticated crop plant species in the Fertile Crescent in the Middle 

East. Traditional farmers have built genetic diversity into the genetic structure of landraces through 

selection over many generations, evolving as a defense against problems caused by genetic 

vulnerability [1]. However, in the 19th century, formal plant breeding studies of varieties with 

narrower and more homogeneous genome ranges [2] began to be carried out intensively to increase 

yield, quality, and resistance to biotic and abiotic stress factors. For example, wheat landrace 

germplasm has lost 75% of its genetic diversity [3], and the living conditions of the varieties 

produced due to breeding efforts becoming less suitable for existence and reproduction. Thus, it 

might be crucial to investigate the genetic diversity in cultivated crop species along with their wild 

and primitive relatives by reliable tools for the management of conservation and breeding studies. 

1.1 Genetic Diversity 

All the characteristics of living organisms are controlled by DNA molecules, which is the 

hereditary material. Differences in DNA sequences are defined as genetic diversity. Genetic diversity 

can be examined among individuals in a population, between different populations of a species, or 

between species [4, 5]. Genetic diversity is expressed as the frequency of different alleles resulting 

from mutation, genetic drift, or recombination within or between populations of a species. While 

the number of alleles shared by populations and their distribution might indicate gene flow and 

similarity, different allele numbers indicate genetic divergence and genetic differentiation between 

populations. The distribution of alleles also shows the distribution and adaptation abilities of 

populations in different eco-geographical conditions. Genetic diversity in the genomes of plants is 

shaped by natural selection and other factors in the natural environment or by artificial selection 

along with other factors affecting evolution if it is produced by farmers in the field [2, 6]. Genetic 

variability is the variation in alleles of genes or variation in DNA/RNA sequences in the gene pool of 

a species or population. 

1.1.1 Why Is Genetic Diversity Important? 

Genetic diversity is the presence of different allelic variants of genes or variations in DNA/RNA 

sequences in a population or species gene pool. If the genetic diversity is high, it may indicate a 

potentially high number of allelic variants harbored in the gene pool. We can see the expression of 
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different alleles in the phenotypes of living things, such as color, shape, and structural features [7]. 

Genetic diversity is important for defining the genetic structure of natural plants or modern cultivars 

of crop plant populations and determining how to arrange the genetic resources for future 

conservation and crop breeding studies. Evolution proceeds mainly based on genetic diversity in 

plant populations and other organisms. Additionally, mutation, genetic drift, migration into or out 

of a population, and natural selection are the driving forces of evolution and genetic diversity in a 

population [8]. 

Mutations occur due to changes in nucleotides in the DNA sequence by deletions, insertions, or 

rearrangements in the genome or chromosome numbers of individuals. These changes can occur 

spontaneously or as a result of an induced mutation. Mutations can be harmful or (rarely) beneficial 

to an organism or its descendants [9]. Mutations either have such a negligible effect on the 

phenotype that they are effectively neutral in selection, or they are so strongly harmful that they 

are rapidly eliminated from the population [10]. Mutations and recombination resulting from 

crossing over during meiosis, which provides one of the advantages of sexual reproduction, are 

sources of genetic diversity [11]. Mutations produce new alleles that are subject to the effects of 

the selection process, and the new alleles that survive and are well-adapted contribute to increased 

genetic diversity and adaptiveness in a population or populations of a species. Genetic bottleneck 

affects dramatically small-sized populations. Even the rare, unique alleles disappear in the gene pool 

of populations, decreasing adaptiveness and resulting in the extinction of populations. 

Five characteristics influence the level and distribution of genetic diversity in plants: i) breeding 

system, ii) seed dispersal mechanisms, iii) life form, iv) geographic range, and v) taxonomic status 

[12]. In plants, two types of breeding systems evolved: selfing and outcrossing breeding systems. In 

a selfing system, a single parent produces offspring, and genetic diversity tends to decrease 

compared to outcrossing, in which the gametes of different parents unite to produce offspring. 

Plants have several types of seed dispersal mechanisms, such as wind (anemochory), water 

(hydrochory), animals (endozoochory), explosive release (ballochory), and gravity (barochory) [13]. 

Seed dispersal mechanisms affect the level of genetic diversity. If the seeds are dispersed around 

the mother plant, they share more or less similar gene combinations with the mother plant, and the 

plants in the same region even outcross; this will probably lead to inbreeding depression. 

Additionally, if the number of plants in the same area increases, demands for light, water, and soil 

increase and cause competition. If the seeds are transferred to long distances, they may be 

safeguarded and genetic diversity and adaptiveness are supposed to be increased. Life forms are 

annual, biennial and perennial observed in plants. Perennial forms accumulate many mutations 

because of long living compared to other forms. Many cereal crop plants, wheat, barley, bean, maize, 

etc., are consumed as food sources annually. The geographic range is any basic unit of biogeography. 

The structure and dynamics of geographic ranges, including sizes, shapes, boundaries, overlaps, and 

locations, are the scope of most biogeographic research. In analyses of genetic diversity, it is 

necessary to take into account the spatial patterns of the distribution of ranges, the temporal 

patterns of change in ranges, the relationships between ranges and phylogenies, and the processes 

that produce these patterns [14]. When explaining genetic diversity, species belonging to monocots 

or dicots in taxonomic categories are taken into account according to their breeding systems, seed 

dispersal patterns, life forms, and geographical ranges, and important knowledge is revealed [15]. 

In genetic diversity studies, comparative analyses based on the combinations of these five 

categories will shed light on how they affect genetic diversity and phylogenies in plant species. 
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1.1.2 Phylogenetic Relationships in Crop Plants 

A population is a community of individuals of the same species in a particular geographical region 

and in a specific time, which can produce fertile offspring when they mate. Populations are the basic 

functional units studied in evolutionary biology, and the level of genetic diversity within and 

between populations is one of the evaluation parameters. Genetic changes should be measured at 

the population level, not individually, and transferable to the next generations to be considered 

evolutionary. While populations of different species live together in an ecosystem, there are also 

populations of the same species that have adapted to different eco-geographic conditions. 

Populations of each species interact with both the population dynamics within themselves and the 

physical factors of the species and the environment where they live together. Therefore, many 

factors affect the survival of a population. In plants, domesticated crop plants and commercial new 

varieties developed by breeding studies are consumed as food by humans, while their wild relatives 

live in the natural environment. However, some wild plant species, such as capers, cranberries, and 

blackberries, are also consumed by humans. Wild plant species are very important as genetic 

resources for crop improvement programs [16]. Because wild forms have adapted to the changes in 

the environment and managed to survive by struggling against all biological and physical stress 

factors applied by the environment, without being dependent on humans under natural conditions, 

for this reason, wild species have accumulated an enormous amount of rich genetic diversity in their 

gene pools for thousands of years [3]. Gene pools of wild ancestors are also used when developing 

new commercial varieties. Since homogenous monocultures produced through breeding studies 

have been developed to be compatible with certain environments and stress factors, they cannot 

compete at the same level as their wild relatives in harsh environmental conditions. For this reason, 

it is necessary to regularly monitor the status of wild and primitive landrace relatives of the 

cultivated plant species, especially as genetic resources, and to develop strategies to conserve those 

that are at extinction risk. It is necessary to determine the amount of genetic diversity, population 

genetic structures, genetic differentiation between populations, and levels of gene flow for the 

management of genetic resources. Various types of markers are used to determine these 

parameters. This review is focused on the genetic diversity and phylogenetic relations revealed by 

using different types of molecular markers in crop plants as significant food sources for humans. 

2. Molecular Markers 

Since the beginning of molecular markers, many genomic markers with different methodologies 

have been developed and used to study genetics in plants, pests, bacteria, fungi, animals, and 

humans. Molecular markers are actually miraculous tools that make visible what is invisible in a 

genome. Today, they are used in the diagnosis of genetic diseases in humans, forensic and criminal 

cases, determining parentage, and identification of corpses resulting from natural disasters such as 

earthquakes and fires. However, while molecular markers are most commonly used in genetic 

diversity, population genetics, and phylogenetic studies, with the development of new generation 

sequencing techniques, the locations of genes are determined, genomic libraries (cDNA, EST, STS, 

etc.) are developed, markers associated with phenotypes are developed, genome-wide association 

with traits studies, construction of physical, gene and QTL maps. 
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2.1 Types of Markers 

2.1.1 Morphological Markers 

These are the studies conducted according to the visually accessible traits such as flower color, 

plant height, seed color and shape, which are often susceptible to phenotypic plasticity. These 

markers still have the advantage of being used in species identification in phylogenetic and 

systematic studies [17]. Each plant species has its own unique morphological characteristics, such 

as seed shape, leaf shape, fruit shape, pollen shape, and placentation type in flower structure. 

However, in some cases, if species are morphologically very similar to each other and homoplasy is 

expected due to natural selection as seen in sibling species, morphological markers are not sufficient 

to differentiate the species. In this case, morphological data should be complemented by protein 

and DNA markers. Although there is no need for high and expensive technologies for morphological 

markers, situations such as the size of the populations to be examined, the sampling strategies, and 

the conduct of the studies in the field increase the cost of these studies and are also very time-

consuming. If genetic diversity and phylogenetic relationships were investigated using only 

morphological markers, the results would be far from accurate classification. 

2.1.2 Biochemical Markers 

These proteins are found in the structure of organisms or play a role in metabolic functions. 

Gluten proteins found as seed storage proteins and isoenzymes in cereals are the most commonly 

used biochemical markers. Isoenzymes, also called allozymes, are isomorphs of an enzyme that have 

the same functions but different properties in terms of morphology or electrical charge (Figure 1). 

Depending on the different developmental stages of organisms, the types and forms of enzymes 

might be differentially expressed. The limitation in isoenzyme types causes the level of genetic 

diversity to be displayed lower than it currently is in genetic diversity studies. It does not allow 

accurate phylogenetic distinction between species that are very close to each other. Despite all 

these shortcomings, isoenzymes have been used extensively in population genetics and 

phylogenetic studies [18, 19]. 

 

Figure 1 Isoelectrofocussing (IEF) gel image of Aminopeptidase 2 isoenzymes in a 

Triticum dicoccum population developed by substrate solution staining [20]. 

Gluten proteins, known as seed storage proteins in cereals, have also been used extensively in 

exploring the genetic diversity and phylogenetic relationships in cereal crops. In addition, some 

gluten proteins related to good quality bread making or pasta have been used as markers in wheat 
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breeding studies. Glutens are further divided into two classes of proteins: gliadins and glutenins. 

Gluten proteins are also analyzed by vertical electrophoresis in polyacrylamide gels. Gliadins are 

resolved by aluminum lactic acid polyacrylamide gel electrophoresis (A-PAGE). Glutenins are 

complex molecules of high molecular weight (HMW)- and low molecular weight (LMW)- glutenins, 

resolved by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (SDS-PAGE), in which 

SDS is used as a denaturing agent to separate them into monomers (Figure 2 and Figure 3). Although 

the polymorphism rate is high compared to isoenzymes, some proteins are transferred in blocks, 

especially in gliadin proteins. This causes a limitation in diversity due to the linkage between the 

genes that control them and the low levels of recombination. Gliadin and glutenin proteins are used 

in the assessment of genetic diversity and phylogenetic relationships [21-26] in association with 

good bread-making and pasta quality studies [27, 28]. 

 

Figure 2 Gliadin band patterns developed by Coomassie brilliant blue 50 staining in a 

Triticum dicoccum population [20]. 
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Figure 3 Glutenin band patterns developed by Coomassie brilliant blue 50 staining in a 

Triticum dicoccum population [20]. 

2.1.3 DNA (Molecular) Markers 

A DNA (molecular) marker is a locus that detects differences between individuals and changes in 

nucleic acid sequences such as nucleotide insertions, deletions, replication errors, translocations, 

inversions, duplications, point mutations, chromosomal breaks or loss resulting from mutations. It 

can be located in coding DNA but usually in noncoding DNA regions [29, 30]. Genome structural 

features and the study's purpose are considered when developing DNA markers. Molecular markers 

are abundant in the genome, and in some methods, high polymorphism is detected, reproducibility 

levels are high, and the technology used, and cost effect may vary depending on each other. 

Molecular markers are used to determine polymorphism, that is, the differences in nucleic acid 

sequences between the genomes of individuals within a population or populations of a species, or 

even between species. Molecular markers show Mendelian (dominant/recessive) or codominant 

inheritance, as seen in the traits encoded by genes. They are not affected by environmental factors; 

therefore, they are considered neutral and do not have pleiotropic or epistatic effects. Codominant 

markers distinguish heterozygotes from homozygotes and are more informative than dominant 

markers [17]. 

Specific properties that ideal DNA markers are expected to have; 

➢ High level of polymorphism, 

➢ Distributed evenly throughout the genome, 

➢ Codominant inheritance, 
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➢ High frequency in the genome, 

➢ No need for prior knowledge of an organism's genome, 

➢ Being linked to a specific phenotype, 

➢ A small amount of tissue and DNA samples are sufficient, 

➢ Selectively neutral behavior, 

➢ Easy access (usability), 

➢ Simple, easy, and fast analysis, 

➢ High reproducibility, 

➢ Easy data exchange between laboratories [31-33]. 

None of the molecular markers can have all the features that an ideal marker is expected to have. 

Therefore, depending on the content of the study of interest, markers that produce appropriate 

data should be used to investigate genetic diversity and population genetic structure, determine 

the gene's location in the genome, and investigate the relationships between organisms or genes in 

molecular phylogeny. Molecular markers are divided mainly into two groups according to the basis 

of the method: (i) Hybridization-based and (ii) PCR-based. Sequence-based and functional-based 

markers use the derived sequences from molecular markers such as EST, STS, SNP, and SSRs. 

Hybridization Based Markers 

(i) Restriction fragment length polymorphism (RFLP). The restriction fragment length 

polymorphism method was developed by Botstein et al. [34]. Since RFLP markers show codominant 

inheritance, they are very useful and reliable in distinguishing different genotypes, such as 

homozygous and heterozygous [35]. DNA probes used in hybridization must be prepared for each 

species from the DNA sequences in its own genome. Since sequence information is used when 

developing probes, they also provide information based on which chromosome or arm of the 

chromosomes they are located on. Until PCR-based DNA markers were created, they were used 

extensively in population genetics [36] and genetic diversity studies, in the investigation of 

phylogenetic relationships [37], and in the preparation of breeding and genome maps [38]. The 

stages of the method are briefly given below. 

Restriction enzyme reaction: A high concentration (10-15 µg) of quality DNA isolated from plant 

samples is digested with one of the type II restriction enzymes appropriate to the study's content 

(1-6 hours at 37°C). Restriction fragments are run in agarose gel overnight to resolve them (Figure 

4a). 



OBM Genetics 2024; 8(4), doi:10.21926/obm.genet.2404274 
 

Page 9/38 

 

Figure 4 (a) Image of the genomic DNA of a group of T. dicoccoides L. samples under UV 

light after digesting with Hind III and electrophoresis in 0.8% agarose gel for 18 hours. 

(b) Band patterns of RFLP fragments of Triticum dicoccoides genomic DNA digested with 

Eco R V restriction enzyme and hybridized with PSR 593 probe [39]. 

Southern blot: The restriction fragments separated in an agarose gel are transferred from the gel 

to the nylon (positively charged) or nitrocellulose membrane overnight according to the blotting 

procedure (Figure 5). 

 

Figure 5 Southern blot transfer steps (a) Placing 3 MM chromatography paper on the 

glass plate, placing its edges into the solution and placing the gel, (b-c) Placing the 
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membrane on the gel and removing air bubbles, (d) Placing paper towel blocks and 

weight on the gel [39]. 

Hybridization and imaging: DNA or cDNA probes developed from the sequences on the 

organism's genome analyzed and labeled with radioactive 32P are added to the hybridization 

solution and the hybridization process takes place with the fragments on the membrane (overnight 

at 65°C). After hybridization, probe DNAs that do not bind to the membrane may create a false 

signal are washed away. If there is an autoradiography or scanning device for imaging, a phosphor 

imaging analysis system is used. Phosphor imaging plates are put on the membrane, placed in a 

cassette, and left at room temperature overnight. The next day, the phosphor imaging plates are 

scanned in the scanning device to obtain and evaluate the image (Figure 5b). 

The RFLP method, including Southern blot and hybridization stages, is quite complex, time-

consuming, and labor-intensive and requires the use of radioactive labeling, expert personnel, and 

technical equipment. In addition, a large amount of clean and high-quality DNA is needed. For this 

reason, it is a method that is not preferred in routine studies but is still preferred in specific studies 

such as formal plant breeding programs. Nowadays, single nucleotide polymorphisms can also be 

detected by microarray and DArT, which include hybridization and restriction steps [40]. 

PCR-Based Molecular Markers 

(i) Randomly amplified polymorphic DNA (RAPD). Randomly amplified polymorphic DNA is the 

first molecular marker method developed by Williams et al. [41]. RAPD markers show dominant 

inheritance, and polymorphism is based on scoring the presence or absence of bands. Since they do 

not require prior sequence information, they perform random amplification by scanning the entire 

genome and can be used in all organisms. Primers are very short oligonucleotides of 10-mer; 

therefore, their annealing temperatures are low, and only one primer is used in a PCR reaction. 

RAPD markers have high polymorphism rates, but reproducibility rates are lower than other 

molecular markers. Dominant inheritance of RAPDs cannot identify homozygous or heterozygous 

genotypes [42]. Despite the disadvantages, they have been used extensively in population genetics 

and genetic diversity studies, probably because they were the first simple, easy, and fast molecular 

markers. 

(ii) Amplified fragment length polymorphism (AFLP). AFLP, a highly efficient genomic finger-

printing method, was introduced by Vos et al. [43]. The technique is presented as a new technique 

that combines the high polymorphism and speed of the RAPD with the reliability of the RFLP. In 

general, AFLP markers show dominant inheritance, high level of polymorphism, and reproducibility 

since they screen the entire genome. The basis of the AFLP method begins with the digestion of 

genomic DNA into small fragments using two restriction enzymes (Eco R I and Mse I), and millions 

of restriction fragments are produced. Adapter sequences of known sequence are added to the ends 

of the restriction fragments, whose one end is cleaved by Mse I and the other by Eco R I and ligation 

using the DNA ligase enzyme. Adapter sequences and sequences recognized by restriction enzymes 

are designed as primers. AFLP primers have three parts: a core sequence consisting of adapter 

sequences, a restriction enzyme-specific sequence (RE), and a selective extension (SN) and Eco R I- 

and Mse I- primers with three selective nucleotides (SN, selective nucleotides denoted as NNN) are 

given in Figure 6 [44]. 
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Figure 6 The parts of AFLP primers’ sequences. 

Pre-selective PCR is performed with or without adding +1 SN to the 3' end of the primer. Pre-

selective PCR clones are diluted and used as template DNA in selective PCR. For selective PCR, while 

+3 more SN are added to the primer sequence designed in pre-selective PCR, preferably Eco R I, 

selective primer sequences are marked with different fluorescent dyes and selective PCR is 

performed. Alternatively, radioactive labeling can also be used instead of fluorescent labeling. DNA 

fragments amplified in selective PCR are denatured, and a number of fragments ranging from 40 to 

200 bp are resolved in denatured polyacrylamide gel electrophoresis [45]. After electrophoresis, if 

fluorescent labeling is used, the images obtained by scanning with a scanner equipped with an 

analysis system that detects fluorescent signals can be evaluated through photographs (Figure 7). 

Alternatively, raw data can be obtained by reading the peaks formed according to fragment sizes in 

samples carried out with capillary electrophoresis. If radioactive labeling is used, it can be evaluated 

on x-ray films developed by autoradiography or images obtained using phosphor imaging analysis 

systems. 
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Figure 7 AFLP band patterns produced by ES2XMS1 primer combination of wild emmer 

wheat populations collected from six habitats in the Ammiad region of Israel between 

1988 and 2002 [39]. *Arrows indicate present or absent bands in the band patterns of 

each individual. 
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The source of variation in AFLP molecular markers is the mutation in the sequences recognized 

by restriction enzymes or the formation of a new restriction site in a region, new nucleotide 

insertion, deletion, or duplications in the sequences of duplicated fragments, causing changes in the 

sequences of the fragments, increasing or decreasing their size [32]. AFLPs require the use of 

expensive methods such as silver staining, fluorescence or radioactivity in detection methods, large 

sequencing gels or automatic DNA sequencers in obtaining data, and expert personnel. 

Although next-generation sequencing (NGS) has now become the predominant state-of-the-art 

technique for genotyping populations, AFLP DNA fingerprinting, the first method used to detect 

sequence polymorphism, remains a viable method due to its versatility, cost-effectiveness, 

independence from prior sequence information and broad applicability [46]. AFLPs are used to 

conduct studies on ecology, evolution, taxonomy, genetic mapping, population genetics, and 

phylogenetic relationships [32]. 

(iii) Simple sequence repeats (SSR). Simple sequence repeats are non-coding heterochromatic 

DNA sequences within the genome. They can usually be found scattered around the centromere 

and telomere regions and chromosome arms. They are short tandem repeat (STR) sequences, 

generally containing 1-6 bases, and were previously called simple sequences. The term 

“microsatellites” was used for the first time by Litt and Luty [47]. Several repeat sample units used 

for fingerprint and transcriptome analysis include the sequences (GATA/GACA), CA, (AT)n, (GAA)n, 

(TCC)n, (GGAT)n, (GGCA)n, and (TAG)n [45]. Microsatellites (STR) or simple sequence repeats (SSR) 

are abundantly distributed in the non-coding regions of eukaryotic and prokaryotic genomes. All 

SSRs occupy 3% of the human genome. They are widely distributed throughout the genome and are 

linked to many genes. It is believed that some microsatellites adjacent to the coding sequence 

regions play an important role in regulating gene expression by the formation of various secondary 

DNA structures and providing a DNA unwinding mechanism. The variation or polymorphism 

observed in SSRs is a result of polymerase slippage or unequal fragment exchange during DNA 

replication [48]. SSRs are not only very common but also highly variable in the number of repetitive 

DNA motifs in the genomes of eukaryotes [49]. 

SSR is a method based on PCR amplification, which is done by designing the flanking sequences 

of SSRs as primers. One of the advantages of SSRs is that they show codominant inheritance. 

Homozygous and heterozygous genotypes can be distinguished in phenotype since they are 

generally located in non-coding heterochromatic regions, where mutations are common and 

polymorphism rates are very high. SSRs provide important data due to their association with a trait 

of interest in marker-assisted selection (MAS) studies [50-53]. The disadvantage of SSR, the 

requirement of genome sequence information is time-consuming and very expensive, and genome-

specific SSRs must be developed for each species. 

In SSR-PCR, two primers are used, forward and reverse, and the annealing temperatures of the 

primers are quite high. Forward primers can be used in PCR by labeling them with radioactive or 

fluorescent dyes. When radioactive labeling is used, polyacrylamide sequencing gels resolve PCR 

clones by electrophoresis. Imaging can be evaluated on x-ray films developed using autoradiography 

or on the images obtained using phosphor imaging analysis systems. If fluorescent labeling is used, 

SSR fragments are resolved by capillary electrophoresis. In QTL mapping, SSRs are probably one of 

the most widely used molecular markers despite the limitation of genome sequence information. 

Codominant inheritance, high polymorphism, and reproducibility are attractive features of SSRs that 
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can be used extensively in the detection of genetic diversity, population genetics, and phylogenetic 

relationships, mostly in crop breeding studies. 

(iv) Inter simple sequence repeats (ISSR). Inter simple sequence repeats (ISSR) are semi-random 

markers amplified by PCR of the regions between simple sequence repeats located in close locations 

[54-56]. Each amplified ISSR band corresponds to a delimited sequence between two simple 

sequences. ISSR-PCR combines simple sequence repeats and non-repetitive flanking sequences, 

ensuring that amplification is initiated at the same nucleotide position in each cycle [54]. ISSR 

primers are 15-35-mer long and have a high annealing temperature, and a single primer is used in a 

PCR reaction. It can be applied in all species as it does not require prior sequence information about 

the genome of interest; however, since the primer sequences are complements of some of the 

simple sequence repeats, they amplify known regions in the genome. ISSR markers show dominant 

inheritance, are multi-locus, and show high levels of polymorphism. Compared to RAPD, the 

reproducibility and polymorphism level are higher [44]. ISSR PCR clones can be resolved on regular 

agarose (Figure 8) or polyacrylamide gels. 

 

Figure 8 ISSR band patterns of barley (Emon), durum wheat varieties (Çeşit 1252 and 

Kızıltan 91) and einkorn wheat samples by primer UBC-826 [57]. 
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(v) Sequence tagged site (STS). Sequence-tagged site (STS) markers, which are powerful 

molecular tools for locating genes in genome mapping, were used by Olsen et al. [58] for the human 

genome. However, today, it is also used in analyzing plant genomes. STSs are short sequences, 200-

500 bp long, found as single copies in the genome and predicted to be strongly conserved in the 

gene groups within the same family. Since their locations in the genome are known, they can be 

used to construct genome mapping. Sequences of a few base pairs flanking the STS region can be 

designed as primers to amplify the STS region. STSs are derived from sequences known and 

expressed as an EST. For EST, cDNA is synthesized from purified mRNA using reverse transcriptase 

enzyme. A map showing the order of STS regions and the spaces between them on sequences of 

DNA fragments is called an STS map. STS and EST fragments can be from a single chromosome or 

the entire genome. In the STS approach, maps of wheat chromosomes were constructed by using 

RFLP clones in the design of STS primers, and some primers can be used to explain polymorphism in 

hexaploid wheat genotypes [59]. STSs can be used to transform a genetic map into a physical map 

and to identify a specific gene. Standard STS markers were developed in the rice genome with STS 

primers derived from RFLP clones [60]. 

(vi) Expressed sequence tag (EST). Adams et al. [61] used the term "Expressed Sequence Tag, 

EST" for the first time and started systematic sequencing of cDNA molecules obtained from brain 

cells as a project. ETSs are 200-800 bp long sequences and contain the identical sequences as the 

partial sequences of cDNA obtained by reverse transcription from mRNA. They are obtained from 

randomly selected cDNAs in the cDNA library. These are markers used in discovering new genes in 

the genome, determining the location of a gene in the genome, and SNP analysis. ETSs can be used 

effectively to identify genes expressed in cells in a specific tissue of an organism over a particular 

period of time. The ETS method consists of several stages. Constructing a genome map and locating 

a gene in an organism whose entire genome has not been sequenced is very complex, like looking 

for a needle in a haystack. ETS markers, powerful molecular tools developed for this purpose, have 

a high throughput in determining the location of genes and constructing genome maps. 

The method uses mature mRNAs isolated from tissues or cells of interest to access the gene 

sequence. However, mRNA molecules are not helpful because they are unstable and degrade rapidly. 

For this purpose, the isolated mRNAs are synthesized into cDNA by reverse transcription using the 

reverse transcriptase enzyme under in vitro conditions. The second strand of cDNA can be 

synthesized using oligo (dT) primers and T7 DNA polymerase enzyme [62]. In the second step, the 

sequence of the cDNA is determined, and forward and reverse primer sequences are designed from 

the 5' and 3' ends. STR provides essential data in determining genes that are expressed differentially 

in plants' different growth and development stages. A total of 37 genes were reported to be 

identified as significantly differentially expressed between vegetative and reproductive stages of 

SAM in the shoot apical meristem of T. monococcum by STS markers. Investigation of differentially 

expressed genes revealed the importance of genes involved in energy metabolism, ubiquitin/26 S 

proteasome system, polyamine biosynthesis, and SAM differentiation in reactive oxygen species 

signaling towards the floral transition in T. monococcum [63]. Using EST-SSR markers derived from 

EST libraries and normal genomic SSR markers revealed significant genetic diversity in populations 

and varieties of Ethiopian finger millet landraces [64]. 
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(vii) Internal transcribed spacer (ITS). In eukaryotes, genes encoding ribosomal RNAs are located 

in the "nucleolar organizer regions" (NOR) at the end of chromosomes [65]. When mitosis is 

completed in the cell cycle, and the chromosomes begin to unwind, the DNAs in the NOR region 

form the nucleolus. rDNAs are transcribed in the nucleolus by RNA Pol I into pre-rRNA, which 

encodes three rRNAs (35 S in plants and 45 S in yeast or mammals). 5 S rRNA is transcribed in the 

nucleoplasm by RNA Pol III and transferred to the nucleolus [66]. Internal transcribed spacer regions 

are sequences located within the gene that codes for ribosomal RNAs. ITS1 is located between 18 S 

and 5.8 S, while ITS2 is located between 5.8 S and 25 S sequences. ITS1, 5.8S, and ITS2 sequences 

are collectively called internal transcribed spacer [67]. ITS sequences are cleaved during pre-rRNA 

processing, producing mature 18 S, 5.8 S, and 25 S/28 S rRNAs. 18S rRNAs associate with ribosomal 

proteins (RPSs) of the small 40 S ribosomal subunit, while 5.8 S, 25 S/28 S and 5 S rRNA associate 

with ribosomal proteins (RPLs) to form the large 60S ribosomal subunit [66]. 

ITSs evolve rapidly and contain high levels of variation. They are used as molecular markers, 

especially in molecular systematics, in the investigation of phylogenetic relationships between 

related species and/or populations within a species [68]. ITS regions have become an essential 

nuclear locus for molecular systematic studies of Angiosperms at intergenic and interspecific levels. 

Universal PCR primers are positioned on conserved rRNA genes (18 S, 5.8 S, and 26 S) to amplify the 

entire ITS spacer regions [69]. The popularity of the ITS region can be attributed to the relatively 

high rate of nucleotide insertion in transcribed spacers, allowing systematic comparison of relatively 

recently diverged taxa [70]. 

ITS markers are frequently and reliably used to investigate genetic diversity and phylogenetic 

relationships. The genotype of Iranian wheat varieties (wild, native, and breed) was investigated 

using ITS markers, and it was observed that there were considerable nucleotide changes at the same 

position between diploid and hexaploid species. ITS markers can be used as the most appropriate 

evaluation tool to analyze inter- and intraspecific relationships in distinguishing different genotypes, 

as nucleotide changes decrease as evolution progresses so that only a few changes in nucleotides 

occur [71]. 

(viii) Sequence-related amplified polymorphism (SRAP). Li and Quiros [72] developed a simple 

marker method called sequence-related amplified polymorphism (SRAP). The method targeted the 

design of markers used in the amplification of open reading frames. In the method, two primers, 

forward and reverse, are used in a PCR reaction. The sequence number of SRAP primers is similar to 

AFLP primers, but a single PCR is performed [73]. The forward primer consists of 17-mer, while the 

reverse primer consists of 18-mer. The underlined sequences at 5’ end in both primers (F and R) are 

the core sequences, followed by the CCGG and AATT sequences (in red color) in F and R primers, 

respectively. 

Forward: 5'- TGA GTC CAA ACC GGA TA-3', 

Reverse: 3'- CAG TTA AGC ATG CGT CAG-5' 

The PCR thermal program sets the primer annealing temperature to 35°C for the first five cycles 

to ensure that SRAP primers anneal to multiple loci on the target DNA. In contrast, in the following 

30 cycles, the temperature is set to 50°C, increasing the reproducibility of SRAP. Thus, it is possible 

to achieve amplification similar to the band profile in AFLP without performing restriction digestion 

and pre-selective PCR. Amplified PCR clones are resolved by denaturing acrylamide gels and 

detected by autoradiography. Li et al. [74] employed the SRAP primers in a series of recombinant 
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inbred and double haploid lines of Brassica oleracea L., and they found that approximately 45% of 

the bands they isolated from the gel matched known genes in the Genbank database. Twenty 

percent of the SRAP markers were co-dominant. SRAP primers can be fluorescently labeled and 

combined with unlabeled SRAP primers so that SRAP PCR products can be resolved in capillary 

devices, which are the factors that increase the cost of the method. 

(ix) Single nucleotide polymorphism (SNP). Single nucleotide polymorphism (SNP), a new 

molecular marker technology, was first proposed in the human genome by Lander [75]. When the 

complete base sequence of a DNA fragment is compared among individuals of a species, the 

variation that exists as a result of mutations at a position and the presence of different nucleotides 

is called single nucleotide polymorphism (SNP) and is pronounced as "Snips" [76]. SNPs arise as a 

result of transition, transversion, insertion, and deletion mutations occurring at a position on a DNA 

sequence [75], and for a variation to be considered as an SNP, it must be present in at least 1% or 

more of the population [77]. Among all types of SNP mutations, transitions are the most common 

(approximately 2/3) [78]. Four alleles represented by A, T, G, and C can be identified at each SNP 

locus in a DNA segment [76] but are usually biallelic. Due to their properties, SNPs are extremely 

useful in multiple analyses, as they can evaluate many loci and effectively distinguish between 

homozygous and heterozygous alleles. While some authors accept that SNPs occur only by 

transition or transversion mechanisms [79], others also consider single base indels (insertions or 

deletions) as SNPs [77, 80, 81]. New SNPs arise continuously in every cell of an organism, but most 

are eliminated by the action of the enzymatic process known as the mismatch repair (MMR) 

mechanism and therefore SNPs that become fixed in a germline and a population are mutations 

that escape the repair process [82]. In addition to considering individual SNPs, it is also necessary to 

consider SNPs in the context of the term ‘haplotype’. Any combination of closely linked SNPs 

inherited as a unit due to the lack of recombination between individual SNPs located in a given 

region is defined as a haplotype and represents a small fraction of the full genotype. Certain 

combinations of SNPs within a haplotype can be considered ‘associated’ with each other and, 

therefore, can be accepted as a single unit for genotyping purposes [83, 84]. SNPs can occur in both 

coding and non-coding regions of the genome. Gilchrist et al. [85] found SNP frequencies in poplar 

ranging from one SNP per 64 bp for non-coding regions to one SNP per 229 bp in coding regions. 

Therefore, targeting non-coding or intron-containing regions may be a more logical and profitable 

way of SNP discovery than scanning coding regions [82]. The characteristics and effects of SNPs are 

considered according to their location in the genome, whether in the coding or non-coding region. 

If a base change occurs within the exons in a coding region and does not cause an amino acid change, 

it is considered synonymous. If it causes a change, it is a missense, which can change the structure 

and function of the protein. It can also have negative consequences if it causes the formation of a 

new start or stop codon within the exon region. If a change occurs at the splice points in the 

structure of the gene, it can change the splice points in the gene's transcript, which can cause 

incorrect protein synthesis or failure to synthesize. SNPs occurring in transcription regulatory 

regions can change the regulation of gene expression. SNPs in protein-coding regions can affect 

post-translational modifications [86]. Some methods used to identify SNPs are non-sequencing 

(restriction-based methods are RFLP, CAPS and dCAPS; SSCP, DGG and TGGE based on DNA 

conformation; chip-based TILLING), sequencing (locus-specific PCR, whole genome shotgun, 

alignment of available genomic sequencing), re-sequencing (pyrosequencing) and bioinformatics 
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tools (dbSNP, POLYMORPH, ESTreedb, etc.) [87]. Since SNPs are abundant in the genome and their 

importance in genetic analyses has become more evident in recent years, they have begun to be 

used as an effective genetic marker in almost all studied species, both animal [88] and plant [89] in 

Garrido-Cardenas et al. [81]. Numerous studies have shown that the frequency of SNPs in plants 

varies from one SNP per 21 bp in potato to one SNP per 7000 bp in tomato [82]. Vegetative 

propagation and self-pollination in plants help plants protect themselves, but they also cause a 

decrease in genetic diversity. Although SNPs have a very high level of polymorphism since the 

methods used in SNP discovery are expensive, careful evaluation of plant materials and preliminary 

analysis of genetic diversity with more economical molecular markers will be beneficial in terms of 

time and economy [90]. Variations detected in the coding gene regions with SNP markers can be 

associated with determining different alleles and resistance to diseases and abiotic or biotic stress 

factors depending on the gene's function [91]. SNPs can be used in breeding programs to discover 

yield and quality genes, associate them with phenotype, and develop new varieties with high 

agronomic properties. The emergence of different alleles due to SNP variations that change gene 

expression may cause the production or non-production of products with different functions. 

Variations in some genes or genomic regions can be used effectively in studying phylogenetic 

relationships and in the evolutionary analysis of species [92]. Since SNPs can determine homozygous 

and heterozygous individuals, they will also allow the correct parental lines to be crossed in breeding 

studies [93]. 

(x) Diversity array technology (DArT). Diversity array technology (DArT) methodology was first 

used by Jaccoud et al. [40] and the details of the protocol were explained by applying it to the rice 

plant. Two types of fragments are identified as genomic representatives for DArT. (1) Constant 

fragment: Any representative fragment prepared from the DNA of an individual of a species. (2) 

Variable/Polymorphic fragment: Molecular markers present in some of the representatives but not 

all (source). For DArT analysis, first, genomic DNA is isolated from young plant seedlings, and then 

bulk DNA is prepared from the DNA of all individuals. Bulk DNA is digested with 1-3 restriction 

enzymes (Ex: Pst I, Mse I and Eco R I). Adapter sequences of restriction enzymes are added to the 

ends of the restriction fragments during the ligation reaction. Fragments with adapter sequences 

added in the PCR1 reaction are amplified using primers that match the adapter sequences and carry 

1-3 selective bases. This process is done to reduce genomic complexity. PCR1 amplicons are cloned 

by ligation into a vector and then transferred into a recipient host, such as E. coli. In real-time PCR2, 

the target region is amplified using plasmid vectors carrying the insert and m13 primers, and PCR2 

amplicons are purified and transferred to a 384-well plate. Using a microarrayer 6 copies per 

fragment are arrayed on a microscope slide. The probes used in hybridization are marked with 

fluorescent dyes, but no purification process is performed for the probes. Herring sperm DNA is 

thawed in the hybridization solution by keeping it at 96°C. Denatured probe DNAs are also added 

and mixed into the hybridization solution. Then, the solution taken from the hybridization solution 

with a pipette is applied directly to the slides prepared in the form of microarrays, and a microscope 

coverslip is placed on them. The slide prepared in this way is left for hybridization overnight at 65°C. 

After the hybridization process, the slide carrying the hybrids is washed at room temperature and 

dried by centrifugation (e.g. 1000 rpm, 1 min). The spots on the slide are screened and evaluated 

according to their signal intensity, and the data is analyzed [40]. Due to their advantageous features, 

such as not requiring sequence information, being economical, and being able to detect thousands 
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of SNPs in one study, DArT markers are used in many areas, such as genetic diversity, population 

genetic structure, phylogenetic relationships, and research on genes related to disease resistance. 

Mahboubi et al. [94] determined the genotypes by performing genetic diversity, population 

structure and linkage disequilibrium analyses with DArTseq (SilicoDArT and SNP) markers of 129 

wheat genotypes with different origins worldwide. Although there was no relationship between the 

wheat grouping of the markers and the origins, they reported that the wheat genotypes examined 

showed a high level of diversity, with polymorphism information content (PIC) values ranging from 

0.1 to 0.5. Such studies can be useful resources in breeding programs to improve grain yield and 

quality by discovering unique genes in the examined plant genotypes. DArT-based SNP markers 

were used to investigate upland rice germplasm's genetic structure and diversity. It was determined 

that gene flow was high between populations and genetic diversity was high within the population, 

and it was concluded that the genetic diversity of rice in upland areas could be beneficial for 

improving rice yield [95]. Knowledge of germplasm collections' genetic structure and diversity is 

crucial for sustainable genetic improvement through hybridization programs and rapid adaptation 

to changing breeding goals. A study applying SNP and DArT markers investigated the genetic 

diversity and population structure of soybean accessions. Molecular variance analyses revealed that 

both markers determine high variation levels and DArT markers' applicability in genetic diversity 

studies [96]. 

(xi) Cleaved amplified polymorphic sequence (CAPS). Cleaved amplified polymorphic sequence 

(CAPS) is the method used to detect SNPs that occur in sequences recognized by restriction 

endonucleases [97]. CAPS is a PCR-based method that uses DNA sequences of mapped RFLP markers 

and has been termed PCR-RFLP [98]. RFLP is used with the Southern blot method, but CAPS 

simplifies the method by eliminating the DNA blotting process [99]. The CAPS method consists of 

several stages. (1) There must be a restriction site in the target gene sequences, and a single 

fragment must be produced when PCR amplifies. Primer sequences for PCR are determined based 

on the sequence information available in the database of genomic or cDNA sequences or cloned 

RAPD bands. (2) Following the PCR process, locus-specific PCR amplicons are digested with one or 

more restriction enzymes. Digested fragments are resolved in agarose or polyacrylamide gels. (3) 

Band patterns of CAPSs are evaluated by comparing the size and number of bands of the wild type 

and mutant type. However, CAPS analysis is versatile. Its uses have been expanded by combining it 

with other methods, such as single-strand conformational polymorphism (SSCP), SCAR, AFLP, or 

RAPD analysis, to increase the probability of finding DNA polymorphisms. CAPS markers are locus-

specific and show codominant inheritance [98, 100]. The disadvantage of the technique is that it is 

limited to the recognition site of the restriction enzyme. 

(xii) Derived cleaved amplified polymorphic sequence (dCAPS). To overcome the limitation of the 

recognition site of the restriction enzyme, Michaels and Amasino [101] proposed a variant of the 

CAPS called dCAPS (derived cleaved amplified polymorphic sequence). In dCAPS analysis, a 

restriction enzyme recognition site containing the SNP is introduced into the PCR product by a 

primer containing one or more mismatches with the template DNA [102]. In the first reaction for 

dCAPS analysis, the target region sequence is amplified by PCR with specific primers specific to the 

genomic DNA template. When PCR products are resolved by electrophoresis, if there is a length 

polymorphism between the products, it is determined according to the DNA fragment length 
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polymorphism (DFLP) method. Otherwise, to look for sequence polymorphisms specifically for SNPs, 

PCR products are either directly sequenced or cloned into a suitable plasmid and then sequenced 

[103]. For dCAPS analysis, the primers are designed specifically to contain one or two mismatched 

nucleotides compared to CAPS primers [102]. In the second PCR reaction, amplification is performed 

by using the dCAPS primer together with one of the specific primers and a small amount of PCR 

product from the previous reaction instead of the genomic DNA template. During amplification in 

the second PCR reaction, the dCAPS primer introduces mutations into the target sequences and, 

together with the detected SNP, results in the formation of a unique restriction site in only one of 

the alleles examined in genetic analyses [101]. In the restriction endonuclease digestion reaction, 

PCR products amplified with the dCAPS primer are digested with a restriction enzyme and resolved 

by gel electrophoresis. Thus, wild type and mutant can be distinguished from each other. 

(xiv) Sequence characterized amplified region (SCAR). A sequence-characterized amplified region 

(SCAR) marker is obtained by cloning and sequencing the two ends of randomly amplifying DNA 

markers (RAPD, AFLP, etc.) that have been shown to be diagnostic for certain purposes using a pair 

of specific oligonucleotide primers [103, 104]. The SCAR method consists of six stages. (1) PCR 

amplicons amplified by one of the DNA markers (RAPD, AFLP, SCoT, etc.) that randomly amplify a 

region known to be linked to the target gene or a locus relevant to determining the difference 

between varieties. The amplified PCR amplicons are resolved in agarose gel. (2) The excise of the 

band refers to the gene of interest, ligation of a plasmid, and transfer to a compatible E. coli 

bacterium and multiplication. (3) Selection of recombinant bacteria based on blue-white colonies 

containing x-gal in the medium. (4) propagation of single white colonies carrying the insert in a liquid 

medium. Then, pDNA was isolated from the bacteria and quantified. (5) Sequencing the insert 

amplified using primers specific to the plasmid. (6) After the target locus sequence, the SCAR 

primers are designed according to the target sequence. Polymorphic loci amplified by SCAR primers 

are called SCAR markers, which have advantages over RAPD markers because they detect only a 

single locus. Their amplification is less sensitive to reaction conditions and can potentially be 

converted into codominant markers [104]. Nunziata et al. [105] analyzed genetic diversity in wild 

potato species using AFLP and SCAR markers. They developed a new marker set that detected 8 new 

paralogous for the Gro1 locus with the SCAR markers and detected a wide variation with AFLP. The 

results indicate that SCAR markers can shed light on genetic diversity and phylogenetic studies in 

plants. Kamaluddin et al. [106] conducted a study to develop SCAR markers associated with stripe 

rust resistance and to determine genetic diversity in spring wheat (Triticum aestivum L. em Thell). 

The researchers revealed that the DNA fragments amplified by SCAR markers co-segregated with 

resistant wheat genotypes and could be used to distinguish susceptible and resistant genotypes in 

marker-assisted selection technology. 

(xv) Start codon targeted (SCoT). Start codon targeted (SCoT) markers are new-generation 

molecular markers developed by Collard and Mackill [107], who designed 36 single SCoT primers 

from the region of plant genes containing short, conserved sequences surrounding the ATG start 

codon and introduced the method. SCoT primers are long, containing 18 mer, and have a high 

primer annealing temperature (50°C). In this method, fragments are amplified using a single primer 

and show dominant inheritance as in the RAPD and ISSR PCR but have a higher reproducibility rate. 

Resolving the amplified PCR fragments on a standard agarose gel simplifies the method and makes 
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it usable in many laboratories due to its low-cost effect. In addition, since primer sequences enable 

the amplification of the sequences of the gene that controls a trait, investigating the variations 

detected in the coding sequence regions and determining their effects on the adaptation of plants 

to environmental conditions will provide important data in the preparation of QTL maps, population 

genetics, genetic diversity and phylogenetic studies. 

(xvi) Target region amplification polymorphism (TRAP). The target region amplification 

polymorphism (TRAP) method was developed by Hu and Vick [108]. The principle of the method is 

based on using bioinformatics tools and EST database information to create polymorphic markers 

around targeted candidate gene sequences. The two primers set used in the TRAP marker method 

are designed as a fixed/forward primer consisting of approximately 18 nucleotides from a target EST 

or gene sequence information in the database and random/reverse primer sequence containing AT- 

or GC-rich motif sequences of roughly the same length that hybridizes to intron or exon sequences 

[72, 108]. Random primers should be designed considering three principles: the addition of 3-4 

selective nucleotides to the 3' end, the 4-6 nt AT or GC-rich core region, and the presence of filler 

sequences (around 11) forming the 5' end [72]. Additionally, basic rules of primer design, such as 

self-complementation and maintenance of 40% to 60% GC content, should also be considered when 

designing primers. TRAP PCR products are resolved in a 6.5% polyacrylamide sequencing gel [108]. 

TRAP markers were applied to infer genetic diversity in various plant species, chickpea (Cicer 

arietinum L.) [109]. 

(xvii) Transposon markers. Transposons are the mobile elements found in the genomes of 

organisms that can move from one location to another. Transposons were first discovered in maize 

by Barbara Mc Clintoc [110] and brought her the Nobel Prize in Physiology or Medicine in 1983. 

Then, transposons have been detected in all living organisms, from bacteria to plants, with a few 

exceptions [111]. When transposons are displaced, they can cause changes within the genome, and 

as a result, permanent mutations may occur [112, 113]. Among the genome changes due to the 

transposition of transposons, Alu or L1 insertions are both caused by hemophilia A in humans [114], 

glycogen storage disease, and duplication of the beta-globin gene [115], and it is associated with 15 

diseases. They are divided into two groups, RNA transposons or retrotransposons (Class 1) and DNA 

transposons (Class II), according to their migration mechanisms within the genome [116]. After 

active retrotransposons are placed in the genome, they reproduce by the copy-paste mechanism. 

First, the mRNA molecule is synthesized by transcription, and the reverse transcriptase enzyme 

synthesizes cDNA from mRNA by reverse transcription. The DNA encoding the retrotransposon, 

which becomes double-stranded by DNA polymerase, is integrated at a different location in the 

genome [117]. DNA transposons move within the genome according to the cut-paste mechanism. 

A gene sequence located within a transposon encodes for an enzyme called transposase, which 

recognizes and cleaves the transposon according to the inverted repeat sequences at its ends, then 

moves the transposon to a different location in the genome, cleaves the DNA, and pastes the 

transposon into the cleaved site [118]. Transposons cause an increase in the size of the genome 

[110] or mutations [113]. In many species, retrotransposons occupy a large percentage of the 

genome: 45% in humans and rice [32], 75% in maize [119], and 80% in wheat and barley [119]. 

Methods in which transposons are used as markers can be divided into three major groups (i) inter 
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retrotransposon amplified polymorphism (IRAP) [120], (ii) retrotransposon microsatellite amplified 

polymorphism (REMAP) and (iii) retrotransposon based insertional polymorphism (RBIP) [121, 122]. 

i. Inter retrotransposon amplified polymorphism (IRAP) 

Kalendar et al. [122] developed IRAP (Inter-Retrotransposon Amplified Polymorphism) markers, 

in which primers produced from the flanking of two neighboring LTRs bind to target sequences in 

the LTRs and amplify the genomic DNA sequences between them. Although multiple reliable and 

reproducible bands can be produced by IRAP and REMAP techniques, characterization of LTR 

sequences is necessary before marker development. Therefore, the availability of these methods 

depends on whether suitable LTR sequences are characterized [118]. After the primers are 

developed, the IRAP method is a simple PCR and the PCR clones are resolved by agarose gel 

electrophoresis. If the orientations of two retrotransposons are close to each other (head-to-head, 

tail-to-tail, or head-to-tail), then IRAP PCR can be performed with a single or two primer 

combinations [123]. 

ii. Retrotransposon microsatellite amplified polymorphism (REMAP) 

Kalendar et al. [122] introduced retrotransposon-microsatellite amplified polymorphism (REMAP) 

markers, in which a regular IRAP primer and a primer matching microsatellite sequences were used 

to amplify the genomic region between LTRs and microsatellites adjacent to them.  

iii. Retrotransposon-based insertional polymorphism (RBIP) 

In the RBIP method, there can be two alleles. The first allele is the LTR retrotransposon that has 

been inserted in a region of the genome, and the second allele is without insertion. According to 

the method, the region between the retrotransposon-specific primer and one of the primers in the 

flanking regions is amplified with a simple PCR. However, no PCR product is synthesized between 

the primers developed from the areas on either side of the retrotransposon because the entire LTR 

retrotransposon is usually several thousand bases long. In the allele, in which the LTR 

retrotransposon is not added, it is amplified between primers developed from the flanking regions. 

The size of the PCR fragment produced from the allele containing the retrotransposon is larger than 

the other allele. A polymorphism is detected in a genome scanned with RBIP markers showing 

codominant inheritance. However, this method requires the LTR sequences and the sequences of 

the 5' and 3' flanking regions for marker development [118]. 

(xviii) Sequence-specific amplified polymorphism (S-SAP) markers. Sequence-specific amplified 

polymorphism (S-SAP) markers, developed by Stepanova et al. [124] based on Cassandra 

retrotransposon LTR sequences, to examine the genetic diversity and phylogeny of 65 

representatives of seven species of the Prunus L. genus. The basis of the S-SAP method involves the 

amplification of the AFLP technique [43] using primers originating from the highly conserved 

terminus of the LTR. First, the genomic DNA of the organisms to be analyzed is digested with Pst I 

and Mse I restriction enzymes and the ends are cleaved with Mse I (5'-GACGATGAGTCCTGAG-3', 5'-

TACTCAGGACTCAT-3') and Pst I (5'-CTCGTAGACTGCGTACA TGCA-3', 5'- TGTACGCAGTCTAC -3') 

adapters are added by ligation reaction. Pre-amplification PCR is performed using primer sequences 

homologous to adapter sequences. Using pre-amplification PCR products as templates, selective 

PCR is performed using [32P] labeled LTR retrotransposon sequence-specific primers and P or M 

adapter-homologous primers carrying 0, 1, 2 or 3 selective nucleotides at their 3' ends. After 

selective PCR, the clones are denatured and resolved in polyacrylamide gel [125]. S-SAP markers 

developed from Ty1-copia and Ty3-gypsy group LTR retrotransposons were used to determine 
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genetic diversity in Vicia species. Three of the developed S-SAP markers, PDR1, Tps19 and Tvf4, were 

identified as useful markers in V. faba and V. narbonensis, while Tvf1 was determined to be 

productive only in V. narbonensis. Phylogenetic trees constructed according to the results obtained 

with S-SAP markers also tended to show long branch lengths with very little fine structure. It has 

been observed that clustering according to geographical origin is limited and there is no correlation 

between morphology-based taxonomic grouping and diversity for species [126]. S-SAP markers 

developed based on Cassandra retrotransposon LTR sequences were used to examine genetic 

diversity and phylogeny in seven species of the genus Prunus L. Between 29 and 185 polymorphic 

fragments, and 92.75% polymorphisms were identified per S-SAP markers developed. S-SAP 

markers have been reported to show high efficiency in assessing intra- and interspecific genetic 

diversity in members of the genus Prunus [124]. 

3. Assessment of Genetic Diversity 

Wild and primitive relatives of plants are essential genetic resources due to the high level of 

genetic diversity they have accumulated in their gene pools for thousands of years and are used in 

breeding studies and in the development of modern new cultivars whose gene pools have narrowed. 

Researchers or breeders working on plant genomes primarily investigate the genetic diversity in the 

plant's gene pool of interest, agronomic traits related to quality, yield, and genes related to 

resistance to biotic and abiotic stress factors. Therefore, the conservation of genetic diversity in 

plant genetic resources is necessary because it allows plant breeders to select superior genotypes 

that they can use in studies such as the development of climate-resilient varieties and genetic stocks 

for hybridization programs or the release of a new crop variety [3]. Since the beginning of agriculture, 

traditional farmers have shaped the population structures of the plants they use by artificially 

selecting genotypes with characteristics such as high yield potential and large seeds using natural 

diversity in plants and natural selection. However, over time, the size of the population has 

increased as people have settled down and started to produce their own food through agriculture. 

While the increasing population has emerged with food shortage, different problems such as 

changing climatic conditions, extreme heat or cold, tolerance to various air and soil pollutants, and 

the emergence of new forms as a result of the evolutionary processes of insects, molds, bacteria 

and other pests harmful to plants have directed breeders towards pest and disease resistance and 

light sensitivity, etc. in plant breeding studies [7, 127]. Therefore, accurate evaluation, management 

and conservation of genetic diversity in germplasms of genetic resources is one of the essential 

issues for the future perspectives. 

RFLP has long been used as the first molecular marker in the analysis of nuclear DNA. RFLPs can 

detect relatively large numbers of loci distributed throughout the genome and are not affected by 

environmental conditions. While RFLP markers are widely used in the study of genetic variation 

[128-135], and phylogenetic relationships among populations, species, and varieties [37], their 

popularity gradually decreased after the discovery of PCR-based molecular markers and due to 

reasons such as the time-consuming nature of the method, the use of radioactive labeling, relatively 

low polymorphism and high cost. Since short random primers that can amplify DNA fragments are 

used in RAPD analyses, it is necessary to prevent contamination of DNA samples. RAPD markers 

have been widely used in the analysis of genetic diversity [136-138] and phylogenetic relationships 

[139] because they do not require genome sequence information and are the first PCR-based 
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molecular markers. In RAPD analyses, the major drawbacks are across in transferring and comparing 

data obtained between laboratories, low reproducibility, not being locus-specific, band profiles not 

being interpretable in terms of loci and alleles (dominance of markers), and even fragments of 

similar size may not be homologous [140]. To estimate the spatiotemporal genetic diversity in 

populations of wild emmer wheat [Triticum turgidum ssp. dicoccoides], the ancestor of 

domesticated wheat, and AFLPs were used to analyze the contribution of spatial and temporal 

factors in maintaining genetic diversity in a population. Genetic diversity within populations 

revealed by AFLPs was much larger than between populations, and temporal genetic diversity was 

significantly smaller than spatial [141]. A comparison of genetic diversity in wild emmer wheat 

populations from Israel and Türkiye showed that AFLPs effectively differentiate the populations in 

both countries [142]. Moroccan sorghum landraces species (Sorghum bicolor L. Moench) and five 

sorghum races from the world collection (bicolor, durra, caudatum, guinea and kafir) were analyzed 

for genetic diversity and genetic structure using ISSR and AFLP markers. As a result, the data 

obtained using ISSR and AFLP markers together show that bicolor, durra and caudatum races are 

genetically closer to Moroccan sorghum landraces species than kafir and guinea races and the 

success of molecular markers used in binary combinations in revealing phylogenetic relationships is 

seen [143]. It has been described that in some crops, AFLPs are not completely randomly distributed 

in the genome and may be clustered in certain genomic regions such as centromeres [144]. SSRs 

have advantages as well as disadvantages that should be taken into account. Since sequence 

information is required for designing SSR primers, they cannot be applied to all plant species, which 

makes their application difficult. In plant species where sequence information is unavailable, 

sequence information from previously studied closely related species can be used, but developing 

species-specific primers is very time-consuming and expensive. Another problem is that mutations 

that may occur in the regions where the primers bind may result in null alleles, i.e., failure to amplify 

the targeted bands with PCR because the primer cannot bind, and may cause incorrect evaluation 

of the data. Band artifacts formed by DNA slippage during PCR amplification may confuse 

distinguishing heterozygotes and homozygotes [140]. Two alternative mutation models outline how 

new microsatellite alleles evolve. The infinite alleles model (IAM) assumes that all possible alleles 

have an equal probability of arising from a mutation. In contrast, the stepwise mutation model 

(SMM) describes microsatellite evolution as the stepwise addition or removal of single repeat units. 

The inferences about population genetic structure are sensitive to the assumed mutation model 

[145]. In addition, while the debate on mutation models continues, it is obvious that more studies 

need to be done on this subject. SSRs employed to investigate genetic diversity and population 

structure in Turkish emmer wheat [Triticum turgidum L. ssp. dicoccon (Schrank) Thell.] landraces 

[49], linkage analyses and genetic diversity studies in wheat genotypes [146], among 40 elite barley 

varieties [147], genetic diversity and phylogenetic relationships among chickpea core collection 

accessions for Western Himalayas [148], local maize genotypes collected from the Black Sea Region 

of Türkiye [149]. ISSR markers are still in demand by many researchers because they do not require 

sequence information and are designed using microsatellite sequences as primers, they are simple, 

economical, have relatively good reproducibility, and are practical. Plants where ISSR markers 

applied to investigate the genetic diversity are einkorn wheat [Triticum monococcum L. ssp. 

monococcum] landraces [150] and wheat cultivars [151]. STS markers were used alone or in 

combination with other markers (e.g. SCAR) to determine variation in genotypes sensitive or 

resistant to a specific trait such as leaf rust resistance [152]. In plants, the SRAP method is applied 
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to reveal the genetic diversity in barley [153], wheat [154], and Avena macrostachya Bal. ex Cross. 

et Durieu [155], bread wheat (Triticum aestivum L.) [156] and durum wheat landrace (Triticum 

durum desf.) [157]. SNP markers have been applied in plants due to their high level of polymorphism 

and abundance in the genome, including the worldwide durum wheat germplasm collection [158], 

allohexaploid and allotetraploid wheat populations [159], collard landraces [160], faba bean [93], 

rice germplasm [161], wheat [162], advanced breeding lines of bread wheat (Triticum aestivum L.) 

[163], and in Ethiopian barley (Hordeum vulgare L.) germplasm [164]. SilicoDArT markers generated 

by DArTseq were used to evaluate genetic diversity, population structure, and linkage disequilibrium 

in chickpea (Cicer arietinum L.) breeding lines. SilicoDArT markers can be used for future genomic 

studies such as large-scale diversity analysis in chickpeas, association studies with traits such as seed 

yield, resistance to biotic and abiotic stress factors, and genomic selection [165]. Ali et al. [166] 

investigated the genetic diversity for seed color polymorphism in a Pakistani barley core collection 

of 100 breeding lines and three approved barley varieties (Hordeum vulgare L.) based on 32 CAPS 

markers. CAPS markers shed light on genetic diversity in 100 barley breeding lines, finding high 

genetic diversity. SCoT markers revealed genetic diversity and genetic relationships in wheat [167, 

168], Aegilops triuncialis [169], Aegilops tauschii Coss. (Poaceae) [170], rice [171], common bean 

[172], and barley [173]. TRAP markers were applied to infer genetic diversity in various plant species, 

chickpea (Cicer arietinum L.) [109]. Inter-priming binding sites (iPBS) -retrotransposon markers were 

used to determine the genetic diversity and population structure in Turkish wheat germplasm [174] 

and in common bean (Phaseolus vulgaris L.) [175]. Retrotransposon marker methods IRAP and 

REMAP were used to investigate genetic diversity in wild emmer wheat populations obtained from 

Türkiye and Israel, and the consistency of the results with other molecular markers used in previous 

studies also shows the suitability of retrotransposon markers in population genetic analyses [176]. 

IRAP markers were also employed to examine the genetic diversity of some Egyptian barley varieties 

and were found to produce 63% polymorphic bands. IRAP markers displayed a significant difference 

at the molecular level between barley varieties studied in Egypt [177]. Stress factors such as 

radioactivity can cause activation of mobile elements (TE) in the genome [178], and there is a 

hypothesis that they have a potential effect on genome remodeling [179]. It supports investigating 

genetic diversity resulting from genetic changes caused by radioactivity with retrotransposon 

markers. Conclusively, IRAP markers are a more suitable method for identifying LTR-

retrotransposon polymorphism [180]. LTR retrotransposons, most of the maize genome, are used 

as high-throughput genetic markers. The genetic diversity of maize germplasm was examined using 

IRAPs. While 58% polymorphism was detected with IRAP markers, it was also determined that they 

produced high-quality and reproducible DNA fingerprints [181]. REMAP markers have been used in 

genetic diversity studies in maize [182]. All the studies published previously indicated that different 

varieties of molecular markers are successful in determining genetic diversity, population genetic 

structure, phylogenetic relationships among the taxa, plant breeding studies with MAS, discovering 

new genes, and QTL mapping in different plant species. 

4. Phylogeny and Evolution 

Phylogeny is the evolutionary history of a species or group in terms of its origin and relatedness 

to other species or groups [183]. It helps to organize biological diversity and to understand the 

evolution of traits. Phylogenies are important for answering various biological questions based on 
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DNA, RNA, or protein sequences derived from phylogenetics, such as relationships among species 

or genes, the origin and spread of viral infections, demographic changes in species, and migration 

patterns [184]. The questions that phylogeneticists seek to answer are: what is the evolutionary 

history of the relationships among species, individuals, and genes? How have their sequences 

evolved, and how can the processes of sequence evolution be revealed and described? To 

investigate the answers to these questions, examining the phylogenetic relationships among species, 

individuals, and genes is necessary. Morphological, cytological, and biochemical markers have 

investigated phylogenetic relationships among crop plant species [185]. However, since these 

features are affected by environmental factors, molecular markers have been published in previous 

studies to provide more reliable results. Investigating phylogenetic relationships covers studies to 

determine species' degree of kinship and origin. It allows species to be placed in the right place in 

the taxonomy and to benefit from them most efficiently. Determining the genetic diversity, genetic 

differentiation or similarity, and genetic distances of plant species according to the data obtained 

by using any marker method or a combination of several methods sheds light on the explanation of 

phylogenetic relationships between modern cultivated plants and their wild or primitive relatives. 

Phylogenetic relationships between species or the investigation of parameters such as genetic 

diversity, genetic differentiation and genetic distance using data obtained by molecular methods 

from different populations of a species adapted to different ecological conditions and geographical 

regions, and the creation of phylogenetic trees in which the evolutionary relationship is depicted in 

the form of a tree diagram according to cluster analyses, make it possible to explain phylogenetic 

relationships. When investigating the gene or gene groups responsible for the expression of a trait 

in plants, knowing the genetic relationships between closely related species can also be informative 

in determining whether the gene or gene groups of interest are orthologous [186] or emerged after 

the speciation event and determining their evolutionary processes. With the development of high 

throughput, economical, and automation-compatible methods in DNA sequence analysis, such as 

next-generation sequencing, the entire genome sequences of many plant species, especially most 

plants consumed by humans as a food source, have been sequenced. However, there are also those 

whose wild relatives or different species have not yet had their genome sequences sequenced. In 

the investigation of genes related to yield, quality, or tolerance in species whose genome sequences 

have not been sequenced among closely related species, it is possible to determine them by 

modeling with molecular methods and using bioinformatics tools from species whose complete 

genome sequences have been sequenced, based on phylogenetic relationships. In this way, when 

the relevant genes are identified, superior genotypes found in closely related species can be 

determined and used in plant breeding studies to develop varieties with desirable characteristics 

[187]. In economically important plant species, to use a species, its phylogeny must be known 

precisely and its genetic characterization must be completed. Considering the species in terms of 

their phylogenetic status and eliminating uncertainties may provide a new perspective for breeding 

studies to develop new varieties with desired characteristics in the future [188]. Molecular markers 

have revolutionized the timescale over which closely related species have diverged and the types of 

genetic variation associated with the formation of new species [189]. An essential first step in 

determining whether any germplasm is part of the primary, secondary, or tertiary gene pool of the 

system in question is taxonomic classification [190]. 
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5. Conclusion 

Analysis of genetic diversity is the first stage of studies on taxonomy, phylogenetics, breeding 

and development of new varieties with desired characteristics, such as yield, quality and resistance. 

Therefore, genetic diversity studies are a process that should be evaluated carefully. Each of the 

molecular markers has its own characteristic features. No type of marker covers the entire genome, 

and each of them scans only certain regions. Even if the genetic diversity detected between 

populations of a species or within a population using any molecular marker is detected as high when 

evaluated alone, this will only express the variation in the regions scanned by the marker of interest. 

In order to assess genetic diversity accurately and reliably, the combined use of more than one 

molecular marker and genomic data generated through high-throughput sequencing technologies 

will allow for a more comprehensive detection of diversity at the genome-wide level. With the 

development of bioinformatics tools and cost-effective technologies such as genome sequencing, a 

new generation of molecular markers with high throughput, automation, and more advanced gene 

targeting is expected to be developed. The information that will be produced by different omics 

techniques and computational tools to be developed in the future will provide a more accurate 

characterization of more diverse plant germplasms (wild, landraces, cultivated forms, etc.) in a short 

time with limited time and resources, and will provide significant contributions to the understanding 

of plant genetics and genomics. Using these data, the complexities related to the evolutionary 

history and phylogenetic relationships of plant species will be resolved and will also lead to new 

questions to be investigated. Interpreting the data obtained with morphological markers by 

combining them with the data obtained with molecular markers will increase the efficiency of 

breeding studies and strengthen the effectiveness of the markers. According to the data obtained 

with molecular markers, it will be possible to determine how and when a species or closely related 

species diverged evolutionarily and according to which regions of the genome they differed, and 

that different gene pools have different genetic bases, with parameters such as genetic diversity, 

genetic differentiation and gene flow. Genetic diversity and phylogenetic studies will provide 

functional and usable information for the identification, conservation, and management of modern 

cultivars of cereal plants, which are the primary sources of calories in human nutrition, and for the 

development of broad-based and climate-resilient cultivars or hybrids that will meet the breeding 

challenges of the near future. Genetic diversity is not only a biological concept. Still, it has evolved 

into a parameter that is considered in addressing global concerns such as climate change and 

population growth, which pose challenges to food production and sustainability for humans. 

Therefore, researchers and decision-makers working on food security can use the information 

provided by the markers to strengthen food security and increase agricultural yields. Although many 

molecular markers have been developed based on different methods, the high cost of devices and 

chemicals used for molecular markers based on PCR and DNA sequence analysis still remains an 

obstacle to small research groups accessing these technologies, particularly in developing countries. 

The development of new high throughput marker methods would be great if they require less labor 

but reveal more polymorphisms, ensure that the results obtained are comparable to other methods, 

and are affordable for every researcher, which will enable researchers to conduct similar studies in 

different laboratories and compare their results. 
  



OBM Genetics 2024; 8(4), doi:10.21926/obm.genet.2404274 
 

Page 28/38 

Author Contributions 

The author did all the research work, writing, reviewing and editing of this study. 

Competing Interests 

The author has declared that no competing interests exist. 

References 

1. Kannenberg LW, Falk DE. Models for activation of plant genetic resources for crop breeding 

programs. Can J Plant Sci. 1995; 75: 45-53. 

2. Ramanatha Rao V, Hodgkin T. Genetic diversity and conservation and utilization of plant genetic 

resources. Plant Cell Tissue Organ Cult. 2002; 68: 1-19. 

3. Jaradat AA. Wheat landraces: A mini review. Emir J Food Agric. 2013; 25: 20-29. 

4. Vellend M, Geber MA. Connections between species diversity and genetic diversity. Ecol Lett. 

2005; 8: 767-781. 

5. Ellegren H, Galtier N. Determinants of genetic diversity. Nat Rev Genet. 2016; 17: 422-433. 

6. Hamrick JL, Godt MJ, Sherman-Broyles SL. Factors influencing levels of genetic diversity in 

woody plant species. New Forest. 1992; 6: 95-124. 

7. Bhandari HR, Bhanu AN, Srivastava K, Singh MN, Shreya HA. Assessment of genetic diversity in 

crop plants-an overview. Adv Plants Agric Res. 2017; 7: 279-286. 

8. Vellend M. Species diversity and genetic diversity: Parallel processes and correlated patterns. 

Am Nat. 2005; 166: 199-215. 

9. Allison LA. Fundamental molecular biology. 2nd ed. Hoboken, NJ: John Wiley & Sons; 2021. 

10. Charlesworth B, Charlesworth D. The genetic basis of inbreeding depression. Genet Res. 1999; 

74: 329-340. 

11. Krebs JE, Goldstein ES, Kilpatrick ST. Lewin's GENES XII. 12th ed. Burlington, MA: Jones & Bartlett 

Learning; 2017. 

12. Hamrick JL, Godt MW. Allozyme diversity in plant species. In: Plant population genetics, 

breeding, and genetic resources. Sunderland, MA: Sinauer Associates Inc.; 1990. pp. 43-63. 

13. Seale M, Nakayama N. From passive to informed: Mechanical mechanisms of seed dispersal. 

New Phytol. 2020; 225: 653-658. 

14. Brown JH, Stevens GC, Kaufman DM. The geographic range: Size, shape, boundaries, and 

internal structure. Annu Rev Ecol Syst. 1996; 27: 597-623. 

15. Hamrick JL, Godt MW. Effects of life history traits on genetic diversity in plant species. Philos 

Trans R Soc Lond B Biol Sci. 1996; 351: 1291-1298. 

16. Hammer K, Filatenko AA, Korzun V. Microsatellite markers-a new tool for distinguishing diploid 

wheat species. Genet Resour Crop Evol. 2000; 47: 497-505. 

17. Govindaraj M, Vetriventhan M, Srinivasan M. Importance of genetic diversity assessment in 

crop plants and its recent advances: An overview of its analytical perspectives. Genet Res Int. 

2015; 2015: 431487. 

18. Özbek Ö, Göçmen Taşkin B, Keskin Şan S, Eser V, Arslan O. Genetic characterization of Turkish 

cultivated emmer wheat [Triticum turgidum L. ssp. dicoccon (Schrank) Thell.] landraces based 

on isoenzyme analysis. Cereal Res Commun. 2013; 41: 304-315. 



OBM Genetics 2024; 8(4), doi:10.21926/obm.genet.2404274 
 

Page 29/38 

19. Kouam EB, Muluvi GM, Pasquet RS. Genetic diversity and relationship between wild and 

cultivated cowpea [(L.) Walp.] as assessed by allozyme markers. Agric Trop Subtrop. 2021; 54: 

201-208. 

20. Ö zbek Ö . [Determination of variation in local Triticum dicoccum populations using A-PAGE, SDS-

PAGE and IEO techniques] Yerel Triticum dicoccum Populasyonlarında Varyasyonun A-PAGE, 

SDS-PAGE ve İEO Teknikleriyle Belirlenmesi. [dissertation]. Ankara, Turkish: Gazi University; 

1998. 

21. Felsenburg T, Levy AA, Galili G, Feldman M. Polymorphism of high-molecular-weight glutenins 

in wild tetraploid wheat: Spatial and temporal variation in a native site. Isr J Bot. 1991; 40: 501-

508. 

22. Metakovsky EV, Branlard G. Genetic diversity of French common wheat germplasm based on 

gliadin alleles. Theor Appl Genet. 1998; 96: 209-218. 

23. Bechere E, Peña RJ, Mitiku D. Glutenin composition, quality characteristics, and agronomic 

attributes of durum wheat cultivars released in Ethiopia. Afr Crop Sci J. 2002; 10: 173-182. 

24. Degaonkar AM, Tamhankar SA, Rao VS. An assessment of cultivated emmer germplasm for 

gluten proteins. Euphytica. 2005; 145: 49-55. 

25. Özbek Ö, Taşkın BG, Şan SK, Eser V, Arslan O. Gliadin polymorphism in Turkish cultivated emmer 

wheat [Triticum turgidum L. ssp. dicoccon (Schrank) Thell.] landraces. Plant Syst Evol. 2011; 296: 

121-135. 

26. Ö zbek Ö , Göçmen Taşkin B, Keskin Şan S, Eser V, Arslan O. High-molecular-weight glutenin 

subunit variation in Turkish emmer wheat [Triticum turgidum L. ssp. dicoccon (Schrank) Thell.] 

landraces. Plant Syst Evol. 2012; 298: 1795-1804. 

27. Payne PI, Corfield KG, Holt LM, Blackman JA. Correlations between the inheritance of certain 

high‐molecular weight subunits of glutenin and bread‐making quality in progenies of six crosses 

of bread wheat. J Sci Food Agric. 1981; 32: 359-371. 

28. Raciti CN, Doust MA, Lombardo GM, Boggini G, Pecetti L. Characterization of durum wheat 

mediterranean germplasm for high and low molecular weight glutenin subunits in relation with 

quality. Eur J Agron. 2003; 19: 373-382. 

29. Paterson AH. Making genetic maps. In: Genome mapping in plants. RG Landes Company, 

Academic Press; 1996. pp. 23-39. 

30. Kumar LS. DNA markers in plant improvement: An overview. Biotechnol Adv. 1999; 17: 143-182. 

31. Agarwal M, Shrivastava N, Padh H. Advances in molecular marker techniques and their 

applications in plant sciences. Plant Cell Rep. 2008; 27: 617-631. 

32. Mondini L, Noorani A, Pagnotta MA. Assessing plant genetic diversity by molecular tools. 

Diversity. 2009; 1: 19-35. 

33. Dhutmal RR, Mundhe AG, More AW. Molecular marker techniques: A review. Int J Curr 

Microbiol Appl Sci. 2018; 6: 816-825. 

34. Botstein D, White RL, Skolnick M, Davis RW. Construction of a genetic linkage map in man using 

restriction fragment length polymorphisms. Am J Hum Genet. 1980; 32: 314-331. 

35. Gebhardt C, Ritter E, Debener T, Schachtschabel U, Walkemeier B, Uhrig H, et al. RFLP analysis 

and linkage mapping in Solanum tuberosum. Theor Appl Genet. 1989; 78: 65-75. 

36. Raybould AF, Goudet J, Mogg RJ, Gliddon CJ, Gray AJ. Genetic structure of a linear population 

of Beta vulgaris ssp. maritima (sea beet) revealed by isozyme and RFLP analysis. Heredity. 1996; 

76: 111-117. 



OBM Genetics 2024; 8(4), doi:10.21926/obm.genet.2404274 
 

Page 30/38 

37. Jena KK, Kochert G. Restriction fragment length polymorphism analysis of CCDD genome 

species of the genus Oryza L. Plant Mol Biol. 1991; 16: 831-839. 

38. Bonierbale MW, Plaisted RL, Tanksley S. RFLP maps based on a common set of clones reveal 

modes of chromosomal evolution in potato and tomato. Genetics. 1988; 120: 1095-1103. 

39. Ö zbek Ö . [Detection of genetic diversity in wild tetraploid wheat [Triticum turgidum var 

dicoccoides (Ex. Schwein) populations with molecular markers (AFLP, RFLP)] Yabani Tetraploit 

Buğday [Triticum turgidum var. dicoccoides (Körn. Schwein) Popülasyonlarında Genetik 

Çeşitliliğin Moleküler Markerler (AFLP, RFLP) ile Tespit Edilmesi. [dissertation]. Ankara, Turkish: 

Gazi University; 2006. 

40. Jaccoud D, Peng K, Feinstein D, Kilian A. Diversity arrays: A solid state technology for sequence 

information independent genotyping. Nucleic Acids Res. 2001; 29: e25. 

41. Williams JG, Kubelik AR, Livak KJ, Rafalski JA, Tingey SV. DNA polymorphisms amplified by 

arbitrary primers are useful as genetic markers. Nucleic Acids Res. 1990; 18: 6531-6535. 

42. Jiang GL. Molecular markers and marker-assisted breeding in plants. Plant breeding from 

laboratories to fields. Norderstedt, Germany: Books on Demand; 2013. 

43. Vos P, Hogers R, Bleeker M, Reijans M, Lee TV, Hornes M, et al. AFLP: A new technique for DNA 

fingerprinting. Nucleic Acids Res. 1995; 23: 4407-4414. 

44. Zabeau M, Vos P. Selective restriction fragment amplification: A general method for DNA 

fingerprinting. Munich, Germany: European Patent Application; 1993; EP0534858B2. 

45. Grover A, Sharma PC. Development and use of molecular markers: Past and present. Crit Rev 

Biotechnol. 2016; 36: 290-302. 

46. Zhang Z, van Parijs FR, Xiao B. The status of AFLP in the genomics era and a pipeline for 

converting AFLPs into single-locus markers. Mol Breed. 2014; 34: 1245-1260. 

47. Litt M, Luty JA. A hypervariable microsatellite revealed by in vitro amplification of a dinucleotide 

repeat within the cardiac muscle actin gene. Am J Hum Genet. 1989; 44: 397-401. 

48. Levinson G, Gutman GA. Slipped-strand mispairing: A major mechanism for DNA sequence 

evolution. Mol Biol Evol. 1987; 4: 203-221. 

49. Rallo P, Dorado G, Martin A. Development of simple sequence repeats (SSRs) in olive tree (Olea 

europaea L.). Theor Appl Genet. 2000; 101: 984-989. 

50. Nair SK, Prasanna BM, Garg A, Rathore RS, Setty TA, Singh NN. Identification and validation of 

QTLs conferring resistance to sorghum downy mildew (Peronosclerospora sorghi) and Rajasthan 

downy mildew (P. heteropogoni) in maize. Theor Appl Genet. 2005; 110: 1384-1392. 

51. Fatima S, Chaudhari SK, Akhtar S, Amjad MS, Akbar M, Iqbal MS, et al. Mapping QTLs for yield 

and yield components under drought stress in bread wheat (Triticum aestivum L.). Appl Ecol 

Environ Res. 2018; 16: 4431-4453. 

52. Barik SR, Pandit E, Pradhan SK, Mohanty SP, Mohapatra T. Genetic mapping of morpho-

physiological traits involved during reproductive stage drought tolerance in rice. PLoS One. 

2019; 14: e0214979. 

53. Rajesh T, Maruthasalam S, Kalpana K, Poovannan K, Kumar KK, Kokiladevi E, et al. Pyramiding 

insect and disease resistance in an elite indica rice cultivar asd16. Biol Plant. 2020; 64: 77-86. 

54. Zietkiewicz E, Rafalski A, Labuda D. Genome fingerprinting by simple sequence repeat (SSR)-

anchored polymerase chain reaction amplification. Genomics. 1994; 20: 176-183. 



OBM Genetics 2024; 8(4), doi:10.21926/obm.genet.2404274 
 

Page 31/38 

55. Tsumura Y, Ohba K, Strauss SH. Diversity and inheritance of inter-simple sequence repeat 

polymorphisms in Douglas-fir (Pseudotsuga menziesii) and Sugi (Cryptomeria japonica). Theor 

Appl Genet. 1996; 92: 40-45. 

56. Nagaoka T, Ogihara Y. Applicability of inter-simple sequence repeat polymorphisms in wheat 

for use as DNA markers in comparison to RFLP and RAPD markers. Theor Appl Genet. 1997; 94: 

597-602. 

57. Küyük F. [Effects of cadmium on germination and molecular level in some cool climate cereals]. 

Kadmiyumun bazı serin iklim tahıllarında çimlenme ve moleküler düzeydeki etkileri. 

[dissertation]. Çorum, Turkish: Hitit University; 2024. 

58. Olson M, Hood L, Cantor C, Botstein D. A common language for physical mapping of the human 

genome. Science. 1989; 245: 1434-1435. 

59. Talbert LE, Blake NK, Chee PA, Blake TK, Magyar GM. Evaluation of “sequence-tagged-site” PCR 

products as molecular markers in wheat. Theor Appl Genet. 1994; 87: 789-794. 

60. Inoue T, Zhong HS, Miyao A, Ashikawa I, Monna L, Fukuoka S, et al. Sequence-tagged sites (STSs) 

as standard landmarkers in the rice genome. Theor Appl Genet. 1994; 89: 728-734. 

61. Adams SE, Mellor J, Gull K, Sim RB, Tuite MF, Kingsman SM, et al. The functions and relationships 

of Ty-VLP proteins in yeast reflect those of mammalian retroviral proteins. Cell. 1987; 49: 111-

119. 

62. Bodescot M, Brison O. Efficient second-strand cDNA synthesis using T7 DNA polymerase. DNA 

Cell Biol. 1994; 13: 977-985. 

63. Shamloo-Dashtpagerdi R, Razi H, Lindlöf A, Niazi A, Dadkhodaie A, Ebrahimie E. Comparative 

analysis of expressed sequence tags (ESTs) from Triticum monococcum shoot apical meristem 

at vegetative and reproductive stages. Genes Genomics. 2013; 35: 365-375. 

64. Brhane H, Haileselassie T, Tesfaye K, Hammenhag C, Ortiz R, Abreha KB, et al. Novel expressed 

sequence tag-derived and other genomic simple sequence repeat markers revealed genetic 

diversity in Ethiopian finger millet landrace populations and cultivars. Front Plant Sci. 2021; 12: 

735610. 

65. McClintock B. The relation of a particular chromosomal element to the development of the 

nucleoli in Zea mays. Z Zellforch Microsk Anat. 1934; 21: 294-326. 

66. Hemleben V, Grierson D, Borisjuk N, Volkov RA, Kovarik A. Personal perspectives on plant 

ribosomal RNA genes research: From precursor-rRNA to molecular evolution. Front Plant Sci. 

2021; 12: 797348. 

67. Baldwin BG, Sanderson MJ, Porter JM, Wojciechowski MF, Campbell CS, Donoghue MJ. The ITS 

region of nuclear ribosomal DNA: A valuable source of evidence on angiosperm phylogeny. Ann 

Mo Bot Gard. 1995; 82: 247-277. 

68. Jorgensen RA, Cluster PD. Modes and tempos in the evolution of nuclear ribosomal DNA: New 

characters for evolutionary studies and new markers for genetic and population studies. Ann 

Mo Bot Gard. 1988; 75: 1238-1247. 

69. Liu JS, Schardl CL. A conserved sequence in internal transcribed spacer 1 of plant nuclear rRNA 

genes. Plant Mol Biol. 1994; 26: 775-778. 

70. Ghada B, Ahmed BA, Messaoud M, Amel SH. Genetic diversity and molecular evolution of the 

internal transcribed spacer (ITSs) of nuclear ribosomal DNA in the Tunisian fig cultivars (Ficus 

carica L.; Moracea). Biochem Syst Ecol. 2013; 48: 20-33. 



OBM Genetics 2024; 8(4), doi:10.21926/obm.genet.2404274 
 

Page 32/38 

71. Ahmadi H, Solouki M, Fazeli-Nasab B, Heidari F, Sayyed RZ. Internal transcribed spacer (ITS) 

regions: A powerful tool for analysis of the diversity of wheat genotypes. Indian J Exp Biol. 2022; 

60: 137-143. 

72. Li G, Quiros CF. Sequence-related amplified polymorphism (SRAP), a new marker system based 

on a simple PCR reaction: Its application to mapping and gene tagging in Brassica. Theor Appl 

Genet. 2001; 103: 455-461. 

73. Li G, McVetty PB, Quiros CF. SRAP molecular marker technology in plant science. In: Plant 

breeding from laboratories to fields. Rijeka, Croatia: IntechOpen; 2013. pp. 23-43. 

74. Li Q, Mei J, Zhang Y, Li J, Ge X, Li Z, et al. A large-scale introgression of genomic components of 

Brassica rapa into B. napus by the bridge of hexaploid derived from hybridization between B. 

napus and B. oleracea. Theor Appl Genet. 2013; 126: 2073-2080. 

75. Lander ES. The new genomics: Global views of biology. Science. 1996; 274: 536-539. 

76. Mathur R, Rana BS, Jha AK. Single nucleotide polymorphism (SNP). In: Encyclopedia of animal 

cognition and behavior. Cham: Springer; 2018. pp. 1-4. 

77. Vignal A, Milan D, SanCristobal M, Eggen A. A review on SNP and other types of molecular 

markers and their use in animal genetics. Genet Sel Evol. 2002; 34: 275-305. 

78. Zhao Z, Boerwinkle E. Neighboring-nucleotide effects on single nucleotide polymorphisms: A 

study of 2.6 million polymorphisms across the human genome. Genome Res. 2002; 12: 1679-

1686. 

79. Brookes AJ. The essence of SNPs. Gene. 1999; 234: 177-186. 

80. Brooks SA, Gabreski N, Miller D, Brisbin A, Brown HE, Streeter C, et al. Whole-genome SNP 

association in the horse: Identification of a deletion in myosin Va responsible for lavender foal 

syndrome. PLoS Genet. 2010; 6: e1000909. 

81. Garrido-Cardenas JA, Mesa-Valle C, Manzano-Agugliaro F. Trends in plant research using 

molecular markers. Planta. 2018; 247: 543-557. 

82. Edward KJ, Poole RL, Barker GL. SNP discovery in plants. In: Plant genotyping II: SNP technology. 

Wallingford, UK: CABI; 2008. pp. 1-29. 

83. Buntjer JB, Sørensen AP, Peleman JD. Haplotype diversity: The link between statistical and 

biological association. Trends Plant Sci. 2005; 10: 466-471. 

84. Krebs JE, Goldstein ES, Kilpatrick ST. Lewin's Genes XII. Burlington, MA: Jones & Bartlett 

Learning; 2018. 

85. Gilchrist EJ, Haughn GW, Ying CC, Otto SP, Zhuang JU, Cheung D, et al. Use of ecotilling as an 

efficient SNP discovery tool to survey genetic variation in wild populations of Populus 

trichocarpa. Mol Ecol. 2006; 15: 1367-1378. 

86. Lee PH, Shatkay H. An integrative scoring system for ranking SNPs by their potential deleterious 

effects. Bioinformatics. 2009; 25: 1048-1055. 

87. Morgil H, Gercek YC, Tulum I. Single nucleotide polymorphisms (SNPs) in plant genetics and 

breeding. In: The recent topics in genetic polymorphisms. Rijeka, Croatia: IntechOpen; 2020. pp. 

53-64. 

88. Kim JJ, Han BG, Lee HI, Yoo HW, Lee JK. Development of SNP-based human identification system. 

Int J Legal Med. 2010; 124: 125-131. 

89. Ganal MW, Polley A, Graner EM, Plieske J, Wieseke R, Luerssen H, et al. Large SNP arrays for 

genotyping in crop plants. J Biosci. 2012; 37: 821-828. 



OBM Genetics 2024; 8(4), doi:10.21926/obm.genet.2404274 
 

Page 33/38 

90. Winfield MO, Arnold GM, Cooper F, Le Ray M, White J, Karp A, et al. A study of genetic diversity 

in Populus nigra subsp. betulifolia in the Upper Severn area of the UK using AFLP markers. Mol 

Ecol. 1998; 7: 3-10. 

91. Xavier A, Muir WM, Rainey KM. Impact of imputation methods on the amount of genetic 

variation captured by a single-nucleotide polymorphism panel in soybeans. BMC Bioinformatics. 

2016; 17: 55. 

92. Lasky JR, Des Marais DL, McKAY JK, Richards JH, Juenger TE, Keitt TH. Characterizing genomic 

variation of Arabidopsis thaliana: The roles of geography and climate. Mol Ecol. 2012; 21: 5512-

5529. 

93. Kaur S, Cogan NO, Forster JW, Paull JG. Assessment of genetic diversity in faba bean based on 

single nucleotide polymorphism. Diversity. 2014; 6: 88-101. 

94. Mahboubi M, Mehrabi R, Naji AM, Talebi R. Whole-genome diversity, population structure and 

linkage disequilibrium analysis of globally diverse wheat genotypes using genotyping-by-

sequencing DArTseq platform. 3 Biotech. 2020; 10: 48. 

95. Adeboye KA, Oyedeji OE, Alqudah AM, Börner A, Oduwaye O, Adebambo O, et al. Genetic 

structure and diversity of upland rice germplasm using diversity array technology (DArT)-based 

single nucleotide polymorphism (SNP) markers. Plant Genet Resour. 2020; 18: 343-350. 

96. Shaibu AS, Ibrahim H, Miko ZL, Mohammed IB, Mohammed SG, Yusuf HL, et al. Assessment of 

the genetic structure and diversity of soybean (Glycine max L.) germplasm using diversity array 

technology and single nucleotide polymorphism markers. Plants. 2021; 11: 68. 

97. Chelkowski J, Stepien L. Molecular markers for leaf rust resistance genes in wheat. J Appl Genet. 

2001; 42: 117-126. 

98. Konieczny A, Ausubel FM. A procedure for mapping Arabidopsis mutations using co‐dominant 

ecotype‐specific PCR‐based markers. Plant J. 1993; 4: 403-410. 

99. Komori T, Nitta N. Utilization of the CAPS/dCAPS method to convert rice SNPs into PCR-based 

markers. Breed Sci. 2005; 55: 93-98. 

100. Matsumoto A, Tsumura Y. Evaluation of cleaved amplified polymorphic sequence markers for 

Chamaecyparis obtusa based on expressed sequence tag information from Cryptomeria 

japonica. Theor Appl Genet. 2004; 110: 80-91. 

101. Michaels SD, Amasino RM. A robust method for detecting single‐nucleotide changes as 

polymorphic markers by PCR. Plant J. 1998; 14: 381-385. 

102. Neff MM, Neff JD, Chory J, Pepper AE. dCAPS, a simple technique for the genetic analysis of 

single nucleotide polymorphisms: Experimental applications in Arabidopsis thaliana genetics. 

Plant J. 1998; 14: 387-392. 

103. McDermott JM, Brandle U, Dutly F, Haemmerli UA, Keller S, Muller KE, et al. Genetic variation 

in powdery mildew of barley: Development of RAPD, SCAR, and VNTR markers. Phytopathology. 

1994; 84: 1316-1321. 

104. Paran I, Michelmore RW. Development of reliable PCR-based markers linked to downy mildew 

resistance genes in lettuce. Theor Appl Genet. 1993; 85: 985-993. 

105. Nunziata A, Ruggieri V, Greco N, Frusciante L, Barone A. Genetic diversity within wild potato 

species (Solanum spp.) revealed by AFLP and SCAR markers. Am J Plant Sci. 2010; 1: 95-103. 

106. Khan MA, Alam P, Ahmed S, Abdin MZ, Khan MN, Bhatt MA. Genetic diversity analysis and 

development of SCAR marker associated with stripe rust resistance in spring wheat (Triticum 

aestivum L. em Thell). Indian J Biotechnol. 2014; 13: 9-18. 



OBM Genetics 2024; 8(4), doi:10.21926/obm.genet.2404274 
 

Page 34/38 

107. Collard BC, Mackill DJ. Start codon targeted (SCoT) polymorphism: A simple, novel DNA marker 

technique for generating gene-targeted markers in plants. Plant Mol Biol Rep. 2009; 27: 86-93. 

108. Hu J, Vick BA. Target region amplification polymorphism: A novel marker technique for plant 

genotyping. Plant Mol Biol Rep. 2003; 21: 289-294. 

109. Kumar Y, Kwon SJ, Coyne CJ, Hu J, Grusak MA, Kisha TJ, et al. Target region amplification 

polymorphism (TRAP) for assessing genetic diversity and marker-trait associations in chickpea 

(Cicer arietinum L.) germplasm. Genet Resour Crop Evol. 2014; 61: 965-977. 

110. McClintock B. The origin and behavior of mutable loci in maize. Proc Natl Acad Sci. 1950; 36: 

344-355. 

111. Cordaux R, Batzer MA. The impact of retrotransposons on human genome evolution. Nat Rev 

Genet. 2009; 10: 691-703. 

112. Roy NS, Choi JY, Lee SI, Kim NS. Marker utility of transposable elements for plant genetics, 

breeding, and ecology: A review. Genes Genomics. 2015; 37: 141-151. 

113. de Koning AJ, Gu W, Castoe TA, Batzer MA, Pollock DD. Repetitive elements may comprise over 

two-thirds of the human genome. PLoS Genet. 2011; 7: e1002384. 

114. Chen JM, Stenson PD, Cooper DN, Férec C. A systematic analysis of LINE-1 endonuclease-

dependent retrotranspositional events causing human genetic disease. Hum Genet. 2005; 117: 

411-427. 

115. Burwinkel B, Bakker HD, Herschkovitz E, Moses SW, Shin YS, Kilimann MW. Mutations in the 

liver glycogen phosphorylase gene (PYGL) underlying glycogenosis type VI (Hers disease). Am J 

Hum Genet. 1998; 62: 785-791. 

116. Wicker T, Sabot F, Hua-Van A, Bennetzen JL, Capy P, Chalhoub B, et al. A unified classification 

system for eukaryotic transposable elements. Nat Rev Genet. 2007; 8: 973-982. 

117. Grandbastien MA. Retroelements in higher plants. Trends Genet. 1992; 8: 103-108. 

118. Monden Y, Tahara M. Plant transposable elements and their application to genetic analysis via 

high-throughput sequencing platform. Hortic J. 2015; 84: 283-294. 

119. Tenaillon MI, Hollister JD, Gaut BS. A triptych of the evolution of plant transposable elements. 

Trends Plant Sci. 2010; 15: 471-478. 

120. Cakmak B, Marakli S, Gozukirmizi N. SIRE1 retrotransposons in barley (Hordeum vulgare L.). 

Russ J Genet. 2015; 51: 661-672. 

121. Kalendar R, Schulman AH. IRAP and REMAP for retrotransposon-based genotyping and 

fingerprinting. Nat Protoc. 2006; 1: 2478-2484. 

122. Kalendar R, Grob T, Regina M, Suoniemi A, Schulman A. IRAP and REMAP: Two new 

retrotransposon-based DNA fingerprinting techniques. Theor Appl Genet. 1999; 98: 704-711. 

123. Kalendar R, Flavell AJ, Ellis TH, Sjakste T, Moisy C, Schulman AH. Analysis of plant diversity with 

retrotransposon-based molecular markers. Heredity. 2011; 106: 520-530. 

124. Stepanov IV, Trifonova AA, Kudryavtsev AM, Suprun II. Development of S-SAP markers and 

assessment of their potential in genetic studies of representatives of the genus Prunus L. Russ 

J Genet. 2018; 54: 1160-1168. 

125. Waugh R, McLean K, Flavell AJ, Pearce SR, Kumar A, Thomas BB, et al. Genetic distribution of 

Bare-1-like retrotransposable elements in the barley genome revealed by sequence-specific 

amplification polymorphisms (S-SAP). Mol Gen Genet. 1997; 253: 687-694. 



OBM Genetics 2024; 8(4), doi:10.21926/obm.genet.2404274 
 

Page 35/38 

126. Sanz AM, Gonzalez SG, Syed NH, Suso MJ, Saldaña CC, Flavell AJ. Genetic diversity analysis in 

Vicia species using retrotransposon-based SSAP markers. Mol Genet Genomics. 2007; 278: 433-

441. 

127. Kamboj D, Kumar S, Mishra CN, Srivastava P, Singh G, Singh GP. Marker assisted breeding in 

cereals: Progress made and challenges in India. J Cereal Res. 2020; 12: 85-102. 

128. Petersen L, Ø stergård H, Giese H. Genetic diversity among wild and cultivated barley as revealed 

by RFLP. Theor Appl Genet. 1994; 89: 676-681. 

129. Backes G, Hatz B, Jahoor A, Fischbeck G. RFLP diversity within and between major groups of 

barley in Europe. Plant Breed. 2003; 122: 291-299. 

130. Todorovska E, Trifonova A, Atanassov A. Genetic diversity among elite Bulgarian barley varieties 

evaluated by RFLP and RAPD markers. Euphytica. 2003; 129: 325-336. 

131. Sun CQ, Wang XK, Li ZC, Yoshimura A, Iwata N. Comparison of the genetic diversity of common 

wild rice (Oryza rufipogon Griff.) and cultivated rice (O. sativa L.) using RFLP markers. Theor 

Appl Genet. 2001; 102: 157-162. 

132. Cui YX, Xu GW, Magill CW, Schertz KF, Hart GE. RFLP-based assay of Sorghum bicolor (L.) Moench 

genetic diversity. Theor Appl Genet. 1995; 90: 787-796. 

133. Zheshan W, Lihuang Z, Zhiyong L, Xiangkun W. Gene diversity of natural wild rice populations 

detected by RFLP markers. J Agric Biotechnol. 1996; 4: 111-117. 

134. Ajmone Marsan P, Castiglioni P, Fusari F, Kuiper M, Motto M. Genetic diversity and its 

relationship to hybrid performance in maize as revealed by RFLP and AFLP markers. Theor Appl 

Genet. 1998; 96: 219-227. 

135. Paull JG, Chalmers KJ, Karakousis A, Kretschmer JM, Manning S, Langridge P. Genetic diversity 

in Australian wheat varieties and breeding material based on RFLP data. Theor Appl Genet. 1998; 

96: 435-446. 

136. Ahmad G, Kudesia R, Srivastava MK. Evaluation of genetic diversity in pea (Pisum sativum L) 

using RAPD analysis. Genet Eng Biotechnol J. 2010. Available from:  

https://go.gale.com/ps/i.do?id=GALE%7CA259381902&sid=googleScholar&v=2.1&it=r&linkac

cess=abs&issn=21503516&p=AONE&sw=w&userGroupName=anon%7E7c9f1df7&aty=open-

web-entry. 

137. Vierling RA, Nguyen HT. Use of RAPD markers to determine the genetic diversity of diploid, 

wheat genotypes. Theor Appl Genet. 1992; 84: 835-838. 

138. Chňapek M, Balážová Ž, Špaleková A, Gálová Z, Hromadová Z, Číšecká L, et al. Genetic diversity 

of maize resources revealed by different molecular markers. Genet Resour Crop Evol. 2024; 71: 

4685-4703. 

139. El Rabey HA, Alshubaily F, Al-Otaibi KM. Phylogenetic relationships of some economically 

important cereal plants based on genome characterization using molecular markers. Caryologia. 

2015; 68: 225-232. 

140. Kumar P, Gupta VK, Misra AK, Modi DR, Pandey BK. Potential of molecular markers in plant 

biotechnology. Plant Omics. 2009; 2: 141-162. 

141. Ozbek O, Millet E, Anikster Y, Arslan O, Feldman M. Spatio-temporal genetic variation in 

populations of wild emmer wheat, Triticum turgidum ssp. dicoccoides, as revealed by AFLP 

analysis. Theor Appl Genet. 2007; 115: 19-26. 

https://go.gale.com/ps/i.do?id=GALE%7CA259381902&sid=googleScholar&v=2.1&it=r&linkaccess=abs&issn=21503516&p=AONE&sw=w&userGroupName=anon%7E7c9f1df7&aty=open-web-entry
https://go.gale.com/ps/i.do?id=GALE%7CA259381902&sid=googleScholar&v=2.1&it=r&linkaccess=abs&issn=21503516&p=AONE&sw=w&userGroupName=anon%7E7c9f1df7&aty=open-web-entry
https://go.gale.com/ps/i.do?id=GALE%7CA259381902&sid=googleScholar&v=2.1&it=r&linkaccess=abs&issn=21503516&p=AONE&sw=w&userGroupName=anon%7E7c9f1df7&aty=open-web-entry


OBM Genetics 2024; 8(4), doi:10.21926/obm.genet.2404274 
 

Page 36/38 

142. Ozbek O, Millet E, Anikster Y, Arslan O, Feldman M. Comparison of the genetic structure of 

populations of wild emmer wheat, Triticum turgidum ssp. dicoccoides, from Israel and Turkey 

revealed by AFLP analysis. Genet Resour Crop Evol. 2007; 54: 1587-1598. 

143. Medraoui L, Rabeh K, Ater M, Filali-Maltouf A. Genetic diversity analysis of sorghum (Sorghum 

bicolor L. Moench) landraces from northwestern Morocco using ISSR and AFLP markers. Genet 

Resour Crop Evol. 2024; 71: 835-850. 

144. Saal B, Wricke G. Clustering of amplified fragment length polymorphism markers in a linkage 

map of rye. Plant Breed. 2002; 121: 117-123. 

145. Kosman E, Jokela J. Dissimilarity of individual microsatellite profiles under different mutation 

models: Empirical approach. Ecol Evol. 2019; 9: 4038-4054. 

146. Farhangian-Kashani S, Azadi A, Khaghani S, Changizi M, Gomarian M. Association analysis and 

evaluation of genetic diversity in wheat genotypes using SSR markers. Biol Futur. 2021; 72: 441-

452. 

147. Wang JM, Yang JM, Zhu JH, Jia QJ, Tao YZ. Assessment of genetic diversity by simple sequence 

repeat markers among forty elite varieties in the germplasm for malting barley breeding. J 

Zhejiang Univ Sci B. 2010; 11: 792-800. 

148. Mir AH, Bhat MA, Fayaz H, Wani AA, Dar SA, Maqbool S, et al. SSR markers in revealing extent 

of genetic diversity and phylogenetic relationships among chickpea core collection accessions 

for Western Himalayas. Mol Biol Rep. 2022; 49: 11469-11479. 

149. Baran N, Nadeem MA, Yılmaz A, Andırman M, Kurt F, Temiz G, et al. Exploring genetic diversity 

and population structure of Turkish black sea region maize (Zea mays L.) germplasm using SSR 

markers. Erzinc Univ J Sci Technol. 2022; 15: 953-963. 

150. Yadav V, Kumar P, Goyal M. Evaluation of genetic diversity in drought tolerant and sensitive 

varieties of wheat using ISSR markers. Electron J Plant Breed. 2018; 9: 146-153. 

151. Abouseada HH, Mohamed AS, Teleb SS, Badr A, Tantawy ME, Ibrahim SD, et al. Genetic diversity 

analysis in wheat cultivars using SCoT and ISSR markers, chloroplast DNA barcoding and grain 

SEM. BMC Plant Biol. 2023; 23: 193. 

152. Aliakbari Sadeghabad A, Dadkhodaie A, Heidari B. Phenotypic and genetic diversity of leaf rust 

resistance in wheat wild relatives. J Phytopathol. 2020; 168: 428-438. 

153. Mariey S. Genetic diversity study of Egyptian barley cultivars using sequence-related amplified 

polymorphism (SRAP) analysis for water stress tolerance. J Sustain Agric Sci. 2018; 44: 21-37. 

154. Hassan R, Waheed MQ, Shokat S, Rehman-Arif MA, Tariq R, Arif M, et al. Estimation of genomic 

diversity using sequence related amplified polymorphism (SRAP) markers in a mini core 

collection of wheat germplasm from Pakistan. Cereal Res Commun. 2020; 48: 33-40. 

155. Bolc P, Łapiński B, Podyma W, Boczkowska M. Genetic diversity and population structure of 

Algerian endemic plant species Avena macrostachya Bal. ex Cross. et Durieu. Agronomy. 2020; 

10: 1984. 

156. Khaled AG, Elameen TM, Ahmed AY, Mohiy M, Elshazly IF. SRAP molecular markers linked to 

three morphological traits in Egyptian bread wheat (Triticum aestivum L.). Int J Agric Sci. 2021; 

3: 145-158. 

157. Almarri NB, Alghamdi SS, ElShal MH, Afzal M. Estimating genetic diversity among durum wheat 

(Triticum durum desf.) landraces using morphological and SRAP markers. J Saudi Soc Agric Sci. 

2023; 22: 273-282. 



OBM Genetics 2024; 8(4), doi:10.21926/obm.genet.2404274 
 

Page 37/38 

158. Ren J, Sun D, Chen L, You FM, Wang J, Peng Y, et al. Genetic diversity revealed by single 

nucleotide polymorphism markers in a worldwide germplasm collection of durum wheat. Int J 

Mol Sci. 2013; 14: 7061-7088. 

159. Wang S, Wong D, Forrest K, Allen A, Chao S, Huang BE, et al. Characterization of polyploid wheat 

genomic diversity using a high-density 90,000 single nucleotide polymorphism array. Plant 

Biotechnol J. 2014; 12: 787-796. 

160. Pelc SE, Couillard DM, Stansell ZJ, Farnham MW. Genetic diversity and population structure of 

collard landraces and their relationship to other Brassica oleracea crops. Plant Genome. 2015; 

8: plantgenome2015.04.0023. 

161. Barrera WB, Viña CB, Vispo NA, Singh RK. Genetic diversity using single nucleotide 

polymorphisms (SNPs) and screening for salinity tolerance in rice germplasm at reproductive 

stage. Plant Genet Resour. 2019; 17: 522-535. 

162. Kumar D, Chhokar V, Sheoran S, Singh R, Sharma P, Jaiswal S, et al. Characterization of genetic 

diversity and population structure in wheat using array based SNP markers. Mol Biol Rep. 2020; 

47: 293-306. 

163. Tomar V, Dhillon GS, Singh D, Singh RP, Poland J, Joshi AK, et al. Elucidating SNP-based genetic 

diversity and population structure of advanced breeding lines of bread wheat (Triticum 

aestivum L.). PeerJ. 2021; 9: e11593. 

164. Yirgu M, Kebede M, Feyissa T, Lakew B, Woldeyohannes AB, Fikere M. Single nucleotide 

polymorphism (SNP) markers for genetic diversity and population structure study in Ethiopian 

barley (Hordeum vulgare L.) germplasm. BMC Genom Data. 2023; 24: 7. 

165. Seyedimoradi H, Talebi R, Kanouni H, Naji AM, Karami E. Genetic diversity and population 

structure analysis of chickpea (Cicer arietinum L.) advanced breeding lines using whole-genome 

DArTseq-generated SilicoDArT markers. Braz J Bot. 2020; 43: 541-549. 

166. Ali M, Ibrar D, Hasnain Z, Rais A, Khan S, Mehmood K, et al. Identification and validation of 

restricted seed color polymorphic sites in Barley (Hordeum vulgare L.) using SNPs derived CAPS 

markers. Genet Resour Crop Evol. 2024; 71: 665-677. 

167. Ghobadi G, Etminan A, Mehrabi AM, Shooshtari L. Molecular diversity analysis in hexaploid 

wheat (Triticum aestivum L.) and two Aegilops species (Aegilops crassa and Aegilops cylindrica) 

using CBDP and SCoT markers. J Genet Eng Biotechnol. 2021; 19: 56. 

168. Altaf MT, Nadeem MA, Ali A, Liaqat W, Bedir M, Baran N, et al. Applicability of Start Codon 

Targeted (SCoT) markers for the assessment of genetic diversity in bread wheat germplasm. 

Genet Resour Crop Evol. 2024. doi: 10.1007/s10722-024-02016-0. 

169. Khodaee L, Azizinezhad R, Etminan AR, Khosroshahi M. Assessment of genetic diversity among 

Iranian Aegilops triuncialis accessions using ISSR, SCoT, and CBDP markers. J Genet Eng 

Biotechnol. 2021; 19: 5. 

170. Xia H, Cheng T, Ma X. Genetic relationships between populations of Aegilops tauschii Coss. 

(Poaceae) using SCoT molecular markers. Caryologia. 2022; 75: 141-153. 

171. Patidar A, Sharma R, Kotu GK, Kumar A, Ramakrishnan RS, Sharma S. SCoT markers assisted 

evaluation of genetic diversity in new plant type (npt) lines of rice. Bangladesh J Bot. 2022; 51: 

335-341. 

172. Hromadová Z, Gálová Z, Mikolášová L, Balážová Ž, Vivodík M, Chňapek M. Efficiency of RAPD 

and SCoT markers in the genetic diversity assessment of the common bean. Plants. 2023; 12: 

2763. 



OBM Genetics 2024; 8(4), doi:10.21926/obm.genet.2404274 
 

Page 38/38 

173. Tahir N, Lateef DD, Rasul KS, Rahim D, Mustafa KM, Sleman S, et al. Assessment of genetic 

variation and population structure in Iraqi barley accessions using ISSR, CDDP, and SCoT 

markers. Czech J Genet Plant Breed. 2023; 59: 148-159. 

174. Demirel F, Yıldırım B, Eren B, Demirel S, Türkoğlu A, Haliloğlu K, et al. Revealing genetic diversity 

and population structure in Türkiye’s wheat germplasm using iPBS-retrotransposon markers. 

Agronomy. 2024; 14: 300. 

175. Haliloğlu K, Türkoğlu A, Öztürk HI, Özkan G, Elkoca E, Poczai P. iPBS-retrotransposon markers in 

the analysis of genetic diversity among common bean (Phaseolus vulgaris L.) germplasm from 

Türkiye. Genes. 2022; 13: 1147. 

176. Vuorinen AL, Kalendar R, Fahima T, Korpelainen H, Nevo E, Schulman AH. Retrotransposon-

based genetic diversity assessment in wild emmer wheat (Triticum turgidum ssp. dicoccoides). 

Agronomy. 2018; 8: 107. 

177. Zayed EM, Ghonaim MM, Attya AM, Morsi NA, Hussein KA. IRAP-PCR technique for determining 

the biodiversity between Egyptian barley cultivars. Egypt J Bot. 2022; 62: 359-370. 

178. Boyko A, Kovalchuk I. Epigenetic control of plant stress response. Environ Mol Mutagen. 2008; 

49: 61-72. 

179. McClintock B. The significance of responses of the genome to challenge. Science. 1984; 226: 

792-801. 

180. Lancíková V, Žiarovská J. Inter-retrotransposon amplified polymorphism markers revealed long 

terminal repeat retrotransposon insertion polymorphism in flax cultivated on the experimental 

fields around Chernobyl. J Environ Sci Health A. 2020; 55: 957-963. 

181. Ghonaim M, Kalendar R, Barakat H, Elsherif N, Ashry N, Schulman AH. High-throughput 

retrotransposon-based genetic diversity of maize germplasm assessment and analysis. Mol Biol 

Rep. 2020; 47: 1589-1603. 

182. Kuhn BC, López‐Ribera I, da Silva Machado MD, Vicient CM. Genetic diversity of maize 

germplasm assessed by retrotransposon‐based markers. Electrophoresis. 2014; 35: 1921-1927. 

183. Neelabh. Phylogeny. In: Encyclopedia of animal cognition and behavior. Cham: Springer; 2022. 

pp. 5237-5240. 

184. Yang Z, Rannala B. Molecular phylogenetics: Principles and practice. Nat Rev Genet. 2012; 13: 

303-314. 

185. Naeem S, Duffy JE, Zavaleta E. The functions of biological diversity in an age of extinction. 

Science. 2012; 336: 1401-1406. 
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