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1.1 INTRODUCTION

Cotton is the most important fiber crop in the world and belongs to the family Malvaceae
and the genus Gossypium, and this genus has nearly 50 species. Four cultivated species of
cotton are Gossypium hirsutum 1., Gossypium barbedense 1.. (Egyptian cotton), Gossypium
herbaceum 1.. (Asiatic cotton), and Gossypium arboreum 1.. (Asiatic cotton), out of these,
upland cotton (G. hirsutum) is the most cultivated (on >90% area of total worldwide cot-
ton cultivation) species all across the world, which is mainly due to its high yields. The
oldest remains of the cotton fiber belonging to the sixth millennium BCE have been found
in the Neolithic burial that is in Kachi Plains of the Mehrgarh region (near Indus River)
of Pakistan (Moulherat et al. 2002).

Globally, cotton is grown in 75 countries of the world (USDA 2018b), and significantly
improves the economies of many countries through the provision of fiber, oil, and several
other products. The most important products of cotton may include garments, gloves,
muftlers, bags, socks, jackets, beds, vegetable oil, curtains, bed sheets, and others.

Cultivated cotton is grown as an annual plant; however, the species originally possessed
a perennial growth habit. Morphology and physiology of cotton have been explained in
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2 Cotton Production

detail in Chapter 2 of this book. The crop is sensitive to biotic and abiotic stresses, most
important of which are insect pests, drought and salt stress, diseases, weeds, viruses, and
heat stress (Dogan et al. 2014; Constable and Bange 2015; Jabran 2016). Poor seed germi-
nation in cotton is another issue that is noted in many important cotton growing countries
of the world. Development of genetically modified cotton cultivars has been among the
important innovations that helped to control insect pests and weeds in the cotton fields.
Cotton has contributed to improving the lives of people in many unprivileged areas of the
world such as West Africa (Hussein et al. 2005).

This chapter discusses the global production trends of cotton, cultural, economic
importance and uses of cotton, history and evolution of cotton, and the role of biotechnol-
ogy in improving cotton production.

1.2 GLOBAL PRODUCTION TRENDS OF COTTON

Cotton is mainly grown in the Asia continent (~70%) followed by the Americas, which has
nearly 20% of the global cotton cultivation (FAO 2018; Figure 1). Africa grows nearly 6%
of the total world cotton cultivation while Europe grows less than 2% of it.

The cotton cultivation area has ranged between 30 and 35 million hectare (m ha) during
the last 60 years (FAO 2018; Table 1). In the year 2016, the global cotton cultivation area
was 30.2mha, out of which 19.5mha was contributed by Asia, 3.8 mha by the North
America, 1.6mha by the South America, 4.5 mha by Africa, 0.28 mha by Australia, and
0.4mha by the Europe (Table 1). During the last 50 years, the cotton cultivation area has
been increased in the Asia (~15 to ~20m ha), Australia (~0.02 to ~0.28 m ha), and Africa
(~4.0 to ~4.5m ha) while it has been decreased in North America (~6.3 to ~3.8 m ha), the
South America (~3.0 to ~1.6) and the Europe (~3.0 to ~0.4mha) (Table 1). Global seed
cotton production has increased from 27.5 million tons (mtons) in 1961 to 65.4m tons in

‘ ® Asia ® Americas Africa Europe ® Oceania |

Figure 1 Seed cotton production share contributed by different areas of the world; data is average of
2007-2016 . Source: FAO, 2018.
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An Introduction to Global Production Trends and Uses, History and Evolution 5

2016, and lint production has increased from 9.5m tons in 1961 to 26.2m tons in 2014
(FAO 2018). Historically, 2011 and 2012 were the years with the highest seed cotton
production that was more than 79m tons (FAO 2018). Total seed cotton production
mainly comes from the Asia (~45m tons) followed by the North America (~10m tons),
the South America (~5m tons), Africa (~4m tons), Australia (~1.52m tons) and the
Europe (1.5m tons) (Table 1). Globally, the highest seed cotton yields come from the
Australian continent (5416 kg/ha) followed by Europe (3932 kg/ha) while the lowest aver-
age seed cotton yield has been recorded from Africa (912kg/ha). The global average seed
cotton yield is around 2000 kg/ha, and the Asian continent has also a similar level of the
average seed cotton yield.

The top 10 cotton producers in the world are China, India, the US, Pakistan, Brazil,
Uzbekistan, Turkey, Australia, Greece, and Turkmenistan (FAO 2018). Cotton cultivation
area in China has decreased from ~6mha in 2007 to 3.4mha in 2016, and total seed cot-
ton production has been decreased from ~23 to 16 m tons during the same time period
(Table 2). However, average seed cotton yield has been increased in China from 3860kg/
ha (2007) to 4748 kg/ha in 2016. During the last decade, the cultivation area, seed cotton
production and average yield faced only slight variations in India, the United States and
Pakistan. Among these, the highest seed cotton yield has been noted in the United States
(~2500kg/ha) followed by Pakistan (~2000kg/ha) and the India (1400kg/ha) (Table 2).

1.3 USES AND PRODUCTS OF COTTON

Seed cotton 1s delinted in the gins to obtain lint, cottonseed, and trash. Complete details
of the cotton ginning process have been provided in Chapter 8 of this book. The fiber
obtained from cotton is a raw material for the textile industry. The seed can be extracted
to get oil (nearly 20% of seed is oil); this oil can be used to produce vegetable oil, marga-
rine, and soaps, etc. (Proto et al. 2000).

Textile is one of the biggest industries of the world that turn cotton fiber into a variety
of products. A few examples may include garments, underwear, towels, carpets, or sheets,
socks, t-shirts, fishnets, coffee filters, book binding, and archival paper.

Several by-products of seed cotton are obtained along with the major cotton product
(fiber). Post ginning byproducts of seed cotton (e.g. cottonseed cake) could be used as
animal feed and for the production of biofuel (Holt et al. 2000; Rogers et al. 2002; Placido
et al. 2013). Production of biofuel from cotton may cause some environmental problems
(Lima et al. 2017).

1.4 HISTORY AND EVOLUTION OF COTTON

Cultivated cotton belongs to the genus Gossypium that has 54 species which usually grow
in the arid and semi-arid regions of tropical climate. Out of 54 Gossypium species, only
four are cultivated, i.e. G. lursutum, G. barbadense, G. herbaceum, and G. arboreum. The
former two are tetraploid whereas the latter two are diploid. The evolutionary history of
cotton is very interesting and includes trans-oceanic mating of parental species as diploid
progenitors of tetraploid cotton belongs to different continents. Tetraploid species con-
tain AADD genome and were discovered from the new world (America) in which the A
genome originated from Africa and Asia, and the D genome has new world origin. Here
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the question arises that how two genomes belonging to two different continents joined
together to form a tetraploid cotton even before the discovery of the new world. There are
different theories about hybridization of the genome of two continents but most authentic
theory is that the progenitor genome of tetraploid cotton, i.e. A and D genome diverged
at between 5 and 10 million years ago and about 1-2 million years ago trans-oceanic dis-
persal of maternal A genome, which is very much similar 70 G. herbaceum and D genome
which resembles to Gossypium raimondii followed by hybridization and chromosome dou-
bling give rise to tetraploid Gossypium species with spinnable fiber evolved from A genome
(Senchina et al. 2003; Paterson et al. 2012). The newly developed AADD genome diverged
into at least seven species (seven known tetraploid species of Gossypium, i.e. G. hirsutum,
G. barbadense, Gossypium darwinii, Gossypium mustelinum, Gossypium lanceolatum,
Gossypium caicoense and Gossypium tomentosum). Interspecific hybridization followed by
genome doubling has led to the molecular genetic interactions and deletion, duplication,
and translocations in the genome with a change in gene expression which makes possible
the evolution of new world tetraploid cotton.

This theory of AADD cotton development is further strengthened by the gene sequence
data of tetraploid cotton. It is revealed from gene sequence data that allotetraploid species
of cotton originated during mid-Pleistocene, at the time when continents were not com-
pletely isolated geographically (Wendel et al. 1989; Flagel et al. 2012). Characterization of
mitochondrial and plastid DNA revealed that during hybridization of two genomes, “A”
genome served as the maternal parent (Wendel et al. 1989; Xu et al. 2012; Li et al. 2014).
Then by some biological phenomenon or by chance, hybridization of two genome occurs
and hybrid might be sterile due to the incompatibility of two genomes to pair up. This
may lead to polyploidization of newly developed hybrid and first form of modern tetra-
ploid cotton. After polyploidization, diversification of polyploids took place rapidly
(Wendel and Grover 2015). Due to diversification and adaptation to different climates,
changes in gnome occurred, which led to speciation.

Gossypium species spread all over the world but it has maximum diversity in Kimberley
region in NW Australia, Horn of Africa, southern Arabian Peninsula and central and
western Mexico. Although only four species have been domesticated, all wild species have
parallel evolution and genetic diversity. This genetic diversity in wild species has been
often used by plant breeders to develop new cotton genotypes (Liang et al. 1978; Adams
and Wendel 2005; Igbal et al. 2017). Four species of Gossypium (two tetraploids, i.e.
G. hirsutum and G. barbadense and two diploids G. herbaceum and G. arboreum) domesti-
cated independently and parallel, i.e. two in America and two in Africa and Asia for single
cell trichrome (Brubaker and Wendel 1994; Liu and Wendel 2002). Wild relatives of all
four cultivated species are a perennial shrub and were traditionally grown as summer
crops, but with time they were domesticated as an annual crop. Unique properties of fiber
(spin-able fiber) were discovered by Aboriginal people, which make it a valuable crop from
ancient times (Wendel and Cronn 2003).

Archeological records showed that the earliest species of cotton to be domesticated was
G. arboreum in the Indus valley (Pakistan) by Harappan civilization. Similarly, the archeo-
logical record showed that a major trade of the Mohenjo Daro civilization was based on
cotton fiber (Moulherat et al. 2002). Due to the tropical and subtropical climate nature of
the crop, it could not spread outside of the Indian subcontinents until thousands of years
after its domestication (Brite and Marston 2013). Domestication of G. herbaceum has not
been traced out by archeological records, but the distribution of its wild relatives suggests
that it was domesticated in north and eastern Africa.
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It is evident from archeological records that G. hirsutum was first domesticated in the
Tehuacan Valley of Mexico dated between 3400 and 2300 BCE. Recent genetic studies
showed that it was originally domesticated in the Yucatan Peninsula of Mexico in the
same period. Parallel to this G. barbadense is believed to be domesticated in Ancon-
Chillon area of the central coast of Peru (d’Eeckenbrugge and Lacape 2014). In different
Mesoamerican cultures, cotton was a precious exchange item and Mayan and Aztec kings
used to present cotton products to Noble guests and army leads. With the period of time,
selection, and genetic improvements have changed many aspects of the crop including
yield and fiber traits.

Currently, more than 98% of the world’s cotton fiber is produced from new world
tetraploid species, but before the nineteenth century other species like G. herbaceum and
G. arboreum also had a major share.

1.5 GENETIC IMPROVEMENT IN COTTON

As it is well known that wild relatives and progenitors of cotton are bushy plants with a
perennial growth habit but in recent times cotton is grown as an annual crop. Since its
known history, a lot of genetic improvement has been made in cotton germplasm regard-
ing its growth habit, yield, fiber quality, and tolerance to biotic and abiotic diseases which
are briefly discussed here.

Cotton is a perennial crop with an indeterminate growth habit, which means that
reproductive and vegetative growth progress side by side. This makes it difficult to har-
vest and manage. A lot of plant growth regulators have been developed that slow down
the vegetative growth and promote reproductive growth for better yields. The use of
plant growth regulators can promote early reproductive growth and early harvesting,
thus shifting growth habit to annual (Pettigrew and Johnson 2005; Cothren and
Oosterhuis 2010).

Seed cotton yield has been improved dramatically in the last 100 years. In 1920-
1921 average seed cotton yield of the world was only 219.4 kg/ha which crossed 300 kg/
ha in 1960 and in 1991 it was about 600 kg/ha and in the next 20 years it improved up
to 760 kg/ha. Historically, the highest seed cotton yield was recorded in 2013-2014
where it touched 1800 kg/ha (USDA 2018a). Low yields have been recorded in devel-
oping countries and the highest yields have been recorded in the Australian region
(ICAC 2017). There was a huge difference between the lowest and the highest yields,
i.e. in Australia and New Zealand yield was recorded as 2300kg/ha and in eastern
Africa, it was 250kg/ha (ICAC 2017). There are various factors involved in the
improvement of seed cotton yield which include improvement in genetic potential, the
introduction of new world genotypes into the old world, insect pest resistance, devel-
opment of Bt cultivars, and development of genotypes with more response to fertilizer
and irrigation. Genetic improvement in cotton has been made in various ways which
are discussed here.

1.5.1 Genetic Improvement for Yield and Fiber Traits

Genetic improvement in seed cotton yield has been mainly brought through selection and
hybridization of the available germplasm. As more than 98% cultivated cotton belongs to
tetraploid cotton, therefore, it will be our main focus of discussion.
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Seed cotton yield is a complex trait and depends on many morphological and physiologi-
cal traits which contribute to the yield. Zhang et al. (2005) reported that seed cotton yield
and lint yield of Acala cotton in the USA improved steadily since 1930. They analyzed
experimental data of the last 30 years in China and reported that yield and yield-related traits
were improved through the years, i.e. improvement of yield traits in new varieties compared
to the previous one was 24.3% in lint yield, 3.49% in bolls per plant, and 2.80% in the lint
percentage. Genetic variability in the germplasm plays a vital role improvement in any crop,
because crossing of diverse genotypes gives a chance to a combination of required traits in
one genotype. Green and Culp (1990) reported simultaneous improvement in yield and
fiber traits through inter-mating of several diverse genotypes. They further suggested test-
ing the general combining ability of genotypes before being used in a breeding program.

Cotton is mainly grown for fiber, which is a function of the seed epidermal cells.
Manipulations of different hormones in the cell have an effect on fiber yield and quality.
It was reported that fiber yield and quality can be enhanced by manipulating the auxin
biosynthesis in epidermal cells. In a four-year field experiment, transgenic plants having
more capability of auxin biosynthesis in epidermal cells produced 15% more fiber yield
with notably improved fiber quality (Zhang et al. 2011a). Involvement of gibberellins in
fiber development has also been reported. Transgenic plants with more capability to pro-
duce gibberellins in epidermal cells produced significantly more fiber with better quality
than control (Xiao et al. 2010). Various other hormones synthesized in epidermal cells has
been reported to have a share in fiber development (Luo et al. 2007; Lee et al. 2010).
Overexpression of the genes responsible for these hormones improved fiber yield and
quality. Looking at the world’s cotton demands, research is needed for commercialization
of such genotypes with more fiber yield and quality.

Along with conventional breeding, modern techniques in plant breeding like marker-
assisted selection (MAS) have made it easy to select genotypes with high yield and better
quality. Various markers and quantitative trait loci (QTLs) have been identified closely
linked with the yield and fiber quality that made selection possible at the early stages of
plant development, which save time and money. Shen et al. (2007) developed a genetic link-
age map by using a series of recombinant inbred lines (RILs) of upland cotton and identi-
fied 25 major QTLs linked with fiber yield, seed cotton yield and fiber quality out of which
four QTLs had a major effect on fiber quality and seven QT1Ls had a major effect on seed
cotton yield, whereas all other QTLs had more or less equal contribution both on fiber
yield and quality. Paterson et al. (2003) constructed a genetic linkage map of cotton under
water stress and full water conditions. He reported 14 QTLs for water stress conditions
which were responsible for fiber yield and quality and only two QTLs under well-watered
conditions. Presence of more QTLs under water stress conditions depicts complicated
genetic control of fiber yield and quality traits under water stress conditions than in well-
watered conditions. Identification of QTLs facilitates MAS selection, as genotypes are
selected on the basis of markers linked to QTLs without field evaluation. Lacape et al.
(2005) analyzed various QTLs for fiber yield and quality and identified 19 QTL.-rich chro-
mosomal regions on 15 chromosomes which may be used as target regions for MAS.

1.5.2 Genetic Improvement for Biotic and Abiotic Stress Tolerance

Insect pest, disease, and harsh environment are major reasons for low yield of high genetic
potential genotypes. Various management strategies have been devised to diminish
the effect of these stresses which ranged from agronomic amendments to exogenous
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application of hormones and pesticides. But the most sustainable and economic strategy
1s to develop genotypes tolerant to the stresses. Normally only a few types of stresses may
prevail in one region so for producing tolerant genotypes for a specific region may not be
too difficult a job.

Insect pests, especially boll worms remained the biggest threat to cotton production
throughout the world until the commercialization of Bt cotton cultivars in the late 1990s
and early 2000s (Pray et al. 2002). With the passage of time, insect pests (most importantly
Helicoverpa armigera) have developed some tolerance against Bt toxin (Tabashnik et al.
2013). To overcome these, double-gene genotypes have been developed (Cui et al. 2011)
which has improved resistance to cotton boll worms.

Besides boll worm, epidemic conditions of various diseases have destroyed millions of
acres of cotton, which have been overcome by the development of resistant cultivars.
Cotton leaf curl virus disease (CI.CuD) has been known as one of the most important
diseases of cotton and was first noted in Pakistan in the 1960s. But it was not epidemic
until 1992 when it caused huge losses to cotton production in the country and losses to
Pakistan economy were around US$ 5 billion (Briddon and Markham 2000). In a few
years of research in conventional plant breeding, scientists had developed genotypes
which were tolerant to this disease (Briddon 2003). Among fungal diseases, fusarium wilt
and verticillium wilt are the two most important diseases for cotton. These two diseases
caused huge losses to cotton yield and later also destroyed the quality of the fiber (Paul
2002). Black root rot and bacterial blight are other important diseases which caused sig-
nificant losses to the cotton-based economy of the world (Bell and Stipanovic 1978). By
genetic manipulation and breeding of existing germplasm and introgression from wild
relatives, these diseases have been controlled and even with favorable conditions of the
disease, cotton varieties survived.

With climate change, abiotic stresses are a main concern to the cotton production.
Crop yield reductions due to climate change factors like drought and heat and salinity,
etc. are not easy to manage and have become a threat to cotton production. These abi-
otic stresses can be managed agronomically or genetically. Agronomic management
needs extra resources at the farm level, whereas genetic management requires extra
resources only at the research level, as once a tolerant genotype has been produced, it
can perform equally both in stress and non-stress condition without any extra
management.

Cotton is an often cross-pollinated crop due to abundant insect population which
makes it a relatively heterozygous crop. Due to its heterozygous nature, there is a potential
for hybrid development for this crop. Soomro (2000) reported 32-38% heterosis against
commercial genotypes and proposed hybrid development in cotton. China is a pioneer in
the hybrid development for this crop. Dong et al. (2004) developed a hybrid between a Bt
and a non-B¢ cotton lines and reported 20% enhanced yield of hybrid in northern China.
Hybrid cotton not only improves yield but also improves resistance against insects.
A long-term study (Wan et al. 2017) reported that a hybrid of B and non-Bt cotton can
resist the attack of pink boll worm which is the most divesting to the cotton crop. Thus,
hybrid development in cotton can be exploited not only for yield, but also for resistance to
biotic and abiotic stresses and fiber traits. A list of varieties and hybrids developed resist-
ant to different biotic and abiotic stress and for high yield in different countries has been
given in Table 3.
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Table 3 List of cotton cultivars/hybrids developed in different regions of the world to combat various biotic
and abiotic stresses.

Sr.No Variety Country Resistant/tolerant against Reference

1 Bollgard cotton USA Bollworms Perlak et al. (2001)

2 GK-12 China Bollworms Pray et al. (2002)

3 CCRI 29 China Bollworms Dong et al. (2004)

4 NuCOTN 33B Australia Bollworms Knox et al. (2006)

5 HSP1 Pakistan CLCuD Akhtar et al. (2015)

6 Auriga-213 Pakistan CLCuD Akhtar et al. (2015)

7 Z-33 Pakistan Bacterial blight Sajid et al., (2017)

8 SG1 China Verticillium wilt Wang et al. (2016)

9 SG4 China Verticillium wilt Wang et al. (2016)
10 UK 08 Tanzania Fusarium wilt, jassid, bacterial blight Faustine et al. (2016)
11 BRS Cedro Brazil Cotton blue disease, Ramularia areola, Faustine et al. (2016)

bacterial blight

12 FH-118 Pakistan Drought and heat stresses Igbal et al. (2017)
13 IUB-QM-65 Pakistan Drought and heat stresses Igbal et al. (2017)
14 IUB-63 Pakistan Heat stress Igbal et al. (2017)
15 Deltapine 61 USA Drought stress Penna et al. (1998)
16 Coker 348 USA Drought stress Penna et al. (1998)
17 DAK-66/3 Turkey Drought stress Sezener et al. (2015)
18 CZ91 China Salinity stress Wang et al. (2017)
19 Zhong 07 China Salinity stress Guo et al. (2015)
20 TX2285 USA Heat Wu et al. (2014)
23 RCHB 708 India Sub-optimal conditions Sankaranarayanan

(Hybrids) and Nalayini (2015)

1.6 ROLE OF BIOTECHNOLOGY AND GENETIC ENGINEERING
IN IMPROVING COTTON

Genetic engineering is an application to alter the inbuilt information of DNA by adding,
changing, or excising genes in it. The modification of this information results in the
amount or type of proteins naturally produced in organisms. Genetic engineering has
widespread applications varying from drug development, enhanced agriculture produc-
tivity, food processing, and friendly environment to the chemical and pharmaceutical
industries and human gene therapy (Gasser and Fraley 1989).

Biotech crops are produced either by direct transformation or by in direct transfor-
mation methods. Micro projectile bombardment and protoplast transformation are
among the most applied direct transformation methods. On the other hand, indirect
transformation is dependent on the use of the binary vector for inserting a gene into a
plant cell. Most common vector is Agrobacterium tumefaciens, while agrobacterium
rhizogenes can also be used (Dai et al. 2001). In addition electroporation of cells and
tissues, infiltration, liposome-mediated transformation, microinjection, silicon carbide
fiber-mediated transformation and transformation via the pollen-tube pathway are also
among transformation techniques (Zhu et al. 1993; Vasil 1994; Songstad et al. 1995;
Newell 2000; Rao et al. 2009).

Cotton is one of the most important crops being cultivated for feed (livestock), food,
fiber, oil, and cotton cake (Keshamma et al. 2008). Cotton breeders always look for better
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cotton varieties and they keep on using conventional breeding methods for this purpose
(Agrawal et al. 1997). The cotton crop is exposed to many issues including biotic (pests,
insects, weeds, viruses) and abiotic stresses (drought and salinity) (Poehlman 1987; Bakhsh
etal. 2015).

A breakthrough in cotton research came when the first genetically modified cotton was
reported by two groups working independently in 1987. They transferred phosphotrans-
ferase (npt I1) and confirmed their results by molecular analysis (Firozabady et al. 1987;
Umbeck et al. 1987). This opened the era of biotech cotton (Haq 2004). Cotton faces
challenges during its reproductive growth; biotic and abiotic stresses limit the yield of
crop significantly. Highly toxic pesticides are being used to combat losses from pests
which are an ultimate danger for the environment and for human health (Bakhsh et al.
2012). There is a strong need to address the increasing use of hazardous insecticides,
herbicides, etc. In addition, improved fiber quality became the need of time after develop-
ment of the synthetic fiber industry (Li et al. 2009a, b; Bajwa et al. 2013).

1.7 BIOTECH COTTON AGAINST BIOTIC AND ABIOTIC STRESSES

1.7.1 Insect Resistant Cotton

Agricultural crops are under a continuous threat by insect pests and diseases which are
responsible for an ultimate loss of 37% of worldwide agricultural production with insects
alone causing 13% loss (Gatehouse et al. 1992). Utilization of genetic engineering for
moving a distant gene into crop plants has enabled scientists to develop resistance against
insects and pests (Lycett and Grierson 1990; Dhaliwal et al. 1998). The insecticidal
protein produced by Bacillus thuringiensis is lethal to selected insect pests, 1.e. coleopterans
(Krieg et al. 1983; Herrnstadt et al. 1986), dipterans (Andrew et al. 1987), and lepidop-
teron (Hofte and Whitely 1989; Cohen et al. 2000). At the same time, it is not toxic for
beneficial insects, animals, and humans (Yamamoto and MclLaughlin 1981).

Insect resistance in cotton was introduced by researchers at Monsanto Company
(United States) by introducing Bt genes (¢rylAc) into cotton plants (Coker-312). Field
trials proved that plants showed considerable resistance against cotton bollworm
(Helicoverpa zea) (Pectinophora zea) and the pink bollworm (Pectinophora gossypiella)
(Perlak et al. 1991). Different types of cry genes have been introduced in cotton by
researchers to encode resistance against target insect pests (Table 4) (Perlak et al. 1990;
Majeed et al. 2000; Leelavathi et al. 2004; Wu et al. 2005; Guo et al. 2007; Hussain et al.
2007; Katageri et al. 2007; Rashid et al. 2008; Siebert et al. 2008; Tohidfar et al. 2008;
Khan et al. 2011; Bakhsh et al. 2012; Kiani et al. 2013).

In addition to ¢ryl gene, researchers have also introduced some other genes, for exam-
ple, vegetative insecticidal protein (VIP) genes from bacillus species including VIPI1,
VIP2, and VIP3 genes in cotton plants. Among these genes, VIP3 showed remarkable
insecticidal activity against lepidopterans of maize and cotton (Estruch et al. 1996; Fang
et al. 2007).

Although cotton bollworms are among the most devastating cotton pests, some other
insects including jassids, aphids, and whiteflies also ruin a major quantity of crop (Amudha
et al. 2011). Bt genes could not provide resistance against these sap sucking pests. Plants
naturally defend from these by synthesizing proteins, i.e. lectins and protease inhibitor
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Table4 Summary of some important insect-resistant cotton crops developed using Bt as well as non-Bt gene

sources.
Sr. No. Gene introduced Target insect pest Reference
1 crylAc+cry1Ab Helicoverpa zea and Spodoptera exigua Perlak et al. (1990)
2 crylAb Helicoverpa armigera Majeed et al. (2000)
3 cryllas Heliothis armigera Leelavathi et al. (2004)
4 crylAc Heliothis armigera Wau et al. (2005)
5 crylAc Helicoverpa armigera Katageri et al. (2007)
6 crylAc Heliothis armigera Hussain et al. (2007)
7 cry1G, cry2A, cry9C Helicoverpa armigera Guo et al. (2007)
8 crylF Spodoptera frugiperda Siebert et al. (2008)
9 crylAc+cry2A Heliothis armigera Rashid et al. (2008)
10 cry1Ab Heliothis armigera Tohidfar et al. (2008)
11 cry1Ab Heliothis armigera Khan et al. (2011)
12 crylAc Heliothis armigera Bakhsh et al. (2012)
13 crylAc Heliothis armigera Kiani et al. (2013)

Table5 Important herbicide-tolerant cotton trait.

Herbicide Resistant Cotton ~ Herbicide Tolerant Gene ~ Commercialization Trait ~ Commercialization year

Glyphosate CP4 EPSPS MON1445/1698 1996
Two CP4 EPSPS MON88913 2006
ZM-2MEPSPS GHB614 2009
Glufosinate PAT A2704-12 2009

(Yarasi et al. 2008) mechanism. The inhibitory effect of protease inhibitors II genes against
insect digestive enzymes has also been utilized by researchers using recombinant DNA
technology to introduce resistance against insects in cotton plants (Majeed 2005). Plant
lectins have been utilized as a resistance factor against various insects for crop protection.
Binding of lectins with epithelial cells of mid gut seems to be a reason to mediate a toxic
effect on insects. It may either act by inhibiting nutrient absorption or by disrupting mid
gut cells (Czalpa and Lang 1990). Many researchers have used this phenomenon for pro-
ducing insect resistant crops including cotton (Rao et al. 1998; Hussain 2002; Yao et al.
2006; Yarasi et al. 2008; Vajhala et al. 2013).

1.7.2 Herbicide Resistant Cotton

Herbicide resistant cotton has revolutionized weed management practices and has been
proven to be an important tool in crop protection. Herbicide resistance in cotton has been
introduced mainly by making it glyphosate tolerant, which has increased farm productiv-
ity (Chen et al. 2006; Zhao et al. 2006; Cerny et al. 2010; Tong et al. 2010; Green 2012).
Glyphosate resistant crop cultivars (including those of cotton) have been developed by
using the gene EPSPS that has been isolated from CP4 strain of agrobacterium (Padgette
et al. 1996). In later years glufosinate resistance was also introduced in cotton (Daud et al.
2009; Table 5).

Commercial availability of herbicide tolerant cotton has made its adoption easy to
farmers. Some of the commercially available herbicide resistant cotton varieties are men-
tioned in Table 5 (reviewed in Bakhsh et al. 2015).
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1.7.3 Wilt-resistant Biotech Cotton

Fungal diseases are also among one of the major biotic stresses for cotton crop in addition
to insect pests and weeds. Most common fungal diseases are furasium wilt (caused by
Fusarium oxysporum) and verticillium wilt (caused by Verticillium dahlia) and most of the
upland cotton varieties are susceptible to verticillium wilt (Klosterman et al. 2009;
Ganesan et al. 2009; Miao et al. 2010).

Biotech cotton resistant to fungi has also been developed by using genetic engineering
technology. Transgenic cotton showing resistance to Verticillium dahliea has been reported
by many researchers who used different genes in their studies (Wang et al. 2004;
Rajasekaran et al. 2005; Tohidfar et al. 2005; Miao et al. 2010; Munis et al. 2010; Parkhi
et al. 2010a, b; Tian et al. 2010; Zhang et al. 2011b; Zhang et al. 2012a, b).

1.7.4 Virus-Resistant Biotech Cotton

In the past few decades, cotton leaf curl disease (CLLCuD) has emerged as a major threat
to cotton growers. It is caused by begomoviruses of the Geminivirdae family. The virus is
transmitted by white flies (Besmisi tabaci) (Rahman et al. 2012). Management of viral
disease by the development of CLLCuD resistant cotton is environmentally safe (Beachy
1997). Transgenic cotton resistant to CLL.CuD was developed by antisense RNA expres-
sion using antisense coat protein (ACP) (Amudha et al. 2011). An RNAi-mediated
approach has also been successfully implemented by researchers to target CL.CuD
(Chakrabarty et al. 2010; Yasmeen et al. 2016; Ahmad et al. 2017).

1.8 BIOTECH COTTON WITH ENHANCED RESISTANCE AGAINST
ABIOTIC STRESS

Abiotic stresses, especially drought and salinity are expected to cause salinization of land
(more than 50%) by 2050 (Ashraf 1994). Breeders have implemented conventional plant
breeding methods to produce drought tolerance in cotton plants, but it is a lengthy pro-
cess. Genetic engineers have tried to develop biotech crops by introducing genes encod-
ing tolerance to chilling stresses, drought, and salinity (Lata et al. 2011; reviewed in
Bakhsh 2014; Table 6).

Table 6 Biotech cotton with enhanced yield under drought stress.

Gene(s) Gene source Abiotic stress type References

Beta Eschercia coli Drought Lv et al. (2007)

TsVP Thellungiella halophila Drought Lv et al. (2009)
Osmotin Tobacco Drought Parkhi et al. (2009)
AVP1 Arabidopsis thaliana Drought and salt Pasapula et al. (2011)
SNAC1 Rice Drought and salt Liu et al. (2014)
AtEDT1/HDG11 A. thaliana Drought and salt Yu et al. (2015)

ScALDH21 Syntrichia caninervis Drought Yang et al. (2016)
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1.8.1 Drought Resistant Biotech Cotton

Drought is the major devastating abiotic factor which affects the production and quality
of crops; it has become even more important due to increasing global climate change
(Boyer 1982; Araus et al. 2002; HongBo et al. 2005). Up- and downregulations of genes
for protein expression is used by plants to combat multiple abiotic stresses which ulti-
mately causes alteration of various biological functions (Deeba et al. 2012). So regulating
the genes responsible for draught stress is a key factor in developing draught resistant
plants (Hozain et al. 2012). Many genes have been identified which are involved in drought
stress in plants (Park et al. 2004).

Scientists have used genetic engineering technology either to introduce drought-toler-
ant genes from different plants into cotton (Vierling 1991; Joshi and Nguyen 1996; Yue
et al. 2012; Mittal et al. 2014) or by increasing or decreasing the expression of some pro-
teins (Magbool et al. 2010; Shamim et al. 2013). Table 6, summarizes some of these
drought-tolerant cotton strategies. But all of these are lab experiments or greenhouse trials.
Field studies did not give appreciable results yet and more research is needed in this regard.

1.8.2 Salt Tolerant Biotech Cotton

Salinity is among the major devastating abiotic stresses, affecting nearly 20% of the culti-
vated area worldwide (Zhu 2001). Although cotton is among the salt-tolerant crops, but
during the time of germination its seedlings are susceptible to saline conditions (Ashraf
2002). Osmotic stress as a result of increased salinity results in the senescence of leaves
(with accumulated salts) and also affects the growth of cotton plants (Munns 2002; Pic
et al. 2002). Researchers have attempted to produce biotech cotton plants by delaying the
senescence of leaves. It has been achieved by the introduction of isopentenyl transferase
(IPT) gene (which is capable of delaying leave senescence and enhancing salt tolerance) by
Agrobacterium mediated transformation (Liu et al. 2012).

The role of glycinebetaine is also reported to be very crucial for the management of
abiotic stresses in plants (Meek and Oosterhuis 2000; Blunden et al. 2001; Farooq et al.
2008; Hussain et al. 2008, 2010). The induction of salt tolerance in cotton plants is
reported by the over-expression of genes coding glycinebetaine (Lv et al. 2007) and cho-
line oxygenase (Zhang et al. 2009).

1.9 CONCLUSIONS

Global cotton cultivation area has been nearly stagnant, while total seed cotton production
has increased over time. China, India, the United States, Pakistan, and Brazil are the lead-
ing cotton-producing countries. With domestication and the development of high yielding
cultivars, the genetic base of cultivated cotton become narrow, which give rise to various
threats of susceptibly of biotic and abiotic stresses. Drought stress, insect pests, diseases,
and weed infestation have been the major factors that cause a great decline in cotton pro-
ductivity in major cotton-producing countries. These stresses can be overcome by trans-
genic means (development of transgenic cultivars like Bt cotton) or by introgression of a
tolerant/resistant gene from wild relatives. Introduction of genetically modified (insect
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pest and herbicide resistant) cotton cultivars has significantly increased seed cotton pro-
duction by providing improved control of insect pests and weeds. Genetic improvement in
cotton is a continuous process for high lint yields in a changing climate.

REFERENCES

Adams, K.L. and Wendel, J.F. (2005). Allele-specific, bidirectional silencing of an alcohol dehydrogenase gene in dif-
ferent organs of interspecific diploid cotton hybrids. Genetics 171: 2139-2142.

Agrawal, D.C., Banerjee, A.K., Kolala, R.R. etal. (1997). In vitro induction of multiple shoots and plant regeneration
in cotton (Gossypium hirsutum 1..). Plant Cell Rep. 16: 647—-652.

Ahmad, A., Zia-Ur-Rehman, M., Hameed, U. et al. (2017). Engineered disease resistance in cotton using RNA-
interference to knock down cotton leaf curl Kokhran virus-Burewala and cotton leaf curl Multan betasatellite
expression. Viruses 9: 257. https://doi.org/10.3390/v9090257.

Akhtar, K.P.,, Hussain, M., Mahmood-Ul-Hassan, M.S.; and Sarwar, N. (2015). Evaluation of Bt-cotton genotypes
for resistance to cotton leaf curl disease under high inoculum pressure in the field and using graft inoculation in
glasshouse. Plant Pathol. J. 31: 132.

Amudha, J., Balasubramani, G., Malathi, V.G. et al. (2011). Cotton leaf curl virus resistance transgenics with antisense
coat protein gene (AV1). Curr. Sci. 101: 300-307.

Andrews, R.W,, Fausr, R., Wabiko, M.H. et al. (1987). Biotechnology of Bt: a critical review. Bio/ Technology 6: 163-232.

Araus, J.L., Slafer, G.A., Reynolds, M.P., and Royo, C. (2002). Plant breeding and drought in C3 cereals: What should
we breed for? Ann. Bot. 89: 925-940.

Ashraf, M. (1994). Breeding for salinity tolerance in plants. Crit. Rev. Plant Sci. 13: 17-42.

Ashraf, M. (2002). Salt tolerance of cotton: some new advances. Crit. Rev. Plant Sci. 21: 1-30.

Bajwa, K.S., Shahid, A.A.; Rao, A.Q. et al. (2013). Expression of Calotropis procera expansin gene CpEXPA3
enhances cotton fibre strength. Aus. 7. Crop. Sci. 7: 206-212.

Bakhsh, A. (2014). Engineering crop plants against abiotic stress: current achievements and future prospects. Emir. ¥.
Food Agric. 27: 24-39.

Bakhsh, A., Anayol, E.,; Ozcan, S.F. et al. (2015). An insight into cotton genetic engineering (Gossypium hirsutum L.)
current endeavors and prospects. Acta Physiol. Plant. 37: 171.

Bakhsh, A., Siddiq, S., and Husnain, T. (2012). A molecular approach to combat spatio-temporal variation in insecti-
cidal gene (CrylAc) expression in cotton. Euphytica 183: 65-74.

Beachy, R.N. (1997). Mechanisms and application of pathogen-derived resistance in transgenic plants. Curr. Opin.
Biotechnol. 8: 215-220.

Bell, A. and Stipanovic, R. (1978). Biochemistry of disease and pest resistance in cotton. Mycopathologia 65: 91-106.

Blaise, D. (2006). Yield, boll distribution and fibre quality of hybrid cotton (Gossypium hirsutum 1..) as influenced by
organic and modern methods of cultivation. 7. Agron. Crop Sci. 192: 248-256.

Blunden, G., Patel, A.V.; Armstrong, N.J., and Gorham, J. (2001). Betaine distribution in the Malvaceae. Phytochemistry
58: 451-454.

Boyer, J.S. (1982). Plant productivity and environment. Science 218: 443—448.

Briddon, R.W. (2003). Cotton leaf curl disease, a multicomponent begomovirus complex. Mol. Plant Pathol. 4:
427-434.

Briddon, R.W. and Markham, P. (2000). Cotton leaf curl virus disease. Virus Res. 71: 151-159.

Brite, E.B. and Marston, J.M. (2013). Environmental change, agricultural innovation, and the spread of cotton agri-
culture in the old world. 7. Anthropol. Archaeol. 32: 39-53.

Brubaker, C.I.. and Wendel, J.F. (1994). Reevaluating the origin of domesticated cotton (Gossypium hirsutum;
Malvaceae) using nuclear restriction fragment length polymorphisms (RFLPs). Am. 7. Bot. 81 (10): 1309-1326.

Cerny, R.E., Bookout, J.T., CaJacob, C.A. et al. (2010). Development and characterization of a cotton (Gossypium
hirsutum 1..) event with enhanced reproductive resistance to glyphosate. Crop Sci. 50: 1375-1384.

Chakrabarty, PK., Kalbande, B., Chavhan, R. et al. (2010) Engineering cotton leaf curl virus resistance cotton
through Rna interference approach. Proceedings of World Cotton Research Conference-5. Mumbai.

Chen, Y.S., Hubmeier, C., Tran, M. et al. (2006). Expression of CP4 EPSPS in microspores and tapetum cells of
cotton (Gossypium hirsutum) is critical for male reproductive development in response to late-stage glyphosate
applications. Plant Biotechnol. J. 4: 477-487.



An Introduction to Global Production Trends and Uses, History and Evolution 17

Cohen, B.M., Gould, F,, and Bentur, ]J.C. (2000). Bt rice: practical steps to sustainable use. /nt. Rice Res. Notes 2: 4-10.

Constable, G.A. and Bange, ML.P. (2015). The yield potential of cotton (Gossypium hirsutum L.). Field Crop Res. 182:
98-106.

Cothren, J.'T. and Oosterhuis, D. (2010). Use of growth regulators in cotton production. In: Physiology of Cotton (ed.
J.M. Stewart, D.M. Oosterhuis, J.J. Heitholt and J.R. Mauney), 289-303. Springer.

Cui, J., Luo, J., Van Der Werf, W. et al. (2011). Effect of pyramiding Bt and CpTT genes on resistance of cotton to
Helicoverpa armigera (lepidoptera: noctuidae) under laboratory and field conditions. . Econ. Entomol. 104: 673—684.

Czalpa, T.H. and Lang, B.A. (1990). Effect of plant lectins on the larval development of European corn borer (lepi-
doptera: pyralidae) and Southern corn rootworm (coleoptera: chrysomelidae). 7. Econ. Entomol. 83: 2480-2485.

Dai, S., Zheng, P., Marmey, P. et al. (2001). Comparative analysis of transgenic rice plants obtained by agrobacterium
mediated transformation and particle bombardment. Mol. Breed. 7: 25-33.

Daud, M.K., Variath, M. T.] Ali, S. et al. (2009). Genetic transformation of bar gene and its inheritance and segrega-
tion behavior in the resultant transgenic cotton germplasm (BR0O01). Pak. 7. Bot. 41: 2167-2178.

Deeba, F,, Pandey, A.K., Ranjan, S. et al. (2012). Physiological and proteomic responses of cotton (Gossypium herba-
ceum 1..) to drought stress. Plant Physiol. Biochem. 53: 6-18.

D’eeckenbrugge, G.C. and Lacape, J.-M. (2014). Distribution and differentiation of wild, feral, and cultivated popula-
tions of perennial upland cotton (Gossypium hirsutum L.) in Mesoamerica and the Caribbean. PL0o.S One 9: ¢107458.

Dhaliwal, H.S., Kawai, M., and Uchimiya, H. (1998). Genetic engineering for abiotic stress tolerance in plants. Plant
Biotechnol. 15: 1-10.

Dogan, M.N.| Jabran, K., and Unay, A. (2014). Integrated weed management in cotton. In: Recent Advances in Weed
Management (ed. B.S. Chauhan and G. Mahajan), 197-222. The Netherlands: Springer.

Dong, H., Li, W,, Tang, W., and Zhang, D. (2004). Development of hybrid Bt cotton in China—a successful integration
of transgenic technology and conventional techniques. Curr. Sci. 86: 778-782.

Estruch, J.J., Waren, G.W., Mullis, M. A. et al. (1996). Vip 3A, a novel Bacillus thuringiensis vegetative insecticidal pro-
tein with a wide spectrum of activities against lepidopteran insects. Proc. Natl. Acad. Sci. U. S. A. 93: 5389-5394.

Fang, J., Xu, X., Wang, P. et al. (2007). Characterization of chimeric Bacillus thuringiensis Vip3 toxins. Appl. Environ.
Microbiol. 73: 956-961.

FAO (2018). FAOSTAT. Food and Agriculture Organization of the United Nations. Available online: http://www.fao.
org/faostat/en/#data/QC/visualize. Accessed: 04.10.2018.

Farooq, M., Aziz, T., Hussain, M. et al. (2008). Glycinebetaine improves chilling tolerance in hybrid maize. 7. Agron.
Crop Sci. 194: 152-160.

Faustine, C., Hoffmann, L..V., Tibazarwa, F.I.; and Lukonge, E. (2016). Screening of selected brazilian and tanzanian
cotton (Gossypium spp.) cultivars for Fusarium wilt resistance. 7. Exp. Biol. 4: 5.

Firozabady, E., Deboer, D.L.;, and Merlo, D.J. (1987). Transformation of cotton (Gossypium hirsutum 1..) by
Agrobacterium tumefaciens and regeneration of transgenic plants. Plant Mol. Biol. 10: 105-116.

Flagel, L.E., Wendel, J.E., and Udall, J.A. (2012). Duplicate gene evolution, homoeologous recombination, and tran-
scriptome characterization in allopolyploid cotton. BMC Genomics 13: 302.

Ganesan, M., Bhanumathi, P., Ganesh Kumari, K. et al. (2009). Transgenic Indian cotton (Gossypium hirsutum) harboring
rice chitinase gene (Chi IT) confers resistance to two fungal pathogens. Am. 7. Plant Biochem. Biotechnol. 5: 63-74.

Gasser, C.S. and Fraley, R.T. (1989). Genetically engineering plants for crop improvement. Science 244: 1293-1299.

Gatehouse, A.M.R., Hilder, V.A., and Boulter, D. (1992). Potential of plant-derived genes in the genetic manipulation
of the crops for insect resistance. In: Plant Manipulation for Crop Protection Biotechnology in Agriculture, vol. 7 (ed.
A.M.R. Gatehouse, V.A. Hilder and D. Boulter), 155-181. Wallingford, UK: CAB International.

Green, J.M. (2012). The benefits of herbicide-resistant crops. Pest Manag. Sci. 68: 1323-1331.

Green, C. and Culp, T. (1990). Simultaneous improvement of yield, fiber quality, and yarn stregth in upland cotton.
Crop Sci. 30: 66—69.

Guo, X., Huang, C., Jin, S. et al. (2007). Agrobacterium-mediated transformation of CrylC, Cry2A and Cry9C genes
into Gossypium hirsutum and plant regeneration. Biol. Plant. 51: 242-248.

Guo, J., Shi, G., Guo, X. et al. (2015). Transcriptome analysis reveals that distinct metabolic pathways operate in
salt-tolerant and salt-sensitive upland cotton varieties subjected to salinity stress. Plant Sci. 238: 33-45.

Hagq, I. (2004). Agrobacterium-mediated transformation of cotton (Gossypium hirsutum 1..) via vacuum infiltration.
Plant Mol. Biol. Report. 22: 279-288.

Herrnstadt, G., Soares, R.-W.; Edward, L., and Edwards, D. (1986). A new strain of Bacillus thuringiensis with activity
against coleopteran insects. Biotechnology 4: 305-308.



18 Cotton Production

Hofte, H. and Whitely, H.R. (1989). Insecticidal crystal protein of Bacillus thuriengenesis. Microbiol. Rev. 53:
242-255.

Holt, G.A., Barker, G.1., Baker, R.V.; and Brashears, A. (2000). Characterization of cotton gin byproducts by various
machinery groups used in the ginning operations. Zrans. ASAE 43: 1393-1400.

HongBo, S., Zong-Suo, L., and Ming-An, S. (2005). LEA proteins in higher plants: Structure, function, gene expres-
sion and regulation. Colloids Surf. B: Biointerfaces 45: 131-135.

Hozain, M., Abdelmageed, H., Lee, ]J. et al. (2012). Express ion of AtSAP5in cotto n up-regulates pu tative stress-
respons ive genes and Improve s the tolerance to rapidly developing water deficit and moderate heat stress. 7. Plant
Physiol. 169: 1261-1270.

Hussain, M., Farooq, M., Jabran, K., and Rehman, H. (2008). Exogenous glycinebetaine application improves yield
under water limited conditions in hybrid sunflower. Arch. Agron. Soil Sci. 54: 557-567.

Hussain, M., Farooq, M., Jabran, K., and Wahid, A. (2010). Foliar application of glycinebetaine and salicylic acid
improves growth, yield and water productivity of hybrid sunflower planted by different sowing methods. 7. Agron.
Crop Sci. 196: 136-145.

Hussain, S.S. (2002). Genetic transformation of cotton with Galanthus Nivalis Agglutinin (GNA) gene. PhD thesis,
CEMB;, University of the Punjab, Lahore, Pakistan.

Hussain, S.S., Husnain, T, and Riazuddin, S. (2007). Sonication assisted agrobacterium mediated transformation
(SAAT): an alternative method for cotton transformation. Pak. . Bot. 39: 223-230.

Hussein, K., Perret, C., and Hitimana, L. (2005). Economic and social importance of cotton production and trade in
West Africa: Role of cotton in regional development trade and livelihoods (DRAFT). Paris: Sahel and West Africa
Club Secretariat (SWAC/OECD).

ICAC (2017). ICAC - Statistics maintenance In /CAC World Cotton Database, 1921-2017. https://icac.genl(.net/
statistics/all: ICAC, Washington DC 20006-1636 (USA).

Igbal, M., Ul-Allah, S., Nacem, M. et al. (2017). Response of cotton genotypes to water and heat stress: from field to
genes. Euphytica 213: 131.

Jabran, K. (2016). Weed flora, yield losses and weed control in cotton crop. Fulius-Kiihn-Archiv 452: 177-182.

Joshi, C.P. and Nguyen, H.'T. (1996). Differential display-mediated rapid identification of different members of a
multigene family, 16.9 in wheat. Plant Mol. Biol. 31: 575-584.

Katageri, I.S., Vamadevaiah, H.M., Khadi, B.M., and Kumar, P.A. (2007). Genetic transformation of an elite Indian
genotype of cotton (Gossypium hirsutum 1..) for insect resistance. Curr. Sci. 93: 1843-1847.

Keshamma, E., Rohini, S.; Rao, K.S. et al. (2008). Tissue culture-independent in planta transformation strategy: an
agrobacterium tumefaciens-mediated gene transfer method to overcome recalcitrance in cotton (Gossypium hirsu-
tum 1..). J. Cotton Sci. 12: 264-272.

Khan, G.A., Bakhsh, A., Riazuddin, S., and Husnain, T. (2011). Introduction of crylAb gene into cotton (Gossypium
hirsutum) enhances resistance against lepidopteran pest (Helicoverpa armigera). Span. J. Agric. Res. 9: 296-300.
Kiani, S., Mohamed, B.B., Shehzad, K. et al. (2013). Chloroplast targeted expression of recombinant crystal-protein

gene in cotton: an unconventional combat with resistant pests. 7. Biotechnol. 166: 88-96.

Klosterman, S., Atallah, Z., Vallad, G., and Subbarao, K. (2009). Diversity, pathogenicity and management of
Verticillium species. Annu. Rev. Phytopathol. 47: 39—62.

Knox, O.G., Constable, G.A., Pyke, B., and Gupta, V. (2006). Environmental impact of conventional and Bt insecti-
cidal cotton expressing one and two Cry genes in Australia. Aust. . Agric. Res. 57: 501-509.

Krieg, A., Huger, A.M., Langenbruch, G.A., and Schnetter, W. (1983). Bacillus thuringiensis var tenebrionis: a new
pathotype effective against larvae of coleopteran. 7. Appl. Entomol. 96: 500-508.

Lacape, J.-M., Nguyen, T.-B., Courtois, B. et al. (2005). QTL analysis of cotton fiber quality using multipleX back-
cross generations. Crop Sci. 45: 123-140.

Lata, C., Yadav, A., and Prasad, M. (2011). Role of plant transcription factors in abiotic stress tolerance. In: Abiotic
stress response in plants-physiological, biochemical and genetic perspectives (ed. A. Shanker and B. Venkateswarlu),
269-296. INTECH publishers (ISBN:978-958-307-672-0).

Lee, J., Burns, T.H., Light, G. et al. (2010). Xyloglucan endotransglycosylase/hydrolase genes in cotton and their role
in fiber elongation. Planta 232: 1191-1205.

Leelavathi, S., Sunnichan, S.G., Kumria, R. etal. (2004). A simple and rapid Agrobacterium mediated transformation
protocol for cotton (Gossypium hirsutum 1..): embryogenic calli as a source to generate large numbers of transgenic
plants. Plant Cell Rep. 22: 465-470.

Li, P, Li, Z., Liu, H., and Hua, J. (2014). Cytoplasmic diversity of the cotton genus as revealed by chloroplast micro-
satellite markers. Genet. Resour. Crop. Evol. 61: 107-119.



An Introduction to Global Production Trends and Uses, History and Evolution 19

Li, E, Wu, S., Chen, T. etal. (2009a). Agrobacterium-mediated co-transformation of multiple genes in upland cotton.
Plant Cell Tissue Organ Cult. 97: 225-235.

Li, E, Wu, S., Lu, E et al. (2009b). Modified fiber qualities of the transgenic cotton expressing a silkworm fibroin
gene. Chin. Sci. Bull. 54: 1210-1216.

Liang, Z.-L., Sun, C.-W,,; Liu, D.-L., and Jiang, R.-Q. (1978). Studies on interspecific hybridization in cotton. Sci.
Sinica 21: 545-556.

Lima, AMF, Torres, E.A., Kiperstok, A., and Santos, G.D.FM. (2017). Environmental impacts of the biodiesel
production chain of cotton seed in Bahia, Brazil. Clean Techn. Environ. Policy 19 (5): 1523-1534.

Liu, G, Li, X., Jin, S. et al. (2014). Overexpression of rice NAC gene SNAC/ improves drought and salt tolerance by
enhancing root development and reducing transpiration rate in transgenic cotton. PLoS One 9: ¢86895.

Liu, B. and Wendel, J.F. (2002). Non-Mendelian phenomena in allopolyploid genome evolution. Curr. Genomics 3:
489-505.

Liu, Y.D, Yin, Z.]., Yu, J.W. et al. (2012). Improved salt tolerance and delayed leaf senescence in transgenic cotton
expressing the agrobacterium IPT gene. Biol. Plant. 56: 237-246.

Luo, M., Xiao, Y., Li, X. et al. (2007). GhDET2, a steroid 5a-reductase, plays an important role in cotton fiber cell
initiation and elongation. Plant J. 51: 419-430.

Ly, S.L,, Lian, L.J., Tao, PL. et al. (2009). Overexpression of Thellungiella halophila H + -PPase (T5VP) in cotton
enhances drought stress resistance of plants. Planta 229: 899-910.

Ly, S, Yang, A., Zhang, K. et al. (2007). Increase of glycinebetaine synthesis improves drought tolerance in cotton.
Mol. Breed. 20: 233-248.

Lycett, G.W. and Grierson, D. (1990). Genetic Engineering of Crop Plants, 303. London, UK.: Butterworth
Heinemann.

Majeed A (2005). Expression of proteinase inhibitor gene in cotton. PhD, University of the Punjab, Lahore, Pakistan.

Majeed, A., Husnain, T., and Riazuddin, S. (2000). Transformation of virus resistant Gossypium hirsutum 1.. genotype
CIM-443 with pesticidal gene. Plant Biotechnol. 17: 105-110.

Magbool, A.; Abbas, W.; Rao, A.Q. et al. (2010). Gossypium arboreum GHSP26 enhances drought tolerance in
Gossypium hirsutum 1.. Biotechnol. Prog. 26: 21-25.

Meek, C.R. and Oosterhuis, D. (2000) Effects of glycine betaine and water regime on diverse cotton cultivars. In:
Proceedings of the 2000 Cotton Research Meeting, vol 198. AAES Special Report, pp 109-112

Miao, W., Wang, X., Li, M. et al. (2010). Genetic transformation of cotton with a harpin-encoding gene hpaXoo confers
an enhanced defense response against different pathogens through a priming mechanism. BMC Plant Biol. 10: 67.

Mittal, A., Gampala, S.S.L., Titchie, G.L. et al. (2014). Related to ABA-Insensitive3(ABI3)/Viviparousl and AtABI5
transcription factor coexpression in cotton enhances drought stress adaptation. Plant Biotechnol. §. 12: 578-589.

Moulherat, C., Tengberg, M., Haquet, J.-F., and Mille, B.'T. (2002). First evidence of cotton at Neolithic Mehrgarh,
Pakistan: analysis of mineralized fibres from a copper bead. J. Archaeol. Sci. 29: 1393-1401.

Munis, M., Tu, L., Deng, F. et al. (2010). A thaumatin-like protein gene involved in cotton fiber secondary cell wall
development enhances resistance against Verticillium dahliae and other stresses in transgenic tobacco. Biochem.
Biophys. Res. Commun. 393: 38—44.

Munns, R. (2002). Salinity, growth and phytohormones. In: Salinity: Environment Plants Molecules (ed. A. Lauchli
and U. Liittge), 271-290. Dordrecht: Kluwer Academic Publishers.

Newell, C.A. (2000). Plant transformation technology. development and application. Mol. Biotechnol. 16: 53—65.

Padgette, S.R., Re, D.B.; Barry, G.F. et al. (1996). New weed control opportunities: development of soybeans with a
Roundup Ready gene. In: Herbicide-Resistant Crops (ed. S.A. Duke), 53—84. Boca Raton, FL.: CRC Press.

Park, E.]J., Jekni¢, Z., Sakamoto, A. et al. (2004). Genetic engineering of glycinebetaine synthesis in tomato protects
seeds, plants, and flowers from chilling damage. Plant 7. 40: 474-487.

Parkhi, V., Kumar, V., Campbell, L..A.M. et al. (2010a). Expression of Arabidopsis NPR1 in transgenic cotton confers
resistance to non-efoliating isolates of Verticillium dahliae but not the defoliating isolates. 7. Phytopathol. 158:
822-825.

Parkhi, V., Kumar, V., Campbell, I..A.M. et al. (2010b). Resistance against various fungal pathogens and reniform
nematode in transgenic cotton plants expressing Arabidopsis NPR1. Transgenic Res. 19: 959-975.

Parkhi, V., Kumar, V., Sunilkumar, G. et al. (2009). Expression of apoplastically secreted tobacco osmotin in cotton
confers drought tolerance. Mol. Breed. 23: 625-639.

Pasapula, V., Shen, G., Kuppu, S. et al. (2011). Expression of an Arabidopsis vacuolar H + —pyrophosphatase gene
(AVP1) in cotton improves drought-and salt tolerance and increases fibre yield in the field conditions. Plant
Biotechnol. 7. 9: 88-99.



20 Cotton Production

Paterson, A., Saranga, Y., Menz, M. et al. (2003). QTL analysis of genotype X environment interactions affecting
cotton fiber quality. 4G Theor. Appl. Genet. 106: 384-396.

Paterson, A.H., Wendel, J.F., Gundlach, H. et al. (2012). Repeated polyploidization of Gossypium genomes and the
evolution of spinnable cotton fibres. Nature 492: 423-427.

Paul, Y. (2002). Fungal discases of cotton. Dis. Field Crops 308.

Penna, J.C.V,, Verhalen, L.M.; Kirkham, M., and Mcnew, R.W. (1998). Screening cotton genotypes for seedling
drought tolerance. Genet. Mol. Biol. 21: 545-549.

Perlak, FJ., Deaton, R.W.; Armstrong, T.A. et al. (1990). Insect resistant cotton plants. Biotechnology 8: 939—943.

Perlak, FJ., Fuchs, R.L.., Dean, D.A. et al. (1991). Modification of the coding sequence enhances plant expression of
insect control protein genes. Proc. Natl. Acad. Sci. U. S. A. 88: 3324-3328.

Perlak, EJ., Oppenhuizen, M., Gustafson, K. et al. (2001). Development and commercial use of Bollgard cotton in
the USA—early promises versus today’s reality. Plant J. 27: 489-501.

Pettigrew, W. and Johnson, J. (2005). Effects of different seeding rates and plant growth regulators on early-planted
cotton. 7. Cotton Sci. 9: 189-198.

Pic, E., De la Serve, B.'T., Tardieu, I, and Turc, O. (2002). Leaf senescence induced by mild water deficit follows the
same sequence of macroscopic, biochemical, and molecular events as monocarpic senescence in pea. Plant Physiol.
128: 236-246.

Placido, J., Imam, T, and Capareda, S. (2013). Evaluation of ligninolytic enzymes, ultrasonication and liquid hot
water as pretreatments for bioethanol production from cotton gin trash. Bioresour. Technol. 139: 203—-208.

Pocehlman, J.M. (1987). Breeding Field Crops. In: A VI Publishing Company. Westport: Connecticut.

Pray, C.E., Huang, J., Hu, R., and Rozelle, S. (2002). Five years of Bt cotton in China—the benefits continue. Plant j.
31: 423-430.

Proto, M., Supino, S., and Malandrino, O. (2000). Cotton: a flow cycle to exploit. /nd. Crop. Prod. 11: 173-178.

Rahman, M., Hussain, K., Khan, M.A. et al. (2012). An insight of cotton leaf curl virus: a devastating plant patho-
genic begomovirus. Pure Appl Bio 1: 52-58.

Rajasekaran, K., Cary, J., Jaynes, J., and Cleveland, T. (2005). Disease resistance conferred by the expression of a gene
encoding a synthetic peptide in transgenic cotton (Gossypium hirsutum 1..) plants. Plant Biotechnol. J. 3: 545-554.

Rao, A.Q., Bakhsh, A., Shahzad, K. et al. (2009). The myth of plant trans-formation. Biotechnol. Adv. 27 (6):
753-763.

Rao, K. V., Rathore, K.S.; Hodges, T.K. et al. (1998). Expression of snowdrop lectin (GNA) in transgenic rice plants
confers resistance to rice brown plant hopper. Plant 7. 15: 469—477.

Rashid, B., Zafar, S., Husnain, T, and Riazuddin, S. (2008). Transformation and inheritance of Bt genes in Gossypium
hirsutum. J. Plant Biol. 51: 248-254.

Rogers, G.M., Poore, M.H., and Paschal, J.C. (2002). Feeding cotton products to cattle. Ver. Clin. North Am. Food
Anim. Pract. 18 (2): 267-294.

Sajid, M., Rashid, A., Bashir, ML.R. et al. (2017). Evaluation of available genetic resource against bacterial blight of
cotton in Pakistan. Pakistan J. Phytopathol. 29: 63—68.

Sankaranarayanan, K. and Nalayini, P. (2015). Performance and behaviour of Bt cotton hybrids under sub-optimal
rainfall situation. Arch. Agron. Soil Sci. 61: 1179-1197.

Senchina, D.S.; Alvarez, 1., Cronn, R.C. et al. (2003). Rate variation among nuclear genes and the age of polyploidy in
Gossypium. Mol. Biol. Evol. 20: 633-643.

Sezener, V., Basal, H., Peynircioglu, C. et al. (2015). Screening of cotton cultivars for drought tolerance under field
condition. Turkish J. Field Crops 20: 223-232.

Shamim, Z., Rashid, B., Rahman, S., and Husnain, T. (2013). Expression of drought tolerance in transgenic cotton.
Sci. Asia 39: 1-11.

Shen, X., Guo, W,, Lu, Q. et al. (2007). Genetic mapping of quantitative trait loci for fiber quality and yield trait by
RIL approach in upland cotton. Euphytica 155: 371-380.

Siebert, M.W., Babcock, J.M., Nolting, S. et al. (2008). Efficacy of Cry1F insecticidal protein in maize and cotton for
control of fall armyworm (lepidoptera: noctuidae). Fla. Entomol. 91: 555-565.

Songstad, D.D.; Somers, D.A., and Griesbach, R.]J. (1995). Advances in alternative DNA delivery techniques. Plant
Cell Tissue Organ Cult. 40: 1-15.

Soomro, A.R. (2000). Assessment of useful heterosis in glandless Gossypium hirsutum cotton strains through their
performance in hybrid combination. Pak. 7. Bot. 32: 65-68.

Tabashnik, B.E., Brévault, T., and Carriére, Y. (2013). Insect resistance to Bt crops: lessons from the first billion acres.
Nat. Biotechnol. 31: 510-521.



An Introduction to Global Production Trends and Uses, History and Evolution 21

Tian, J., Zhang, X., Liang, B. et al. (2010). Expression of baculovirus anti-apoptotic genes p35 and op-iap in cotton
(Gossypium hirsutum 1..) enhances tolerance to Verticillium wilt. PLo.S One 5: ¢14218.

Tohidfar, M., Ghareyazie, B., Mosavi, M. et al. (2008). Agrobacterium-mediated transfor -mation of cotton
(Gossypium hirsutum) using a synthetic crylAb gene for enhanced resistaonce against Heliothis armigera. [ran.
J. Biotechnol. 6: 164—173.

Tohidfar, M., Mohammadi, M., and Ghareyazie, B. (2005). Agrobacterium-mediated transformation of cotton
(Gossypium hirsutum) using a heterologous bean chitinase gene. Plant Cell Tissue Organ Cult. 83: 83-96.

Tong, X.H., Daud, M.K., and Zhu, S.]. (2010). Selection and characterization of a novel glyphosate-tolerant upland
cotton (Gossypium hirsutum 1..) mutant (R1098). Plant Breed. 129: 192-196.

Umbeck, P, Johnson, G., Barton, K., and Swain, W. (1987). Genetically transformed cotton (Gossypium hirsutum L.)
plants. Nat. Biotechnol. 5: 263-266.

USDA (2018a). Cotton yield by country in Kg/ha. Available at https://www.indexmundi.com/agriculture/
?commodity=cotton&graph=yield (Acessed on 23.09.2018)

USDA (2018b). Cotton: World Markets and Trade. The United States Department of Agriculture. Available online:
https://apps.fas.usda.gov/psdonline/circulars/cotton.pdf. Accessed: 06.10.2018.

Vajhala, S.K.C., Sadumpati, V.K.; Nunna, H.R. et al. (2013). Development of transgenic cotton lines expressing
Allium sativum agglutinin (ASAL) for enhanced resistance against major sap-sucking pests. PLo.S One 8: 1-9.

Vasil, I.K. (1994). Molecular improvement of cereals. Plant Mol Biol. 25: 925-937.

Vierling, E. (1991). The roles of heat shock proteins in plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 42: 579-620.

Wan, P, Xu, D., Cong, S. et al. (2017). Hybridizing transgenic Bt cotton with non-Bt cotton counters resistance in
pink bollworm. Proc. Natl. Acad. Sci. 114 (21): 5413-5418.

Wang, Y.Q., Chen, D.J.,, Wang, D.M. et al. (2004). Over-expression of gastrodia anti-fungal protein enhances
Verticillium wilt resistance in coloured cotton. Plant Breed. 23: 454—459.

Wang, Y., Liang, C., Wu, S. et al. (2016). Significant improvement of cotton Verticillium wilt resistance by manipulat-
ing the expression of gastrodia antifungal proteins. Mol. Plant 9: 1436-1439.

Wang, N, Qi, H., Qiao, W. et al. (2017). Cotton (Gossypium hirsutum 1..) genotypes with contrasting K+/Na+ ion
homeostasis: implications for salinity tolerance. Acta Physiol. Plant. 39: 77.

Wendel, ].F. and Cronn, R.C. (2003). Polyploidy and the evolutionary history of cotton. Adv. Agron. 78: 139-186.

Wendel, J.F. and Grover, C.E. (2015). Taxonomy and evolution of the cotton genus, Gossypium. In: Cotton, 2e (ed.
D.D. Fang and R.G. Percy). American Society of Agronomy, Inc., Crop Science Society of America, Inc., and Soil
Science Society of America, Inc.

Wendel, J.F,, Olson, P.D., and Stewart, J.M. (1989). Genetic diversity, introgression and independent domestication
of old world cultivated cottons. Am. J. Bot. 76: 1795-1806.

Wu, T., Weaver, D.B., Locy, R.D. et al. (2014). Identification of vegetative heat-tolerant upland cotton (Gossypium
hirsutum 1..) germplasm utilizing chlorophyll fluorescence measurement during heat stress. Plant Breed. 133:
250-255.

Wu, J., Zhang, X., Nie, Y., and Luo, X. (2005). Agrobacteriumtumefaciens and regeneration of insect-resistant plants.
Plant Breed. 124: 142-146.

Xiao, Y.-H., Li, D.-M., Yin, M.-H. et al. (2010). Gibberellin 20-oxidase promotes initiation and elongation of cotton
fibers by regulating gibberellin synthesis. 7. Plant Physiol. 167: 829-837.

Xu, Q., Xiong, G., Li, P. etal. (2012). Analysis of complete nucleotide sequences of 12 Gossypium chloroplast genomes:
Origin and evolution of allotetraploids. PLoS One 7: E37128.

Yamamoto, T. and McLaughlin, R.E. (1981). Isolation of a protein from the parasporal crystal of Bacillus thuringiensis
var. kurstaki toxic to the mosquito larva Aedes taeniorhynchus. Biochem. Biophys. Res. Commun. 103: 414—421.

Yang, G.Z., Luo, X.J., Nie, Y.C., and Zhang, X.L. (2014). Effects of plant density on yield and canopy micro environ-
ment in hybrid cotton. J. Integr. Agric. 13: 2154-2163.

Yang, H., Zhang, D., Li, X. et al. (2016). Overexpression of ScALDH2] gene in cotton improves drought tolerance
and growth in greenhouse and field conditions. Mol. Breed. 36: 1-13.

Yao, Q., Cong, L., Chang, J.L.. et al. (2006). L.ow copy number gene transfer and stable expres -sion in a commercial
wheat cultivar via particle bombardment. 7. Exp. Bot. 57 (14): 3737-3746.

Yarasi, B., Sadumpati, V., Immanni, C.P. et al. (2008). Transgenic rice expressing Allium sativum leat agglutinin
(ASAL) exhibits high-level resistance against major sap-sucking pests. BMC Plant Biol. 8: 102.

Yasmeen, A., Kiani, S., Butt, A. et al. (2016). Amplicon-based RNA interference targeting V2 gene of cotton leaf curl
Kokhran Virus-Burewala strain can provide resistance in transgenic cotton plants. Mol. Biotechnol. https://doi.
org/10.1007/512033-016-9980-8.



22 Cotton Production

Yu, L.H., Wu, S.J.,, Peng, Y.S. et al. (2015). Arabidopsis EDT1/HDG11 improves drought and salt tolerance in cotton
and poplar and increases cotton yield in the field. Plant Biotechnol. J. 14: 72-84.

Yue, Y., Zhang, M., Zhang, J. et al. (2012). Overexpression of the atl.OS5 gene increased abscisic acid level and
drought tolerance in transgenic cotton. 7. Exp. Bot. 63: 3741-3748.

Zhang, H., Dong, H., Li; W. et al. (2009). Increased glycine betaine synthesis and salinity tolerance in AhCMO trans-
genic cotton lines. Mol. Breed. 23: 289-298.

Zhang, J., Lu, Y., Adragna, H., and Hughs, E. (2005). Genetic improvement of New Mexico Acala cotton germplasm
and their genetic diversity. Crop Sci. 45: 2363-2373.

Zhang, K., Wang, J., Lian, L. et al. (2012b). Increased chilling tolerance following transfer of a betA gene enhancing
glycinebetaine synthesis in cotton (Gossypium hirsutum L.). Plant Mol. Biol. Report. 30: 1158-1171.

Zhang, Y., Wang, X., Yang, S. et al. (2011b). Cloning and characterization of a Verticillium wilt resistance gene from
Gossypium barbadense and functional analysis in Arabidopsis thaliana. Plant Cell Rep. 30: 2085-2209.

Zhang, B., Yang, Y., Chen, T. et al. (2012a). Island cotton GbvelGene encoding a receptor-like protein confers resist-
ance to both defoliating and non-defoliating isolates of Verticillium dahliae. PLoS One 7: ¢51091.

Zhang, M., Zheng, X., Song, S. et al. (2011a). Spatiotemporal manipulation of auxin biosynthesis in cotton ovule
epidermal cells enhances fiber yield and quality. Nat. Biotechnol. 29: 453-458.

Zhao, FY., Li, YE, and Xu, P. (2006). Agrobacterium mediated transformation of cotton (G. hirsutum L. cv.
Zhongmian 35) using glyphosate as selectable marker. Biotechnol. Lett. 28: 1199-1207.

Zhu, J.K. (2001). Over expression of a delta-pyrroline-5-carboxylate synthetase gene and analysis of tolerance to water
and salt stress in transgenic rice. Trends Plant Sci. 6: 66-72.

Zhu,Z., Sun, B., Liu, C. etal. (1993). Transformation of wheat protoplasts mediated by cationic liposome and regen-
eration of transgenic plantlets. Chin. J. Biotechnol. 9: 257-261.



