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ABSTRACT

Due to the advanced sequencing technologies, breeders and researchers can use DNA markers to characterize various
plants’ genetic diversity, kinship, and population structures. This review describes four kinds of genetic markers. Among them,
DNA-based molecular markers were discussed in types, basic mechanisms, advantages, and disadvantages in detail. Secondly,
we summarize the whole process of a genome-wide association study, and its advantages and disadvantages. We hope that
this review provides fundamental information that will be useful for understanding different markers, especially, DNA-based

molecular markers, and genome-wide association studies.
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INTRODUCTION

GENETIC MARKERS

Identification of the genetic diversity present within and
between various plant populations and phylogenetic, and evo-
lutionary analyses can play an essential role in the efficient
utilization of plants [1]. Genetic markers (markers) are used
to study genetic diversity (reviewed in [2, 3], genomic orga-
nization [4], QTL analysis [5-7], and association analysis [8-
10]. The genetic variations between the individual plant cul-
tivars or species are referred to as genetic markers. Usually,
markers do not act as genes themselves, but they are part of a
gene. So they can serve as reference points to the location of
the genes of interest. The present studies of genetic diversity
are mainly reflected in four different markers: morphological
markers, cytological markers, biochemical markers (monoter-
penes, alloenzymes, and other protein markers), DNA based
molecular markers [2, 11, 12].

Morphological marker. Basically morphological and phys-
iological characteristics like flower structure, shape, color and
pattern, seed size, growth habit etc. are used as visual mark-
ers for QTL studies in conventional breeding programs for
more than centuries since the time of Mendel’s discovery [12].
Morphological markers are controlled by genes and can be
visualized in the form of phenotypes when they are prone to
environmental stress. The environmental factors not only in-
fluence the marker expression but also lead to the false deter-
mination of linkage and gene action. Another disadvantage
of morphological markers is that their development or appli-
cation needs time [13], but they can be easily identified and
are cost- effective.

Cytological marker. Cytological markers include the
study of cytological characteristics like chromosome size,
secondary constriction in chromosomes, the position of the
centromere, arm ratio, constitutive heterochromatic patterns,
banding characteristics, DNA content, total genomic chromo-
some length, chromosome volume, and meiotic behavior of
chromosome, etc [2]. The cytological method has the charac-

teristics of strong stability, but it can only provide limited in-
formation and has been very limited in genetic mapping and
plant breeding [14].

Biochemical marker. A biochemical substance such as
protein, lipids, and sugar can be used as a marker, but like
morphological markers, biochemical markers are also limited
in number [15]. Osmolytes such as proline, glycine betaine
(GB), total sugars, and antioxidants such as catalase (CAT),
peroxidase (POX), superoxide dismutase (SOD), glutathione,
esterase (EST), malate dehydrogenase (MDH) and glutamate
dehydrogenase (GDH) can be used as a biochemical marker
for stress tolerance studies [16-18]. This is a rapid method of
assessing diversity and requires a smaller amount of plant tis-
sue as a sample. However, they are limited in number, affected
by environmental fluctuations, and cannot be used to construct
a complete genetic map [2].

DNA-based molecular marker. The limitations of phe-
notype-based genetic markers led to the development of more
general and useful direct DNA-based markers that are known
as molecular markers [19]. Molecular markers are predomi-
nantly used marker nowadays, because it is easy to observe
the genetic variations at the DNA level and provide a copi-
ous amount of genetic markers. They are DNA sequences that
can be easily detected, moreover, whole inheritance can be
observed through genome-wide identification of DNA poly-
morphism [12]. Molecular markers have numerous advan-
tages as compared with the conventional methods: stable and
environment insensitive; distributed throughout the genome,
but require no prior information about the genome of an or-
ganism; non-tissue specific; phenotypically neutral, and with
few pleiotropic and epistatic effects; small amounts of tissue
and DNA samples is required; application methods are sim-
ple, quick and inexpensive; have linkage to distinct pheno-
types; able to use identify the polymorphism between bi-pa-
rental population and natural population [9, 20-23]. On the
basis of methodologies used for detection, DNA-based mo-
lecular markers are divided into three main classes according
to the method of their detection (Figure 1).
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Figure 1 — The classes of DNA-based molecular markers

Hybridization-based maker. In the 1960s, Arber, Smith,
and Nathans discovered and isolated DNA-cleaving enzymes
from bacteria called restriction endonucleases. These en-
zymes, for example EcoRI and EcoRVetc recognize specific
four, six, or eight base pair (bp) sequences in DNA, and found
that it had the capability of cleaving DNA molecules at char-
acteristic sites into pieces called restriction fragments [12, 24,
25]. The restricted pattern gives rise to variations in lengths
that resulted from single nucleotide substitutions in the rec-
ognition sequence of the restriction enzyme, the basis of a
new marker called the restriction fragment length polymor-
phisms (RFLPs) [26]. RFLP markers were first used in 1975
to identify DNA sequence polymorphisms for genetic map-
ping of a temperature-sensitive mutation of adenovirus sero-
types [27]. It was then used for human genome mapping [28],
and later adopted for plant genomes [29, 30]. A significant ad-
vantage of this marker system allowed researchers to assay
genetic variation that occurred in the non-coding parts of the
DNA sequence (unexpressed or silent) as well as in coding
regions. Screening reveals three different types of banding
patterns: a large band (homozygous), two smaller bands (re-
striction site occurs on both homologies), and all three bands
(heterozygote) [26]. In addition, these markers are consid-
ered to be highly polymorphic, co-dominantly inherited, and
highly reproducible. However, the RFLP technique is not very
widely used, because it is time-consuming, involves expen-
sive and toxic reagents, requires a large quantity of high-qual-
ity genomic DNA, and scans only one or a few loci with a
single probe and restriction enzyme combination [31]. RFLP
has been used for several purposes in a number of plants,
including cotton despite some drawbacks. Meredith (1992)
reported the first heterosis and varietal origins study in cot-
ton using RFLP [32]. Reinisch, Dong [33] employ a detailed
RFLP map to investigate chromosome organization and evo-
lution in cotton and assembled 705 RFLP loci into 41 linkage
groups. Wright, Thaxton [34] studied genes affecting the den-
sity of leaf and stem trichomes using a detailed RFLP map.
Detailed RFLP maps of cotton with 31 and 17 linkage groups
were developed by Shappley et al. (1998) [35] and Ulloa and
Wrjr [36], respectively. Ulloa, Saha [37] developed RFLP join
map into 15 linkage groups using four intraspecific kinds of
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cotton (Gossypium hirsutum) populations. Rashidismaelhag,
Junichi [38] employed RFLP to study variations of the chlo-
roplast DNA in three cultivated species of cotton.

Polymerase chain reaction (PCR) based marker. PCR
is one of the important discoveries in mid of the 1980s by
Kerry Mullis [39]. It is a molecular biology technique for en-
zymatically amplifying small quantities of DNA across sev-
eral orders of magnitude, generating thousands to millions
of copies of a particular DNA sequence [40]. A basic PCR
setup requires several components and reagents. The compo-
nents include: a DNA template that contains the DNA region
(target) to amplify; Taq polymerase, a DNA polymerase that
is heat resistant, so that it can remain intact during the DNA
denaturation process; Primers that are complementary to the
DNA regions at the 3’and 5’ ends of the DNA region; Deoxy-
nucleoside triphosphates (ANTPs), the building-blocks from
which the DNA polymerase synthesizes a new DNA strand;
Buffer solution, providing a suitable chemical environment for
optimum activity and stability of the DNA polymerase; Biva-
lentcations, magnesium or manganese ions; generally Mg+
is used, but Mn?+ can be used for PCR-mediated DNA muta-
genesis, as higher Mn?+ concentration increases the error rate
during DNA synthesis; Monovalent cation potassium ions.

Random amplified polymorphic DNA (RAPD). RAPD
was originally developed for mapping human genes [28]. In
the agronomic field, the first RFLP map was constructed by
Bernatzky and Tanksley [41] in tomatoes. RAPD technique
uses a non-specific single primer (10 nucleotide length) and
the PCR products come from many areas of the specimen
sample of DNA without prior knowledge of the target gene.

The main advantages of the RAPD technology are that
[42, 43]: 1t is suitable to work on anonymous genomes and
only needs limited quantities of DNA; The process can be
automated, so they are quick and also cost-effective; RAPD
primers can easily be scored due to large size difference be-
tween fragments (as 1 for the presence of band and 0 for the
absence of band); For detection method no need for a radio-
active substance which is harmful to human health [44]. How-
ever, there are some disadvantages of using RAPD: the ma-
jority of the alleles segregate as dominant markers, and hence
the technique does not allow identifying dominant homozy-
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Figure 2 — SSR primers revealed the lowest (MUSS193) and the highest PIC (MON_CGR6061) polymorphisms in Gossypium arboreum
[57].

gotes from heterozygotes. RAPD is extremely dependent on
the experiential process such as the quality and concentration
of template DNA, concentrations of PCR components, and
sample contamination during the experiment [45]; If there are
mismatches between the primer and the template DNA, they
affect the total presence of PCR products. Thus, the RAPD re-
sults can be difficult to score and interpret [46].

Amplified fragment length polymorphism (AFLP).
AFLP analysis is PCR-based technique, developed by Key-
gene BV, Wageningen [47]. This technique can analyze more
than 50 independent loci simultaneously in a single PCR re-
action [48]. The basic protocol for PCR is simple: first of all
genomic DNA (about 500 ng) is treated with two restriction
enzymes, a rare cutter (EcoRI) and a frequent cutter (Msel).
These digested fragments were then modified with adapters.
These modified restriction fragments are amplified with the
help of selective primers which use adapter and restriction site
sequence as target sites for annealing. Amplified fragments
are further analyzed and scored through polyacrylamide gel
electrophoresis [12, 49]. The markers have some advantages
and disadvantages.

Advantages: The AFLP can give highly reliable reproduc-
ible results and it is easy to interpret the result. So, it has been
reliably used for determining genetic diversity and phyloge-
netic relationship between closely related genotypes [47, 50];
AFLP markers do not require prior knowledge of the genomic
composition [50]. Disadvantages: AFLP markers are gener-
ally dominant, which does not differentiate dominant homo-
zygotes from heterozygotes [50]. Large amounts of DNA are
required and a complicated methodology; is labor intensive
and expensive to set up [51].

Simple sequence repeats (SSR). SSRs, also known as
microsatellites are DNA-based molecular markers that have
revolutionized molecular biology, molecular evolution, func-
tional genetics, quantitative genetics, population biology, and
evolutionary biology [52]. SSRs were first observed in 1981
in humans [53]. SSRs are tandem repeats of short DNA se-
quences, usually consisting of two to six bp nucleotides [54,
55]. They occur very commonly throughout the whole ge-

nome of an eukaryotic organism in both coding and non-cod-
ing regions, also present in prokaryotes but at low frequency
[56]. The mutation rate of microsatellite loci is10? tol0-events
per locus per generation. The value of a marker for detecting
polymorphism in a population is called polymorphic informa-
tion content (PIC). Comparison of PIC value gives us a rough
idea of the power of various markers. PIC depends on a num-
ber of alleles and their frequencies. For example, if a marker
has 2 alleles of 0.6 and 0.4 frequencies then its PIC will be:
PIC=1-[(0.6)2+ (0.4)2] = 0.48. (Figure 2)

Advantages of SSR marker: its abundance, high rate of
polymorphism, co-dominant inheritance in nature, etc., fre-
quently used in the studies of genetic diversity, genome map-
ping, and pedigree analysis [58]. SSRs provide multiple al-
leles that may be detected at a single locus using a simple
PCR-based screen, very small quantities of DNA are required
for screening, and analysis is amenable to automated allele
detection and sizing [23]. It requires a small amount of DNA
(10-100ng), is cheap, and is easy to run, so different research
laboratories to produce consistent data for QTL mapping and
association mapping can use them.

Disadvantages: If it needs to analyze a large population
and a lot of makers, SSRs also have some disadvantages like
they are time-consuming and laborious. PAGE and silver
staining is used to visualize the polymorphism which is haz-
ardous [59]. The presence of a lot of stutter bands becomes
problematic even though sometime heterozygous may be con-
fused with homozygous. Sequence information of the ampli-
fied region is needed [60]. Homologous loci are not always
available which is also a problem in intra-genomic analyses
[61].

DNA SEQUENCE-BASED MARKERS

Single Nucleotide Polymorphisms (SNPs). SNPs are of-
ten abbreviated to SNP as a variation in a single nucleotide
that occurs at a specific position in the genome [62] and is
one of the most popular markers to identify genetic polymor-
phisms at the DNA level [63]. SNPs are estimated that the
most common genetic variant found in all individuals, one
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SNP occurs every 100-300bp in any genome, so SNPs mark-
ers have higher polymorphism than that of SSRs and other
molecular markers [62] SNPs have been well characterized
since the beginning of DNA sequencing in 1977, but the abil-
ity to genotype SNPs rapidly in large numbers of samples
was not possible until the application of high-throughput Mi-
croarray technology (gene chip) in the late 1990s [64]. SNPs
are widespread [65] throughout the genome. There are three
different categories of SNPs: transitions (C/T or G/A), trans-
versions (C/G, A/T, C/A, or T/G), and small insertions/dele-
tions (indels) [23]. SNP could be divided into non-coding re-
gion SNP and coding region SNP (cSNP). The non-coding
region of the genome contains many important regulatory el-
ements including promoter, enhancer, and insulator, any kind
of change in this regulatory region can change the function-
ality of that protein [66].

Advantages of SNP markers: this type of marker is a
co-dominant marker and helps to discriminate between the
homozygous and heterozygous stage of an individual. SNPs
are found abundantly throughout the genome. They are highly
reproducible and loci-specific [67]. They are more abundant
and have greater potential for automation [68].

Disadvantages of SNP markers: Compared with multi-al-
lele microsatellites, SNP markers have a low value of poly-
morphic information content (PIC), because they have been
regarded as bi-allelic (nucleotide substitution as either tran-
sition (C/T or G/A) or transversion (C/G, A/T, C/A, or T/G).
In addition, they need sequence information and are also very
costly. SNP genotyping is challenging because of the require-
ment for specialized equipment and expertise [67].

SNP markers were widely used in plant genetics and
breeding because of their excellent genetic attributes and suit-
ability for genetic diversity analysis and evolutionary relation-
ships, understanding of population substructure, detection of
genome-wide linkage disequilibrium, and association map-
ping of genes controlling complex phenotypic traits [69]. It
has been used in different crop genetics, including rice [70-
73], barely [74], soybean [75, 76], maize [77], wheat [78-82],
pea [83-85] and cotton [9, 86-88]. For example, Dilnur et al.
reported nine SNP-rich regions analysis revealed 143 poly-
morphisms that distributed 40 candidate genes and signifi-
cantly associated relative fresh weight, relative stem length,
relative chlorophyll content, relative water content, and com-
prehensive index of salt tolerance in Asiatic cotton (Gossyp-
ium arboretum) [9].

GENOME-WIDE ASSOCIATION STUDY (GWS)

The fundamental aim of genetics is to connect genotype to
the heritable phenotype. The identification and characteriza-
tion of genes associated with agronomical important traits are
essential for both understanding the genetic basis of pheno-
typic variation and efficient crop improvement [9]. Tradition-
ally, QTL mapping has been used as a methodology to under-
stand the genetic control of polygenic traits and identification
of genes underlying agronomic quantitative trait loci (QTLs)
[89], however QTL mapping presents limitations, such as low
mapping resolution and limited genetic diversity between the
mapping population parents. For example, only two allelic
variations are analyzed (one per parent) in a biparental pop-
ulation, which means that various alleles occurring in other
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plants are missed [90]. These limitations of linkage mapping
in dissecting QTL have been improved with the use of asso-
ciation mapping or LD mapping (Ross-Ibarra et al. 2007). As-
sociation mapping has also been referred to as “association
genetics,” “association studies,” “Genome-wide association
study (GWS)” and “linkage disequilibrium mapping” in dif-
ferent studies.

Historically, association mapping was first successfully
used for the identification of alleles at loci contributing to
susceptibility to human diseases. Nowadays, association ge-
netics is a multidisciplinary field, involving components of
genomics, statistical genetics, molecular biology, and bioin-
formatics, which together form the basis for selecting, eval-
uating, and associating genomic regions for correlation with
trait variation.

Association mapping is a study aiming to detect linkage
between genetic polymorphisms and phenotypic variations
in existing germplasm. In general, the following six proce-
dures are outlined for association mapping study in the struc-
tured population: (i) to choose a diverse population such as
exotic accessions, wild relatives, and elite cultivars and land-
races. This strategy can be used to detect many natural al-
lelic variations simultaneously in a single study; (ii) Although
it is so important to select the phenotypic diversity of agro-
nomic traits such as yield, stress tolerance or quality-related
traits and multiple repeats like years/environments; (iii) the
genotypes are then scanned with suitable molecular markers
(AFLP, SSRs, SNPs), mostly SNP makers were performed
over association mapping; (iv) population structure and kin-
ships are determined to avoid false positives followed by (v)
quantification of LD extent using different statistics like D,
D’ or 12. (vi) Finally, genotypic and phenotypic data are cor-
related using appropriate statistical software for finding mak-
er-trait associations. After then, it is chosen —Log P value high
SNPs related traits and candidate genes. Consequently, these
tagged genes were verified by Quantitative real-time PCR
(qPCR), transgenic method, genome editing systems, and an-
notated for a precise biological function [91, 92]. The whole
process of genome-wide association study and candidate gene
analysis was illustrated simply in Figure 3.

The advantages of association mapping over conventional
QTL mapping are due to (i) a powerful tool for the identifi-
cation of genes associated with agronomic traits and can be
used to detect many natural allelic variations simultaneously
in a single study; (ii) Recent advances in high-throughput se-
quencing technologies have enabled rapid and accurate se-
quencing of a large number of genomes, so these technologies
make GWS timesaving and cost-effective [90]; (iii) likelihood
for a higher resolution mapping because of the utilization of
majority recombination events from a large number of meio-
sis throughout germplasm development history; and (iv) pos-
sibility of exploiting historically measured trait data for as-
sociation [93-95].

On the other hand, the limitations of this approach are also
obvious (i) the hypothesis of population homogeneity in asso-
ciation studies, particularly case-control studies, can identify
both false negative (Type II error) and false positive (Type I
error) errors. False negative (Type II error) is a state of lack
of marker-trait association when in fact it exists and false pos-
itive (Type I error) is a state when there is a marker-trait as-
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Figure 3 — Whole process of genome-wide association study and candidate gene analyzing

sociation when in fact it does not exist [91]. To control false
associations, several statistical methods have been used such
as the general linear model (GLM) incorporates the Q-ma-
trix only and the mixed linear model (MLM), also the kin-
ship matrix [96]. (ii) there is a lack of linkage disequilibrium
information among the markers identified for significant as-
sociations [97]. (iii) Unbalanced allele frequency in the pop-
ulation. (iv) It is not efficient for the detection of rare alleles,
and it requires large population sizes. (v) association could be
caused by population structure, and thus an efficient control
of the population structure is needed [98].

CONCLUSION

During the last two decades, there has been resurgence in
molecular methods and the development of second genera-
tion advanced molecular techniques. These advancements in
molecular biology have greatly facilitated research in many
disciplines like taxonomy, phylogeny, ecology, genetics, and
plant breeding. Nowadays, whole-genome sequence data of
a lot of plants are available in public databases. This provides
a platform for genetic improvement, including molecular re-
search and genetic engineering research of different useful
traits in plant science.
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IF'EHETUKAJIBIK MAPKEPJIEP ) KOHE TEHOM/BIK KAYBIMJIACTBIKTbBI 3BEPTTEY

“Tycinkan Jianyp" , Yskaod [an?

"Ynmmoix 6uomexuonozus opmanviasl, OCimOiKmepoiy 2eHeMmuKaIbIK UHNICeHEpUscl 3epmxanacyl, Kopeanicoin koweci 13/5,
Acmana, 010000, Kazaxcman

’Maxma 6uonoeuscvlHbly Memiekemmik Hezizel sepmxanacwl, Maxma zepmmey uncmumymol, Koimatl ayvli wlapyaublivlesl
evibimoapul akademusicol, Anvsan 455000, Keimaii
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TYHWUIH

JlamMbIFaH CEeKBEHUPIICY TCXHOIOTHSIIAPBIHBIH KOMETIMEH, CEICKIIMOHEPIICP MCH 3ePTTCYIIICP dPTYpIi 6CIMIIKTePIiH
TCHETUKAITBIK ajTyaH TYPJILUIITIH, TyBICTBIK YKOHE MOMYJISIUSUIBIK KYPBUTbIMIApBIH cunartay yinid JJHK-mapkeprepin KogaHa bl
Byn mMakanana reHeTHKANBIK MapKepiiepAiH TepT Typi cunatranansl. Onapasiy inringe JJHK Herizingeri MOJeKyIaibIK
MapKepJep/IiH Typiepi, Heri3ri MeXaHU3MIEPi, apTHIKIIBUIBIKTAPBI MCH KEMIIUTIKTEPI TaIKbUTAHbI. EKIHINIICH, TCHOMJIBIK
KayBbIMIACTBIKTBI 3¢PTTCY IiH apTHIKIIBUIBIKTAPEI MEH KEMIIIUTIKTEPI, )KOHE JKANIIBI IPOIECCTEPl KbICKAIIA CUTIATTAIIIBL.

Herisri ce3nep: noimumepasast Tizoekti peakuusira (I1TP) neriznenren mapkep, KapanaiibiM peTTiiik Kalitananysl (SSR),
JHK =erizinzeri MosieKyJanblK Mapkep, 0ip HykieoTuarik nomumopdusmaep (SNPs), skairbl reHOMAbI KaybIMIaCThIKThI
3eprrey (GWS).

TFEHETUYECKHWE MAPKEPBI 1 IOJTHOI'EHOMHOE ACCOLUUATUBHOE NCCJIEJOBAHUE

"Tycinkan Jinnyp" , Y:kaod Ian’

!Hayuonanonoiii Lenmp buomexnono2uu, 1abopamopus 2enemuueckotl uhxcenepuu pacmenuti, Kypeanvocunckoe Llocce 13/5,
Acmana, 010000, Kazaxcman

’Tocydapemeennas knouesas aabopamopus ouono2uu xionka, Mucmumym ucciedosanuil xaonka, Kumatickas Axademus
cenbeKoxosalcmeeHHbIx Hayk, Anvan, 455000, Kumarii

*tdilnur@mail.ru

ABCTPAKT

braromapst mepesoBeIM TEXHOJIOTUSAM CEKBEHHUPOBAHMS CEIEKIIMOHEPHI U HCCIeI0BaTeIN MOTyT uctonb3osats JJTHK-
MapKepsl ISl XapaKTePHUCTUKH TeHETHIECKOTO Pa3HO00pasnsi, pOACTBA U MOMYJSIIUOHHBIX CTPYKTYP Pa3IUIHBIX PACTEHHUM.
B sToM 0030pe, ommcaHbl YeThIpe THIA TeHETHYECKIX MapkepoB. Cpeau HUX OBUIH MTOAPOOHO 00CYKICHBI MOJICKY IS PHEIC
Mapkeps! Ha ocHoBe JIHK, nx ocHOBHBIE MEXaHN3MBI, IPEUMYIIECTBA U HEIOCTATKH. A TaKkkKe, CyMMUPOBAJIN IPEUMYILECTBA,
HEJIOCTaTK! 1 BECh IPOIIECC M3yUIEHNsI TEHOMHBIX accolraryii. Mbl HafmeeMcesl, 4To 3TOT 0030p MPEAOCTABUT (DyHIaMEHTATIBHYIO
nH(popMammio, KoTopas OyzeT MoJe3Ha Al TOHUMAHHS Pa3IMIHBIX MAPKEPOB, 0COOCHHO MOJIEKYIISIPHBIX MAPKEPOB Ha OCHOBE
JIHK, n ucciaeaoBanmus TEHOMHBIX aCCOIHAIIHM.

KiroueBbie crioBa: Mapkep Ha OCHOBE mosinMepaszHoii nenHoi peakiuu (ITL[P), moBTOpHI MpOCTHIX MOCIe0BaTeIbHOCTEH
(SSR), monekynsipabiit Mapkep Ha ocHoBe JJHK, onHonykneornaubie momumopdusmsl (SNP), moTHOTEHOMHOE acCOIUaTHB-
Hoe uccnenoBanue (GWS).
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