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Narrow genetic base and complex allotetraploid genome of cotton (Gossypium hirsutum L.) is stimulating e	orts to avail required
polymorphism for marker based breeding. �e availability of dra
 genome sequence of G. raimondii and G. arboreum and next
generation sequencing (NGS) technologies facilitated the development of high-throughput marker technologies in cotton. �e
concepts of genetic diversity, QTL mapping, and marker assisted selection (MAS) are evolving into more e�cient concepts of
linkage disequilibrium, association mapping, and genomic selection, respectively. �e objective of the current review is to analyze
the pace of evolution in the molecular marker technologies in cotton during the last ten years into the following four areas: (i)
comparative analysis of low- and high-throughputmarker technologies available in cotton, (ii) genetic diversity in the available wild
and improved gene pools of cotton, (iii) identi�cation of the genomic regionswithin cotton genome underlying economic traits, and
(iv) marker based selection methodologies. Moreover, the applications of marker technologies to enhance the breeding e�ciency
in cotton are also summarized. Aforementioned genomic technologies and the integration of several other omics resources are
expected to enhance the cotton productivity and meet the global �ber quantity and quality demands.

1. Introduction

Cotton (Gossypium spp.) is considered as the foremost
natural �ber and oil source worldwide, with an estimated
production and utilization of ∼115 million bales [1]. It is
indigenous to tropical and subtropical regions and being
cultivated on every continent excluding Antarctica [2]. �e
economic impact of the cotton industry throughout theworld
is about∼$500 billion per year [3].Despite its economic value,
cotton has also an outstanding model system for studying
cell elongation, polyploidization, cellulose, and biosynthesis
of cell wall [4–6], because it is the only familiar plant that
yields single-celled �ber [4].

Cotton belongs to genus Gossypium and family Mal-
vaceae. �e genus Gossypium has 45 diploid and 5 allote-
traploid species and occur in semiarid and arid areas of
Africa, Central and South America, Galapagos, Indian sub-
continent, Australia, Arabia, andHawaii [7].�ese 50 species
are allotted to 8 diploid genomes (A–G and K) [8–10]. �e
A, B, E, and F genomes naturally occur in Africa and Asia,
while the D genome is indigenous to the America [11].
A third diploid clade, containing C, G, and K, is found
in Australia [12]. Currently cotton has only 4 cultivated
species, two tetraploid species [G. hirsutum L. (AADD) and
G. barbadense L. (AADD), (2� = 4� = 52)] and two dip-
loid species [G. arboreum L. (A2A2), and G. herbaceum L.
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Table 1: Comparison of marker systems in cotton.

Marker
Template DNA

quantity
Template DNA

quality
Genetics Cost Reliability Reference

RFLPs High High Codominant High High [26, 47, 166]

RAPDs Low High Dominant Low Low [27, 128]

ISSRs Low Medium Dominant Low Medium [36, 47]

SSRs Low Moderate Codominant Low High [27, 166]

AFLPs Medium Moderate Dominant Moderate High [47, 100, 128]

SNPs Low High Codominant Low High [92, 166, 167]

GBS Low High — Low to moderate High [100, 168]

(A1A1), (2� = 2� = 26] [13]. Cultivated tetraploid cotton
evolved about 1-2 million years ago through hybridization of
an A genome donor species (G. herbaceum and G. arboreum)
with a D genome (G. raimondii and G. gossipioides) followed
by polyploidization [14–16]. �e progenitor allotetraploid
“AD” diverged and gives rise to “AD” tetraploid species (G.
hirsutum L. and G. barbadense L.) [17]. G. hirsutum (Upland
cotton or Mexican cotton) contributes 90%; G. barbadense
(Sea Island cotton or Egyptian cotton) produces 8% [18, 19],
G. herbaceum (Levant cotton) and G. arboreum (Tree cotton)
together provide 2% of the world’s cotton [20].

Tetraploid genome of cotton is relatively large and con-
tains about 2200–3000Mb of DNA [21, 22]. �e intraspeci�c
DNA polymorphism is low in this species [23, 24], which
makes it a challenging crop for development of molecular
markers.�ere is an undeniable need for highly polymorphic
molecular markers if progress in plant breeding is to be made
using marker-assisted breeding programs. Many extraordi-
nary reviews have been written about the di	erent classes
of molecular markers used in plants and their application
in construction of linkage map, QTL analysis and marker-
assisted selection [25–27]. �e objectives of this review are
as follows: (i) analysis of the evolution of molecular marker
technologies in cotton genetics, (ii) genetic diversity in the
wild and cultivated cotton gene pools, and (iii) overview
of QTL mapping and marker assisted selection activities in
cotton.

2. Overview of Molecular Marker
Technologies in Cotton

Molecular markers are the �rm landmarks in the genome of
an organism rather than the normal genes because mostly
they do not have the biological impacts and may or may
not relate with phenotypic expression of a trait [26]. �e
development of the DNA markers is simple due to the
availability of large scale genomic database [28]. In plant
breeding, these markers are very helpful in recognition,
characterization, identi�cation of genetic variations, marker
assisted selection (MAS), linkage mapping, and genomic
�ngerprinting [29], to remove linkage drag in backcrossing
and to identify the traits which are not easy to measure
by visual observation [30]. Molecular marker technologies
can be classi�ed into hybridization based, PCR based, and
sequenced based markers on the basis of their working

mechanism. Among these, PCR-based markers, that is,
random ampli�ed polymorphic DNA (RAPD) [23, 31, 32],
ampli�ed fragment length polymorphism (AFLP) [17, 33],
simple sequence repeats microsatellites (SSRs) [34, 35], and
inter simple sequence repeats (ISSRs) [36], represent the
major class of markers in cotton genomics due to their high
utility and exploitation. �e comparison of di	erent aspects
of generally used molecular markers is given in Table 1 and
brief description of these three classes of molecular markers
is described below with special reference to cotton genetic.

2.1. Hybridization Based DNAMarkers. Restriction fragment
length polymorphism (RFLP) markers reveal the di	erences
among individuals by variation in the size of DNA fragments
produced by restriction enzymes [27].�esemarkers enabled
DNA variations to be tested as substitutions of a single base in
the recognition sequence of a restriction enzyme altered the
length of resultant restriction fragments [37]. In this method
cDNA or synthetic oligonucleotides are used as probes and
DNApro�les are observed by hybridizing the restricted DNA
fragment to a labeled probe (labeled with radioisotope).
RFLPs can be used to examine the association between the
closely related taxa, for study of introgression and gene �ow
between crops and weeds [38]. In various species of cotton,
RFLP markers have been used to study the population genet-
ics, evolution, and phylogenetic relationships [39]. Various
reports are published on genetic mapping of cotton using
RFLPs (restriction fragment length polymorphism) [40–42],
and it was reported that in cotton 64%RFLPs are codominant
in nature [43]. Genetic diversity in upland cotton has also
been examined using RFLP markers [38]. Molecular map of
the cotton genome was �rst constructed using 705 RFLP loci
and partitioned into 41 linkage groups [43]. �e utility of
RFLPmarkers inmarker assisted selection (MAS) is reported
and RFLP linked to resistance allele for pathogen of bacterial
blight was validated [44]. RFLP markers are very complex
and time and cost intensive technique which restricted it
use, leading to development of less complicated techniques
known as PCR base markers [26].

2.2. PCR BasedMarkers. PCR (polymerase chain reaction) is
used for replication of small amount of DNA enzymatically
without using the living organism. DNA polymerase, such as
Taq polymerase, reads and synthesizes a new strand in 5�-3�

direction using deoxynucleotide triphosphates (dNTP’s). It
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can not only amplify small quantity of DNA, but degraded
sources of DNA can also be ampli�ed [45]. �e reaction
of PCR consists of many cycles of denaturation, annealing,
and extension. �en, the PCR product can be visualized
on agarose or polyacrylamide gels. PCR-based technology
has been utilized widely in analysis of genetic diversity and
recognition of DNA markers. Due to the simplicity and high
chances of success in PCR, many approaches for production
of PCR based molecular markers were described.

2.2.1. Random Ampli�ed Polymorphic DNA, RAPD. RAPD is
an old PCR based technique that infers DNA polymorphisms
due to deletions or reorganization between the obligating
sites of oligonucleotide primer in the genome [46]. InRAPDs,
DNA fragments are ampli�ed by the PCR reaction using
random primers (usually of 10 bp) [47]. �e sequence of
the RAPD primers must ful�ll the following criteria: (i)
minimum 40% GC contents and (ii) absence of palindromic
sequence [46]. A discrete DNA product is produced if these
priming sites are within an ampli�able range of each other.

RAPD techniques have been used for many purposes
including assessment of genetic variations in population
[23, 48], DNA �ngerprinting [49], and determining the
relationship between the genotypes of di	erent and same
species [50]. In cotton RAPDs were used to distinguish the
cotton varieties resistant to jassids, aphids, and mites [51].
RAPD marker (R-6592) for the male sterility gene has been
identi�ed in cotton [52]. RAPD techniques are also used
to evaluate the genetic relationship among cotton genotypes
[53], to identify the QTLs for stomatal conductance [54], and
to construct linkage mapping in cotton.

2.2.2. Inter Simple Sequence Repeats, ISSR. In ISSRs, DNA
fragments are ampli�ed which present between two identical
SSRs directed in contrary directions [47]. It allows the
detection of polymorphism in inter SSR loci using primer
(16–25 bp long) complimentary to a single SSR and anneal
at either the 3� or 5� end [47], that can be di, tri, tetra
or pentanucleotide [36]. �e ISSR primers are commonly
anchored at 3� or 5� end with 1 to 4 bases stretched into the
�anking regions. �e primers anchored at 3� end produce
more obvious bands as compared to anchored at 5� end [36].
�e technique of ISSR markers combines many bene�ts of
AFLPs and SSRs with universality of RAPDs [55]. Generally
the sequence of ISSR primers is larger as compare to RAPD
primers, allowing higher annealing temperature which out-
comes greater reproducibility of bands than RAPDs [36, 56].
Ampli�cation of ISSRs also revealed larger fragments number
per primer than RAPDs [57]. Many earlier studies reported
that ISSR markers were more informative than RAPDs for
genetic diversity evaluation in di	erent crop species [58, 59].

�e applications of ISSRs for di	erent purposes depend
on the diversity and frequencies of SSR within the particular
genomes [60]. It is quickly being utilized by the research
community in di	erent areas of plant improvement, that is,
in gene tagging, analysis of genetic diversity, and estimation
of SSR motif [61–63].

2.2.3. Ampli�ed Fragment Length Polymorphism, AFLP.
AFLP markers were developed to overcome the problem of
reproducibility connected to RAPDs [64]. �is technique
detects large number of loci in a single reaction of PCR [64,
65] and discovers large number of polymorphism dispersed
across the genome [66]. In AFLP assays amplicon numbers
are depend on (i) number of selective nucleotides in the
primer, (ii) selective nucleotide motif, (iii) GC content, and
(iv) physical genome size [26]. AFLP is an e	ective tool
for the observation of genetic diversity [67], �ngerprinting
studies, and tagging of agronomic, seed, and �ber quality
traits [68–70]. AFLP is a great valued technique for gene
mapping studies due to their high abundance and random
distribution throughout the genome [64]. A linkage map of
cotton was developed using the AFLP and RAPD markers
[71]. AFLP markers have also been used for analyzing the
genetic diversity [17, 72] andmap saturation in cotton [19, 73].

2.2.4. Microsatellites or Simple Sequence Repeats, SSR. �ese
are di-, tri-, tetra- or pentatandom repeats of nucleotide,
scattered abundantly in both noncoding and coding regions
of a genome [29, 47]. Microsatellites are created from sphere
where variants of repetitive DNA sequence are previously
overrepresented [74]. �e loci of these markers are highly
transferable about 50% across species [75]. For SSRs analysis
forward and reverse primers are employed in PCR reaction
that anneal to the template DNA at the 5� and 3� ends. Short
repetitive DNA sequences furnish the basis for multi allelic,
codominant PCR based molecular marker and found more
polymorphic as compare to other DNA markers [27, 47].

Due to their greater polymorphism, SSRs are considered
as an important marker system in �ngerprinting, analysis
of genetic diversity, molecular mapping and marker assisted
selection [76]. �e availability of SSR markers in the cotton
genome make them useful in study of genetic diversity [20].
Furthermore, over 1000 SSR primers have been designed
from available cotton DNA sequences in genomic libraries
[77]. Cotton Gen database is the largest repository for the
SSR markers and their mapping information (http://www
.cottongen.org/�nd/mapped markers).

(1) EST-SSRs. SSR markers obtained from ESTs (expressed
sequence tags) are present in sequences of functional gene
and directly associated with transcribed parts of DNA [78].
About 1–5% of the ESTs in di	erent species of plants have
SSRs of suitable length for development of markers [79]. As
compare to genomic SSRs, EST-SSR markers have greater
potential for transferability between the species [80]. EST-
SSRs also have a greater possibility of being functionally
linked with variations in gene expression than genomic
SSRs [81]. Rising number of ESTs for cotton helped in the
recognition of SSRs domains from the ESTs by data mining
methods. Recently, several EST-SSRs have been mapped
in cotton [82–85]. However, EST-SSRs exhibit low level of
polymorphism than conventional SSRs [86].

(2) CAPS Microsatellites. Cleaved ampli�ed polymorphic
sequence (CAPS) technique is actually the combination of
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RFLP and PCR [87], in which DNA fragments are ampli-
�ed through PCR, followed by digestion with a restriction
enzyme [88]. Subsequently, polymorphisms arise from the
variation in the incidence of restriction sites of identi-
�ed alleles are detected by gel electrophoresis [88]. CAPS
microsatellite and CAPS are technically alike and use of
microsatellite spheres and �anking regions as a template
may have a decisive improvement over the well-known DNA
markers in crop species. CAPS microsatellites change the
monomorphic markers into polymorphic markers which
mostly inherited in codominant way [89] and exhibit high
polymorphism between strongly related genotypes. Any base
substitutions can be identi�ed by CAPS microsatellites as the
polymorphism exhibited by this technique is based on the
sequence dissimilarities in the �anking regions aside from
the microsatellite spheres. �ese markers also assist in the
analysis of composite traits by genemapping and propose the
opportunity of identifying markers by physiological and bio-
chemical characteristics of their gene products [86].However,
the CAPSmarkers are only developedwheremutations create
a recognition site for restriction enzyme [87].

2.3. Sequence Based DNAMarkers

2.3.1. Single Nucleotide Polymorphism. Variations of single
nucleotide (A, T, C, G) in sequence of individual genome
are known as single nucleotide polymorphism or SNPs [26].
�ese may occur in the noncoding, coding and intergenic
regions of the genome, so allowing the detection of the genes
due to the variations in the sequences of nucleotides [26, 90]
and these are either nonsynonymous or synonymous within
the coding regions of the genome. Synonymous changes can
alter mRNA splicing that result the changes in the phenotype
of an individual [91].

SNP markers are important tool for linkage mapping,
map based cloning and marker assisted selection due to the
high level of polymorphism.�e codominant nature of SNPs
makes thesemarkers able to distinguish the heterozygous and
homozygous alleles [92]. Narrow genetic base and allotetrap-
loid genome has made the discovery of SNPs di�cult in
cotton [93]. Recently, use of high throughput sequencing
techniques have made it possible to detect great numbers
of SNP markers [94, 95], including organisms with limited
molecular studies [96, 97] and organisms with slight genetic
variation such as cotton [85]. In cotton, many researches
have been conducted to observe diversity, characteriza-
tion and mapping of SNPs in the nucleotide sequence
of Gossypium genome [98, 99]. Recently, an international
collaborative e	ort has developed 70K SNP chip based
on Illumina In�nium genotyping assay (Unpublished data;
http://www.cottongen.org/node/1287616).�is high-through-
put genotyping assay will be a resource that will be used
globally by public and private breeders, geneticists, and other
researchers to enhance cotton genetic analysis, breeding,
genome sequence assembly, and many other uses. Similarly,
Gene Chip cotton genome array comprising of 239777 probe
sets representing 21485 cotton transcripts has been developed
and under validation step before commercially available by

A	ymetrix (http://www.a	ymetrix.com/products services/
arrays/speci�c/cotton.a	x).�e sequences used for SNP chip
development were selected from GenBank, dbEST and Ref-
Seq contributed by the collaborators globally. �ese high-
throughput technologies will be helpful for �ne mapping and
subsequent gene discovery for important economic traits in
cotton. Additionally, these resources will provide foundations
to initiate genomic selection studies in cotton, ultimately
enhancing genetic gain from breeding.

2.3.2. Genotyping by Sequencing, GBS. Genotyping-by-se-
quencing (GBS) is a technique that simultaneously detects
and genotypes the SNPs in a genome [100]. GBS was devel-
oped as a simple but strong access for reducing complexity
in complex genomes [101]. �e development of the GBS
library is very simple.�e original GBS method used a single
restriction enzyme to capture the genomic sequence between
restriction sites [101].

�e choice of restriction enzyme is a crucial factor in
GBS for covering the repetitive regions in the genomes.
In the original GBS approach used in maize and barley,
one restriction enzyme (RE) “ApeKI” was used which is
methylation-sensitive to reduce the complexity of the genome
and to choose hypomethylated sphere of the genome for
sequencing [101]. A modi�ed GBS approach was also devel-
oped in which two enzymes and a Y-adapter were used
to generate “uniform” GBS libraries where Adapter 1 and
Adapter 2were on opposite ends of every fragment [102]. GBS
is a multiple approach that can discover thousands of SNPs in
an experiment and suitable for population studies, genomic
selection, genetic mapping, germplasm characterization, and
other breeding applications in di	erent organisms [101–103].
GBS technique can also be employed in species of plants that
do not have available reference genome. In these cases, the
sequence tags can be deal as dominant markers for analysis
[100].

3. Overview of Marker Based Crop
Improvement Efforts

3.1. Genetic Diversity in Cotton. �e success of any breeding
program mainly depends on the availability of the genetic
diversity in the germplasm resources. Understanding of the
genetic relationships among plant genotypes is signi�cant
to know the complexity of available germplasm, to discover
the di	erences in available genotypes and to build up useful
conservation plans [104]. �us, evaluation based on the
molecular markers can give valuable insight into the genetic
structure of a plant population, which helps in the devel-
opment of new varieties [105]. �e genetic diversity studies
in cotton germplasm using di	erent marker technologies are
summarized in Table 2. A narrow genetic base is reported in
cotton by several workers using di	erent molecular markers
[23, 38, 49, 106, 107].

RAPD and ISSR techniques have been utilized to analyze
genetic diversity and hybridization and for the incident of
somaclonal variations in various crops involving cotton [108–
112]. Five prominent studies were conducted to evaluate
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genetic diversity using RAPD markers during 90s. Genetic
diversity of 16 elite homozygous genotypes obtained from
the inter-speci�c hybridization was studied using 80 RAPD
markers [23]. RAPD markers were used to di	erentiate the
G. hirsutum lines from the G. arboretum [113]. Similarly,
25 short duration genotypes of cotton were analyzed using
arbitrary primers [114]. Later, [115] studied genetic diversity
of 31 Gossypium species, 3 subspecies, and 1 interspeci�c
hybrid using 45 RAPD primers and the results showed that
genetic relationship of many species is related to the center
of origin. Recently, genetic diversity in 18 cotton genotypes of
Pakistan studied by 5 RAPD primers showed that two diverse
genotypes of cotton (CIM-240 and CIM-443) have resistance
against cotton leaf curl virus [116].

AFLP technique was also used to distinguish the dif-
ferences among diploid and tetraploid species of cotton by
utilizing the variations in ribosomal RNA genes [106]. �e
genetic diversity between the upland cotton, wild species (G.
raimondii, G. thurberii, and G. sturtianum) and their BC3
progenies was evaluated usingAFLPmarkers [117]. Intra- and
interspeci�c relatedness of theG. barbadense, G. arboreum,G.
raimondii, and G. hirsutum are determined by AFLPs which
demonstrated its usefulness for genetic relatedness across
wide range of species [17]. �e relationship between the par-
ents and four day neutral backcross generations of cotton was
determined using 43 AFLP markers [68]. Comparative study
was conducted to evaluate AFLP and RAPD techniques using
16 diploid cotton genotypes and it was concluded that AFLP
markers are more e�cient for polymorphism detection and
for analyzing of genetic diversity as compared to RAPDs [72].
Similarly, genetic diversity of 26 Tanzanian cotton genotypes
(Gossypiumhirsutum L.) was studied using theAFLPmarkers
[66]. �e results of this study indicated the high values of
genetic similarity which show the lower genetic diversity
among Tanzanian cotton cultivars. Reference [65] mapped
98 AFLP markers and assigned 22 distinctive chromoso-
mal positions using cytogenetic deletion stocks. Mapping
information enhanced the utilization of AFLPs and can be
used to saturate the existing marker frequency over di	erent
chromosomes.

In cotton, SSRs are considered as a new class of DNA
markers which hastened cotton genetic diversity and map-
ping studies [27] and are important source to observe the
transcribed genes [118]. �ere are multiple reports about
using the SSR markers for genetic diversity. Reference [119]
identi�ed 71 SSR loci with 65 primer pairs and placed themon
distinctive chromosomes of cotton. Genetic diversity among
U.S. and Australian cultivars, and day neutral lines of G.
hirsutum was also analyzed by SSR markers [120].

Further saturation of SSR markers was extended by addi-
tion of 204 markers which exhibited 261 segregating bands
giving rise to 233 mapped loci in cotton [77]. Interspeci�c
polymorphism between G. barbadense and G. hirsutum was
also studied using SSR markers and results showed that
polymorphism between species was high but it was low
within species [121]. Reference [122] developed new SSR
markers, analyzed the status of 23 chromosomes and found
that the inter loci distance was 4.9 cM. Diversity among
52 di	erent G. hirsutum cultivars was studied by 31 SSR

primer pairs and successfully discriminated the 52 cultivars
through broader allelic coverage [123]. Similarly, genetic
diversity of 43 upland cotton varieties [124], 56 sea-island
cotton accessions [125], 19 Bt cotton genotypes [107], 50
representative Pakistani genotypes [104], and 193 upland
cotton cultivars [126] were evaluated using 36, 237, 104, 70,
and 448 SSR markers, respectively. SSRs have also been used
to assess the genetic purity of the cotton hybrids [127] and
demonstrated as an e	ective tool for hybrid identi�cation.

Recent developments in next generation sequencing
(NGS) and RNA-seq technology have generated high-
throughput sequence data which facilitated the identi�cation
of SNPs as e	ective and highly saturated markers for genetic
studies in cotton. Genetic variations within and between
the di	erent species of cotton have been characterized by
1000 SNPs and 279 In-Dels from the 270 and 92 loci
segregating in G. barbadense and G. hirsutum to provide
mapped molecular markers for crosses within species and
introgression of foreign germplasm in cotton [99]. A genome
reduction experiment based on the restriction site conserva-
tion (GR-RSC) and previously generated assembly of express
sequence tags (ESTs) were used to discover the SNPs in 4
accessions of G. hirsutum and G. barbadense. A total 11,834
and 1,679 non-genic and 4,327 genic SNPs were identi�ed in
the GR-RSC and EST assemblies using highly conservation
parameters. �e KASPer assays were used to target the 1,052
(704 nongenic and 348 genic) genome speci�c SNPs between
the G. hirsutum accessions [93]. �e assay then tested for
the Mendelian segregation ratio in the F2 population derived
from a cross of upland cotton (G. hirsutum) cultivars.

3.2. QTLs Mapping for Important Economic Traits in Cot-
ton. �e regions in genomes to have genes linked with a
quantitative trait are known as quantitative trait loci, QTLs
[128], and the process of developing linkage maps and
performing QTL analysis is referred to as QTLmapping [129,
130]. QTL analysis stands on the principal of identifying a
connection among phenotype and genotype ofmarkers [128].
�e QTLs identi�ed in cotton germplasm using di	erent
marker technologies are summarized in Table 3.

RFLPs have been widely used to map genes of economic
interest in cotton. Previously, RFLP map of G. hirsutum and
G. barbadensewas used tomap 14QTLs for �ber related traits
[131]. Similarly, genes in�uencing density of stem and leaf
trichomes [132], high gossypol plant, and low seed gossypol
contents [117] were con�ned by RFLP markers. Reference
[131] developed an RFLP map of 261 markers distributed
among 26 linkage groups using F2 plants from an interspeci�c
cross. Another genetic linkage map was developed using
RFLP markers, and 26 QTLs were recognized for agronomic
and �ber quality traits [41]. Later on RFLP based QTL
mapping was extended to leaf chlorophyll contents [133].
Backcross population of G. hirsutum and G. barbadense was
used to map 28, 9, and 8 QTLs for �ber length, length
uniformity, and short �ber contents, respectively, using the
262 RFLP markers [134].

RAPDs have also been widely used for QTL mapping
in cotton; however, lack of reproducibility and unknown
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chromosomal positions remained main disadvantages which
restricted the use of RAPDs in advanced studies. Refer-
ence [135] used 85 RAPD markers and identi�ed 13 QTLs
associated to the �ber quality in the F2 population derived
from the G. hirsutum and G. barbadense cross. �ere are
numerous studies on using the RAPDs for QTL mapping
along with other molecular markers (Table 3). An extensive
SSR genotyping was conducted over F2 populations from 3
diverse upland cotton genotypes using 1378 markers and 39
�ber related QTLs were identi�ed [136]. Recombinant inbred
lines (RILs) are also important mapping populations and
several QTLs related to plant architecture [137], yield [3], and
�ber quality [19] have been identi�ed in upland cotton using
RILs. About 31QTLs linked to the yield and �ber quality traits
are detected bywide array of SSR and EST SSRmarkers (6123)
in 4 way cross populations developed from the 4 inbred lines
of G. hirsutum [138]. A genetic linkage map of the tetraploid
cotton was developed using 1601 pairs of SSR and 247 SNP
markers [139]. �e genetic map consisted of the 2072 loci
covering 3380 cm of the cotton genome. Two F2 populations
were generated by the crosses of upland cotton cultivars and
4083 SSR markers were used for QTL analysis, which detect
54 QTLs linked to early maturity [140].

A total of 144 primer combinations of AFLPs and 150 of
SSRs were used to detect 28 QTLs related to the �ber traits
[141]. To know the signi�cant threshold for the LR statistics,
permutation tests were carried out a
erwhich 7QTLs remain
signi�cant. RIL lines developed from the intraspeci�c cross of
upland cotton are used to detect the 12 epistatic and 4 main
QTLs related to the plant architectural traits by 2130 SSR, 2
RAPD and 1 SRAP markers [137].

Conclusively, huge arrays of QTLs have been identi�ed
using multiple molecular marker technologies. Description
of stable QTL from diverse generations, common QTL from
various populations and homologous QTLs raises the infor-
mation on the genetic base. Information about distribution
of important QTLs in the genome of cotton is very important
and promises the future strategy for marker assisted breed-
ing. Cotton Gen serves as an important database for such
information and currently this database has 988 QTLs for
25 di	erent traits (http://www.cottongen.org/data/qtl) which
can be surveyed according to objectivity.

3.3. Genome Wide Association Studies (GWAS) in Cotton.
Association mapping, also known as linkage disequilibrium
(LD) mapping, has appeared as a tool to determine the
variation in complex traits using historical and evolutionary
recombination actions at the population level [142]. In asso-
ciation mapping nonstructured populations are phenotyped
and genotyped to identify the trait associated with marker
[143]. �is results into capture of wider recombination and
higher resolution mapping as compared to linkage mapping
[144]. �e applications of association mapping for cotton
assist extensive employment of natural genetic diversity con-
served within the worldwide collections of cotton germplasm
[145], as in other plant germplasm resources. Turning the
e	orts of gene-tagging from biparental QTL mapping to LD-
based association study promise the productive employment

of ex situ conserved genetic diversity of global germplasm
resources of cotton [10]. �e cotton genome may need few
numbers of markers for productive associating mapping
of complex traits, which is also reported for other crops
[146]. Regarding the tetraploid genome of cotton with a
total recombination length of about 5,200 cm and an average
400 kb per cm [22], the LD block sizes of ∼5-6 cm distance
is su�cient to conduct an association mapping of di	erent
traits that would require a maximum of ∼1,000 polymorphic
markers for successful and reliable associationmapping [147].
Extent of genome-wide LD and association mapping of
�ber quality traits were reported using 95 SSR markers in
285 exotic accessions of G. hirsutum comprised of 208 lan-
draces and 77 varieties [10]. Similarly, LD-based association
mapping was conducted for �ber quality traits in 335 G.
hirsutum germplasm using 202 SSR markers [147]. Progress
in genome sequencing technology provides an opportunity to
produce large size genotypic data, which supports association
mapping over QTL mapping and because of this association
mapping is becoming more common [148].

3.4. Marker Assisted Selection (MAS) in Cotton. Marker
assisted selection (MAS) is a procedure by which a phenotype
is selected on the basis of genotype of a marker [128].
Selecting the plants in the segregating population that have
the suitable genes combinations is the important component
of plant breeding [149]. Once the markers tightly linked to
the genes have been detected, breeders may use particular
DNA marker to identify the plants carry the genes [150].
�e e	ectiveness and cost of MAS are in�uenced by the
marker technique; therefore, it must be selected carefully
[151]. During the past two decades, RAPDs techniques
have been used for MAS for getting the glanded plants
and glandless seeds in the interspeci�c population of G.
sturtianum and other species [152]. It was exposed that DNA
markers connected to the major QTL (QTLFS1) for �ber
strength could be utilized inMAS to increase �ber strength of
commercial varieties in segregating populations [153]. Some
RAPD markers were developed into locus speci�c sequence
characterized ampli�ed region (SCAR) markers to screen the
BC1F4 upland cotton. For example, SCAR 1920marker for the
major �ber strength QTL was developed and has been used
for selecting desirable genotypes [154]. Screening of the SNPs
which aremapped on chromosome 10 recognized extra 3 SNP
markers thatwere associatedwith blue disease resistance gene
(Cbd) which were employed to e�ciently characterize a trait
allowing MAS for strong levels of blue disease resistance in
cotton breeding programs [155].

4. Cotton Draft Genome and Its Implication

�e increasing information of DNA sequencing allows the
discovery of genes and molecular markers associated with
di	erent traits, opening new avenues for crop improvement
[148]. Sequencing of DNA promises to display the spectrum
of diversity in the genus Gossypium. �e tetraploid cotton
species (2� = 4� = 52), such as G. hirsutum and G. bar-
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badense, are thought to have developed by an allopoly-
ploidization that happened nearly 1-2 million years ago, in
which a D-genome species is pollen parent and species of an
A-genome is maternal parent [12, 156]. It is essential to have
a basic awareness of the structure of the component genomes
to understand the cultivated polyploid genomes, their evo-
lution, and interaction between their subgenomes. Toward
the long-term aim of characterizing the diversity among
cotton genomes, the cotton geneticists have prioritized the D
genome progenitor G. raimondii for complete sequencing. G.
raimondii has a ∼880Mb genome [157], the smallest genome
in the genus Gossypium at ∼60% of the size of diploid A-
genome and 40% of the tetraploids [158]. A physical map of
G. raimondii genome was assembled and several evidences
referred that the G. raimondii genome is composed of two
di	erent qualitative components, one that is gene-rich and
another that is repeat-rich [158]. About 40,976 protein coding
genes, and 2,355 syntenic blocks identi�ed in the genome of
G. raimondii [159]. Similarly, the sequencing and assembling
of G. arboreum genome depicted that 68.5% of the genome
is covered by repetitive DNA sequences and about 41,330
protein-coding genes were predicted in the genome of G.
arboreum [160].

5. Future Prospects

Cotton is a major source of foreign exchange for many
countries around the globe; therefore, major focus remains
the enhancement of yield and quality of �ber. �is challenge
can be accomplished by introducing new alleles from wild
species [161, 162] and use of modern molecular technologies
helping in increasing genetic gain of economic traits. In this
scenario, it is believed that sequencing of the G. raimondii
[159] and G. arboreum [160] dra
 genomes will facilitate the
gene discovery of important traits. �ese genome resources
can also be used for discovery of high-throughput marker
platforms like Select SNP arrays. �ese high-throughput
DNAmarkers will be helpful in recognizing the cotton geno-
types carrying desired characters and was successfully used
not only to study the genetic diversity but to develop linkage
maps and mapping agronomic traits [12, 20], which are
necessary for acceleration of varietal development. Although
the QTL mapping for the various traits, that is, �ber yield
and quality [131], drought tolerance [133], disease resistance
[163, 164], and pests resistance [165] have been accomplished
in cotton but these may not be helpful to clone causal genes
due to lower marker densities. In general, the choice of a
molecular marker technique is based on reliability, statistical
power, and level of polymorphisms. Since their invention
they are being continuously modi�ed for improved utility
to solve many problems and to bring forth automation.
When these markers techniques reach a greater degree of
automation then it will be suitable to use DNA markers
directing to a new “Green Revolution” in the agricultural
world.

Presently, the enormous development of more e�cient
DNAmarkers will go on in the future, because they can serve
as an important tool for the plant breeders and geneticists

to develop the cultivars of cotton that are demanded by
the society. It has been proposed that SNPs marker will
have large in�uence on MAS and mapping studies in future
due to high abundance and development of sophisticated
detection system [195]. GBS will clearly become the marker
genotyping platform in coming years. So the development of
novel markers such as GBS and SNPs and the accessibility of
modern technologies such as DNA Chips and microarrays
hasten genome mapping and subsequent gene discovery in
the cotton for e�cient cotton varietal development.

Conflict of Interests

�e authors declare that there is no con�ict of interests
regarding the publication of this paper.

Acknowledgment

We are highly thankful to Dr. Awais Rasheed (CIMMYT,
China) for his valued inputs and comments.

References

[1] USDA, Cotton and Wool Year book, Dataset, 2011, http://usda
.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?docu-
mentID=128.

[2] K. F. Abdellatif, Y. A. Khidr, Y. M. Mansy, M. M. Lawendey, and
Y. A. Soliman, “Molecular diversity of Egyptian cotton (Gossyp-
ium barbadense L.) and its relation to varietal development,”
Journal of Crop Science and Biotechnology, vol. 15, pp. 93–99,
2012.

[3] T. Zhang, N. Qian, X. Zhu et al., “Variations and transmission
of QTL alleles for yield and �ber qualities in upland cotton
cultivars developed in China,” PLoS ONE, vol. 8, no. 2, Article
ID e57220, 2013.

[4] H. J. Kim and B. A. Triplett, “Cotton �ber growth in planta
and in vitro. Models for plant cell elongation and cell wall
biogenesis,” Plant Physiology, vol. 127, no. 4, pp. 1361–1366, 2001.

[5] Y.-L. Ruan, D. J. Llewellyn, and R. T. Furbank, “Suppression
of sucrose synthase gene expression represses cotton �ber cell
initiation, elongation, and seed development,” Plant Cell, vol. 15,
no. 4, pp. 952–964, 2003.

[6] Y.-M. Qin and Y.-X. Zhu, “How cotton �bers elongate: a tale of
linear cell-growth mode,” Current Opinion in Plant Biology, vol.
14, no. 1, pp. 106–111, 2011.

[7] P. A. Fryxell, “A revised taxonomic interpretation of Gossypium
L. (Malvaceae ),” Rheedea, vol. 2, pp. 108–165, 1992.

[8] J. O. Beasley, “�e production of polyploids in gossypium,”
Journal of Heredity, vol. 31, no. 1, pp. 39–48, 1940.

[9] J. E. Endrizzi, E. L. Turcotte, and R. J. Kohel, “Genetics, cytology
and evolution of Gossypium,” Advances in Genetics, vol. 23, pp.
271–375, 1985.

[10] I. Y. Abdurakhmonov, R. J. Kohel, J. Z. Yu et al., “Molecular
diversity and associationmapping of �ber quality traits in exotic
G. hirsutum L. germplasm,” Genomics, vol. 92, no. 6, pp. 478–
487, 2008.

[11] J. F. Wendel and R. C. Cronn, “Polyploidy and the evolutionary
history of cotton,” Advances in Agronomy, vol. 78, pp. 139–186,
2003.



10 �e Scienti�c World Journal

[12] Z. J. Chen, B. E. Sche�er, E. Dennis et al., “Toward sequencing
cotton (Gossypium) genomes,” Plant Physiology, vol. 145, no. 4,
pp. 1303–1310, 2007.

[13] M. J. Iqbal, O. U. K. Reddy, K. M. El-Zik, and A. E. Pepper,
“A genetic bottleneck in the ‘evolution under domestication’
of upland cotton Gossypium hirsutum L. examined using DNA
�ngerprinting,”�eoretical and Applied Genetics, vol. 103, no. 4,
pp. 547–554, 2001.

[14] J. O. Beasley, “�e origin of American tetraploid Gossypium
species,”�e American Naturalist, vol. 74, pp. 285–286, 1940.

[15] J. O. Beasley, “Meiotic chromosome behavior in species, species
hybrids, haploids and induced polyploids ofGossypium,”Genet-
ics, vol. 27, no. 1, pp. 25–54, 1942.

[16] J. F. Wendel, C. L. Brubaker, and A. E. Percival, “Genetic
diversity in Gossypium hirsutum and the origin of upland
cotton,”American Journal of Botany, vol. 79, no. 11, pp. 1291–1310,
1992.

[17] A. M. Abdalla, O. U. K. Reddy, K. M. El-Zik, and A. E. Pepper,
“Genetic diversity and relationships of diploid and tetraploid
cottons revealed using AFLP,”�eoretical and Applied Genetics,
vol. 102, no. 2-3, pp. 222–229, 2001.

[18] X. L. Song, X. Z. Sun, T. Z. Zhang, and H. G. Wang, “Advances
on genetic diversity of cotton (Gossypium),” Acta Botanica
Boreali-Occidentalia Sinica, vol. 24, pp. 2393–2397, 2004.

[19] Z.-S. Zhang, Y.-H. Xiao,M. Luo et al., “Construction of a genetic
linkage map and QTL analysis of �ber-related traits in upland
cotton (Gossypium hirsutum L.),” Euphytica, vol. 144, no. 1-2, pp.
91–99, 2005.

[20] H.-B. Zhang, Y. Li, B.Wang, andP.W.Chee, “Recent advances in
cotton genomics,” International Journal of Plant Genomics, vol.
2008, Article ID 742304, 20 pages, 2008.

[21] K. Arumuganathan and E. D. Earle, “Nuclear DNA content
of some important plant species,” Plant Molecular Biology
Reporter, vol. 9, no. 3, pp. 208–218, 1991.

[22] A. H. Paterson and R. H. Smith, “Future horizons: biotech-
nology of cotton improvement,” in Cotton: Origin, History,
Technology, and Production, pp. 415–432, John Wiley & Sons,
New York, NY, USA, 1999.

[23] V. Tatineni, R. G. Cantrell, and D. D. Davis, “Genetic diversity
in elite cotton germplasm determined by morphological char-
acteristics and RAPDs,” Crop Science, vol. 36, no. 1, pp. 186–192,
1996.

[24] C. L. Brubaker and J. F. Wendel, “RFLP diversity in cotton,” in
Genetic Improvement of Cotton, Emerging Technologies, pp. 81–
101, Science Publishers, En�eld, NH, USA, 2001.

[25] N. D. Young, “Constructing a plant genetic linkage map with
DNA markers,” in DNA-Based Markers in Plants, pp. 39–
57, Kluwer Academic Publishers, Dordrecht, �e Netherlands,
1994.

[26] M. Agarwal, N. Shrivastava, andH. Padh, “Advances inmolecu-
lar marker techniques and their applications in plant sciences,”
Plant Cell Reports, vol. 27, no. 4, pp. 617–631, 2008.

[27] S. Preetha and T. S. Raveendren, “Molecular marker technology
in cotton,” Biotechnology and Molecular Biology Reviews, vol. 3,
no. 2, pp. 32–45, 2008.
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