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Abstract 

Cotton is the prime natural fiber with economic significance globally. Cotton farming and breeding have a long his-
tory in Pakistan. The development of high yielding upland cotton (Gossypium hirsutum) varieties gradually replaced 
the cultivation of diploid Gossypium species. Climate change along with emergence of new epidemic diseases caused 
yield loss in recent years. The biotic stress considerably reduced the performance and yield potential of cotton. Suit-
able breeding strategies are essential to generate useful genetic variations and to identify desired traits. Conventional 
breeding has remarkably increased cotton yield and fiber quality, which has cultivated the NIAB-78, S-12, MNH‐786, 
and FH‐Lalazar like cultivars. However, this phenotypic selection based breeding method has low efficiency to pro-
duce stress resilient cotton. The efficiency of traditional breeding has significantly improved by the marker assisted 
selection technology. Breakthroughs in molecular genetics, bioinformatics analysis, genetic engineering, and genome 
sequencing have opened new technique routes for cotton breeding. In addition, genetic improvement through 
quantitative trait loci, transcriptome, and CRISPR/Cas9 mediated genomic editing can provide suitable platform to 
improve the resistance to stresses induced by bollworms, cotton leaf curl virus, heat, drought, and salt. The approval 
of transgenic lines harboring triple gene Cry1Ac + Cry2A + GTG​ are critical for cotton crop. This review has critically 
discussed the progress and limitations of cotton breeding in Pakistan, and reviewed the utilization of novel genetic 
variations and selection tools for sustainable cotton production.
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Background
Cotton belongs to the  genus Gossypium, referred as 
the prime fiber crop, has been grown in tropical, subtrop-
ical, and semiarid regions of the world (Tarazi et al. 2020). 
Fiber as the major product of cotton has been extensively 
used in textile industry, and required millions of cotton 
bales yearly (Shahzad et al. 2019a). Utilization of cotton 
vegetable oil has been increased along with the demand 
of cotton seed meal for livestock feed (Campbell et  al. 

2010). Pakistan economy is largely depends on agricul-
ture sector which has contributed 19.2% of the country’s 
Gross Domestic Product, provided 38.5% employment, 
and the livelihood of almost 70% population depends on 
agriculture (Pakistan Economic Survey 2020–21). Cot-
ton has an imperative role to boost the agriculture based 
economic growth of the country. Remarkably, 50% of 
the  total industrial labor along with more than 60% of 
the total exports comes from cotton crop product chain 
(Abbas and Waheed 2017). Pakistan is one of the lead-
ing  countries  of cotton production, exportation, and 
consumption in the world. Cotton is widely cultivated in 
several regions of Pakistan, in which  Punjab and Sindh 
provinces are the main growing belts, and Punjab is the 
leading province in terms of the total cultivated area and 
the total production of cotton bales (Shuli et al. 2018).
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World cotton production has been significantly 
decreased in the  last decade. As expected, sustainable 
cotton production in Pakistan is limited due to the  cli-
mate change, unavailability of the  quality seed, less 
genetic diversity, stresses caused by  whitefly infesta-
tion  and cotton leaf curl virus disease, frequent pink 
bollworm attacks, unstandardized procedure of variety 
approval, food crops competition, weed crop compe-
tition, and instability of output/input prices (Bakhsh 
et  al. 2005; Masood et  al. 2011; Ali et  al. 2015; Arshad 
et  al. 2018; Ashraf et  al. 2018; Shuli et  al. 2018; Abbas 
2020; Razzaq et al. 2021). Researchers along with breed-
ing community are working hard to reduce recent yield 
decline of cotton. Nevertheless, breeding  programs still 
encounter problems including the lack of core germplasm 
resources and the lack of integration of  cutting edge 
molecular research in breeding (such as next-generation 
sequencing, genome-wide association study, and trans-
genic breeding), which  cause the  less efficient cultiva-
tion of high quality and resilient cotton in Pakistan. This 
review focuses on current status of cotton breeding in 
Pakistan. The history of cotton breeding, recent research 
progress, and limitation of phenotype based breeding 
measures are further discussed in this review. Besides, it 
provides an overview of novel breeding frontiers that are 
mandatory to sustain the cotton yield in Pakistan.

Major challenges to sustain the cotton production 
in Pakistan
Cotton is the  most popular cash crops in Pakistan. Hot 
and dry regions of Bahawalpur, Bahawalnager, Mul-
tan, Rahim Yar Khan, D.G. Khan, Khanewal, Rajan-
pur, Lodhran, and Muzafargar districts are core cotton 
growing zones in Punjab. In Sindh, cotton is widely cul-
tivated in hot and dry regions of Nawabshah, Sanghar, 

Nosheroferoz, and Ghotki districts (Cotictics 2021). 
Besides economic significance, the total area under cot-
ton cultivation along with the  total production has 
significantly decreased in Pakistan as compared with 
USA, China, and India (Fig.  1). In Pakistan, the  total 
area of cotton  cultivation was 2  700 thousand hectares 
in 2017–2018, and  reduced to 2  200 thousand hectares 
in 2020–2021 (Fig.  1a), whereas the  total production 
was 11 946 million bales in 2017–2018, and deceased to 
4  500 million bales in 2020–2021 (Fig.  1b). The decline 
of cultivated area is a serious concern especially in Pun-
jab province. Farmers there now prefer to grow maize or 
sugarcane instead of cotton. Non-availability of incen-
tives to farmers is another main reason of decline in 
cotton cultivation. Different breeding strategies have 
considerably improved the index of seed cotton yield per 
hectare in the world. Still, the output of seed cotton yield 
per hectare in China and USA is approximately doubled 
more than Pakistan (Fig. 2a). Unpredictable the weather 
pattern in addition to frequent pest attacks at critical 
stages are severally damaging cotton yield in Pakistan. 
The mean of yield was 753  kg per hectare in 2017 but 
declined to 445  kg per hectare in 2021. Owing to rela-
tively larger textile industries, Pakistan has increasingly 
become the  major consumer of cotton, and the  total 
consumption has reached nearly 10  000 million cotton 
bales. China however is the leading cotton consumer 
in the world followed by India (Fig.  2b). The significant 
increase in yield is crucial to meet the demand of domes-
tic textile industries. The export of raw cotton was among 
the leading commodities that has the largest revenue for 
Pakistan. But, cotton export has been decreasing since 
2012 (Fig.  3a). The 40%~50% increase in domestic con-
sumption, higher export of quality fabrics results in lower 
export of raw cotton. Meanwhile, the import of cotton 

Fig. 1  Total cultivated area and production of cotton in Pakistan, China, USA, and India during 2000–2021.  Source of data Cotton-statistics & facts 
(https://​www.​stati​sta.​com/​topics/​1542/​cotton/)

https://www.statista.com/topics/1542/cotton/
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bales is now increasing in Pakistan (Fig. 3b). Almost half 
required consumption demand of extra staple cotton yarn 
is now fulfilled through importation from Brazil, USA, 
Tanzania, and Egypt. Thus, policies must be adopted to 
increase the  farmer’s profit as well as to fulfill the total 
domestic demand of cotton bales (Cotictics 2021). Over 
the years, a rapid increase in the input cost along with 
non-availability of subsidy has led considerable decrease 
of cotton  planting area. The farmer’s community 
switched to cultivate  other crops for higher profit. The 
higher price along with incentive for cotton can discour-
age famers to grow other crops. At the same time, culti-
vation of cotton in suitable areas of Khyber Pakhtunkhwa 
and Balochistan should be encouraged to enhance total 
production. Despite several breeding measures, the 

cotton yield is yet far low from the past years (Pakistan 
Economic Survey 2020–21). The exchange of uncertified 
cotton seed often deteriorates seed quality. The physi-
cally and genetically quality seed is critical to generate 
appropriate stand establishment during seedling stage 
(Afzal et  al. 2019). However, low quality cotton seeds 
severely disrupt germination, emergence, and reduce 
the ability to resist pests. The cultivation area of Bt cot-
ton has been substantially increased after commercial 
acceptance of Bt cotton in Pakistan. Several Bt cotton 
lines however became a potential threat in recent years 
that caused yield loss. Thus, cultivation of unapproved 
and non-standard Bt lines should be banned at farmer’s 
field (Raania and Zafar 2009). The prolonged heat stress 
induce physiological, morphological, and biochemical 

Fig. 2  Yield per hectare and total consumption of cotton in Pakistan, China, USA, and India during 2000–2021.  Source of data Cotton-statistics & 
facts (https://​www.​stati​sta.​com/​topics/​1542/​cotton/)

Fig. 3  Total export and import of cotton in Pakistan, China, USA, and India during 2000–2021.  Source of data Cotton-statistics & facts (https://​www.​
stati​sta.​com/​topics/​1542/​cotton/)

https://www.statista.com/topics/1542/cotton/
https://www.statista.com/topics/1542/cotton/
https://www.statista.com/topics/1542/cotton/
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changes in cotton (Abbas 2020). It influences flowering, 
pollen fertility, and the  number of bolls per plant, and 
this ultimately reduced the yield potential of cotton. The 
excessive rain during 2022 has considerably reduced cot-
ton yield in several cotton zones of Punjab and Sindh. 
Frequent attacks of dusky bug, pink bollworm, and mealy 
bug deteriorate fiber yield along with fiber quality. Inef-
ficient utilization of fertilizers at critical stages ultimately 
not only affect various stages of cotton growth but also 
reduce the final yield harvest in cotton (Ahmad and Raza 
2014). Conventional breeding integrated with molecular 
breeding is therefore key approach to mitigate the chal-
lenges posed for sustainable cotton production.

Brief history of cotton breeding in Pakistan
The  genus Gossypium has identified 50 species which 
include 45 diploids and 5 allopolyploids. The G. hirsu-
tum, G. barbadense, G. mustelinum, G. darwinii, and G. 
tomentosum are allopolyploids. These species belongs 
to AD genomic group, have different geographic distri-
bution, and commonly known as new world cotton. In 
contrast, diploid species are comprised of A to G plus K 
genomic groups, distributed worldwide, and referred as 
old world cotton. The G. hirsutum and G. barbadense 
are commercial tetraploids while G. herbaceum and G. 
arboreum are commercially grown diploids. Plant archi-
tecture, boll size, seed shape, and fiber characters are the 
key different  traits between tetraploid and diploid spe-
cies (Wendel and Cronn 2003). History of G. arboreum 
(Known as Desi cotton at locally) cultivation can be 
traced back to the cultivation  in Indus valley of Sindh 
around 7  000  years ago (Hutchinson 1954; Moulherat 
et  al. 2002). The farmer community of Indus valley had 
cultivated diploid G. arboreum on the marginal land until 
1920 in Pakistan. Before the 21 century, the majority of 
G. arboreum cultivars were developed through selection 
from a single population or a mixture of various cultivars. 
The Z. Mollisoni, 278-Mollisoni, 39-Mollisoni, 15-Mol-
lisoni, and 119-Sanguineum were the elite approved cul-
tivars with excellent yield and fiber quality before the 
year 2000. Subsequent varieties developed by selection 
breeding have not shown significantly increased yield as 
compared with previously approved cultivars, continuous 
selection within the narrow genetic background restrains 
further breeding progress of G. arboreum (Yasmin et al. 
2008). Gradually, high yielding G hirsutum (Upland cot-
ton) varieties replaced G. arboreum in  the main cotton 
cultivation zones. Similarly, diploid cotton G. herbaceum 
was unable to grow well in Pakistan. Most of available 
diploid species are now mostly utilized to enhance abiotic 
stress resilient traits in upland cotton genotypes (Ranjan 
et  al. 2012). The introduction of upland cotton in 1818 
caused revolution of the cotton production worldwide. 

It has exceptional yield, early maturity, and moderately 
good fiber quality. The initial test experiments to promote 
upland cotton cultivation in Pakistan were taken place in 
the early eighteen century (Ali 2007). Successful cultiva-
tion was at the same time the revolution of textile indus-
try. The demand of raw cotton in textile industry was 
increased many fold within few years. As a consequence, 
breeder exploited innovative approaches to improve fiber 
quality including staple length, strength, and fineness. 
The 4-F, L.S.S., 289-F, 238-F, 362-F, and AC-134 were the 
pioneer varieties devolved to empower textile industry. 
In addition, the exotic germplasm such as Stoneville-213, 
Deltapine Smooth Leaf, and Coker Wild were introduced, 
planted at different locations, and crossed to locally well 
adapted cultivars to incorporate target traits (ur-Rahman 
et  al. 2014). The continuous breeding create varieties 
with superior characteristics including higher yield, more 
input responsive as well as tolerance to heat, drought, 
salt, virus, fungus, and insect pest (Rauf et al. 2019). Sub-
sequently, it not only increased cultivation area of upland 
cotton but also paved the way to meet domestic fiber 
demands. The cotton production was further enhanced 
with the development of Bt (Bacillus thuringiensis) cot-
ton in the world. The Bt toxin has  increased resistance 
to major pests  in cotton,  and has significantly reduced 
pesticide applications, and has  generated high quality 
cotton. The utilization of transgenic Bt cotton material 
introduced pest resistant trait into high yielding varieties 
in Pakistan (Arshad et al. 2018). Several Bt cotton varie-
ties were then approved for the maintenance of economic 
growth of textile sector. G. barbadense (known as  Pima 
or Egyptian cotton) has extra-long staple, but lower yield, 
longer growing period and susceptible to various diseases 
(Liu et  al. 2015). Egyptian cotton is now grown in less 
than 5% of total cotton cultivated area worldwide. Unlike 
upland cotton, breeding programs to promote G. bar-
badense in Pakistan remains major challenge for breeders 
because the above threthold heat eventually comprimise 
its’ yield and fiber quality. This species is now used to 
integrate alien disease resistance and improve fiber qual-
ity in target genotypes (Tiwari et al. 2013).

Cotton breeding methods in Pakistan
Application of appropriate breeding technique is impor-
tant to create useful variations,  and accurate selec-
tion strategies  is crucial to fix desirable traits in cotton. 
By conventional breeding, cotton productivity, fiber qual-
ity, disease resistance, and stress tolerance have improved 
dramatically (Bourland and Myers 2015). In Pakistan, 
selection and hybridization breeding techniques have 
been extensively applied to develop cotton varieties. 
X-rays and chemical mutagenesis are used to induce ran-
dom mutation on limited scale (ur-Rahman et  al. 2014; 



Page 5 of 17Shahzad et al. Journal of Cotton Research            (2022) 5:29 	

Razzaq et al. 2021). Beside these breeding measures, het-
erosis breeding in cotton generates stable and adapt-
able F1 hybrids by utilizing the phenomenon of heterosis 
(Shahzad et  al. 2019b). Hybrid cotton seeds are com-
mercially produced by manual emasculation and polli-
nation. Because of the high cost of seed production and 
limits of male sterility systems, the hybrid cotton  pro-
duction however is still at the low level of utilization in 
Pakistan. In large-scale breeding programs, hybridiza-
tion has widely been applied to generate different recom-
binants, and to identify superior varieties in cotton (Ali 
et  al. 2019). It accomplishes main breeding objectives 
through normal  combination or transgression breeding. 
In nomal  combination breeding, the desired traits are 
introduced into target varieties from the donors. Contra-
rily the transgressive breeding refers to the selection of 
progeny with hybrid vigor over inbred parents that out-
performs parents in a number of traits (Rieseberg et  al. 
1999).

Progeny selection has critical significance in cotton 
breeding. Breeders broadly employed pedigree or mass 
selection to identify desired plants from heterozygous 
population. Recurrent selection is another breeding tech-
nique sometime applied to accumulate target genes for 
quantitatively inherited traits. In Pakistan, simple pheno-
type based selection is extensively used to breed cultivars 
with target phenotype (Ashraf et al. 2022). Target pheno-
type can be grouped as qualitative traits and quantitative 
traits. The qualitative traits are regulated by one or few 
genes, and is suited to be  isolated by simple phenotypic 
selection. Conversely, quantitative traits are polygenic, 
are  difficult to select, and have low  level of heritability 
(Singh 1985). With limited changes, cotton breeding pro-
cedure and progeny selection techniques have remained 
the same in Pakistan since last century. The brief breed-
ing procedure are listed as follow: contrast inbred par-
ents is screened to generate large number of F1 crosses 
via different breeding mating designs. The F1 seed are 
then advanced to the F2 generation without any selec-
tion. Mostly, the selection begins in the  segregating F2 
generation with criteria in line with target traits. The 
seeds of individual selected plants are harvested. These 
seeds are planted to evaluate the performance, and prog-
eny seeds are harvested  for further selection (Ashraf 
et  al. 2022). The  selection is performed several times 
until the  selected progeny are uniform homozygous 
line with target trait(s). Eventually, a brief description of 
the  homozygous line is submitted to the  Federal Seed 
Certification and Registration Department (FSC&RD) 
of Pakistan. The organization conducts National Coordi-
nated Varietal Trials (NCVTs) for two consecutive years 
to evaluate salient features of varieties. Only varieties 
with distinct characteristics got approval from FSC&RD. 

The approved varieties seed is usually multiplied at gov-
ernment or private seed farms to produce certified seed. 
Finally, certified seed is distributed to farmers for large 
scale cultivation (ur-Rahman et al. 2014).

Major cotton breeding organizations of Pakistan
Cotton breeding is the technique to increase cotton yield, 
enhance fiber quality, and create varieties that are well 
adapted to the various environment conditions. In Paki-
stan, many national, provincial, and private organizations 
have one  ultimate target  which is to maximize national 
cotton production  to meet the domestic consumption. 
The Pakistan Central Cotton Committee (PCCC) is an 
apex national organization with official mandate to pro-
vide funds for research, development, and marketing of 
cotton. Three cotton research institutes along with seven 
research stations work  together to enhance cotton pro-
duction under the umbrella of PCCC. Multiple pilot 
research and development projects help to identify bot-
tleneck issues for the sustainable cotton production. The 
interdisciplinary research at the Central Cotton Research 
Institute (CCRI) in Multan, Punjab, and the CCRI in 
Sakrand, Sindh, has made significant contributions to 
create superior cultivars. Furthermore, CCRI Multan 
regulates identification, assessment, preservation, main-
tenance, and distribution of germplasm resources. There 
are 28 distinct species of diploid and tetraploid cotton 
that have already been collected and proved to be use-
ful design new cotton breeding programs. The Centre of 
Excellence in Molecular Biology (CEMB) Lahore, Cot-
ton Research Institute (CRI) Multan, Nuclear Institute of 
Agriculture and Biology (NIAB), and National Institute 
for Biotechnology and Genetic Engineering (NIBGE) in 
Faisalabad are other pioneer institutes that striving hard 
for revival of cotton production in Pakistan. These organ-
izations have well trained agronomists, breeders, geneti-
cists, cytogeneticists, entomologists, physiologists, and 
biotechnologists. They are committed to enhance mor-
phological, physiological, and agronomical traits that are 
eventually important to breed high yielding and resilient 
cotton varieties. In addition, University of Agriculture 
Faisalabad (UAF), Mohammad Nawaz Shareef University 
of Agriculture, Multan (MNSUAM), Islamia University 
Bahawalpur (IUB), and Bahauddin Zakariya University 
(BZU), Multan are main government organizations that 
conduct researches on various topics of cotton. These 
organizations promote cotton cultivation through organ-
izing various workshops, trainings, and seminars. Along 
with state organizations, many registered national and 
international private commercial business compa-
nies have launched cotton breeding programs. How-
ever, the  lack of well-trained breeding staff, inefficient 
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resources, and lagged breeding facilities have limited 
their contribution in cotton research and development.

Breeding cotton for improved yield and fiber 
in Pakistan
Pakistan has the  leading textile industry in the world. 
Hence, breeding for superior cultivars is critical to meet 
domestic cotton demands. Breeders can sometimes 
increase yield output by unlocking the stagnate poten-
tial of the approved cultivars. Yield is the most important 
economical trait in cotton. Breeder frequently adopts dif-
ferent measures to improve yield-related traits. The num-
ber of boll, boll weight, lint percentage, and seed cotton 
yield are important yield contributing traits (Salahuddin 
et al. 2010). Yield can be therefore enhanced by improv-
ing any individual yield contributing traits. For instance, 
seed cotton yield is altered by the number of bolls and 
boll weight (Shahzad et  al. 2019a). Traditional breed-
ing is particularly effective to improve cotton produc-
tion earlier in the twentieth century. The cotton cultivars 
approved till 1990 were predominantly open type because 
cultivars with large number of bolls were preferred over 
boll size to achieve higher yield. For instance, the variety 
NIAB-78 approved in 1983  has displayed large number 
of bolls per plant, and is regarded as the most successful 
variety of all time in Pakistan (Table 1). Another superior 
variety S-12 approved in 1988 also bears the large num-
ber of bolls per plant. Early maturing cotton varieties are 
desirable because  of the shorter  growth period which 
give farmers an opportunity to cultivate wheat in time 
after cotton. Many breeding strategies have designed to 
generate early maturing cultivars. It has no adverse effect 
on harvest index of cotton yield and enabled famers to 
grow wheat on scheduled time. The NIAB-78, CIM-240, 
CIM-443, CIM-506, FH‐142, NIAB-Karishma, and S-12 
were the main varieties with  the potential character of 
early maturity (Table  1). In particular, the CIM-443 has 
a growth period of 110~120 days and has performed well 
in hot temperature. Diverse breeding techniques have 
been applied to improve boll weight in lateral years. The 
recently approved cultivars MNH‐886 and FH-152 shows 
higher boll weight compared with earlier approved  cul-
tivars (Table  1). In Pakistan, the breeding progress to 
enhance boll weight is relatively slow than China. Com-
parative transcripts and metabolic data can offer plat-
form to understand genetic mechanism of targeted traits. 
So, advanced research can speed breeding for a  higher 
boll weight (Zhang et al. 2016).

The development of Bt cotton has  remarkably 
increased seed cotton yield. Appropriate Bt toxin reduced 
the  lepidopterous pest attack, improved integrated pest 

management strategy, and increased cotton yield (Lu 
et  al. 2012). Adoption of Bt varieties is substantially 
lower in Pakistan as compared with other major cotton-
growing countries of the world. The NIBGE, Faisalabad 
is the first organization to start breeding initiatives for 
the  development of Bt cotton in 2003. Later on, more 
than 32 Bt cotton varieties have been approved to maxi-
mize cotton profitability. But, IR-NIBGE-3701, MNH-
886, FH-142, IUB-2013, and FH-Lalazar were the most 
popular varieties (Table 1). All these cultivars has Cry1Ac 
toxic gene, has grown in larger scale areas, and has con-
siderably enhanced cotton yield. However, insect pest 
resistance to the Cry1Ac gene, as well as the circulation 
of Bt cultivars that have not  been carefully bred have 
harmed the reputation of Bt cotton among farmers in 
recent years (Ma et  al. 2017). However, CEMB, Lahore 
and NIBGE, Faisalabad have recently launched research 
programs to generate resilient cotton genotypes that 
subsequently expressed two (cry1Ac, cry2Ab) or three 
(cry1Ac, cry2Ab, cp4-epsps) genes. Interestingly, several 
transgenic lines had shown the appropriate expression 
of target genes in biochemical tests conducted in NCVT 
test in  2018–2019 (Table  2). Particularly, CKC-3 and 
Hatf-3 with gene combination Cry1Ac + Cry2A + GTG​ 
can be a step further for the revival of cotton in Pakistan. 
Cotton is the purest source of natural fiber for the tex-
tile industry, and it contains two distinct forms of natural 
fiber. The short fiber is commonly known as fuzz whereas 
long fiber is referred as lint. The market value of textile 
goods is directly influenced by physical properties of 
fiber quality. The prime physical parameters of quality 
fiber includes staple length, strength, elongation, fine-
ness, and maturity (Wang et al. 2020). These fiber qual-
ity contributing traits directly influenced fiber quality of 
cotton. Phenotype based selection breeding techniques 
have certainly improved the  fiber quality in Pakistan. 
The CIM-496, FH-942, MNH-886, IUB-13, and FH-152 
not only have increased production potential but also 
show better fiber quality (Table  1). However, improving 
yield along with fiber length, strength, and elongation 
is a difficult challenge in cotton breeding. Because, tra-
ditional breeding requires more screening cycles, time, 
and resources to break negative correlation among fiber 
quality and yield (Farooq et  al. 2018). Using molecular 
markers that  previously known to be linked with fiber 
quality play an important role to identify candidate genes 
that are tightly correlated with fiber length, strength, 
uniformity index, micronaire, maturity, and elongation. 
Therefore, genetic techniques would be helpful to expe-
dite breeding  cycle for  a better quality fiber in Pakistan 
(Liu et al. 2018).
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Table 1  Background of major approved upland cotton varieties of Pakistan

Variety Name Parentage Breeding organization Year of release Potential 
SCY /
(kg·ha−1)

Potential features

4-F Selection from American Cotton CRI, Faisalabad 1914 800 Busy growth, improved fiber quality, 
large scale cultivation

289-F Selection from 4-F CRI, Faisalabad 1921 950 Spreading growth, high yield, high 
staple length

L.S.S Bulk selection from 289-F CRI, Faisalabad 1934 1 000 Spreading growth, medium tall, late 
maturity

238-F Selection from 289-F/43 CRI, Faisalabad 1948 1 000 Spreading growth, high yield, 
improved staple length

Lasani-11 Selection from 181-F CRI, Faisalabad 1959 1 600 High GOT%, improved fiber quality, 
lodging resistant

AC-134 148-F × 199-F CRI, Faisalabad 1959 1 600 Semi spreading growth, High GOT% 
and fiber strength

362-F Selection from 289-F CRI, Faisalabad 1959 1 500 Drought resistant, heat tolerant, high 
fiber strength

MS-39 Natural hybrid in L-11 field CRS, Multan 1970 1 650 Spreading growth, high GOT% and 
staple length

149-F 124-F x Babda CRS, Multan 1971 2 000 Compact growth, high GOT% and fiber 
strength

MNH-93 (124-F x Babdal) x (MS-39 × Mex 12) CRS, Multan 1980 3 500 Spreading growth, medium maturity, 
popular variety during 1980

NIAB-78 (DPL-16 × AC-134)-F1 mutation NIAB, Faisalabad 1983 3 500 Higher yield, the most popular variety, 
wider cultivation in 1987

CIM-70 Coker 8314 x (124-F x Babdal) x 
Coker 100 WA)

CCRI, Multan 1986 3 100 Heat tolerant, short stature, early 
maturity

S-12 MNH 93 × 7203–14-4-Arizona CRS, Multan 1988 3 900 Higher yield potential, early maturity, 
Highest SCY/ha in 1991

NIAB-86 (DPL-16 × AC-134-F1 30kr) x Stonev-
ille-213

NIAB, Faisalabad 1990 2 800 High GOT% and staple length

CIM-240 CIM-70 × W 1104 CCRI, Multan 1992 3 000 Heat tolerant, early maturity, good boll 
opening

FH-682 (B-557 × Ala (68)1) x Lankart-57 CRI, Faisalabad 1992 3 200 Early maturity, lodging resistant, 
spreading growth

MNH-147 431/79 × 283/80 CRS, Multan 1992 3 300 High GOT%, medium maturity, lodging 
resistant

S-14 H-2102–1/83 × H-2105–1/83 CRS, Multan 1995 3 000 Compact growth, high GOT%, medium 
maturity

NIAB-Karishma NIAB-86 × W-83–29-Mex NIAB, Faisalabad 1996 3 000 Semi spreading, highly heat tolerant, 
early maturity

MNH-329 K-401/78 × 479–81/83 CRS, Multan 1996 3 000 Spreading growth, bigger boll, high 
GOT%

CIM-446 CP 15/2 × S-12 CCRI, Multan 1998 3 000 CLCuV and heat tolerant, early 
maturity

CIM-443 CIM-109 × LRA-5166 CCRI, Multan 1998 3 000 CLCuV and heat tolerant, early 
maturity

MNH-552 (124-F x Babdal) x LRA -5166 CRS, Multan 2000 2 900 Early maturity, CLCuV tolerant, good 
boll opening

FH‐900 (FH-672 × AET-5) x (B- 557 × LRA- 
5166)

CRI, Faisalabad 2000 3 000 CLCuV and heat tolerant, semi spread-
ing growth

CIM‐482 CIM-229 × CP15/2 CCRI, Multan 2000 3 000 Semi erect, CLCuV tolerant, good boll 
opening

BH‐118 BS-48 × 829–4/90 CRS, Bahawalpur 2000 3 000 CLCuV tolerant, semi compact growth

CIM-506 CIM-360 × CP 15/2 CCRI, Multan 2002 3 000 Early maturity, CLCuV tolerant, high 
GOT%

NIAB‐999 (DPL -16 × AC -134-F1 30kr) x LRA- 
5166 mutation

NIAB, Faisalabad 2003 3 500 Heat and salt tolerant
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Table 1  (continued)

Variety Name Parentage Breeding organization Year of release Potential 
SCY /
(kg·ha−1)

Potential features

NIAB‐111 (NIAB-313/12 × CIM-100)-F1 muta-
tion

NIAB, Faisalabad 2004 3 500 CLCuD resistant, heat tolerant

CIM-496 CIM-425 × 755–6/93 CCRI, Multan 2005 3 000 Early maturity, CLCuV and heat tolerant

MNH‐786 (S-14 × CIM-448) x (MNH-
564 × MNH-516)

CRS, Multan 2006 3 500 High GOT%, Big boll size and weight

BH‐167 (VH-53 × BH-142) CRS, Bahawalpur 2012 3 000 Drought and heat tolerant,

FH‐942 (FH-900(S) x CIM-121) CRI, Faisalabad 2012 3 500 Highly responsive to inputs, early 
maturity

FH‐114 FH-925 × NuCot-N-33B CRI, Faisalabad 2012 3 500 Medium CLCuV tolerant, early maturity

FH‐142 FH-114 × FH-207 CRI, Faisalabad 2013 4 000 CLCuV and heat tolerant, wider adapt-
ability

MNH‐886 (FH-207 × MNH-770) x Bollgard-I CRS, Multan 2013 4 000 Big boll size, CLCuV and heat tolerant

IUB-13 IUB-09 × MNH-789 IUB, Bahawalpur 2015 4 000 CLCuV and heat tolerant, good boll 
weight

FH-Lalazar FH-207 × NuCot-N-33B (Bollgard-I) CRI, Faisalabad 2016 4 500 High Yield, Big boll size, low CLCuV 
infestation

FH-152 FH-207 × FH-113 CRI, Faisalabad 2018 4 200 Higher boll weight, CLCuV tolerant

SCY seed cotton yield, CRS cotton research station, CRI cotton research institute, CCRI central cotton research institute, NIAB nuclear institute of agriculture and Biology, 
CLCuV cotton leaf curl virus, CLCuD cotton leaf curl disease, GOT ginning out turn

Table 2  Yield and expression of Cry genes in different lines tested in NCVT trial 2018–2019.  Source Directorate of Agriculture Research, 
Pakistan Central Cotton Committee, Multan, Pakistan

Name of Genotypes Gene technology Average seed cotton 
yield (Kg/hac)

ELISA quantification (µg/g)

Cry1Ac
(C-I)

Cry2A
(C-II)

Cry1Ac + Cry2A + GTG(C-
III/CKC)

Weal-AG-201(C-II) Cry1Ac + Cry2A 2 001 3.3 2.73 n/a

Weal-AG-301(CKC) Cry1Ac + Cry2A + GTG​ 2 296 3.4 2.62 2.68

Tahafuz-15 Cry1Ac + Cry2A + GTG​ 2 284 3.8 2.83 2.82

Diamond-2 Cry1Ac + Cry2A 2 292 2.4 2.10 n/a

Suncrop-3 Cry1Ac + Cry2A + GTG​ 1 927 3.1 2.68 2.63

Tahafuz-12(C-II) Cry1Ac + Cry2A 2 350 2.80 2.23 n/a

Suncrop(C-II) Cry1Ac + Cry2A 1 997 2.1 2.18 n/a

TJ-King(C-II) Cry1Ac + Cry2A 1 843 3.6 2.66 n/a

Rustam-Beej-111(CKC) Cry1Ac + Cry2A + GTG​ 1 760 3.0 2.59 2.55

Rustam-Beej-11(C-II) Cry1Ac + Cry2A 1 854 3.61 2.66 n/a

YBG-2323(CKC Cry1Ac + Cry2A + GTG​ 1 920 3.30 3.30 3.37

YBG-2222(C-II) Cry1Ac + Cry2A 2 179 2.9 2.92 n/a

Hatf-3(CKC) Cry1Ac + Cry2A + GTG​ 1 910 3.2 2.64 2.69

Ghauri-2(CKC) Cry1Ac + Cry2A + GTG​ 1 984 3.2 2.56 2.66

Badar-3(C-II) Cry1Ac + Cry2A 1 830 3.80 2.52 n/a

Badar-4(C-II) Cry1Ac + Cry2A 1 815 3.50 2.57 n/a

CEMB-Klean-Cotton-6 Cry1Ac + Cry2A + GTG​ 2 318 3.50 3.50 3.60

CEMB-Klean-Cotton-5 Cry1Ac + Cry2A + GTG​ 2 353 3.7 2.48 2.68

CEMB-Klean-Cotton-4 Cry1Ac + Cry2A + GTG​ 2 400 3.7 2.72 2.72

CEMB-Klean-Cotton-3 Cry1Ac + Cry2A + GTG​ 2 358 2.4 3.49 3.76

Sahara-Klean-5 Cry1Ac + Cry2A + GTG​ 2 508 3.3 2.52 2.63
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Breeding for stress resilient cotton in Pakistan
Stress threats sustain cotton production seriously and is 
frequently divided into biotic and abiotic stress. Pests, 
viruses, and fungal infections are main examples of biotic 
stress whereas abiotic stress includes heat, drought, and 
salinity, etc. The prolonged stress caused morphological, 
physiological, and biochemical growth changes in plants 
(Qamer et  al. 2021). Cotton is severely prone to many 
abiotic and biotic stresses in Pakistan that collectively 
lead to decline in cotton yield and fiber quality (Fig.  4). 
Recently, high temperature, cotton leaf curl virus, boll-
worms, and sucking insects have shown adverse influ-
ence on overall cotton production and yield per hectare.

Biotic stress resilient cotton
Cotton is not  resistant to insect pest attack  naturally. 
Almost 145 types of insect pests have already been iden-
tified in Pakistan. The widespread use of pesticides not 
only increases the  cost of cotton  production, but also 
eliminates natural competitors which restricts the effect 
of  biological control on pests (Tariq et  al. 2007). The 
chewing and sucking pests is a huge problem to cot-
ton production in Pakistan. The resistant cultivars is still 
under evaluation and is at  developing stage even after 
introduction of several Bt cultivars (Karar et  al. 2020). 
The severe bollworms invasion throughout growing sea-
son caused significant damage to cotton plant. Higher 
temperature from September to October are the primary 
reason  of the increased pink bollworm in recent years 
(Khuhro et al. 2015). Even Bt cultivars are susceptible to 
the pink bollworm attack. Its attack restricts proper boll 
opening. Additionally, premature boll shedding influ-
enced total yield output and the development of rotten 

bolls reduced the lint  quality (Mohan et  al. 2016). The 
polyphagus spotted bollworm is another serious pest and 
its internal feeding affects cotton bolls growth and devel-
opment (Ahmed et al. 2012). The severe invasion of army 
bollworm has drastic influence on cotton yield. Unfortu-
nately, the effective control strategies of army worm are 
still unable to reduce large populations simultaneously. 
Hence, development of resilient cultivar is only useful 
strategies for effective control and to design integrated 
pest management (IPM) programs against bollworms. 
Among the approved cultivars, CIM-499, CRIS-468, 
MNH-633, MNH-635, and MNH‐886 (Table  1) com-
paratively performed better against bollworms (Aslam 
et al. 2004). Meanwhile, resistance breakdown along with 
emergence of new strains of insect pests remains major 
challenge for cotton breeders (Abro et al. 2004; Men et al. 
2005). In this regard, the targeted genome editing could 
be vital to develop resilient cotton against bollworms 
(Boopathi et al. 2015).

Sucking insects can reduce yield about for  30%~50% 
in cotton. The whitefly, jassid, mealy bug, and dusky 
bug appeared to be the leading damaging pests which 
suck the plant sap throughout vegetative and reproduc-
tive stages in Bt and non-Bt cotton cultivars (Men et al. 
2005; Akhtar et  al. 2018). In case of severe infestation, 
these insects suck essential minerals from plants, disrupt 
the machinery of photosynthesis, and impair both cot-
ton yield and fiber quality. According to earlier investiga-
tions, NIAB-Karishma, NIAB-78, MNH‐93, and FH-941 
(Table  1) were substantially less vulnerable to sucking 
insect pest damage (Ghafoor et  al. 2011; Majeed et  al. 
2016). The release of triple genes Cry1Ac + Cry2A + GTG​ 
cultivars would be effective to reduce the damage of 

Fig. 4  Major stresses that caused decline in cotton yield and quality in Pakistan
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insect pests in future (Table  2). The cotton bugs espe-
cially dusky and mealy bugs have become a major threat 
to quality cotton from last few years. The  cotton mealy 
bug affects the vascular bundles of the cotton, whereas 
the dusky cotton bug sucks oil sap from the cotton plant 
(Saeed et  al. 2007; Ahmed et  al. 2015). The cotton leaf 
curl disease (CLCuD) is first reported in 1967 in Punjab. 
It is still the most significant impediment cotton disease 
in Pakistan (Sattar et al. 2013). Different breeding designs 
were used to develop CLCuD resilient cultivars. The 
NIAB-846, NIAB‐111, CIM-443, Bt-Cyto-178, Cyto-124, 
MNH‐886, and FH‐142 displayed better resistance during 
first outbreak (Table 1). Meanwhile, emergence of resist-
ant breaking recombinant CLCuD strains (Zhou et  al. 
1998), inability to produce transgenic cultivars, and lack 
of modern breeding technology remains major limitation 
in elimination of CLCuD (Hashmi et al. 2011). Concisely, 
integration of functional genomic analysis with breeding 
measures have great potential to produce diseases resil-
ient cotton varieties (Hussain 2015).

Abiotic stress resilient cotton
Global warming is harming sustainable cotton pro-
duction in the world. The abiotic stresses such as heat, 
drought, salinity, and nutrient deficiency negatively influ-
ence cotton production (Saranga et al. 2009). High tem-
perature that ranges from 40 °C to 45 °C usually prevails 
during cotton production  season in Pakistan. Tempera-
ture stress either low or high constraints yield potential of 
the cotton crop. The chilly weather at sowing stage results 
in late germination and non-uniform crop establishment 
(Ahmad et  al. 2020). High temperature mediated heat 
stress is one of the most important reasons contributing 
to recent decline of yield per hectare in Pakistan. It not 
only limits nutrients uptake but also reduced seed germi-
nation, seedling growth, number of flowering, and total 
number of bolls per plant (Saleem et al. 2021). Moreover, 
high temperature stress influenced physiological, meta-
bolic, and biochemical mechanisms of boll formation, lint 
yield, and fiber quality (Pettigrew 2008). Previous breed-
ing work showed that bulk selection along with pedigree 
selection is useful to generate heat tolerant varieties. For 
instance, the NIAB-999, NIAB‐111, NIAB-777, CIM-
240, CIM-598, and CIM-602 showed better adoptability 
to heat stress (Table  1). The identification of heat toler-
ance candidate genes coupled with target genome edit-
ing is an important strategy to create heat resilient cotton 
(Majeed et  al. 2021). Cotton’s vertical taproot system 
makes it extremely resistant to drought. Prolonged water 
deficient however inhibits stomata conductance, nutri-
ent transportation, and photosynthetic linked enzymes 
activity. Besides this, drought stress induce biosynthe-
sis of reactive oxygen species (ROS) that cause oxidative 

damage to cell membranes, proteins, lipids, and nucleic 
acid in plants (Iqbal et  al. 2020). In addition, drought 
stress significantly reduced cotton quality through func-
tional modification in the  structure of roots and leaves 
(Saleem et  al. 2016). The breeding community in Paki-
stan implemented several traditional and non-traditional 
strategies to reduce adverse effects of drought on cotton 
productivity. From different approved cultivars, the CIM-
546, CCRI-60, Cyto-177, and BH-167 are recommended 
in drought areas of Punjab province (Table 1).

Salinity decreases agricultural productivity in dry and 
semiarid regions around the world (Shahbaz and Ashraf 
2013). It disrupts normal morphological, physiological, 
and biochemical functions of plants. The increased salt 
concentration not only reduces water uptake but also 
induces oxidative damage (Rahnama et  al. 2010). Cot-
ton is a  moderately salt tolerant plant but the  level of 
tolerance differs among genotypes (Akhtar et  al. 2010). 
It is more susceptible to salt stress at the early phases of 
germination and seedling emergence. High salt concen-
tration  inhibits root and shoot development that ulti-
mately changed yield and fiber quality in cotton (Basal 
2010). The cultivation of NIAB-78, FH-113, MNH-93, 
NIAB-999, and CIM-707 showed enhanced salt tolerance 
(Table 1). But, the development of salt resilient genotypes 
is yet the main breeding challenge for most of  cotton 
breeders in Pakistan. Availability of essential nutrients 
is necessary to increase cotton output per hectare. The 
deficiency of major nutrients impaired cotton growth. In 
contrast, excessive application of nutrients causes toxic 
effects. Non-availability of essential nutrients at criti-
cal stages along with lower nutrient availability in soil is 
another reason of lower cotton yield in Pakistan (Sawan 
et al. 2006). The indeterminate growth pattern consumes 
higher level of nitrogen, phosphorus, and potassium fer-
tilizer in cotton. The nitrogen supplys  influenced yield, 
maturity, and cotton lint quality (Khan et al. 2017), while 
phosphorus is essential for shoot development, repetitive 
expression to the shoot development, flower bud devel-
opment, and absorption of nitrogen (Sawan et al. 2008). 
The limited supply of potassium leads to the  decline in 
growth, disease resistance, and seed cotton yield (Oost-
erhuis et  al. 2002). Development of nutrient efficient 
cultivation is crucial to sustain cotton production and 
environmental safety. However, breeding for highly input 
responsive genotypes is still limited in Pakistan.

Major cotton breeding constraints in Pakistan
Despite the global significance of cotton, its production is 
stagnant since last few decades in Pakistan. Regardless of 
other problems, the  following breeding constraints con-
siderably limited cotton yield and fiber quality.
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Limitation of simple phenotype selection based cotton 
breeding
In Pakistan, conventional breeding designs are widely 
used to produce target genotypes. The parents with 
higher combining ability are selected through series of 
screening experiments. A large number of crosses is per-
formed to create useful variation. Sometime, mutagen-
esis has been applied to induce desirable variation by 
few breeding teams. The pedigree or bulk selection, 
backcrossing, and recurrent selection are often applied 
to select and fix desire traits. Main criteria of progeny 
selection includes its phenotypic expression for target 
traits in various environments (Ashraf et al. 2022). Beside 
remarkable success, the phenotype based cotton breed-
ing has certain limitations. The phenotype based selec-
tion is mostly effective for qualitative traits that shows 
high variation of environmental effects. However, pheno-
type based selection for quantitative traits such as cotton 
yield is often not efficient due to the low heritability index 
(Wricke and Weber 1986). In addition, the phenotypic 
evaluation is not reliable for most of cotton traits that are 
vulnerable to environment effects. Some recessive traits 
may not be visible at the phenotypic level due to recessive 
gene actions or environmental influences, thus making 
recessive trait selection even more difficult (Singh 1985). 
Non-availability of selection methods during early seg-
regation generations is another major bottleneck of phe-
notype based cotton breeding. This eventually consumes 
more resources to facilitate several rounds of propagation 
advancement and selection cycles. Furthermore, around 
six to ten years are required to restore homozygous char-
acteristics in cotton. These aspects not only decrease 
breeding efficiency but also deteriorate the genetic con-
stituent of improved cultivars (Singh et  al. 2015). The 
selection of parents is important in cotton breeding. Par-
ents should be genetically superior and physiologically 
effective to produce elite genotypes. Identification of elite 
parental materials however remains challenging in phe-
notype based cotton breeding programs. As parent selec-
tion with desirable characters requires general combining 
ability and special combining ability performance tests 
in multiple locations which need more screening cycles, 
resources, and time. Conversely, the estimates of genetic 
diversity among inbred parents with genetic markers is 
a powerful approach to identify superior inbred lines (Li 
et  al. 2019). Furthermore, the phenotype based hybridi-
zation allows selection of only compatible parents and 
prevents the  introduction of target trait from wild pro-
genitors. Utilization of molecular breeding is therefore 
critical to improve the efficiency of phenotype based 
selection breeding.

Lack of core germplasm resources
The genetic diversity among breeding material is vital in 
any sort of breeding program. It reveals genetic resem-
blance or difference among various groups of genotypes, 
strains, and germplasms (Chen et  al. 2006). Sometime, 
genetic variation may or may not be translated at the 
phenotypic level. An estimation of genetic diversity is 
therefore useful to characterize plant breeding materi-
als. Previous investigations have shown that Gossypium 
genus has widespread genetic diversity in plant archi-
tectures, leaf pubescence, leaf shape, flower color, pol-
len color, boll size, yield, fiber quality, early maturity, and 
stress resistance. In Pakistan, most of cotton breeders 
selected the approved local cultivars to perform crosses, 
and to develop new cultivars.  Some breeders chose 
closely related cultivars to develop target cultivars. Such 
breeding practices caused genetic similarity among culti-
vars that ultimately impede further breeding progress in 
cotton (Khan et  al. 2010). In contrast, the hybridization 
with genetically diverse parents empowers breeder to 
generate highly stable and adoptable varieties. Previous 
studies revealed that cultivated cotton has narrow genetic 
diversity in Pakistan. This low genetic diversity was the 
predominant cause of the large scale epidemic of cotton 
leaf curl virus disease (Rahman et al. 2002; Mumtaz et al. 
2010; Ullah et al. 2012). The breeding with high genetic 
similarity caused decline in cotton yield and the deprived 
performance against changing environments, diseases, 
and insect pests (Abbas et  al. 2015). These constraints 
are compelling researchers to evaluate and character-
ize novel cotton germplasm resources. Because, cotton 
germplasm resources are important to generate new 
genetic combination for agronomic, yield, fiber quality as 
well as resistance to abiotic and biotic stresses (Abdura-
khmonov 2007). Interestingly, Pakistan like other major 
cotton producing countries has long history of cotton 
germplasm collection, preservation, and maintenance. 
The CCRI Multan and Pakistan Genetic Resources Insti-
tute (PGRI) Islamabad has made considerable efforts to 
conserve cotton germplasm (ur-Rahman et  al. 2014). It 
is frequently anticipated that the sustainable cotton pro-
duction mainly depends on utilization of genetic varia-
tions from core germplasm. The utilization of germplasm 
using traditional breeding methods yet remains challeng-
ing in cotton. However, exploration of genetic diversity 
with high-throughput mapping can facilitate identifica-
tion of core cotton germplasm resources in Pakistan.

Novel breeding frontiers to sustainable cotton 
production in Pakistan
Several types of molecular techniques have been evolved 
to improve breeding methodology of agronomic crops. 
The modern breeding approaches are therefore vital 



Page 12 of 17Shahzad et al. Journal of Cotton Research            (2022) 5:29 

for  the revival of cotton. Figure  5 illustrates various 
genetic variations and selection tools. Their integration 
with traditional breeding can facilitate cotton breed-
ing  efficiency. In brief, targeted genome editing with 
CRISPR/Cas platform and targeted phenotype selection 
through molecular markers could ensure the efficiency 
of cotton breeding. Therefore, breeders should adopt 
these techniques to revive quality cotton productivition 
in Pakistan.

Marker‑assisted breeding
The recent advances in molecular markers have sig-
nificantly improved the  efficiency of conventional plant 
breeding programs. Different molecular markers are 
commonly used to develop linkage maps for identifica-
tion of quantitative trait loci (QTLs). In cotton, markers 
such as simple sequence repeats (SSRs) (Liu et al. 2000; 
Li et  al. 2019), single nucleotide polymorphism (SNP) 
(Dilnur et  al. 2019; Geng et  al. 2021), amplified frag-
ment length polymorphism (AFLP) (Abdalla et al. 2001; 
Álvarez et al. 2006), and random amplified polymorphic 
DNA(RAPD) (Iqbal et al. 1997; Lu et al. 2002) proved to 
be  useful to explore genetic diversity, genetic mapping 
of target traits, identification of nucleotide sequences of 
candidate genes, and facilitate marker assisted breeding 
(MAS) (Kalia et  al. 2011; Majeed et  al. 2019). The QTL 

mapping with suitable cotton mapping population made 
great progress to identify QTLs related with agronomic 
traits, yield components, fiber quality (Shi et  al. 2010; 
Wang et  al. 2015; Keerio et  al. 2018), plant architec-
ture (Song et  al. 2009), leaf trichomes, leaf pubescence 
(Ahmed et  al. 2020), seed oil, seed gossypol contents 
(Yu et al. 2012), early maturity (Li et al. 2013), heat tol-
erance (Jha et  al. 2014), drought tolerance (Magwanga 
et  al. 2020), salt tolerance (Sun et  al. 2018), and disease 
resistance (Said et  al. 2013). The already identified sta-
ble QTL normally prompted error-free MAS of tar-
get traits in future. It is well know that MAS is superior 
than simple phenotype-based selection. Once the asso-
ciation between marker and target trait is developed, 
MAS facilitates error-free indirect trait selection with-
out target stage of plant. Additionally, MAS  reduce the 
expense, labor, evaluation cycles as well as duration of 
new cultivar development in cotton (Malik et  al. 2014; 
Singh et al. 2015). The use of molecular markers in cot-
ton breeding is very limited in Pakistan. Most of markers 
were employed to screen the cultivars against cotton leaf 
curl virus (Shaheen et  al. 2012; Abbas et  al. 2015; Rah-
man et  al. 2017), drought (Saleem et  al. 2015; Saleem 
et al. 2018), and to identify yield related QTLs (Iqbal et al. 
2017). The integration of conventional tools with identi-
fied DNA markers associated with resistance to cotton 

Fig. 5  The overall scheme of modern breeding measures to produce superior cotton
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leaf curl virus disease was used to breed NIBGE-2 and 
NIBGE-115 in Pakistan. Similarly, the cotton leaf curl 
virus disease resilient genotypes CIM-443 and CIM-240 
was developed through MAS (Mumtaz et al. 2010). The 
application of MAS on CRIS-134 cultivar reveled that 
it has an array of QTLs for drought tolerance (Saleem 
et al. 2018). Meanwhile, large scale utilization of molec-
ular markers for MAS is yet at the developing phase in 
Pakistan.

Genomic‑assisted breeding
The high throughput sequencing technology has recently 
been widely used for crop improvement. Major changes 
have taken place in plant breeding with the advent of 
molecular genetics, breakthroughs in bioinformat-
ics, genetic engineering, whole genome sequencing, 
and re-sequencing. Recently, the whole genome of cot-
ton is sequenced and freely available for researchers all 
over the world (Li et  al. 2014; Zhang et  al. 2015). Thus, 
strong knowledge about genetic control of traits can 
now facilitate the improvement of individual trait rather 
than a set of traits (Zaidi et al. 2018). The next generation 
sequencing with its exceptional speed and cost effeciency 
has been used to understand genomic and transcripts 
changes in plants. RNA sequence compared with DNA 
microarray has high accuracy to quantify the differential 
expression profiles of genes (Wang et  al. 2009). Recent 
studies on transcriptomics, proteomics, metabolomics, 
DNA methylation, and small RNAs have successfully 
identified molecular markers and differentially expressed 
genes (DEG) for particular traits of cotton (Zhang et al. 
2013, 2019; Shahzad et al. 2020a). As availability of large 
scale genomic datasets makes application of molecular 
techniques quite easy, several key strategies have already 
been taken into consideration to improve the efficiency 
of cotton breeding in Pakistan. The preliminary success 
was achieved with transformation of fiber gene CpTIP1 
into NIAB-846 by using agrobacterium-transforma-
tion system (Akhtar et  al. 2014). For a particular inter-
est, the application of genome-wide association study 
(GWAS) has opened new horizon in cotton breeding 
and genomic research. This method precisely identify an 
array of SNP closely associated with target traits (Yasir 
et  al. 2019). Furthermore, genomic estimated breeding 
values empower breeders to make accurate selection of 
superior genotypes. Genotyping-by-sequencing (GBS) 
analysis is performed for GWAS and genomic selection 
because of its relatively low cost and analytical simplic-
ity (Kim et  al. 2016). In Pakistan, GWAS is an effective 
approach to detect allelic variation and identify candidate 
SNPs tightly correlated with cotton yield, fiber quality, 
and stress resistance. This help breeders to avoid difficul-
ties of screening as well as enabled them to understand 

genetic control of target traits. The specific role of candi-
date genes can be now quantified with functional genom-
ics research. In this direction, The zinc finger nucleases 
(ZFNs), transcription activator-like effector nucleases 
(TALENs), RNA interference (RNAi), and the CRISPR/
Cas system are considered as powerful genome editing 
tools (Puchta et  al. 2013). In Pakistan, agrobacterium-
mediated genetic transformation is most frequently 
applied to generate transgenic cotton line. The CEMB, 
Lahore and NIBGE, Faisalabad has successfully produced 
several transgenic cotton lines for insect resistant and 
herbicide tolerant. In addition, the breeding program was 
designed to construct stable triple transgenic cultivars. It 
has been estimated that these new cultivars will produce 
risk free cotton crop. After the successful implementa-
tion of CRISPR/Cas system in other countries, CRISPR/
Cas platform, apart from other breeding measures has 
also been proposed to apply in the cultivation of cotton 
to control various strains of cotton leaf curl virus in Paki-
stan (Iqbal et al. 2020). So, application of new emerging 
genome editing technology has prime importance for 
accurate development of target genotypes in cotton.

Hybrid cotton breeding
The hybrid breeding utilizes the fixed heterosis to profi-
ciently increase yield and quality of crops. The heterosis 
is a widespread phenomenon by which hybrid offspring 
exhibit superior characteristic in growth, biomass, yield, 
quality, and resistance as compared with inbred parents 
(Shahzad et  al. 2020b). For particular significance, the 
crossing of genetically superior inbred parents exhibits 
substantial heterosis in yield and fiber quality traits in 
cotton (Zhu et al. 2008; Li et al. 2019). In hybrid breed-
ing, the utilization of genetic markers is suggested to 
select superior inbred parents that display good combing 
ability, higher yield, and excellent performance in hybrid 
combinations (Li et al. 2019). Artificial emasculation and 
pollination have widely been applied to produce hybrid 
cotton seeds in China and India. Despite the higher cost 
of seed production, the seed purity of hybrids is not fully 
ensured with artificial emasculation and pollination 
system. Comparatively, the application of cytoplasmic 
male sterility (CMS) system is an ideal platform to pro-
duce hybrid cotton seeds (Havey 2004). This system effi-
ciently utilizes heterosis to improve target traits, reduces 
costs, and ensure seed purity. The CMS-D2 and CMS-
D8 are two main CMS lines that are well established to 
facilitate commercial hybrid cotton seed production in 
China (Wu et al. 2011; Feng et al. 2021). Considering the 
importance of hybrid cotton, the commercial use of F2 
hybrids is proposed by many researchers. Because com-
mercialization of elite F2 hybrids reduced seed produc-
tion costs, increased yield, improved quality, enhanced 
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disease resistance, and promotes large scale cultivation 
of hybrid cotton (Wu et  al. 2004). The development of 
hybrid cotton has practical significance in Pakistan. It 
can overcome the problems related to seed impurity by 
producing genetically and physical pure cotton seeds. At 
the same time, hybrid cotton can be cultivated in wider 
regions with the advantage of superior yield coupled 
with improved fiber quality and stress resistance. Other 
advantages include uniform maturity, higher profitability, 
and providing employment through labor intensive seed 
production. To date, H-115, H-151, and H160 are the 
only cotton hybrids which have been developed in Paki-
stan, but the poor standard for seed maintenance along 
with higher cost of seed production further limits the 
hybrid cotton breeding. Other main limitations include 
non-availability of methodology for obtaining hybrid cot-
ton seeds for large scale cultivation. Notably, the develop-
ment of CMS based hybrid breeding systems can provide 
effective and economic means to produce hybrid seeds. 
The commercial use of F2 hybrids is another proposed 
strategy to improve wider cultivation of hybrids in cot-
ton. Moreover, the ratooning cotton has broad prospects 
for the permanent maintenance of the male-sterile lines, 
the utilization of heterosis, and reducing the costs to pro-
duce F1 seeds (Zhang et al. 2020).

Conclusion
Cotton is a vital source of foreign exchange in Pakistan. 
However, seed cotton yield along with total cultivated 
area is continuously decreasing in last few years. Climate 
change and emergence of new diseases significantly influ-
ence yield potential of already approved cotton geno-
types. Despite several approaches, cotton breeding based 
on phenotypic selection has certain limitation to acquire 
desirable traits. Meanwhile, the characterization of avail-
able gramplasm resources can enhance gene selection 
pool and at the same time most likely eliminates the bot-
tleneck issues that  restricting sustainable cotton yield. 
Recent progress in genetic analysis, marker development, 
QTLs mapping, genome sequencing, gene editing, and 
transformation provides new horizons to cotton breed-
ing. Significant progress has previously been achieved 
with the development of transgenic line harboring triple 
genes. In summary, apart from conventional breeding, 
the application of genome editing tool like CRISPR/Cas 
can provide efficient platform to understand genetic con-
trol of target traits. Thus, it would be a step further strat-
egy to develop pink bollworm, sucking pests, cotton leaf 
curl virus, and heat resilient cultivars in Pakistan.
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