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Abstract
Cotton (Gossypium spp.) contributes significantly to the economy of cotton-producing countries. Pakistan is the
fourth-largest producer of cotton after China, the USA and India. The average yield of cotton is about 570.99
kg.hm− 2 in Pakistan. Climate change and different biotic stresses are causing reduction in cotton production.
Transgenic approaches have unique advantage to tackle all these problems. However, how to confer permanent
resistance in cotton against insects through genetic modification, is still a big challenge to address. Development of
transgenic cotton has been proven to be effective. But its effectiveness depends upon several factors, including
heterogeneity, seed purity, diffusion of varieties, backcrossing and ethical concerns. Cotton biotechnology was
initiated in Pakistan in 1992–1993 with a focus on acquiring cotton leaf curl virus (CLCuV)-resistant insect-resistant,
and improving fiber quality. This review summarizes the use of molecular markers, QTLs, GWAS, and gene cloning
for cotton germplasm improvement, particularly in Pakistan.
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Background
Cotton is a cash crop in cotton-producing countries and
is the second most important crop since it contributes
significantly to the economy of Pakistan. Since its cultivation, cotton industry has endured serious external
pressure of climate change, biotic and abiotic stresses,
leading to a substantial economic loss in the country.
Therefore, a continuous effort in cotton sustainable production is crutial to meet the requirements of domestic
and export demand. Commercially, cotton is getting
popular among farmers compared with several other
crops. Hence, different techniques, strategies and policies are considered to develop new and resistant germplasms for sustainable development of cotton industry in
Pakistan.
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Introduction
Cotton is known as a “white gold” in cotton-producing
countries, and it was grown over 33 million hectares in
2019 worldwide (Tarazi et al. 2020). Cotton consumption is increasing, corresponding to a tremendous increase in population around the globe (FAO 2019).
Pakistan is an agricultural country, and cotton is the second most important crop with a significant role in its
economy. It contributes 0.8% in the overall GDP and an
additional 4.5% in agriculture value addition (Rehman et
al. 2019). During 2018–2019, a decrease of 17.5% was
seen with an overall production of 9 861 million bales
versus11 946 million bales in 2017–2018. This decrease
in cotton production was due to the decrease in incentives to the farmers compared to the previous year, leading to the shrinkage in cultivation area from 2 700
thousand to 2 373 thousand hectares (Economy Survey
of Pakistan 2018–2019). Pakistan is ranked fourth in cotton production around the world. Since the introduction
of cotton biotechnology in Pakistan in 1992–1993, several measures have been taken into account to improve
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its quality and yield. Breeding programs, cloning, cotton
transformations, utilization in germplasm sources and
molecular markers-based technologies have been discussed coupled with the increase in capacity building of
various funding and research agencies.

Cotton germplasm
Cotton (Gossypium spp.) belongs to Malvaceae family
and is found on the Indian subcontinent, America and
Africa. The end product of cotton is fiber, a backbone of
the textile industry, which develops through a series of
processes in bolls after pollination of flower (Bakhsh et
al. 2009). The major genus of cotton is Gossypium containing 50 different species, out of which only four are
commercially grown for agricultural use (Wendel and
Cronn 2003). The major grown species is G. hirsutum L.
contributing almost 80% of the total cotton production
in Asia. The genetic resources of cotton are immense
and dispersed over five continents with classification as
primary, secondary and tertiary germplasm pools (Wendel et al. 1994). The ploidy characters of the Gossypium
genus show a big variation which makes its classification
quite difficult. Many researchers have given the classification of this genus, but the most widely accepted one is
done by Chen and Gallie (2004) which is based upon
chromosomal paring affinities. A total of 50 species of
cotton have been classified of which 45 species have
been reported as diploid (2n = 26) and 5 species are reported as tetraploid (2n = 52) (Chen et al. 2014). Mexico
is considered to be the center of origin of G. hirsutum
and it has spread over Central America and the Caribbean. According to the archaeo-botanical survey, G. hirsutum is domesticated within the Mesoamerican gene
pool. (Wendel et al. 1994; Brubaker et al. 1999). Although, Asiatic or desi cotton (G. arboreum) gives low
yield, it has many important agronomical characteristics,
e.g. good fiber strength with remarkable plasticity, showing better insect resistance and stronger capacity to grow
under poor growing conditions than G. hirsutum.
Cotton germplasm resources in Pakistan
There are many countries with a history of cotton germplasm production such as China, Brazil, the United
States, India and Pakistan (Robinson et al. 2007). G.
arboreum is indigenous to Pakistan and has been
evolved from G. herbaceum L. (Rehmat et al. 2014;
Hutchinson 1954). These genotypes have been characterized by morphological, agronomical and physiological
features showing tolerance against drought and insect/
pest (Rehmat et al. 2014).
Evolution of G. arboreum L. in Pakistan
Due to limited cross-pollination or mixing of the seeds,
most of the cotton germplasm of G. arboreum has been
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obtained within several variants. The natural selection
from a single population resulted a narrow genetic base
of the cultivars. Initially, two cotton varieties such as Z.
Mollisoni and 278-Mollisoni were developed to replace
old varieties. The Cotton Research Institute (CRI) was
established in Faisalabad for the improvement of varieties, and it was initiated by Trought T. and later on by
Afzal M. The improved 15-Mollisoni cotton line was
tested in national trials for 13 years and approved for
cultivation in 1930 concerning its high ginning outturn
(GOT) of 35% compared with 34% for Mollisoni and
33% for the mixture cultivated in the farmer’s field. Another variety 39-Mollisoni was tested, which showed
36%∼37% GOT as compared with 35% of 15-Mollisoni
(Rahman et al. 2012).
Cotton varieties developed by local crossovers

The Bt cotton variety CIM-775 was selected in the
crosses of local cultivars and accessions from United
States Department of Agriculture (USDA) National Plant
Germplasm System, and this variety secured 2nd position based on yield performance among 102 varieties in
the National Coordinated Varietal Trials (NCVT) conducted in 2019–2020. This is a cotton leaf curl virus
(CLCuV) tolerant variety and has an increased yielding
potential of 50–60 pounds per hectare with a staple
length of 28.6 mm, a lint percentage of 39.5% and a
micronaire value of 4.3. The Bt variety CIM-303 was also
developed by crossing United States Department of
Agriculture (USDA) National Plant Germplasm System
Accessions to local germplasm materials, and it shows
promising results on CLCuV tolerance. The cotton varieties developed by crossing NIAB 999 and NIAB 111
were early maturing, high yield, and heat and CLCuV
tolerance.
The mutant cotton variety Chandi 95 was approved in
1982. It was developed by irradiation of gamma radiations (300 Gy). The cotton variety NIAB 78 was developed by irradiation-induced mutation and was a
derivative of (AC-134 × Deltapine) F1. It was approved
by Punjab Seed Corporation (PSC) for general cultivation in Punjab in 1983. The introduction of this variety
increased the yield from 3 million bales in 1983 to 12.8
million bales in 1991–1992. In 2008, cotton variety
NIAB-846 approved by PSC was developed by the crossing of NIAB 78 and REBA 288 (pollen irradiated with 10
Gy of gamma rays). This variety was resistant to CLCuV
and CLCuV-B (Burewal strain) and had heat tolerance.
NIAB 777 was approved in 2009, and has resistance
against CLCuV-B and is suitable for high planting density as shown in Table 1.
CRI Faisalabad had been carrying out a breeding program for desi cotton at different research stations, including Haroonabad where the breeding practices
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started in 1952 in the drought prone area. Based on leaf
morphology and color, four candidate lines were identified. Among different tested varieties, 73/3, was found
superior with 42% of GOT and a staple length of 13.7
mm compared with an cultivated mixture with 37%∼38%
GOT and 16∼19 mm staple length. It was noted that the
newly developed varieties showed yield compared with
that of the cultivated mixture of desi cotton. These observations led the breeders to abandon the varietal improvement by selection (Campbell et al. 2010). G.
arboreum was replaced by high yielding G. hirsutum,
and then several cotton varieties were developed in
Pakistan by hybridization and mutations. Some approved
varieties of Bt and non-Bt cotton in Pakistan are listed
in Table 2.
Genetic engineering and biotechnology have played a
vital role in the development of transgenes application
and the overall economy boosting of Pakistan through
agriculture. Plant biotechnology has enabled the researchers to incorporate foreign genes that control different traits such as drought resistance, fiber quality,
herbicide resistance, CLCuV resistance and pest resistance. The rapid increase in genetically modified (GM)
cotton enhances the planting acreage and productivity of
many countries around the world, including Pakistan.
Central Cotton Research Institute (CCRI), Multan is
striving hard to develop new cotton varieties with tolerance to stresses and desired fiber traits. The CCRI has
maintained 6 030 accessions of four cotton species.
Many varieties have been approved for cultivation during the last few decades. For example, Bt.CIM-598 has
been approved for cultivation in Sindh province. BtCIM-632 and Bt-CIM-610 have completed their 2 years
trial in NCVT while Bt-CIM-663 and Bt-CIM-343 have

completed their first year trial in NCVT. The CCRI evaluated 33 Bt lines and 15 non-Bt lines at Multan and
Khanewal on desirable characteristics, and the data were
presented during the 77th expert sub-committee in
March 2018. The exotic lines Mac-07 and AS-0349 were
crossed for resistance against CLCuV in filial
generations.
Pakistan Central Cotton Committee (PCCC) was
established to create funds for the development and
marketing of cotton. The PCCC developed many different cotton varieties in 1985–2018 as listed in Table 3.

Molecular marker technology in cotton
Molecular marker is very useful for molecular
characterization and identification of genetic variation,
and has been used in the marker-assisted selection
(MAS) and genome fingerprinting (Kalia et al. 2011).
The molecular markers are important in genomics research because they may or may not link with the
phenotypic expression of a character in an organism
(Agarwal et al. 2008). In cotton genomes, the most important molecular markers are polymerase chain reaction (PCR)-based markers because of their high
effectiveness and utilization which include inter simple
sequence repeats (ISSRs) (Reddy et al. 2002), amplified
fragment length polymorphism (AFLP) (Abdalla et al.
2001; Alvarez and Wendel 2006), simple sequence repeats (SSRs) (Liu et al. 2000; Zhu et al. 2003) and random amplified polymorphic DNA (RAPD) (Tatineni et
al. 1996; Xu et al. 2001; Lu and Myers 2002). Among the
genomic resources, there are about 16 162 SSRs and 312
mapped cotton RFLP sequences available publicly. The
RFLP, SSR, AFLP, AFLP and RAPD markers have been
applied in different mapping populations to develop

Table 1 The cotton varieties (Gossypium hirsutum) developed through mutation breeding
Crop(s)
Cotton

Varieties

Year of release

Potential Yield/ (kg·hm− 2)

Average Yield at farmer’s fields/ (kg·hm− 2)

NIAB-78

1983

7 200

3 500

NIAB-86

1990

6 800

3 600

NIAB-26

1992

6 500

4 200

NIAB-Karishma

1996

7 400

4 500

NIAB-999

2003

6 200

3 400

NIAB-111

2004

6 500

4 500

NIAB-846

2008

5 590

4 900

NIAB-777

2009

7 500

5 000

NIAB-852

2012

5 500

4 500

NIAB-112

2013

5 500

4 500

NIAB-Kiran

2013

6 600

5 000

IR-NIAB-824

2013

4 500

3 500

NIAB-2008

2016

5 000

4 500

NIAB-878B

2017

7 000

5 000
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Table 2 Approved Bt and non-Bt cotton varieties in Pakistan
from 2010 to 2019

Table 2 Approved Bt and non-Bt cotton varieties in Pakistan
from 2010 to 2019 (Continued)

Sr. No.

Sr. No.

Variety Name

Year of Release

63

NIAB-2008

2015
2015

Variety Name

Year of Release

Bt Varieties
1

IR-3701

2010

64

GOMAL-105
Bt Varieties

2

Neelum-121

2010

65

3

FH-113

2010

66

CIM-602

2016

Non-Bt Varieties

4

Sitara-008

2010

5

MG-6

2010

67

NIAB-KIRAN

2016

CIM-620

2016

6

Ali Akbar-703

2010

68

7

Ali Akbar-802

2010

69

CRIS-129

2016

70

RJ-120

2016

8

IR-1524

2010

9

GN Hybrid-2085

2010

Non-Bt Varieties
10

Sindh-1

Bt Varieties
71

2010

72

IR-NIBGE-4

2017

IR-NIBGE-6

2017

Non-Bt Varieties

11

CRIS-342

2010

12

NIA-Ufaq-08

2010

73

RH-668

2018

2010

74

CIM-632

2018

Bt Varieties

75

NIAB-1048

2018

14

Tarzan-1

2012

76

NIAB-545

2018

15

MNH-886

2012

77

Crystal-12

2018

Sitara-15

2018

13

Malmal

16

NS-141

2012

78

17

FH-114

2012

79

Sahara-150

2018

CIM-610

2018

18

IR-NIBGE-3

2012

80

19

CIM-598

2012

81

RH-662

2018

FH-152

2018

FH-490

2019

20

Sitara 009

2012

82

21

A-One

2012

83

Non-Bt Varieties
22

CIM-573

2012

23

FH-941

2012

24

FH-942

2012

GS-1

2013

50

Bt Varieties
51

AGC-777

2015

52

MM-58

2015

53

LEADER-1

2015

54

VH-305

2015

55

IUB-13

2015

56

FH-LALAZAR

2015

57

BS-52

2015

58

BH-184

2015

59

Cyto-177

2015

60

AGC-999

2015

MNH-988

2015

61

Non-Bt Varieties
62

Cyto-124

2015

linkage maps. It has been reported that the identification
of DNA markers is associated with over 29 important
traits such as fiber quality and yield, leaf and flower
morphology, trichomes density and their distribution,
and disease resistance (Rahman et al. 2012).
The advent of cotton leaf curl virus (CLCuV) was
proved to be a compelling factor to design novel strategies for cotton breeding programs in Pakistan. Before
the occurrence of CLCuV epidemics, the genetic similarity among the elite cotton varieties in Pakistan (Gossypium spp.) was 81.5%∼93.41%. New cultivars were
developed by crossing the exotic resistant germplasm
with the germplasm that susceptible to CLCuV (Rehman
et al. 2012). The study was designed to assess the genetic
diversity or genetic relatedness among the newly released, extremely resistant and medium-resistant cultivars. Different methods such as field evaluation,
whitefly-transmission
studies,
grafting,
dot-blot
hybridization, and multiplex-PCR using conserved primer sequences were employed for the screening of 27
cotton genotypes. Twenty extremely resistant and resistant cultivars were selected for DNA-RAPD analysis. The
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genetic similarity of exotic germplasm with the elite cultivars was found in the range of 81.45%∼90.59%. Similarly, the genetic relationship among the elite cultivars
was 81.58%∼94.90%. However, the average genetic similarity among all the studied genotypes was 89.55%. It
was concluded that only cultivar VH-137 possessed a diverse genetic background. The study also emphasized
breeding for high genetic diversity to serve as a buffer
against potential epidemics (Rahman et al. 2002).
The CLCuV has resulted in a significant loss in the
economy of Pakistan and its rapid transmission is a
major threat to the neighboring cotton-growing countries such as China and India. In a current study, a total
of 10 cotton genotypes of different tolerance levels were
taken from the cotton germplasm resource available at
the National Institute of Biotechnology and Genetic Engineering (NIBGE), Faisalabad-Pakistan. In total, 322
SSRs derived from bacterial artificial chromosome end
sequences of G. raimondii were screened out. Of the
total, 65 primer pairs were identified as polymorphic,
and the genetic similarity was found in the range of
81.7%∼98.7%. Among the polymorphic markers, only
two SSR markers, PR-91 and CM-43 were amplified in
the CLCuV-tolerant genotypes which showed significant
association with tolerance to the disease (Abbas et al.
2015).
The epidemic virus has spread to the cotton-growing
countries including the USA, China, Pakistan, and India.
Both pathogenic and non-pathogenic approaches for the
development of transgenic cotton are in progress. The
use of DNA markers overlaid with transgenics and
CRISPR/Cas system for the insertion of resistant
markers into adapted cultivars would be instrumental to
counteract the disease caused by CLCuV (Rahman et al.
2017).
A summary of the genomic diversity, evaluated with
genetic markers in Pakistan and major cotton-growing
countries is described in Table 4.
Status of marker-based improvement of cotton in
Pakistan

Recent advances in cotton biotechnology such as DNA
sequencing technology and genome editing have changed the path of marker-based crop improvement. This
has given valuable standards with improved status of
plants (Yin et al. 2019). These techniques facilitate the
discovery of SNPs which are useful and extremely saturated markers for cotton genomic research. In summary,
all the markers have their own advantages and limitations and the choice of these markers depends on the selected trait and the nature of the work. Based on the
SSR marker polymorphism analysis, cultivars released in
Pakistan since 1914 showed relatively low genetic diversity (Khan et al. 2010).
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Cotton QTL studies in Pakistan

There are many factors that determine the fiber quality,
including fiber color, strength, length, micronaire, and
corresponding yield (Lokhande and Reddy 2014). A certain advancements have been made in the spinning performance of cotton fiber that increases the fiber quality
and yield-associated parameters to a significant level
(Kohel et al. 2001). In cotton breeding, the most crucial
issue is the negative correlation between lint yield and
fiber quality (Zhang et al. 2003; Shen et al. 2007). Therefore, to identify the regions of linked genes related to lint
yield and fiber quality in the cotton genome and to develop the linkage maps, researchers utilized the technique of QTL analysis. The first QTL mapping was
reported in 1996 and a huge array of QTLs has been
identified by utilizing molecular markers technology. Till
now, several databases have been developed. “Cotton
Gen” is one of them that contains the information of
988 quantitative loci for 25 diverse characters (http://
www.cottongen.org/data/qtl). Currently, 20 QTLs are
recognized for fiber attributes (Shang et al. 2015) and
these attributes were associated with 59 loci (Tan et al.
2015). This progress allows the cotton breeder to improve yield and yield-related parameters and contribute
to the economy of the region. The QTLs identified in
cotton germplasm using different marker technologies
are summarized, and are commonly used for the genetic
improvement of various agronomic traits in Pakistan. A
total of 185 cotton genotypes of lint traits were selected
and studied at different locations for 3 consecutive years.
The genetic variations were evaluated for different traits
and IR-NIBGE showed a maximum of 43.63% ginning
out turn (GOT). The Ward’s method was used for the
clustering of genotypes. Out of 382 SSRs, 95 polymorphic SSR primer pairs were surveyed on 185 genotypes. A total of 75 markers associations were calculated,
and out of which only MGHES-51 was found associated
with all traits. This study indicates that the high frequency of favorable alleles in cultivated varieties is possibly due to the fixation of the desired alleles by
domestication. These alleles can be further exploited in
marker-assisted breeding or gene cloning through the
next-generation sequencing tools (Iqbal and Rahman
2017).
Saleem et al. (2018), from the Department of Plant
Breeding and Genetics, BZU-Multan reported droughttolerant QTLs identified using DNA markers (NAU2954, NAU-2715, NAU-6672, NAU-8406, and NAU6790) among 44 drought related varieties in Pakistan.
The varieties were cultivated to observe the features of
the excised leaf water loss, relative water contents and
cell membrane stability under drought stress. It was
noted that chromosome 23 harboring QTL-qtlRWC-1
for relative water content linked with marker NAU-
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Table 3 Cotton varieties developed by PCCC (1985–2018) and their fiber characteristics
Staple length /mm

Micronaire

Strength /tppsia

Variety

Year of Release

Lint perctage /%

SLH-41

1985

36

26.4

4.4

958

CIM-70

1986

31.5

29

4.2

92.5

CIM-109

1990

3 531

27.2

4.4

92

CIM-240

1992

36.5

27.5

4.7

93.7

CRIS-9

1992

34.5

26.5

–

97

BH-36

1992

38.7

28

4.3

100.3

CIM-1100

1996

38

29

3.9

94

CIM-448

1996

38

28.5

4.5

93.8

CIM-443

1998

36.7

27.6

4.9

96

CIM-446

1998

36.2

27

4.7

97.4

CIM-482

2000

39.2

28.5

4.5

98

BH-118

2000

38.7

27.6

4.6

96.2

Marvi CRIS—5A

2001

35.5

26.8

–

97.5

CIM-473

2002

39.7

29.6

4.3

95.2

CIM-499

2003

40.2

29.6

4.4

97.3

CIM-707

2004

38.1

32.2

4.2

97.5

CIM-506

2004

38.5

28.7

4.5

98.9

CIM-496

2004

41.1

29.7

4.6

93.5

CRIS-134

2004

36.5

27.5

–

97.5

CRIS-467

2004

37

27.5

4.6

97.2

CIM-534

2006

40.1

29

4.5

97.2

CRIS-121

2006

36.8

27.5

4.9

98.5

CIM-554

2009

41.5

28.5

4.7

96.8

CRIS-342

2010

38.5

28.4

4.3

95.5

CIM-573

2012

39.3

31.6

4.6

90.2

Bt.CIM-598

2012

41.8

29

4.3

94.8

BH-167

2012

41.1

29.1

4.7

92.7

SLH-317

2012

38

29.8

4.4

96.7

Bt.CIM-595

2013

39.5

29

4.7

97.5

Bt.CIM-599

2013

41.6

28.9

4.6

95

Bt.CIM-602

2013

40.3

29.1

4.2

94.8

CIM-608

2013

41.1

28.5

4.6

93.9

CRIS-129

2014

38.5

28.5

–

98.5

Bt.CIM-600

2015

40.3

29

4.7

94.8

Bt. Cyto-177

2015

40

29

4.3

99.9

Cyto-124

2015

42.6

30.3

4.4

92.4

CIM-620

2016

40.2

28.9

4.6

93

SLH-8a

2016

39

29

4.6

–

CYTO-179

2017

40.2

28.2

4.2

107.6

CIM-598

2017

40

29.5

4.6

96
99.4

BT CRIS-508

2017

40.5

28.7

4.7

CRIS-510

2017

39

28.2

4

92.8

CRIS-533

2017

40.5

28.8

4

97.8

CIM-610

2018

40.2

28.8

4.3

101.9

BT.CIM-632

2018

41.6

28.8

4.3

100.4

a

International unit: CN/tex
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2954, confers drought tolerance in cotton. Furthermore,
the variety of CRIS-134 which was subjected to the
marker-assisted selection (MAS) contained all previously
identified QTLs related to drought tolerance (Saleem et
al. 2018).
Additionally, the National Institute of Biotechnology
and Genetic Engineering (NIBGE) screened 322 SSR
markers derived from bacterial artificial chromosome
end sequences of G. raimondii. When PR-91 and CM-43
were amplified, they showed an association of resistance
against CLCuV (Abbas et al. 2015). Using RAPD
markers, two QTLs for relative water content were detected with the nearest markers NAU2954 and
NAU2715, respectively, each on chromosome 23 and 12
at Department of Plant Breeding and Genetics BZUMultan (Saleem et al. 2015). The RAPD-DNA was
employed with three primers: OPO-19, OPQ-14 and
OPY-2 for the assessment of genetic diversity of 18 cotton varieties in Pakistan. The primers revealed amplification with the product sizes of 470 bp (base pair), 325 bp
and 10 701 bp with a selection efficiency of 27.7%, 67.1%
and 44.4%, respectively (Mumtaz et al. 2010). Similarly,
Diouf et al. identified 1709 genes with 4 QTLs that are
present in two regions named as cluster 1 and cluster 2
(2018). Among 1709 genes, only 153 showed higher expression levels than those of the remaining genes with
lower expression in all fiber development stages. Furthermore, five important genes playing a vital role in the
development of fiber were also identified, namely Gh_
D03G0889,
Gh_D12G0093,
Gh_D12G0969,
Gh_
D12G0410, and Gh_D12G0435 (Diouf et al. 2018).
Hence, it concluded that the QTL technique led to
two complementary uses (Prioul et al. 1997): the first
one focused on those QTLs that target the physiological
components of macroscopic characters whereas the second is marker-assisted breeding (MAB). They are used
for the tagging and analysis of pyramid favorable alleles
and also break their linkage with unfavorable genes in
cotton (Lee 1995; Ordon et al. 1998; Ribaut and Hoisington 1998).
Genome-wide association studies (GWAS) in Pakistan

Linkage dis-equilibrium (LD) mapping, also known as
association-mapping, is an effective way to discover the
dissimilarity in complex characteristics by using historical and evolutionary recombination operations at the
population level (Nordborg and Tavaré 2002). GWAS is
an important tool that is used to recognize QTLs and
dissect the genetic control of complex quantitative characters (Saeed et al. 2014; Islam et al. 2016). To recognize
the characteristics that linked with genetic markers,
non-structural populations are phenotyped and genotyped in association-mapping (Myles et al. 2009). The
association-mapping for cotton aids a large-scale
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utilization of natural genetic diversity conserved within
the cotton germplasm (Abdurakhmonov 2007). Abdurakhmonov et al. analyzed genome-wide LD and association-mapping of fiber-related characters in 285 exotic
accessions of cotton using 95 SSRs markers (2008). Similarly, 202 SSRs were used for the LD-based associationmapping for fiber quality characters in 335 cotton genotypes (Abdurakhmonov et al. 2009).
Gene cloning

Map-based gene cloning is a fundamental approach for
exploitation and recognition of quantitative agronomic
characters. The conventional map-based cloning techniques are efficient, but are laborious and time-consuming due to the complex genome of cotton (Zhu et al.
2017). Therefore, different techniques are developed to
explore the function of genes of interest and how these
genes are successfully transformed into crops. In cotton,
the development of new transformation vectors and new
strategies related to gene cloning and gene editing provides a great opportunity to transform new characteristics and improve yield-related traits that are not possible
to develop through conventional methods. These characters include herbicide (Bayley et al. 1992) glyphosate resistance (Zhao et al. 2006), reduction of gossypol
content in cottonseed (Sunilkumar et al. 2006) and resistance to bollworm (Rashid et al. 2008) and aphids
(Wu et al. 2006). A milestone in cotton research was the
development of the genetically modified organism
(GMO) cotton that contains Bacillus thuringiensis (Bt)
gene. Globally, the transgenic cotton is grown in an area
of more than 33 million hectares (Tarazi et al. 2020). To
produce an ideal transgenic plant, an appropriate gene
construct is necessary. For this purpose, besides the desired gene, the vector also include a reporter gene, selection markers, an appropriate promoter for gene
expression and terminator to make an efficient transformation. CaMV35S (Cauliflower mosaic virus) promoter is a constitutive promoter that is widely used in
transgenic cotton. The selectable marker genes (antibiotic and herbicidal-resistant genes, anti-metabolic
genes) and reporter genes (green fluorescent protein
(GFP), beta-galactosidase (LacZ), luciferase (Luc), chloramphenicol acetyltransferase (CAT), and beta-glucuronidase (GUS)) are helpful to detect the plant which has
transgene expression (Zapata et al. 1999). Furthermore,
a series of pCAMBIA vectors are largely used worldwide,
and they are commonly used in Pakistan for gene cloning in cotton. The presence of kanamycin and bialaphos herbicide resistance genes as selection markers
and GUS or GFP as reporter genes in these vectors
makes them more efficient and unique in nature.
Zapata et al. (1999) reported the use of gramineous
expression vectors pGU4AGBar and pGBIU4AGBar
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Table 4 An overview of genetic diversity studies in cotton using molecular markers
Marker Country Population type
USA

16 near-homozygous elite cotton genotypes

Pakistan 31 Gossypium species, 3 subspecies and 1 interspecific hybrid
18 cotton varieties
11 colored cottons (10 belongs to G. hirsutum and 1 belong to G. areboreum)
5 white-linted genotypes (4 belongs to G. hirsutum and 1 belong to G. areboreum)
SL 7–9 crossed with FH-634 to raise F2 and F3 segregating population
RAPDs

SSRs

AFLPs

ISSRs

USA

10 varieties of Upland cotton

Size

References

80 RAPD primers

Tatineni et al. 1996

45 RAPD primers
03 RAPD primers
45 RAPD primers
400 RAPD primers

Khan et al. 2000;
Mumtaz et al. 2010
Khan et al. 2010
Ali et al. 2009

86 RAPD primers

Lu and Myers 2002

Pakistan 30 cultivars of G. arboretum

50 RAPD primers

Mehboob-ur-Rahman
et al. 2008

Iran

30 RAPD primers

Noormohammadi
et al. 2011

13 F1 and F2 cotton genotypes (Gossypium hirsutum) obtained by crossing

India

Intraspecific cotton F1 hybrid and its parents

20 RAPD primers

Dongre et al. 2012

Iran

11 genotypes of G. hirsutum including 6 F2 progenies

40 RAPD primers

Noormohammadi
et al. 2013a

USA

24 cultivars of G. hirsutum

88 SSR primers

Zhang et al. 2008

China

39 accessions of G. arboreum

358 SSR primers

Liu et al. 2006

China

108 accessions of Asiatic cotton and 1 G. herbaceum

60 SSR primers

Guo et al. 2007

China

43 sources of Upland cotton germplasm

36 SSR primers

Chen and Du 2006

France

47 genotypes of tetraploid cotton

320 SSR primers

Lacape et al. 2007

USA

96 accessions of G. arboreum

115 Genomic and
EST-SSRs

Kantartzi et al. 2009

Pakistan 8 accessions of G. hirsutum
SL 7–9 crossed with FH-634 to raise F2 and F3 segregating population

32 SSR primers
54 SSR primers

Qayyum et al. 2009;
Ali et al. 2009

China

40 EST-SSR primers

Zhang et al. 2011

59 genotypes of G. hirsutum

Greece

29 genotypes of G. hirsutum and an interspecific hybrid

12 SSR primer pairs

Kalivas et al. 2011

China

56 accessions of Sea island cotton

237 SSR primers

Wang et al. 2011

Egypt

28 genotypes of Egyptian cotton

6 SSR and 5 EST-SSR
primer

Abdellatif et al. 2012

Pakistan 19 genotypes of Bt cotton

104 SSR primers

Ullah et al. 2012

USA

193 cultivars of Upland cotton

448 SSR primers

Fang et al. 2010

USA

378 accessions of G. hirsutum and 3 of G. barbadense

120 SSR primers

Tyagi et al., 2014

Iran

11 genotypes of G. hirsutum including 6 F2 progenies

4 SSR primers

Noormohammadi
et al. 2013a

USA

11 accessions of G. hirsutum and 2 from each of G. arboreum, G. herbaceum and
G. barbadense

4 EcoRI-MseI primers
for AFLP

Pillay and Myers,
1999

Belgium Upland cotton, wild species (G. raimondii and G. thurbrii) and their BC3 progenies

5 AFLP primers

Mergeai et al. 1998

USA

3 diploid species of Gossypium, 3 G. barbadense cultivars and 43 G. hirsutum
accessions

20 AFLP primers

Iqbal et al. 2001

USA

29 accessions from five species of the genus Gossypium

16 AFLP primers

Abdalla et al. 2001

India

24 lines of G. hirsutum L.

6 AFLP primers

Rana et al. 2005

Norway

131 accessions of G. barbadense

8 AFLP primers

Westengen
et al. 2005

Iran

13 F1 and F2 cotton genotypes (Gossypium hirsutum)

8 ISSR primers

Noormohammadi
et al. 2011

Egypt

28 Egyptian cotton genotypes

5 ISSR primers

Abdellatif et al. 2012

India

Intraspecific cotton F1 hybrid and its parents

19 ISSR primers

Dongre et al. 2012

Iran

11 genotypes of G. hirsutum including 6 F2 progenies

20 ISSR primers

Noormohammadi
et al. 2013a
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Table 4 An overview of genetic diversity studies in cotton using molecular markers (Continued)
Marker Country Population type

Size

References

SNPs

Pakistan 2 cultivars of tetraploid cotton

Primers correspond
to FIF1 gene

Ahmad et al. 2007

USA

270 SNP loci and 92
Indel

Van Deynze
et al. 2009

24 lines of cotton

(Hou et al. 2003; Rao et al. 2016). Some successful
transformations along with promoter and other essential elements are described in the gene transformation
section.
Gene transformation approaches in cotton

Many methods are used for genetic transformation in
cotton that have their own advantages and limitations
but Agrobacterium and microprojectile bombardment
are currently the most commonly and widely used
procedures for gene transformation (Dai et al. 2001).
In the past decade, scientists developed genetic transformation techniques in cotton (G. hirsutum) using
Agrobacterium-mediated shoot apex cut method and
sonication-assisted Agrobacterium-mediated transformation. Agrobacterium-mediated gene transformation method became the most reliable and best
method to generate transgenic cotton in Pakistan. It
ultimately changed the way of DNA delivery but also
confirmed the expansion of efficient transforming
vectors.
Efficient methods and successful genetic transformations
in cotton

Different protocols have been used, such as meristem
transformation (Gould et al. 1991; McCabe and Martinell 1993; Zapata et al. 1999) via either the gene gun or
Agrobacterium for transformation in cotton plants.
Agrobacterium-meditated gene transformation

Agrobacterium-mediated gene transformation has been
the most preferred transformation method used for the
transformation of foreign genes such as Cry1Ab and
Cry1Ac genes of Bacillus thuringiensis into cotton to develop insect-resistant transgenic plants (Singh et al. 2004).
For example, Mao et al. developed an insect-resistant
transgenic cotton expressing dsCYP6AE14 using explant
genetic transformation of the hypocotyl and cotyledon
(2011). A certain cotton cultivars have been transformed
using this technique and plants have been regenerated
later by using embryogenesis; however, commercially important varieties have been proved recalcitrant because of
their inability to develop embryogenic tissues. The
chloroplast localization of Cry1Ac and Cry2A protein
was successfully achieved in cotton. And 100% mortality was obtained in the 2nd instar larvae of the

targeted insect after feeding for 72 h (Muzaffar et al.
2015).
A local cultivar of cotton, MNH-786, was manipulated
with pKian-1 and the stable incorporation of the TPCry1Ac-RB construct in putative transgenic plants was
confirmed by polymerase chain reaction (PCR) while fusion-protein expression in the chloroplast as well as in
cytoplasm was proved using the western blot analysis. It
has been confirmed that hybrid-Bt protein is expressed
within the chloroplasts using confocal microscopy of
leaf-sections (Kiani et al. 2013).
Furthermore, the cultivar MNH-786 was modified by
the transformation of herbicide and insect resistance
genes. The Cry1Ac + Cry2A and GT (herbicide resistant)
genes were cloned in a different cassette using 35S promoter. The apex portions of mature embryos of MNH786 cultivar were injured with a blade and infected with
the strain of Agrobacterium tumefaciens containing
transgene constructs. Cotton plants transformed, were
acclimatized in pots and later were grown under greenhouse conditions. The - PCR and ELISA assured the
presence of the transgene and expression of its protein
in the transformed plants. Transformation efficiency was
1.05%. All larvae of Helicoverpa armigera feeding on
leaves of transgenic cotton of T0 generation were found
dead as compared with the larvae feeding on leaves from
non-transgenic cotton (Awan et al. 2015).
Two Bt genes including cry1Ac and cry2A were pyramided in a local cotton variety CIM 482 by sonicationassisted
Agrobacterium-mediated
transformation
(SAAT). The insect bioassay showed promising results
and 75% to 100% mortality of H. armigera was observed
in transgenic plants. The results obtained explained that
one vector carrying two Bt insecticidal genes with the
same promoter is proving to be valuable for future
breeding programs (Rashid et al. 2008). Ali et al. tested
two cotton varieties CRSP1 and CRSP2 for genetic transformation efficiency concerning GT gene and insect
mortality (2016). Their results exhibited that CRSP-1
has a valuable resistance against insects and weeds. They
further reported that this may be helpful for farmers as
well as national breeders to develop potential cultivars.
The CpEXPA3 gene taken from Calotropis procera was
introduced into a local cotton cultivar (NIAB-846) using
strain LBA 4404. The results showed that fiber strength
was greater in transformed cotton plants compared with
that in non-transformed plants (Bajwa et al. 2013).
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Particle bombardment-mediated transformation

insecticidal activities (Crickmore et al. 1998; Wilkins et
al. 2000; Siebert et al. 2008). Cottonseed is an important
source of edible oil. There has been a decrease of 70% of
the gossypol content in seed (as it is a toxic polyphenolic
compound) and 92% decreased in the accumulation of
foliar gossypol due to the engineering of cotton plants
with antisense G. arboreum δ-(+) cadinene synthase
(cdn1-Cl) gene under the control of the promoter
CaMV35S (Martin et al. 2003).

Biolistic transformation has been found useful for the
successful introduction of gusA, nptII, amino glycoside
phosphotransferase (apha-6), acetoacetyl- CoA reductase
(phaB), and polyhydroxyalkanoate synthase (phaC)
genes into cotton (McCabe and Martinell 1993; John
and Keller 1996; Kumar et al. 2004). However, there are
some disadvantages including low transformation frequency of explants, high frequency of epidermal transformations chimeras, and insertion of fragmented
transgenes (De Block 1993; Depicker and Van Montagu
1997; Wilkins et al. 2000).
Other successful transformation methods in cotton

Different methods were also used for genetic transformation in the cotton crop. An introduction of exogenous
DNA in self-pollinated flowers of cotton plants was reported by Zhou et al. (1983) using the pollen tube pathway method of transformation. Huang et al. (1999) and
Lu et al. (2002) reported that transgenic cotton plants
showing the green fluorescent protein gene and cellulose
synthesizing genes (acsA, acsB, acsC, and acsD) of Acetobacterxylinum were produced by using these types of
approaches.
Some successful transformations for agronomic traits in
Pakistan

It has been reported that production of non-Bt cotton is
continuously decreased by 35%∼40% every year due to
the attack of the insect pests which is an alarming situation for the cotton growers in Pakistan (Masood et al.
2011). Bt cotton was first registered by the Government
of Pakistan in 2009 and was first grown in 2010 (Abdullah 2010).
The phytochrome B gene was transferred in the cotton
crop by using the Agrobacterium technique. It was observed that the photosyntehsis rate of transgenic plants
showed two times higher than the normal plants, and
the transpiration rate and stimatal conductance was
four-times higher. Data were recorded in the greenhouse
and the field for two generations. It was also observed
that there is a 35% increase of yield in transgenic cotton
due to over-expression of the phytochrome B gene. This
gene showed pleiotropic effects as a decrease in apical
dominance and an increase in boll size.
Glyphosate-tolerant plants were also generated by
transferring the 5-enolpyruvilshikimate-3-phosphate synthase (CP4-EPSPS) gene by using the Agrobacterium
technique (Nida et al. 1996). These plants were found
successful in the field, but 12 weed species resistant to
glyphosate emerged after the application of herbicide for
weed control (Dill et al. 2008). Genes encoding Cry proteins of B. thuringiensis have been classified as CryI,
CryII, CryIII, CryIV, CryV, and CryVI based on their

Gene editing in cotton

Recently, the CRISPR/Cas9 system has emerged as an effective technique to modify a gene in both plants and
animals. It is based on the immune response of prokaryotes against foreign nucleic acid and viruses and has
been successfully deployed in eukaryotes for targeted
genome modifications ( Horvath and Barrangou 2010;
Koonin and Makarova 2009). Earlier developed systems
such as mutagenesis and gene targeting like zinc finger
nuclease and TALEN are already in use, but the efficiency of CRISPR is much higher and target-oriented.
The CRISPR/ Cas9 consists of two components: the first
one is a guide RNA (gRNA) that finds the sequence
which is targeted in the genome and the second one is a
nuclease that breaks DNA sequence which is targeted at
a specific location. There are almost 20 nucleotide sequences that are complementary to the target sequence in
a single gRNA and the other tracrRNA:crRNA which
forms a hairpin structure and binds with the nuclease portion in Cas9. This sgRNA/Cas9 complex allows cleavage
at site in the target genome with greater precision (Mali et
al. 2013). The ease of use of CRISPR/Cas9 system has
helped to achieve a lot within limited resources.
Polyploidy crops, e.g., the upland cotton as a tetraploid, are always difficult for genome editing as they
have multiple sets of chromosomes and a higher number
of alleles. But recent studies have shown significant success in targeted mutagenesis and genome editing of G.
hirsutum. (Li et al. 2017). As an allotetraploid crop, the
cotton genome is very complex (2n = 4x = 52) with a
very large genome size, i.e. 2.5 Gb (Li et al. 2019). Many
genes have multiple copies in cotton. Different gene
editing strategies have been adopted in cotton which include CRISPR/Cpf1 (Cas12a), CRISPR/LbCpf1, CRISPR/
Cas9 and multiplex systems of CRISPR, Zhang et al.
(2018) have reported simultaneous editing of two copies
of Gh14–3-3d genes in upland cotton.
It has become quite easy to utilize molecular tools due
to the availability of the genome sequence of cotton. They
can be used to to evaluate the function of genes and improve the agronomic characters by targeting specific genes
for better performance and quality traits (Li et al., 2015;
Zhang et al. 2016). Despite limitations, there have been reports of successful gene editing for G. barbadense and G.
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hirsutum which show allotetraploid behavior with double
the number of targets compared with that in diploid
crops. For example, Li et al. (2017) have successfully reported the gene-editing of cotton. The CRISPR/Cas9 system has been known as a broad method to control various
geminiviruses in Pakistan. However, this method only targets single virus and it has not been found beneficial to
control complexes of a begomovirus associated with
DNA-satellites. In addition, a cassette of sgRNA is made
to target not only complete CLCuD-associated begomovirus complexes (Iqbal et al. 2016). Although, CRISPR
Cas/9 has made the genome editing quite simple and efficient; it can result in non-specific editing due to a mismatch in the gRNA sequence (Ahmad et al. 2020). The
genome-editing technology is still under investigation for
its limitations such as off-targets, low mutagenesis efficiency, persisted CRISPR activity in subsequent generations, risk of instability of edited genome, scarcity of
validated targets and its dependency on in-vitro regeneration protocols for the recovery of stable plant lines
(Ahmad et al. 2020).
Marker-assisted selection (MAS) status in Pakistan

In plant breeding, the selection of plants in a segregating
population with the desired characteristics and suitable
gene combinations is an important component. Markerassisted selection is the selection of phenotypes based on
the genotype of markers (Collard et al. 2005). The MAS
is the most important in breeding programs because it
improves the effectiveness and productivity of breeding
methods over conventional breeding. To facilitate quantitative agronomic traits, researchers utilize mapping of
QTLs and MAS. The RAPD markers have been extensively applied for MAS to obtain glandless seed and
glanded plant in an interspecific population (Mergeai et
al. 1998). A breeder can easily identify the plant which
carries the gene if the markers are strongly associated
with the targeted gene (Young 1996). DNA markers associated with important QTLs such as qtlFS1 for fiber
strength are useful in F2 generation of varieties cultivated on large scale (Zhang et al. 2003). The cotton varieties NIBGE-115 and NIBGE-2 were developed by
combining the conventional and the genomic tools to
develop the resistance against cotton curl leaf disease at
National Institute of Biotechnology and Genetic Engineering (NIBGE) (Rahman and Zafar, 2007a, b). In 2009,
Mumtaz et al. obtained two CLCuV resistant cotton genotypes, namely CIM-443 and CIM-240 through
marker-assisted screening in Pakistan. The collected data
regarding the above genotypes suggested that they can
be used in future cotton breeding. The cost and effectiveness of MAS depend on the selection of marker technology. Thus, it should be selected with considerable
care during crop improvement.

Page 11 of 14

Conclusion
Since the start of the cotton biotechnology program,
several key steps and strategies have been adopted for
crop improvement at different research institutions in
Pakistan. Of these, conservation of germplasm resources, genetic engineering and transformation technologies,
molecular
markers-assisted
selection,
classical breeding programs, improvement of fiber
quality, better resistance against biotic and abiotic
stresses, policy-making for knowledge dissemination
and variety approval process are important factors
that have been taken into consideration. Pakistan still
lags behind in yield per area compared with other
major cotton-growing countries. Further researches
on adaptation of genetic engineering technologies,
academic industry linkage and future policy-making
are required for the improvement of crops and to
deal with future challenges.
Acknowledgements
We are thankful to Professor Ashraf M, Vice Chancellor, University of
Agriculture Faisalabad on providing us some cotton germplasm data of
Pakistan.
Conflict of interest
Authors declare that they have no conflict of interest for the publication of
the manuscript.
Authors’ contributions
Razzaq A and Zafar MM wrote the initial draft of the manuscript. Ali A,
Hafeez A and Batool W made all necessary corrections. Shi YZ carried out
final editing of manuscript. Gong WK proofed read the manuscript. Final
approval for publication was given by the group leader at institute of cotton
research Yuan YL. The author(s) read and approved the final manuscript.
Funding
This work was funded by the Cooperative Innovation Project of Agricultural
Science and Technology Innovation Program of CAAS (CAAS-XTCX2018020–
15).
Availability of data and materials
Not applicable.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
There is no competing interest for this publication.
Author details
1
State Key Laboratory of Cotton Biology / Key Laboratory of Biological and
Genetic Breeding of Cotton, Ministry of Agriculture and Rural Affairs /
Institute of Cotton Research, Chinese Academy of Agricultural Science,
Anyang 455000, Henan, China. 2Institute of Molecular Biology and
Biotechnology, The University of Lahore, Lahore, Pakistan. 3FB Genetics Four
Brothers Group, Lahore, Pakistan.

RAZZAQ et al. Journal of Cotton Research

(2021) 4:1

Received: 6 August 2020 Accepted: 3 December 2020

References
Abbas A, Iqbal MA, Rahman MU, et al. Estimating genetic diversity among
selected cotton genotypes and the identification of DNA markers associated
with resistance to cotton leaf curl disease. Turk J Bot. 2015;39(6):1033–41
https://doi.org/10.3906/bot-1505-22.
Abdalla AM, Reddy OUK, El-Zik KM, et al. Genetic diversity and relationships of
diploid and tetraploid cottons revealed using AFLP. Theor Appl Genet. 2001;
102(2–3):222–9 https://doi.org/10.1007/s001220051639.
Abdellatif KF, Khidr YA, El-Mansy YM, et al. Molecular diversity of Egyptian cotton
(Gossypium barbadense L.) and its relation to varietal development. J Crop Sci
Biotechnol. 2012;15(2):93–9.
Abdullah A. An analysis of Bt cotton cultivation in Punjab, Pakistan using the
agriculture decision support system (ADSS). AgBioForum. 2010;13(3):274–87.
Abdurakhmonov IY. Exploiting genetic diversity 1. Adv Genet. 2007;23:272–5.
Abdurakhmonov IY, Kohel RJ, Yu JZ, et al. Molecular diversity and association
mapping of fiber quality traits in exotic G. hirsutum L. germplasm. Genom.
2008;92(6):478–87.
Abdurakhmonov IY, Saha S, Jenkins JN, et al. Linkage disequilibrium-based
association mapping of fiber quality traits in G. hirsutum L. variety
germplasm. Gene. 2009;136(3):401–17.
Agarwal M, Shrivastava N, Padh H. Advances in molecular marker techniques and
their applications in plant sciences. Plant Cell Rep. 2008;27(4):617–31.
Ahmad N, Rahman MU, Mukhtar Z, et al. A critical look on CRISPR-based genome
editing in plants. J Cell Physiol. 2020;235(2):666–82 https://doi.org/10.1002/
jcp.29052.
Ahmad S, Zhang T, Shaheen T, et al. Identifying genetic variation in Gossypium
based on single nucleotide polymorphism. Pak J Bot. 2007;39(4):1245.
Ali A, Ahmed S, Nasir IA, et al. Evaluation of two cotton varieties CRSP1 and
CRSP2 for genetic transformation efficiency, expression of transgenes
Cry1Ac+ Cry2A, GT gene and insect mortality. Biotech Rep. 2016;1(9):66–73
https://doi.org/10.1016/j.btre.2016.01.001.
Ali I, Kausar A, Rahman M, et al. Development of genetic linkage map of leaf
hairiness in Gossypium hirsutum (cotton) using molecular markers. Pak J Bot.
2009;41(4):1627–35.
Alvarez I, Wendel JF. Cryptic interspecific introgression and genetic differentiation
within Gossypium aridum (Malvaceae) and its relatives. Evo. 2006;60(3):505–
17.
Awan MF, Abass MA, Muzaffar A, et al. Transformation of insect and herbicide
resistance genes in cotton (Gossypium hirsutum L.). J Agric Sci Technol. 2015;
17(2):287–98.
Bajwa KS, Shahid AA, Rao AQ, et al. Expression of Calotropis procera expansin
gene CpEXPA3 enhances cotton fibre strength. Aus J Crop Sci. 2013;7(2):206.
Bakhsh A, Rao AQ, Shahid AA, et al. Insect resistance and risk assessment studies
in advance lines of Bt cotton harboring Cry1Ac and Cry2A genes. Am
Eurasian J Agric Environ Sci. 2009;6(1):1–11.
Bayley C, Trolinder N, Ray C, et al. Engineering 2, 4-D resistance into cotton.
Theor Appl Genet. 1992;83(5):645–9.
Brubaker CL, Paterson AH, Wendel JF. Comparative genetic mapping of
allotetraploid cotton and its diploid progenitors. Genome. 1999;42(2):184–
203.
Campbell BT, Saha S, Percy R, et al. Status of the global cotton germplasm
resources. Crop Sci. 2010;50(4):1161–79.
Chen G, Du XM. Genetic diversity of source germplasm of upland cotton in
China as determined by SSR marker analysis. Acta Genetica Sinica(Yi Chuan
Xue Bao). 2006;33(8):733–45.
Chen Y, Wang Y, Wang K, et al. Construction of a complete set of alien
chromosome addition lines from Gossypium australe in Gossypium hirsutum:
morphological, cytological, and genotypic characterization. Theor Appl
Genet. 2014;127(5):1105–21 https://doi.org/10.1007/s00122-014-2283-1.
Chen Z, Gallie DR. The ascorbic acid redox state controls guard cell signaling and
stomatal movement. Plant Cell. 2004;16(5):1143–62.
Collard BC, Jahufer MZZ, Brouwer JB, et al. An introduction to markers,
quantitative trait loci (QTL) mapping and marker-assisted selection for crop
improvement: the basic concepts. Euphytica. 2005;142(1–2):169–96.
Crickmore N, Zeigler DR, Feitelson J, et al. Revision of the nomenclature for the
Bacillus thuringiensis pesticidal crystal proteins. Microbiol Mol Biol Rev. 1998;
62(3):807–13.

Page 12 of 14

Dai S, Zheng P, Marmey P, et al. Comparative analysis of transgenic rice plants
obtained by Agrobacterium-mediated transformation and particle
bombardment. Mol Breed. 2001;7(1):25–33.
De Block M. The cell biology of plant transformation: current state, problems,
prospects and the implications for the plant breeding. Euphytica. 1993;71:1–
2):1–14.
Depicker A, Van Montagu M. Post-transcriptional gene silencing in plants. Curr
Opin Cell Biol. 1997;9(3):373–82.
Dill GM, CaJacob CA, Padgette SR. Glyphosate-resistant crops: adoption, use and
future considerations. Pest Manag Sci. 2008;64(4):326–31.
Diouf L, Magwanga RO, Gong W, et al. QTL mapping of fiber quality and yieldrelated traits in an intra-specific upland cotton using genotype by
sequencing (GBS). Int J Mol Sci. 2018;19(2):441 https://doi.org/10.3390/
ijms19020441.
Dongre AB, Raut MP, Paikrao, et al. Genetic purity testing of cotton F1 hybrid
DHH-11 and parents revealed by molecular markers. Intl Res J Biotech. 2012;
3(3):32–6.
Fang DD, Xiao J, Canci PC, et al. A new SNP haplotype associated with blue
disease resistance gene in cotton (Gossypium hirsutum L.). Theo App Genet.
2010;120(5):943–53.
Food and Agriculture Organization of United Nations (FAO) 2019. http://www.
fao.org/news/archive/news-by-Dec/2019/en/. Accessed 28 June 2020.
Gould J, Banister S, Hasegawa O, et al. Regeneration of Gossypium hirsutum and
Gossypium. barbadense from shoot apex tissues for transformation. Plant Cell
Rep. 1991;10(1):12–6.
Guo X, Huang C, Jin S, et al. Agrobacterium-mediated transformation of Cry1C,
Cry2A and Cry9C genes into Gossypium hirsutum and plant regeneration. Biol
Plant. 2007;51(2):242–8.
Horvath P, Barrangou R. CRISPR/Cas, the immune system of bacteria and archaea.
Sci. 2010;327(5962):167–70.
Hou WS, Guo SD, Lu M. Development of transgenic wheat with a synthetical
insecticidal crystal protein gene via pollen-tube pathway. Acta Agron Sin.
2003;29(6):806–9.
Huang G, Dong Y, Sun J. Introduction of exogenous DNA into cotton via the
pollen-tube pathway with GFP as a reporter. Chin Sci Bull. 1999;44(8):698.
Hutchinson JB. New evidence on the origin of the old-world cotton. Heridity.
1954;8:225–41.
Iqbal MA, Rahman MU. Identification of marker-trait associations for lint traits in
cotton. Front Plant Sci. 2017;8:86 https://doi.org/10.3389/fpls.2017.00086.
Iqbal MJ, Reddy OU, El-Zik KM, et al. A genetic bottleneck in the ‘evolution under
domestication ‘of upland cotton Gossypium hirsutum L. examined using DNA
fingerprinting. Theo App Genet. 2001;103(4):547–54.
Iqbal Z, Sattar MN, Shafiq M. CRISPR/Cas9: a tool to circumscribe cotton leaf curl
disease. Front Plant Sci. 2016;7:475 https://doi.org/10.3389/fpls.2016.00475.
Islam MS, Thyssen GN, Jenkins JN, et al. A MAGIC population-based genomewide association study reveals functional association of GhRBB1_A07 gene
with superior fiber quality in cotton. BMC Genomics. 2016;17(1):903 https://
doi.org/10.1186/s12864-016-3249-2.
John ME, Keller G. Metabolic pathway engineering in cotton: biosynthesis of
polyhydroxybutyrate in fiber cells. Proc Natl Acad Sci. 1996;93(23):12768–73.
Kalia RK, Rai MK, Kalia S, et al. Microsatellite markers: an overview of the recent
progress in plants. Euphytica. 2011;177(3):309–34 https://doi.org/10.1007/
s10681-010-0286-9.
Kalivas A, Xanthopoulos F, Kehagia O, et al. Agronomic characterization, genetic
diversity and association analysis of cotton cultivars using simple sequence
repeat molecular markers. Genet Mol Res. 2011;10(1):208–17.
Kantartzi SK, Ulloa M, Sacks E, et al. Assessing genetic diversity in Gossypium
arboreum L. cultivars using genomic and EST-derived microsatellites.
Genetica. 2009;136(1):141–7.
Khan AI, Awan FS, Sadia B, et al. Genetic diversity studies among colored cotton
genotypes by using RAPD markers. Pak J Bot. 2010;42(1):71–7.
Khan SA, Hussain D, Askari E, et al. Molecular phylogeny of Gossypium species by
DNA fingerprinting. Theo App Genet. 2000;101(5-6):931–8.
Kiani S, Ali A, Bajwa KS, et al. Cloning and chloroplast-targeted expression studies
of insect-resistant gene with ricin fusion-gene under chloroplast transit
peptide in cotton. Electron J Biotechnol. 2013;16(6):13 https://doi.org/10.
2225/vol16-issue6-fulltext-2.
Kohel RJ, Yu J, Park YH, et al. Molecular mapping and characterization of traits
controlling fiber quality in cotton. Euphytica. 2001;121(2):163–72.
Koonin EV, Makarova KS. CRISPR-Cas: an adaptive immunity system in
prokaryotes. F1000 Bio Reports. 2009;1:95. https://doi.org/10.3410/B1-95.

RAZZAQ et al. Journal of Cotton Research

(2021) 4:1

Kumar S, Dhingra A, Daniell H. Stable transformation of the cotton plastid
genome and maternal inheritance of transgenes. Plant Mol Biol. 2004;56(2):
203–16.
Lacape JM, Dessauw D, Rajab M, et al. Microsatellite diversity in tetraploid
Gossypium germplasm: assembling a highly informative genotyping set of
cotton SSRs. Mol Breed. 2007;19(1):45–58.
Lee M. DNA markers and plant breeding programs. In: Sparks DL, editor. Adv in
Agron, vol. 55. Newark: Academic press; 1995. p. 265–344.
Li B, Rui H, Li Y, et al. Robust CRISPR/Cpf1 (Cas12a)-mediated genome editing in
allotetraploid cotton (Gossypium hirsutum). Plant Biotechnol J. 2019;17(10):
1862–4 https://doi.org/10.1111/pbi.13147.
Li C, Unver T, Zhang B. A high-efficiency CRISPR/Cas9 system for targeted
mutagenesis in cotton (Gossypium hirsutum L.). Sci Rep. 2017;7:43902 https://
doi.org/10.1038/srep43902.
Li F, Fan G, Lu C, et al. Genome sequence of cultivated upland cotton (
Gossypium hirsutum TM-1) provides insights into genome evolution. Nat
Biotechnol. 2015;33(5):524–30 https://doi.org/10.1038/nbt.3208.
Liu D, Guo X, Lin Z, et al. Genetic diversity of Asian cotton ( Gossypium arboreum
L.) in China evaluated by microsatellite analysis. Genet Resour Crop Evol.
2006;53(6):1145–52.
Liu S, Cantrell RG, McCarty JC, et al. Simple sequence repeat–based assessment
of genetic diversity in cotton race stock accessions. Crop Sci. 2000;40(5):
1459–69.
Lokhande S, Reddy KR. Quantifying temperature effects on cotton reproductive
efficiency and fiber quality. Agron J. 2014;106(4):1275–82 https://doi.org/10.
2134/agronj13.0531.
Lu H, Myers G. Genetic relationships and discrimination of ten influential upland
cotton varieties using RAPD markers. Theo Appl Genet. 2002;105(2–3):325–31.
Lu Y, Wei G, Zhu Y. Cloning whole cellulose-synthesizing operon (ayacs operon)
from Acetobacter xylinum and transforming it into cultivated cotton plants.
Acta Bot Sin. 2002;44(4):441–4.
Mali P, Esvelt K, Church G. Cas9 as a versatile tool for engineering biology. Nat
Methods. 2013;10:957–63 https://doi.org/10.1038/nmeth.2649.
Mao YB, Tao XY, Xue XY, et al. Cotton plants expressing CYP6AE14 doublestranded RNA show enhanced resistance to bollworms. Transgenic Res. 2011;
20(3):665–73 https://doi.org/10.1007/s11248-010-9450-1.
Martin GS, Liu J, Benedict CR, et al. Reduced levels of cadinane sesquiterpenoids
in cotton plants expressing antisense (+)-δ-cadinene synthase. Phytochem.
2003;62(1):31–8.
Masood A, Arif MJ, Hamed M, et al. Field performance of Trichogramma chilonis
against cotton bollworms infestation in different cotton varieties as a
sustainable IPM approach. Pak J Agric Agric Eng Vet Sci. 2011;27(2):176–84.
McCabe DE, Martinell BJ. Transformation of elite cotton cultivars via particle
bombardment of meristems. Biotech. 1993;11(5):596–8.
Mehboob-ur-Rahman YT, Tabbasam N, et al. Studying the extent of genetic
diversity among Gossypium arboreum L. genotypes/cultivars using DNA
fingerprinting. Genet Resour Crop Evol. 2008;55:331–9.
Mergeai G, Baudoin JP, Vroh BI. Production of high-gossypol cotton plants with
low-gossypol seed from trispecific hybrids including Gossypium
sturtianumWillis. In: Proceedings of the World Cotton Res Con. Unité de
Phytotechnie des Régions Intertropicales, Faculté Universitaire des Sciences
Agronomiques , B5030, vol. 2. Belgium: Gembloux; 1998. p. 206–1.
Mumtaz AS, Naveed M, Shinwari ZK. Assessment of genetic diversity and
germination pattern in selected cotton genotypes of Pakistan. Pak J Bot.
2010;42(6):3949–56.
Muzaffar A, Kiani S, Khan MAU, et al. Chloroplast localization of Cry1Ac and Cry2A
protein-an alternative way of insect control in cotton. Biol Res. 2015;48(1):1–11.
Myles S, Peiffer J, Brown PJ, et al. Association mapping: critical considerations
shift from genotyping to experimental design. Plant Cell. 2009;21(8):2194–
202.
Nida DL, Kolacz KH, Buehler RE, et al. Glyphosate-tolerant cotton: genetic
characterization and protein expression. J Agric Food Chem. 1996;44(7):1960–6.
Noormohammadi Z, Al-Rubaye MTS, Sheidai M, et al. ISSR, RAPD and agronomic
study in some F1 and F2 cotton genotypes. Acta Biol Szegediensis. 2011;
55(2):219–25.
Noormohammadi Z, Farahani YH, Sheidai M, et al. Genetic diversity analysis in
Opal cotton hybrids based on SSR, ISSR, and RAPD markers. Genet Mol Res.
2013a;12(1):256–69.
Noormohammadi Z, Farahani YHA, Sheidai M, et al. Methodology genetic
diversity analysis in Opal cotton hybrids based on SSR, ISSR, and RAPD
markers. Genet Mol Res. 2013b;12(1):256–69.

Page 13 of 14

Nordborg M, Tavaré S. Linkage disequilibrium: what history has to tell us. Trends
Genet. 2002;18(2):83–90.
Ordon F, Wenzel W, Friedt W. Recombination: molecular markers for resistance
genes in major grain crops. In: Behnke HD, Esser K, Kadereit JW, Lüttge U,
Runge M, editors. Progress in Botany, vol. 59. Berlin, Heidelberg: Springer;
1998. https://doi.org/10.1007/978-3-642-80446-5_2.
Pillay M, Myers GO. Genetic diversity in cotton assessed by variation in ribosomal
RNA genes and AFLP markers. Crop Sci. 1999;39(6):1881–6.
Prioul JL, Quarrie S, Causse M. Dissecting complex physiological functions
through the use of molecular quantitative genetics. J Exp Bot. 1997;48(6):
1151–63.
Qayyum A, Murtaza N, Azhar FM, et al. Biodiversity and nature of gene action for
oil and protein contents in Gossypium hirsutum L. estimated by SSR markers.
J Food Agri Environ. 2009;7(2):590–3.
Rahman M, Hussain D, Zafar Y. Estimation of genetic divergence among elite
cotton cultivars–genotypes by DNA fingerprinting technology. Crop Sci.
2002;42(6):2137–44.
Rahman M, Zafar Y. Registartion of NIBGE-115 cotton- development of cotton
and wheat cultivars by bridging conventional and genomic tools. J Plant
Reg. 2007a;1(1):51–2 https://doi.org/10.3198/jpr2006.12.0778crg.
Rahman M, Zafar Y. Registration of ‘NIBGE-2’ cotton- development of cotton and
wheat cultivars by bridging conventional and genomic tools. J Plant Reg.
2007b;1(2):113–4 https://doi.org/10.3198/jpr2007.02.0071crc.
Rahman MU, Khan AQ, Rahmat Z, et al. Genetics and genomics of cotton leaf
curl disease, its viral causal agents and whitefly vector: a way forward to
sustain cotton fiber security. Front Plant Sci. 2017;8:1157 https://doi.org/10.
3389/fpls.2017.01157.
Rahman MU, Shaheen T, Tabbasam N, et al. Cotton genetic resources. A review.
Agron Sustain Dev. 2012;32:419–32 https://doi.org/10.1007/s13593-011-0051-z.
Rana MK, Singh VP, Bhat KV. Assessment of genetic diversity in upland cotton
(Gossypium hirsutum L.) breeding lines by using amplified fragment length
polymorphism (AFLP) markers and morphological characteristics. Genet
Resour Crop Evol. 2005;52(8):989–97.
Rao AQ, Ali MA, Khan MAU, et al. Science behind cotton transformation. In:
Abdurakhmonov IY, editor. Cotton ressearch. London: IntechOpen; 2016.
https://doi.org/10.5772/64888. Accessed 24 May 2020.
Rashid B, Saleem Z, Husnain T, et al. Transformation and inheritance of Bt genes
in Gossypium hirsutum. J Plant Bio. 2008;51(4):248–54 https://doi.org/10.1007/
BF03036123.
Reddy MP, Sarla N, Siddiq EA. Inter simple sequence repeat (ISSR) polymorphism
and its application in plant breeding. Euphytica. 2002;128(1):9–17 https://doi.
org/10.1023/A:1020691618797.
Rehman A, Jingdong L, Chandio AA, et al. Economic perspectives of cotton crop
in Pakistan: a time series analysis (1970–2015) (part 1). J Saudi Soc Agric Sci.
2019;18(1):49–54 https://doi.org/10.1016/j.jssas.2016.12.005.
Ribaut JM, Hoisington D. Marker-assisted selection: new tools and strategies.
Trends Plant Sci. 1998;3(6):236–9.
Robinson AF, Bell AA, Dighe ND, et al. Introgression of resistance to nematode
Rotylenchulus reniformis into upland cotton (Gossypium hirsutum) from
Gossypium longicalyx. Crop Sci. 2007;47(5):1865–77.
Saeed M, Guo WZ, Zhang TZ. Association mapping for salinity tolerance in
cotton (Gossypium hirsutum L.) germplasm from US and diverse regions of
China. Aus J Crop Sci. 2014;8(3):338–46.
Saleem MA, Amjid MW, Ahmad MQ, et al. Marker assisted selection for relative
water content, excised leaf water loss and cell membrane stability in cotton.
Adv Life Sci. 2018;5(2):56–60.
Saleem MA, Malik TA, Shakeel A, et al. QTL mapping for some important drought
tolerant traits in upland cotton. J Animal Plant Sci. 2015;25:502–9.
Shang L, Liang Q, Wang Y, et al. Identification of stable QTLs controlling fiber
traits properties in multi-environment using recombinant inbred lines in
upland cotton (Gossypium hirsutum L.). Euphytica. 2015;205(3):877–88 https://
doi.org/10.1007/s10681-015-1434-z.
Shen X, Guo W, Lu Q, et al. Genetic mapping of quantitative trait loci for fiber
quality and yield trait by RIL approach in upland cotton. Euphytica. 2007;
155(3):371–80 https://doi.org/10.1007/s10681-006-9338-6.
Siebert MW, Nolting S, Leonard BR, et al. Efficacy of transgenic cotton expressing
Cry1Ac and Cry1F insecticidal protein against Heliothines (Lepidoptera:
Noctuidae). J Econ Entomol. 2008;101(6):1950–9.
Singh P, Kumar M, Chaturvedi C, et al. Development of a hybrid delta-endotoxin
and its expression in tobacco and cotton for control of a polyphagous pest
Spodoptera litura. Transgenic Res. 2004;13(5):397–410.

RAZZAQ et al. Journal of Cotton Research

(2021) 4:1

Sunilkumar G, Campbell LM, Puckhaber L, et al. Engineering cottonseed for use
in human nutrition by tissue-specific reduction of toxic gossypol. Proc Natl
Acad Sci. 2006;103(48):18054–9.
Tan Z, Fang X, Tang S, et al. Genetic map and QTL controlling fiber quality traits
in upland cotton (Gossypium hirsutum L.). Euphytica. 2015;203(3):615–28
https://doi.org/10.1007/s10681-014-1288-9.
Tarazi R, Jimenez JL, Vaslin MF. Biotechnological solutions for major cotton
(Gossypium hirsutum) pathogens and pests. Biotech Res Innov. 2020;3:19–26
https://doi.org/10.1016/j.biori.2020.01.001.
Tatineni V, Cantrell RG, Davis DD. Genetic diversity in elite cotton germplasm
determined by morphological characteristics and RAPDs. Crop Sci. 1996;36(1):
186–92.
Tyagi P, Gore MA, Bowman DT, et al. Genetic diversity and population structure
in the US Upland cotton (Gossypium hirsutum L.). Theo App Genet. 2014;
127(2):283–95.
Ullah I, Iram A, Iqbal MZ, et al. Genetic diversity analysis of Bt cotton genotypes
in Pakistan using simple sequence repeat markers. Genet Mol Res. 2012;11(1):
597–605.
Van Deynze A, Stoffel K, Lee M, et al. Sampling nucleotide diversity in cotton.
BMC Plant Biol. 2009;9(1):125.
Wang XQ, Feng CH, Lin ZX, et al. Genetic diversity of sea-island cotton (
Gossypium barbadense) revealed by mapped SSRs. Genet Mol Res. 2011;10(4):
3620–31.
Wendel JF, Cronn RC. Polyploidy and the evolutionary history of cotton. Adv
Agron. 2003;78:139.
Wendel JF, Rowley R, Stewart JM. Genetic diversity in and phylogenetic
relationships of the Brazilian endemic cotton, Gossypium mustelinum
(Malvaceae). Plant Syst Evol. 1994;192(1–2):49–59.
Westengen OT, Huaman Z, Heun M. Genetic diversity and geographic pattern in
early South American cotton domestication. Theo App Genet. 2005;110(2):
392–402.
Wilkins TA, Rajasekaran K, Anderson DM. Cotton biotechnology. Crit Rev Plant Sci.
2000;19(6):511–50.
Wu J, Luo X, Guo H, et al. Transgenic cotton, expressing Amaranthus caudatus
agglutinin, confers enhanced resistance to aphids. Plant Breed. 2006;125(4):
390–4.
Xu QH, Zhang XL, Nie YC. Genetic diversity evaluation of cultivars (G. hirsutum L.)
from the Changjiang river valley and Yellow river valley by RAPD markers. Yi
Chuan Xue Bao (Acta Genetic Sinica). 2001;28(7):683–90.
Yin K, Han T, Xie K, et al. Engineer complete resistance to Cotton Leaf Curl Multan
virus by the CRISPR/Cas9 system in Nicotiana benthamiana. Phytopathol Res.
2019;1:9 https://doi.org/10.1186/s42483-019-0017-7.
Young ND. QTL mapping and quantitative disease resistance in plants. Annu Rev
Phytopathol. 1996;34(1):479–501.
Zapata C, Park SH, El-Zik KM, et al. Transformation of a Texas cotton cultivar by
using agrobacterium and the shoot apex. Theor Appl Genet. 1999;98(2):252–
6 https://doi.org/10.1007/s001220051065.
Zhang HB, Li Y, Wang B, Chee PW. Recent advances in cotton genomics. Int J
Plant Genomics. 2008;2008(742304):20. https://doi.org/10.1155/2008/742304.
Zhang JF, Wu M, Yu J, et al. Breeding potential of introgression lines developed
from interspecific crossing between upland cotton ( Gossypium hirsutum L.)
and Gossypium barbadense: heterosis, combining ability and genetic effects.
PLoS One. 2016;11(1):e0143646 https://doi.org/10.1371/journal.pone.0143646.
Zhang Y, Wang XF, Li ZK, et al. Assessing genetic diversity of cotton cultivars
using genomic and newly developed expressed sequence tagderived
microsatellite markers. Genet Mol Res. 2011;10:1462–70.
Zhang Z, Ge X, Luo X, et al. Simultaneous editing of two copies of Gh14-3-3d
confers enhanced transgene-clean plant defense against Verticillium dahliae
in allotetraploid upland cotton. Front Plant Sci. 2018;9:842 https://doi.org/10.
3389/fpls.2018.00842.
Zhang ZS, Li XB, Xiao YH, et al. Combining ability and heterosis between high
strength lines and transgenic Bt (Bacillus thuringiensis) bollworm-resistant
lines in upland cotton (Gossypium hirsutum L.). Agric Sci China. 2003;2(1):13–
8.
Zhao FY, Li YF, Xu P. Agrobacterium-mediated transformation of cotton
(Gossypium hirsutum L. cv. Zhongmian 35) using glyphosate as a selectable
marker. Biotech Letters. 2006;28(15):1199.
Zhou GY, Weng J, Zeng Y, et al. Introduction of exogenous DNA into cotton
embryos. Methods Enzymol. 1983;101:433–81.
Zhu J, Chen J, Gao F, et al. Rapid mapping and cloning of the virescent-1 gene in
cotton by bulked segregant analysis–next generation sequencing and virus-

Page 14 of 14

induced gene silencing strategies. J Exp Bot. 2017;68(15):4125–35 https://doi.
org/10.1093/jxb/erx240.
Zhu LF, Zhang XL, Nie YC. Analysis of genetic diversity in upland cotton
(Gossypium hirsutum L.) cultivars. J Agric Biotech. 2003;11(5):450–5.

