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Abstract

Cotton is considered as a major cash crop of the world. It earns huge foreign
exchange by its valuable products; fiber, lint, cotton seed oil, hull and a lot
more. Being an important fiber crop, it earns huge foreign exchange by con-
tributing to textile and seed oil industry. This review summarizes cotton bi-
ology, its diversity and domestication, genome assembly, constraints in its
production and methods to improve cotton plant to fulfill the need of textile
and oil industry. But cotton is facing enormous biotic and abiotic stresses
with insect pests being most prominent. Massive destruction caused by in-
sects needs to be controlled for maintaining fruitful cotton crop production.
Conventional breeding approaches are limited to improving single trait and
integrate stable genes within plant genome in approximately 7 - 8 years. Im-
proved biotechnological procedures have paved new pathways to target genes
specifically and improve cotton germplasm in lesser time than conventional
breeding.

Keywords

Cotton, Colored Cotton, Cotton Domestication, Genetic Diversity,
Transformation

1. Introduction

Cotton is considered as the world’s most important fiber producing crop. It not
only supports textile industry by providing fiber but also supports oil industry by
producing high quality oil. It is a major source of proteins (30% - 40%) to be fed
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to animals. Cotton is engaging approximately 350 million people around the
globe for its production, ginning, transportation and storage. The world cotton
market of ~$20 billion annually is made possible by the uncommon ability of the
cotton genus (Gossypium) to produce lint fibers that are single-celled, epider-
mal, five to six cm long, and seed-borne. The top three cotton-producing coun-
tries are China, India and the United States, followed by Pakistan, Brazil, Aus-
tralia, Uzbekistan, Turkey, Turkmenistan, Burkina, Mali, Greece and Burma
(Figure 1). China produces the most cotton, up to 6532 thousand metric tons
annually (Figure 2). One hundred thousand Chinese farmers are engaged in
cotton cultivation, where moderate rainfall favors production. About US $73 bil-
lion in cotton cloth industry is earned by ~7500 textile companies in China. In-
dia is the world’s second-largest cotton producer at 6423 thousand metric tons
production each year. Massive cotton production in India is made possible by
favorable environmental conditions in northern areas, with moderate tempera-
tures of 25°C to 35°C. Mechanized farming in India also contributes to increased

cotton production [1].
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Figure 1. Production and consumption of world’s major cotton growing countries (Eco-
nomic survey of Pakistan 2018-19).
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Figure 2. World cotton fiber production (Economic survey of Pakistan 2018-19).
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The United States of America is the third-largest cotton producer at 3553
thousand metric tons annually (Figure 2). Arizona, California, Florida, Missis-
sippi and Texas are the major cotton-producing states. Cotton is cultivated on
nearly 5 mha/yr in the United States, exceeding the area planted in all crops ex-
cept wheat, maize and soybean [2]. The cotton fiber grown annually in the
United States is worth ~6 billion dollars and the added value from cottonseed oil
and meal is ~500 million dollars. Cotton fiber exports are worth four billion
dollars annually. About 120 billion dollars is assessed for the business revenue of
this crop [3]. The United States is progressively dependent on worldwide market
for cotton to counteract the high demand for artificial fiber [2].

Pakistan is a prominent cotton producer and consumer and the economy de-
pends profoundly on its cotton and textile industry (Table 1). The cotton and
textile sectors contribute almost half the country’s industrial base and cotton is
the principal cash crop of Pakistan, providing critical income to country’s
households. The cotton-textile sectors comprise 11% of GDP and 60% of export
earnings. Cotton is grown on 15% of the agricultural land from May to August,
during monsoon season. It is also grown from February to April on a small scale.
Pakistan stands at fourth position in world’s cotton production behind China,
India and the United States [4]. Pakistan stands third in exporting raw cotton,
fourth in cotton consumption, and is the largest cotton yarn exporter [5]. How-
ever, the future of this essential part of the national economy is uncertain. This
sector faces challenges from unbalanced prices and enhanced competition from
worldwide liberalization of the multidimensional cotton and textile business.
Therefore, Pakistan’s economic circumstances are unstable [6]. As a cash crop,
cotton represents a huge foreign exchange for Pakistan’s economy, earning it the
name “white gold of Pakistan”. The textile industry earned $10.22 billion in for-
eign exchange from July, 2016 to March, 2017. The cotton crop was grown on
2,961,000 ha in 2017-18, an increase of 5.5% over the previous year. The 2017-18
cotton production was 11.8% increase over the previous year [7]. The shift from
cotton production to rice and maize crops in some districts of Punjab contri-

buted to the decreased acreage of cotton in Pakistan (Figure 3).

Table 1. Area, production and yield of cotton in Pakistan.

Area Production Yield
Year (000 Hectare) C‘}fl:ge (000 Bales) C‘}l‘;aar?gee (Kgs/Hec) C‘}I‘;:fgee
2013-14 2689 - 11,460 - 725 -
2014-15 2835 5.4 13,595 18.6 815 12.4
2015-16 2879 1.6 13,031 -4.1 769 -5.6
2016-17 2806 -2.5 12,769 -2 773 0.5
2017-18 (P) 2961 5.5 13,983 9.5 802 3.8

Source: Pakistan Central Cotton Committee, M/O Textile indutry, 2018. E: Estimated, P: Projected.
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Figure 3. Cotton production in Pakistan (000 bales) (Economic survey of Pakistan 2018-19).

2. Cotton Plant

Cotton (Gossypium hirsutum L. and G. barbadense L.) is widely cultivated as a
source of fiber. It is an annual, leafy shrub similar to Hibiscus that grows to ~1.2
m. The plant has broad, heart-shaped leaves with thick veins and three to five
lobes, a central stem with many branches, and roots that can reach ~1.5 m deep.
The cotton plant produces pink or light yellow flowers that, after pollination,
give rise to a fruit called a boll. Each boll contains 27 to 45 seeds hidden within
capsules surrounded by 28-mm long 10,000 to 20,000 fibers. Cotton fiber is thin,
hollow, and composed of cellulose surrounded by wax [8].

When a cotton seed is sown, it comes in contact with moist soil, imbibes wa-
ter, and starts to germinate. Emergence occurs when cotyledons emerge from
the soil surface and unfurl. Cotyledons grow faster in a warmer climate. Seedling
establishment is best at a soil temperature of 16°C with at least three days of
sunshine. Below this temperature, seedlings are susceptible to diseases like black
root rot and Fusarium wilt. According to Dr. David Nehl (NSWDPI), a marked
increase in seedling mortality was observed at soil temperatures under 15°C [9].
Cotton has an indeterminate growth habit: it produces fruit over a period of
time, not simultaneously [10]. Development follows a specific pattern deter-
mined primarily by temperature variations and per-day degree calculations [10].
Under ideal conditions, seeds planted in warm, moist soil germinate and emerge
in 5 - 10 days (Figure 4). The first two visible leaves are the cotyledons or seedl-
ing leaves, which in the presence of light begin photosynthesis. Conversion of
sunlight to carbohydrates through photosynthesis provides food to the plant to
help it develop normally [10]. Photosynthesis turns cotyledons into true leaves
(leaves produced from the cotyledons) in two to four weeks, and they continue
to feed the plant for the rest of its life. The plant develops continuously by add-
ing leaves and increasing height. It produces small flower buds called squares in
five to seven weeks. Bracts (striped leaf like parts) cover the small flower bud.
After square development, the bud swells, pushes through the bracts, and opens

into an attractive flower. Pollination occurs within three days, changing the
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flower’s creamy white or yellow color to pinkish-red, then the flower wilts and
falls off, uncovering a small, green, immature cotton boll. A cotton boll is a seg-
mented fruit pod with thirty-two immature seeds from which the fibers origi-
nate. It enlarges to the size of a small fig as the fibers develop and thicken within
the boll. At this stage, the mature cotton fibers are thickened with their chief
component, the carbohydrate cellulose, also the major component of higher
plants cell wall. Each plant may bear up to 100 bolls and the average boll con-
tains ~500,000 cotton fibers [11]. About 140 days after planting, or nearly 45
days after the appearance of bolls, the cotton boll will start splitting naturally
along its segments or carpels and begin to dry out, uncovering the underlying
cotton segments called Jocks. Dried carpels are called the bur and when fully
dried and fluffed, this bur holds locks of cotton firmly in place, ready for easy
picking [10].

The genus of cotton is Gossypium, in the tribe Gossypieae of the mallow fam-
ily, Malvaceae (Table 2). Cotton occurs naturally in arid to semiarid areas of
subtropical and tropical regions in both the New and Old World. The genus
Gossypium consists of ~50 species [12], making it the largest in the tribe Gossy-
pioieae. The name of the genus is derived from the Arabic word goz, which

means soft material [13]. The Gossypium genus originated ~5 to 10 million

adadl 31"

Cotton Cotton True First Cotton Cotton Cracked Organic
Seeds seedling |leaves bud bud Cotton blossom boll cotton cotton

From seedling to first Flower stages
flower 50-70 days after
60- 70 day owe

Figure 4. Life cycle of cotton (http://www.cottonsjourney.com/Storyofcotton/page3.asp).

Table 2. Cotton taxonomy.

Name Cotton
Kingdom Plantae
Unranked Angiosperms
Unranked Eudicots
Unranked Rosids

Division Mangoliophyta
Class Mangoliopsida

Order Malvales

Family Malvaceae

Genus Gossypium

Source: Tripathy et al, 2011.
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years ago [14]. The species included in the genus are extremely varied, both
morphologically and physiologically, ranging from fire-borne, herbaceous pe-
rennials in Australia to tree species in Mexico [12].

The life cycle of the different cotton species varies, but the symmetry of fruit
production remains almost the same. Insects, weather, and moisture can alter
the ideal conditions for cotton growth drastically and it is the farmer’s profes-
sion to regulate these conditions to adjust yield [9]. Perennial shrubs of culti-
vated cotton are most often grown as annual crops. Plants are 1 - 1.5 m high
under modern cropping patterns, sometimes higher in conventional mul-
ti-cropping patterns. The leaves are wide and have 4 - 5 lobes. The cottonseeds,
located in the capsule-shaped boll, are enclosed by two types of fibers, which are
detached from the seed by ginning. Firstly, the longer fibers, called staples, are
detached and twisted together to produce yarn for making thread and weaving
into high-quality fabric. Secondly, the linters are detached and woven into
poor-quality fabric that contains the eponymous lint. Modern machines harvest
cotton bolls without damaging the plant. Cotton production is boosted further
by a favorable environment. Spinning machines and power looms were early,
but enduring innovations to modern industry and help maintain consistent
quality and quantity of cotton products [1].

The most common commercial species of cotton are G. hirsutum (>90% of
world cotton production), G. barbadense (3% - 4%), G. arboreum and G. herba-
ceum (2%) [15]. Most cotton varieties were derived through conventional
breeding techniques like selection and hybridization. Current breeding pro-
grams seek to cross-breed traits such as insect/disease resistance and drought
tolerance from wild cotton species into the major commercially cultivated spe-
cies. Cotton fibers occur naturally as white, green, brown, and some blends of
these shades [16]. Cotton is native to tropical and subtropical regions of the
globe, mainly America, Australia, and Africa [8]. 17 native species of Gossypium
are distant relatives of Australian flora [12]. Currently, 52 species of cotton are
placed in the genus Gossypium. The Mayan civilization in Mexico first devel-
oped Gossypium hirsutum as a cultivated species [8].

Cotton is a popular natural fiber. Cultivated cotton is also an important oil-
seed crop and a major protein source for animal feed. This makes cotton a major
player in the world economy and it is central to the industry, agriculture and
employment of many subtropical and tropical regions in South America, Africa
and Asia. Therefore, the genus Gossypium has long been the object of research
[16]. All parts of the cotton plant are significant. Seeds are used for oil or as an-
imal feed. Fiber is used in the textile industry to produce thread/fabric and re-
maining parts are mulched. Linters (small fibers removed from the seed after
ginning) are a good source of cellulose. Linters are used to make products like
cotton balls [8]. Among cotton products, lint (the fiber detached from the seed)
is the major product; other products include textile and yarn products, automo-

bile tire cord, plastic reinforcing and cordage. Cotton hulls are used for fuel, fer-
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tilizer, as packing material and the stalk fiber is used for pressed paper and
cardboard [8]. Cottonseed oil is now considered as a chief byproduct of the cot-
ton plant and has emerged as a distinct industry since its development in the
latter half of the 19' century. It is gradually becoming more important to cotton
farmers as the natural cotton fiber meets competition from cheaper, stronger
synthetic fibers cottonseed contains ~20% oil. After detaching from the linters,
seeds are shelled, pressed and crushed. The crude oil is extracted with solvents.
Cottonseed oil is used as a cooking or salad oil, in margarine and shortening,
and in a highly refined form, for cosmetics. It is used as a semidrying oil in paint.
Candles, soap, detergents, oilcloth, artificial leather and many other commodities
are manufactured from its less refined state [8]. Cotton is easily combined with
linen to make velvet. It is less expensive than silk and can be printed more easily
than wool. Its low market price makes it acceptable to the general public. The
British midlands became a profitable center in the 1770s due to innovative tech-
niques like the spinning jenny, water frame and spinning mule. British cotton
export reached 15.6% from 1794 to 1796 and 42.3% from 1804 to 1806 [17].

Cotton is grown all around the world: 75 countries produce cotton for differ-
ent purposes [18]. It is grown north and south of the equator to 45 to 35 degrees
and comprises ~31.7% of global agricultural production [19]. Cotton thrives in
hot areas with low humidity and long periods of sunshine. Normally, its growing
period starts in September/October and ends in March/April. Many insect spe-
cies attack cotton and cause serious damage if not properly controlled. Major
pests include aphids, mirids, whitefly, thrips and Helicoverpa caterpillar. Cotton
is also affected by diseases, causing significant losses to industry. The most da-
maging diseases are Texas root rot, bacterial blight, blue disease, cotton leaf curl
disease, and some strains of Verticillium and Fusarium wilt [20]. Abiotic factors
(heat, drought, salinity, and waterlogging) affect cotton yield, especially during
early stages of plant development [8].

Management improvements are an ongoing challenge as cotton producers
face market realities. A producer’s understanding and knowledge of the crop and
ability to read the plant are critical to develop strategies to meet anticipated
needs. Developing an integrated management approach to increase the efficiency
of every production input and output is an essential element of a successful en-
terprise. Cotton producers will be expected to produce quality fiber and cotton
products under increasing demands for environmental stewardship. Integrating
management practices into an efficient system is the best approach to sustain the

future of cotton production [21].

3. Domestication of Cotton

No one knows when cotton was first domesticated. Some 7000-years-old cotton
boll fragments and wreckages of cloth have been found in Mexico, as this cotton
was similar to that grown in America today. Cotton has been grown, spun and

woven in the Indus valley of Pakistan since 3000 BC. At the same time, the inha-
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bitants of the Nile valley in Egypt were also wearing cotton clothes. Arabs
brought cotton to Europe in 800 A.D. [19]. Columbus found cotton in the Ba-
hamas during his exploration of America in 1492. After 1500, cotton was known
worldwide. Florida started growing cotton in 1556 and Virginia, in 1607. Far-
mers were cultivating cotton in Virginia along the James River by 1616. The first
spinning of cotton by machine was done in England in 1730. Cotton ginning and
the industrial revolution paved the way for today’s world significance of cotton.
A Massachusetts inhabitant, Eli Whitney, filed a patent on his cotton gin in
1793. Cotton ginning increased the quantity of cotton fiber that could be pro-
duced for textile industry [23]. Cotton was most likely domesticated some 7000
years ago. The foremost archeological evidence comes from the Neolithic occu-
pation of Mehrgarh, dating to 6000 BC. G. arboreum and G. herbaceum are
old-world cotton species. Both have genetic variation and perhaps differed well
before domestication. Proper cultivation of G. arboreum started on the Indian
subcontinent and spread to Asia and Africa. G. herbaceum was cultivated on the
Arabian Peninsula and modern-day Syria. An African species was the ancestor
of G. herbaceum, but the wild ancestor of G. arboreum is still unknown [22].
The trading empires of Europe and particularly the United Kingdom promoted
cotton to global significance [19]. The most popular cotton fabrics in Europe
were calico and chintz, which were imported to the United Kingdom in 1664 by
the East India Company [23]. As Europeans became more interested in cleanli-
ness and style, a fabric that was both easily washed and came in fascinating col-
ors was in demand. The East India Company introduced cotton prints to the
United Kingdom in 1690s [23].

Cotton is cultivated in temperate climates. The People’s Republic of China,
Uzbekistan, United States, and India produce the majority of the world’s cotton
crop. The leading states for cotton production are Arizona, Alabama, Arkansas,
Georgia, California, Mississippi, Louisiana, Missouri, North Carolina, New
Mexico, Florida, Oklahoma, Tennessee, South Carolina, Kansas, Texas, and Vir-
ginia. Other prominent cotton-growing countries include Brazil, Pakistan and
Turkey [21]. The earliest evidence of cultivated G. Airsutum in Mesoamerica
comes from excavations in the Tehuacan valley dating from 3400 to 2300 BC.
Recent advances in cotton research compared seeds and bolls from cultivated
and wild relatives of G. Airsutum, indicating that they are the same species, in-
itially cultivated on the Yucatan Peninsula [12]. G. arboretum is a tropical plant,
which has restricted its spread from southern Asia. It is grown in the Persian
Gulf and some parts of North Africa. G. arboretum was recently found in Kara-
tape, Uzbekistan [24]. G. herbacium is less familiar than G. arboretum. It was
cultivated in the forests and plains of Africa. Its wild plants were taller, with
small fruits and thick testa. No archeological remains of it have been recovered,
but it has spread toward North Africa and the near East [24]. G. hirsutum and G.
barbadense are considered New World cotton species [22]. G. hirsutum and G.

barbadense were cultivated in Mexico and Peru, respectively. Some archeologists
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maintain that the most primitive form of cotton was domesticated from G. bar-
badense and was first cultivated in Mesoamerica. Others believe that G. Airsu-
tum was solely domesticated in Mesoamerica [12]. Either way, cotton became an
important cash crop and a valuable exchange element in Mesoamerica. Maya
and Aztec merchants exchanged cotton articles and precious woven colored
blankets. Aztec kings gave gifts of cotton items to their guests and army leaders
[24]. Cotton remains from Ancon dating to 4200 BC provide the earliest evi-
dence for domestication of G. barbadense. By 1000 BC, Peruvian cotton bolls
were still different from modern cultivated varieties of G. barbadense. The evi-
dence of this form of cotton was found in some regions of Ecuador and on the
middle coast of Peru [12].

Pakistan is among the pioneer cotton cultivation regions: the earliest known
traces of cotton were found in Mehrgarh, near Quetta city: a copper bead with
threads of cotton was found in a Neolithic burial site dated to ~6000 BC. Metal-
lurgical analysis of mineralized threads with light and scanning electron micro-
scopy confirmed the presence of genus Gossypium [25]. Cotton threads have
been recovered from archeological investigations of the Indus Valley civilization.
Cultivation of cotton was extensive at the time of the Indus Valley civilization,
covering areas of modern northwest India and eastern Pakistan [26]. Archeolog-
ical indications of seeds from Mehrgarh have been dated back to 5000 BC. Cot-
ton clothes were being used in Mohenjo-Daro and the Harappa Valley in 2500
BC. Cotton pollens were discovered at Balakot [27]. Evidence of cotton threads
was found around mirror handles and copper razors dated to the mature Ha-
rappan period of ~2500 to 2000 BC. Other evidence of cotton was found in Ba-
lakot as pollen, in Banawali as seeds, and in Kanmer, Imlidhi Khurd, Kacchh,
Sanghol and Gorakhpur as lint fibers [28].

4. Colored Cotton

Cotton varieties that produce colors other than off-white are important addi-
tions to modern marketable cultivated cotton. Green, red, and several shades of
brown are the major natural colors of cotton varieties, which do not fade. The
yield of colored cotton varieties is lower than commercially cultivated white
cotton due to harvest constraints. Fiber is shorter and more fragile, but also sof-
ter than commercial white cotton. For better yield, specialized harvest technolo-
gies are required [29].

Sally Fox started postgraduate work on colored cotton in 1982. She first de-
veloped a long fiber of colored cotton and obtained patents for different shades
of colored cotton including coyote brown, green, palo verde green and buffalo
brown, under Fox Fiber [30]. In 1984, Raymond Bird worked on naturally co-
lored cotton to improve its quality [31]. Colored cotton has excellent sun-protection
properties. The color doesn’t fade even after laundering and is environmentally
friendly because it isn’t dyed, which also saves the capital investment for fabric

dyeing. Naturally colored cotton is more expensive ($1.8 to 5.0 per pound) than
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cultivated white cotton ($0.75 to 1.75 per pound) [30]. Colored cotton is grown
in the United States, China, Russia and Brazil. China produces ~61% of the
world’s colored cotton and exports to Western Europe, North America, South-
east Asia and Eastern Europe [29]. The fiber of colored cotton could help reduce
the incidence of ~50 somatic and psychosomatic disorders in human beings
[32]. Dyed cotton fabrics can trigger skin allergies and some dyes are carcino-
genic, endangering textile workers [32]. Naturally colored cotton has shortcom-
ings too. The fiber is short and is not harvested efficiently, causing great losses in
yield. The color range is limited, sometimes not stable, and the fiber quality is
low. Naturally colored cotton has very low market demand and fewer marketing
facilities, but it could be a greener solution for cotton production and the textile
industry. There may be increased demand for colored organic cotton, which
might be a better price option for the cotton industry. Colored cotton can be a
great source of wealth for rural families and woman empowerment [33]. Cotton
plants have several key characteristics: okra-like leaves, nectriness, gossypol
glands, reddish-brown stems and frago-bracts [8]. Existing colored cotton varie-
ties can be improved through conventional breeding programs, biotechnology,
or gene pool diversification. Understanding the mechanisms underlying pigment
formation is critical for such efforts [8]. A comparison of the economics of co-

lored and white cotton is given (Table 3).

5. Cotton Genome

Phylogenetic analysis places the genera Gossypoides and Kokia closest to the
genus Gossypium (Figure 5). Genus Gossypium has 3 diploid progenitors. The
A, B, E and F genomes constituted the African-Asian clade, the D genome
formed the New World clade, and the C, G and K genomes gave rise to the Aus-
tralian clade. Worldwide expansion led to differentiation in genome size based
on morphology, ecology and chromosome pattern. Introgression and interspe-

cific hybridization were the most common causes of speciation in Gossypium.

Table 3. Economics of growing colored cotton.

Colored cotton White cotton
Yield per acre 600 Kg 1200 Kg
Lint per acre (100 Kg seed cotton Yield 35 Kg lint) 210 Kg 420 Kg
Yarn per acre (35 Kg lint = 30 Kg yarn) 175Kg 350 Kg
Cloth per acre @ 30 Kg = 106 meters 169 Kg cloth or 327 Kg cloth or
597 meters cloth 1155 meters cloth
No of shirts 236 457
Price per shirt 1 @ Rs. 1000 = 236,000 1 @ Rs. 500 = 228,500
Cost dying and processing Not required Required
Source: Economic survey of Pakistan, 2017.
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Figure 5. Phylogenetic relationship and evolution among the genus Gossypium.

Allopolyploidy occurred when American native A genome diploid cotton hybri-
dized with a D genome female of immigrant New World G. raimondii [14]. Wild
cotton plants are diploid, but a group of five tetraploid species is native to the
Pacific Island and America, due to one hybridization incident ~1.5 to 2 million
years ago. The tetraploid species are G. hirsutum, G. mustelinum, G. tomento-
sum, G. darwinii and G. barbadense [8].

A significant goal in cotton research is to study the genome of cultivated cot-
ton and its relatives. Sequencing the cotton genome will help decipher important
genetic components of the genus Gossypium. Gossypium is comprised of 52
species: 46 diploid species distributed in eight groups (A, B, C, D, E, F, G and K)
and six tetraploid species (AD genome). Hybridization and polyploidization
between the A and D diploid genomes resulted in the AD genome of tetraploid
cotton. This polyploidization led to a remarkable combination of high yield po-
tential and superior fiber quality compared to the A genome of G. arboretum,
which has poor fiber quality, and the D genome of G. raimondii, which does not
produce a spinable fiber [34]. Genomic research on cotton started as an analysis
of the genetic diversity of diploid and allotetraploid species using SSR markers in
A- and D-genome species of Gossypium (Guo et al, 2003). High polymorphism
among Gossypium species with A- or D-genomes was found and the molecular
cluster was consistent with previously-defined Gossypium taxonomy (Fryxell,
1965). G. gossypioides, with a D-genome, was least similar to other D-genome
diploid species, emphasizing the significance of G. gossypioides as the original

D-genome cotton specie. To understand allopolyploidization in Gossypium, two
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allotetraploid cotton species were studied, but allotetraploid cotton species were
inappropriate for studying the evolution of the A and D genomes [35]. The for-
mation of Gossypium polyploids and their role in the evolution of new species
was examined using a polyploid of G. barbedense with an AD genome: 83
non-cross hybridizing clones with discrete replications consisting of ~24% of
nuclear DNA [36]. The A-genome encompasses 77% of nuclear DNA. FISH
analysis depicted the spread of some A-genome repeats to D-genome chromo-
somes in tetraploid cotton. Only G. gossypioides had adequate levels of A-genome
repeat sequences, including D-genome replications. The spread of discrete re-
peats in polyploids gave contribution of diploid progenitors. Most DNA se-
quences in the clones did not match known DNA sequences: only four were
linked to transposable elements, some had internal repeats and ~12 could hy-
bridize to mRNAs. A new breakthrough in the evolution of polploidy was ob-
served using cytogenetic and phylogenetic analysis of discrete DNA repeats [36].
Two types of genomes are present in G. Airsutum: DT and AT genomes [37]. Dip-
loid ancestors with A and D genomes gave rise to these genomes in G. Airsutum
during allopolyploidization. The Al, A2 and D5 genomes were re-sequenced in
the diploid cotton species G. herbacium, G. arboreum and G. raimondii, respec-
tively. Twenty-four million single nucleotide polymorphisms between A and D
diploid genomes were analyzed for multiple lines of each diploid species using
deep re-sequencing. A vigorous catalog of SNPs conserved between A and D
genomes was found at all polymorphic loci. This catalog could aid mapping stu-
dies of all diploid and allopolyploid races of Gossypium. Putative duplications
and deletions in the A genome relative to the D genome sequence were mapped
precisely. About 50% deletions were observed in ~978 genes, including 25,400
deleted regions, ~1472 conversion events of homologous chromosomes and
overlapping for 113 genes [37].

Public sector research produced a superior sequence of the draft genome from
reads created by all available sources, Sanger reads of bacterial artificial colonies,
cosmids and plasmids, and 454 reads. These advanced reads will be influential in
ordering an initial draft D-genome [38]. About 50x of the D-genome of G. rai-
mondii was covered through illumina sequencing by Monsanto and Illumina in
2010 [39]. The raw reads were donated to the community. The assemblage of the
AD-genomes of cultivated cotton varieties requires assembling the D-genome
from raw material: a formidable task [13]. Gene Trek and BAC tagging tech-
niques were used to identify the organization and configuration of the genome
of allotetraploid cotton [40]. Analysis of BAC sequences showed 70,000 genes
with replicas in homeologous regions of A and D-subgenomes. Uneven gene
distribution was observed, with both gene-rich and gene-poor sections. Among
BACs, 21% lacked genes. Other gene islands averaged ~1.5 genes/island, with
BAC gene density ranging from 0 to 33.2/100kb. In D-genome, 125 polymorphic
loci were marked out of 166 loci. Thirty-seven BACs, 12 from the A-genome and

25 from the D-genome, were attached to their analogous subgenomes, suggest-
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ing that introns play no role in altering the size of subgenomes in cotton species
[40]. The importance of polyploidy as a key factor for increased quality and fiber
productivity was emphasized [41]. A five- to six-fold increase in ploidy level oc-
curred in cotton ~60 million years ago and allopolyploidy occurred one to two
million years ago. The evolution of embryonic fiber before allopolyploidy is con-
firmed by the occurrence of spinnable and non-spinnable fibers in the A and
F-subgenomic species G. herbacium and G. longicalyx, respectively, and in the
D-genome of G. raimnondii. Several non-reciprocal interactions between ge-
nomes contribute to innovative properties in the G. Airsutum AD genome. The
novel properties of G. hirsutum were obtained by recombining D- and A-genome
alleles [41]. A draft genome was sequenced for G. raimondii, the descendant of
the significant D-subgenome species G. hirsutum and G. barbadense. Thirteen
chromosomes of G raimondii contain ~73% of the assembled sequences. Tran-
scriptome analysis confirmed 40,976 protein-coding genes in the genome. Thir-
teen to twenty million years ago, hexaploidization and whole-genome duplication
events occurred in eudicots of various cotton species. The G. raimondii genome
had ~2355 syntenic blocks and ~40% paralogues genes in more than one block,
suggesting the significance of chromosomal rearrangements during evolution of
cotton species. Phylogenetic analysis found the cadinene synthase (CDN) gene
family, for the synthesis of gossypol glands, only in species of cotton and 7heo-
broma cacao [38]. A whole genome marker (WGMM) of cotton was based on
the sequenced D-genome of G. raimondii [42]. A WGMM of 48,959 loci was
created for cotton [43], comparable to the rice and brassica genetic maps of
15,759 SNPs and 13,551 sequence-related amplified polymorphisms, respectively
[44] and [45]. This cotton WGMM aided targeted research for gene cloning, asso-
ciation mapping of cotton and other related genes, and genome-wide studies. The
WGMM is a significant resource for understanding QTLs for cotton fiber devel-
opment, association mapping, pest resistance gene analogue clusters, gene struc-
ture, and variation [42].

The genome of allotetraploid cotton (AADD; 2n = 52) makes genetic, genom-
ic and functional analysis difficult. The genome of G. arboretum (AA; 2n = 26),
an assumed donor of the A-subgenome, has been assembled [46]. Paired-end
sequencing used 193.6 Gb of fresh sequencing, covering the genome 112.6 times.
Subsequently, 90.4% of the sequenced array on 13 pseudo chromosomes and
68.5% of the genome made up of repetitive DNA sequences was aligned. Up to
41,330 gene-coding sequences in G. arboreum were defined. G. raimondiiand G.
arboreum shared two whole-genome doublings before speciation. The differ-
ences in genome sizes stem from the addition of repeats at terminal regions five
million years ago [47]. An A-genome sequencing project for Gossypium was in-
itiated in 2007 [15]. The goal was to sequence the entire genome of commercially
cultivated allotetraploid cotton species. “Allotetraploid” indicates that these cot-
ton genomes consist of two diverse subgenomes, the At and Dt (the “t” denotes

tetraploid and differentiates from the A and D-genomes of related diploid spe-
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Table 4. Sequenced genome of cotton.

cies). The D-genome of the allotetraploid relative of cotton, G. raimondii, was
sequenced first. G. raimondii is a wild cotton species of South America (Peru,
Ecuador) and its genome is smaller due to less replicative DNA (primarily retro-
transposons). The G. raimondii genome has a 3 times fewer bases than tetraploid
AD cotton due to the sole presence of each chromosome. The “Old-World”
A-genome cotton species G. arboretum, cultivated in India, was decided to be
sequenced next. The genome of G. arboreum is about twice the size of G. rai-
mondii. Once both genomes are completely sequenced, the genomes of culti-
vated tetraploid cotton varieties can be sequenced. This strategy is necessary be-
cause if the tetraploid genome were sequenced without model diploid genomes,
the euchromatic DNA sequences of the AD genomes would co-assemble and the
repetitive elements would assemble independently into A and D sequences, re-
spectively. The AD sequences can only be untangled by comparison with their
diploid counterparts [46].

The G. arboreum genome is 1746 Mb/1C, roughly double the 885 Mb/1C of
G. raimondii [48]. Two groups independently sequenced the genome of G. rai-
mondii [38] and [41]. The G. arboreum A2-genome has also been sequenced
and assembled [46]. A draft genome of cultivated G. Airsutum was published by
two independent groups [47] and [49]. Gossypium hirsutum, Gossypium rai-

mondi and Gossypium arboreum has been sequenced (Table 4).

6. Genetic Diversity of Cotton

The sum of all genetic characters in a species’ genetic makeup constitutes its ge-
netic diversity. Genetic diversity is different from the genetic variability, or dif-
ferences among genetic characters. Species diversify as they adapt to a changing

environment, when individuals with the best-suited alleles produce more offspring.

Genom Estimated Sequenced , Contig  #of . NCBI
Cotton . Sequencing . Micro %Repeat .
Species e genome  Genome Materials Compan Scaffold Coding RNAs Sequences Accession  Reference
P Code Size Size 4 (Kb) Genes #
Ilumina HiS W
G.raimondi D5  880Mb  7752Mb D53 - R@ TR 5g4Kb 40,976 348 57 PRINA82769 .8
2000 etal, 2012
Applied
Biosystems
Paterson
G. raimondi D5 880 Mb 737.8 Mb 3 . 3730 XL, Roche 18.8 Mb 37,505 364 61 PRJNA171262
raimondi etal, 2012
454 X1R &
Ilumina GA llx
1677 - 1746 Ilumina HiSeq Lietal,
G. arboreum A2 1694 Mb SXY1 665.8 Kb 41,330 431 68.5 SRA150181
Mb 2000 2014
. 2347 - 2489 Ilumina Hiseq Lietal,
G. hirsutum AD 2173 Mb TM-1 764 Kb 76,913 301 67.2 PRJNA259930
Mb 2000 2015
Ilumina HiSeq
. 2327 - 2489 Zhang
G. hirsutum  AD Mb 2400 Mb TM-1 2000 Sanger 1600 Kb 70,478 602 64.8 PRJNA248163 etal. 2015
Sequencing v
Source: http://www.cicr.org.in/.
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Gossypium hirsutum, a cultivated upland cotton with an (AD), genome and ex-
tra-long staple length, and Gossypium barbedense, with an (AD), genome,
evolved through whole-genome duplication as neoployploids with different ge-
nomes. Gossypium barbedense produces the strongest fiber or any plant, with a
long staple and pure cellulose composition [50].

Genetic diversity effects in inbreds of cotton were observed in Xiangzamian 2
(XZM2) hybrid cotton in China, which was a cross between Zhongmiansuo 12
and 8891. One hundred eighty recombinant lines were produced after nine gen-
erations [53]. Ten agronomic traits in a population were studied over two years.
SSR markers determined the genetic map of the XZM2 hybrid and single- and
double-locus studies used QTLs. The genetic base of cotton agronomic traits is
influenced by additive and epistatic effects of QTLs [53]. Fiber quality traits were
studied using association mapping and genetic diversity [51]. Linkage disequili-
brium served as an alternative approach to use the genetic diversity of Gossypium
species. Genome-wide linkage disequilibrium was used to examine fiber quality
characters. An 11% to 12% significant linkage disequilibrium was designated by
SSR markers among 208 landraces and 77 cultivars with a significant similarity in
population structure. This demonstrated the potential of cotton cultivars for stra-
tification and population structure using association mapping [52].

Cotton breeding programs rely on relatedness of varieties and the molecular
diversity of germplasm. The distance between microsatellite loci in 53 cotton va-
rieties was determined [53]. Characterization with 31 SSR primer pairs indicated
66 alleles, with an average 2.13 alleles per locus. The microsatellite markers dis-
tinguished 52 unique genotypes among the 53 cultivars [53]. Forty-three types of
Chinese upland cotton germplasm based on parent type, breeding time and
agroecological zone were studied, yielding 80% polymorphism in 130 genes with
36 SSRs [54]. The germplasm diversity of Chinese accessions decreased at the
second and third level of the base germplasm, showing limited genetic variabili-
ty. Genetic diversity in introduced varieties was greater than in domestic varie-
ties [54]. In the United States, 378 Gossypium hirsutum and three Gossypium
barbadense accessions were characterized using 120 gene-specific microsatellites
to identify population structure and genetic diversity of tetraploid cotton [55].
One hundred forty-one SSR loci were identified with 546 alleles, of which ~22%
were unique. Population analysis by STRUCTURE distinguished five groups as
belonging to the southwest, mid-south, southeastern and western cotton belts of
United States; the three Gossypium barbadense lines formed a distinct group.
Low genetic diversity was observed among upland cotton genotypes at a 0.195
mean genetic distance between Gossypium hirsutum lines. Population structure
and phylogenetic analysis results were consistent with pedigree evidence [55].

The genetic diversity of 40 releases from a Pakistani cotton breeding program
from 1914 to 2005 was evaluated [33]. The genetic diversity of Pakistani cotton
germplasm was relatively low over time in the previous releases, showing con-

servation of elite cotton genotypes for use in future breeding programs [33]. The

DOI: 10.4236/ajmb.2020.102008

105 American Journal of Molecular Biology


https://doi.org/10.4236/ajmb.2020.102008

S. Aslam et al.

genomic diversity of 20 cotton cultivars was examined using 31 microsatellite
markers. Only two genotypes, K-68/9 and MNH-93, had the maximum signifi-

cant similarity [56].

7. Constraints in Cotton Production
7.1. Insect Pests

A wide range of insect pests attack cotton: The most damaging insects include
ash weevils, cotton aphids, cotton stem weevil, dusky cotton bug, fruit borer, leaf
hopper, leaf roller, mealy bug, pink bollworm, spotted boll worm, shoot weevil,
red cotton bug, stem borer, thrips, tobacco cutworm and white fly (Table 5). In-
tegrated pest management is a critical step to boost cotton production. Formally,
the most devastating cotton pest in North America was cotton boll weevil. This
pest was completely eradicated by the efforts of the Boll Weevil Eradication Pro-
gram (BWEP) of the United States Department of Agriculture. Synthetic pesti-
cide use was reduced with the introduction of Bt cotton, genetically modified

against cotton bollworm and pink bollworm.

7.2. Diseases

Cotton production is greatly affected by diseases causing yield loss and poor-quality
seed and fiber. Cotton is affected by bacterial, viral, fungal, nematodal, phytop-
lasmal and spiroplasmal diseases (Table 6).

Cotton leaf curl disease (CLCuD) is the most devastating disease of cotton in
Asia, Africa and United States. A complex of virus and DNA f-satellite molecule
causes CLCuD. Nine virus species in the genus Begomovirus and DNA beta and
alpha satellites are linked to cotton leaf curl disease in these regions, particularly
in India and Pakistan. The first evidence of CLCuD on Gossypium hirsutum
plants was reported in 1967 in the Multan district of Pakistan. It spread to all
major growing areas in Pakistan and India. Due to low host resistance in existing
cultivated cotton varieties, two epidemics have occurred in the past two decades.
In the early 1990s, an outbreak of CLCuD devastated Pakistan’s cotton industry,
causing 30% to 35% estimated yield loss. The economic loss of Pakistan in 1992
and 1997 reached ~5 billion dollars [57] and cotton production reduced to ~70%
by 1998 in some Indian states of Punjab [58]. A 52.7% and 54.2% decrease in
boll number and cotton boll weight was observed, respectively. Yield losses were
up to 50% in resistant varieties and 85% to 90% in susceptible varieties [59].
Cotton production rebounded in the mid-1990s, when resistant cotton varieties
were introduced into the Indian subcontinent [60]. Resistance broke in
2001-2002, when new strains of CLCuV emerged that attacked previously resis-
tant varieties, including CP-15/2, Cedex and LRA-5166 [20]. Even China, far
from CLCuD hotspots of the Indian subcontinent, reported some symptoms of
this disease, raising concerns that the disease could spread far from its point of
origin [61]. Molecular biologists struggled to understand the biology of CLCuV
to combat this disease [62]. These efforts are hindered by the complicated nature
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Table 5. Cotton insects.

Insect Scientific name Symptoms of damage Management
Ash weevlis  Mylloecerus o Nicked leaf margins Cultural:
undecimpustulatus o Patched leaf wilting o Eradication and destruction of affected plant parts

e Weak roots grip Chemical:
o Destroyed roots o Insecticidal spray (Quinalphos or chlorpyriphos)

Cotton aphid Aphis gossypii o Leaf crunkles Chemical:
e Stunted plant growth o Insecticidal sprays (Methyl demeton, Acetamiprid,
o Leaf blight Carbosulfan, Fipronil, Imidacloprid or Malathion)

Cotton stem Pempheres affinis .

weevil .

Dusky cotton
bug .

Oxycarenuchyalinipennis o

Fruit borer  Helicoverpa armigera .

Leaf hopper  Amrasca devastans .
L]
L]
L]
L]
L]
Leaf roller Sylepta derogate .
L]
L]
Meally bug  Phenacoccus species .

Dark plant appearance due to black mould
Tender leaves & shoots

Stem swelling

Young plant death

Nodal breakage during wind

Lack of vigor & strength in mature plant

Sap sucking

Lint blackening
Shrunken seeds
Seeds discoloration

Boll feeding

Regular circular bore holes

30 - 40 bolls damaged by a single larva
Granular faecal pellets outside bore holes

Leaf yellowing

Leaf curling

Bronze colored leaf hopper burn
Crumbled leaf margins

Leaf shedding

Complete crop destruction

Leaf rolling
Biten marginal leaf portions
Crop defoliation

A mat of mealy bugs under leaf surface
Thick wax emission

Honeydew secretion

Development of black mould

Black plant appearance

Diminished fruiting

Cultural:

e FYM application

e 10% - 20% Infestation

Chemical:

e Seed treatment (Chlorpyriphos)

o Insecticidal spray (Carbaryl or carbofuran)

Chemical:
o Insecticidal Phosphamidon spray

Cultural:

e Synchronized sowing with short duration varieties

e Avoid continuous cropping

e Avoid monocropping

o Destruction & removal of crop residues

e Water management for larval harborage

e Avoid moth multiplication with optimized use of
nitrogenous fertilizers

Biological:

e Nuclear Polyhedrosisvirus

o Bacillus thuringiensis

o Beauveriabassina

o Natural predators & parasitoids

o Egg parasitoid, 7richogramma spp.

Chemical:

o At early stage of square formation (Acephate,
carbaryl, Diflubenzuron, Lufenuron or Pyridalyl)

e During boll formation and maturity (Quinalphos,
Carbaryl or Pyraclofos)

Chemical:

o Insecticidal spray (Carbofuran, Imidacloprid,
Buprofezin, Fipronil, Phosalone or Thiacloprid)

e Neem oil treatment

Cultural:

e Picking & destroying of broken & shedded leaves

e Manual picking & destruction of young caterpillers
Chemical:

o Insecticidal sprays (Chlorpyriphos or dichlorovos)

Cultural:

o Weeds eradication

o Parasitoids

Chemical:

e Spray with Profenophos
e Treatment with neem oil
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Continued
Pink boll Pectinophora gossypiella o Larval excreta at bore hole point Cultural:
worm o Rossette flowering e Timely crop harvesting
e Double seeds e Rapid crop remains destruction
o Early boll shedding e Timed irrigation
o Fade colored lint e Ploughing & mulching
e Hollow seeds e Crop rotation with alfalfa
Chemical:
e Bolgard II
e Spinosad formulation sprays
Red cotton  Dysdercus cingulatusi e Decayed bolls Cultural:
bug o Red colored lint o Field ploughing
o Water soaked bolls Chemical:

Shoot weevil Alcidodes affaber

Spotted Earias vittela
bollworm

Stem borer  Sphennoptera gossypii
Thrips Thrips tabaci
Tobacco Spodoptera litura
cutworm

White fly Bemicia tabaci

Boll browning
Premature boll shedding

Shoot galls
High marginal bore holes

Terminal shoots wilting

Bolls & squares shedding

Bracts flaring up at boll formation stage
Holes & rotting of bolls

Drooped leaves
Wilting

Leaf epidermal removal

Leaf wrinkling

Destroyed bud edges

Shiny grey under leaf surface

Leaf veins skeleton

Scrapped leaf epidermal layer
Bare plants without leaves or bolls
Small holes on leaves

Leaf petiole & veins chlorosis
Premature complete leaf shedding
Mould spreading

Buds & bolls shedding

Lesser boll opening

Major vector of Cotton leaf curl virus

o Insecticidal phosphamidon spray

Cultural:

e FYM application

Chemical:

o Soil treatment with Carbofuran

Chemical:

o Insecticides (Carbaryl, Chlorantraniliprole,
Indoxacarb, Phosalone or Triazophos)

Biological:

e Bacillus thuringiensis

Cultural
o Soil treatment with Carbofuran
e Application of FYM

Chemical:

e Imidacloprid seed treatment

o Insectcidal sprays (Imidacloprid, Methyl demeton or
Dimethoate)

Cultural:

e Light traps

e Sex pheromone trap

e Castor bordering

e Destruction of larval clusters

e Manual collection of shed plant parts

e Destruction of young caterpillars

Chemical:

o Insecticidal spray (Chlorpyriphos,
Chlorantraniliprole, Diflubenzuron or Nuclear
polyhedrosis virus)

o Poison bait rice bran pellets

Cultural

e Avoid host crops in adjoining areas

o Single cotton crop per year

e Preferred crop rotation with Corn, Sorghum or Ragi
e Eradication of weeds

e Proper sanitation of field

o Sticky traps

o Elimination of affected leaves

Chemical:

o Insecticidal sprays (Acetamipirid or Chlorpyriphos)
e Neem oil treatment

Biological:

o Verticillium lecanii
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Table 6. Cotton diseases.

Symptom Type Disease

Causal Agent

Bacterial diseases Bacterial blight of cotton

Lint degradation

Crown gall
Viral diseases Leaf curl

Leaf crumple

Mosaic

Anthocyanosis

Blue diseases

Leaf mottle
Leaf roll
Terminal stunt
Psylosis

Fungal diseases Anthracnose

Areolate mildew
Ascochyta blight

Boll rot

Black root rot
Cotton root rot
Charcoal rot
Cotton rust

Escobilla

Fusarium wilt

Leaf spot

Xanthomonas citri
Spp. Malvacearum

Erwinia herbicola
Agrobacterium tumefaciens
Begomovirus

Begomovirus

Begomovirus

Suspicious virus (unknown)

Phytoplasma or Suspicious virus

(unknown)

Suspicious virus (unknown)
Suspicious virus (unknown)
Suspicious virus (unknown)
Suspicious virus (unknown)

Collectotrichum gossypii
Glomerella gossypii

Ramularia gossypii
Ascochyta gossypii

Ascochyta gossypii
Collectotrichum gossypii
Glomerella gossypii
Fusarium species
Lasiodiplodia theobromae
Physalospora rhodina
Rhizoctonia solani
Phytophthora species

Chalara elegans
Phymatotrichopsis omnivore
Macrophomina phaseolina
Puccinia schedonnardii

Glomerella gossypii
Colletotrichum gossypii

Fusarium oxysporum

Alternaria alternata
Alternaria macrospora
Bipolaris spicifera
Cercosproa gossypina
Cochliobolus spicifera
Mychosphaerella gossypina
Mpyrothecium roridum
Rhizoctonia solani

Stemphylium solani
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Continued

Fungal seedling diseases

Lint contamination

Powdery mildew

Stigmatomycosis

Southwest cotton rust
Tropical cotton rust

Southern blight

Seedling disease complex

Aspergillus flavus
Nematospora species

Nigrospora oryzae

Salmonia malachrae
Leveillula taurica

Oidiopsis gossypii

Ashbya gossypii
Aureobasidium pullulans
Nematospora coryli

Puccinia cacabata
Phakopsora gossypii

Athelia rolfsii

Colletotrichum gossypii

Calara elegans

Fusraium species
Phythium species
Rhizoctonia solani
Thenatephorus cucumeris

Thielaviopsis Basicola

Stem canker Phoma exigua

Verticillium wilt Verticillium dahlia

Nematodal diseases Lance Hoplolaimus Columbus

Root knot Meloidogyne incgonita

Reniform Rotylenchulus reniform

Sting Belonolaimus longicaudatus
Phytoplasma & Phyllody Suspecious phytoplasma (unknown)

spiroplasma diseases

Small leaf Suspecious phytoplasma (unknown)

of the virus and its quick evolution and gene recombination [63]. Currently, no
variety of G. hirsutum is resistant to CLCuV. Current strategies include intro-

ducing resistance genes from G. arboreumto G. hirsutum.

8. Improvement of Cotton

Humanity is fed and clothed by several dozen of crops since beginning of time
[64]. Man and crops have coevolved in a symbiotic pattern in such a way that
survival of both depends on each. For hundreds of years, farmers have used the
introduction, genetic variations and selection in wild and cultivated plants to
develop the desirous crop [65]. The genetic variation allows the species to cope
with and adapt to changing environment, confrontation against pests, diseases
and environmental stress [66]. Plant breeding is an art as well as science devoted

to improve the heritance and performance of plants involving genetic principles,
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crossing, natural mutation, linkage and selection. Selection is a powerful tool
and adopted by human being for propagation of the fittest and well characte-
rized plants. It can be categorized in four stages harboring tillage, sowing, har-
vesting and propagation [67]. Research conducted on genetic improvement of
Acala cultivars and lines released over the past 75 years showed increased yield,
fiber strength and length between 1930s and 1960s respectively, as Acala culti-
vars (Acala 1517-95, 1517-99, 1517-02, 1517-03, and 1517-04) have fiber greater
than 30.5 mm [68]. Selection process become functional upon introduction of
wild plants into cultivation: 1) Conscious selection generally applied by the
growers to get desired traits; 2) Unconscious/automatic selection included the
picking of best fit from its native wild habitat and shifting them into artificial
environment (greenhouse) having desired traits are automatically selected to fit
over generations. Increased rate of selfing, adaptation of vegetation and seed
yield enhancement in different crops have been prominently noted by applying
both conscious and unconscious selection [69]. Drought tolerance has been
achieved by recurrent selection under drought conditions. Selection of Gossy-
pium barbadense in elevated temperature condition has been resulted into heat
tolerance varieties [70].

Natural genetic mutation is also a source of improvement in particular varie-
ties especially oilseed crops. Rape has subsequently been bred into modern oil-
seed rape and cotton varieties in order to knock out the hazardous chemicals
[71] and [72]. In classical plant breeding, linkage is used for transmission of de-
leterious genes from donors to cultivated plant in order to develop the in-
sect/pest resistance. A morphological mutant having more numbers of mono-
podial branches in G. Airsutum var; RH-003 when it was treated with 15 kR of
gamma rays also beard more number of bolls with elevated size [73]. Induced
mutagenesis for improvement of cotton related to characters such as earliness
[74], compactness and dwarfism, more boll weight [75], ginning percentage and
improved fiber length [76], yield [77], seed oil content [78], resistance against
diseases, insect resistance [79], drought and salinity tolerance [80] have been
reported.

Cotton is often cross pollinated crop and doesn’t suffer from inbreeding de-
pression. Crossing (test cross and back cross) is considered as an effective way to
get a plant of interest. Mac7 is identified as resistant cultivar against CLCuD Bu-
rewala strain and it was released as a germplasm line by the USDA [81]. It is also
an effective measurement for development of plant for better traits. A multiple
backcross was performed between Gossypium barbadense L. and G. hirsutum L.
observed for QTL analysis for fiber quality. After cross between Guazuncho 2, G.
hirsutum, and “VHS8”, G. barbadense, three backcross generations studied were
the 1% (BC;) and 2™ (BC, and BC,S;) showing fine fiber quality and fiber length
[82].

In 1976, Konarev proposed that heterosis is more dominantly manifested in

F1 generation and also passed through subsequent generations. It proved supe-
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riority of emerging cultivars regarding disease resistance, elevated yield and to-
lerance to environmental changes over parental vigor due to recombination
phenomenon [83]. In India commercial exploitation of hybrid vigor in cotton
was mainly achieved and popularized by cultivation of Hybrid-4 and Varalaxmi
at large scale [84]. Improvement in fiber quality, increased number of bolls, halo
length and span length of cotton by heterosis were observed [85]. Combining
ability generated larger progenies harboring new combinations by hybridization
[86]. Genetic variations due to GCA and SCA were significantly noticed for dif-
ferent yield traits in Gossypium hirsutum [87] and [88]. Combining ability
(GCA, SCA) plays a significant role for crop improvement through determina-
tion of nature and magnitude of gene action and its inheritance. Research con-
ducted on G. Airsutum L. involving a cross between 11 parental plants (MCUS,
MCU12, Surabhi and SVPR2 ) as male and seven high oil content genetic acces-
sions (F776, F1861, SOCCI11, SOCC17, TCH1641, TCH1644 and TCH1646)
were used as female lines had shown the improved cotton yield, bundle strength
and optimum seed protein production [89]. Gene action for different non-additive
traits including boll weight, boll number, lint % age and seed cotton yield was
observed [90] [91] and [92]. While additive gene action for different traits was
observed in upland cotton having genetic effects with enough variability for
yield parameter [93] and [94]. Wild relatives of cotton are a critical source of
novel genes for breeding programs, particularly for developing biotic and abiotic
stress tolerance. Wild cotton specie Gossypium arboreum L. has resistance genes
for Begomoviruses causing CLCuD [6], drought [95], heat [95], root rot, CLCuV
[63] and insect pests [96]. Interspecific hybridization of cotton has been suc-
cessful [97]. Nematode resistance was transformed into tetraploid G. Airsutum
[98]. Novel genes for resistance to drought and cotton leaf curl disease were in-
troduced into G. Airsutum from G. austral and G. stocksii. As interspecific hy-
bridization of G. arboreum and G. hirsutum is difficult, some researchers used
bridge crosses to introgress resistance genes from wild relatives [99].

Genetically modified cotton has started to reduce strong dependence on pesti-
cides. Bt toxin is a protein naturally produced by the bacterium Bacillus thurin-
glensis is toxic to some insects, including flies, beetles, butterflies and moths
[100] [101] and [102]. Natural insecticide can be produced in cotton tissues by
introducing the Bt gene into cotton genome to make Bt cotton. Lepidopteran
larvae die after eating leaves of Bt cotton, reducing pesticide use and allowing
natural insect predators to dominate and manage the pests. Insecticides are still
necessary to control pests that are not affected by Bt toxin, including stink bug,
plant bug and aphids. A joint research project by the Chinese Academy of
Science, The Center for Chinese Agricultural Policy and Cornell University em-
phasized the development of resistance in insects against Bt toxin [103]. This
statement was later disputed when joint research conducted at Stanford Univer-
sity, the Chinese Academy of Sciences and Rutgers University proposed that Bt
cotton can control bollworm and the massive increase in secondary pests was

due to increased temperature and precipitation [104]. Pesticide use dropped by
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half after introducing Bt cotton, increasing the numbers of beneficial insects like
lacewings, ladybirds and spiders [105] and [106]. Bt cotton was grown on ~25
mha globally [41], or an estimated 69% of the total area cultivated in cotton. In-
dia is growing the most Bt cotton in the world, increasing from 50,000 to 10.6
mha from 2002 to 2011. Bt cotton was 88% of the total cotton growing area in
2011. Increased yield of Bt cotton cultivation had raised living standards of small
farmers in India by 2012 [39]. The second, third and fourth-largest Bt cot-
ton-producing countries are the United States, China and Pakistan at 4 mha, 3.9
mha and 2.6 mha, respectively [106]. Cultivating Bt cotton has reduced pesticide
use by 88%. Subsequent cultivation of Bt cotton in Australia led it to become the
fifth-largest Bt cotton-producing country in 2009 [107]. Other leading Bt cot-
ton-producing countries are Argentina, Brazil, Burkina Faso, Colombia, Costa
Rica, Mexico, Myanmar and South Africa. Monsanto developed a Bt cotton re-
sistant to the broad-spectrum herbicide glyphosate. From 1996 to 2011, ~62%,
24% and 14% of cultivated cotton worldwide was genetically modified, stacked
or herbicide resistant, respectively [106]. Some cotton varieties are now edible be-

cause the genes in the gossypol glands that make it toxic have been silenced [108].

9, Cotton Transformation

It is an essential and foremost priority of a researcher to develop an efficient and
facile transformation system to generate a transgenic plant having unique and
novel traits as it can be looked in advanced technologies for plants. The tech-
nique must be accessible and handy to use for all plant breeders that can be in-
curred as a commonly practiced protocol for the generation of desirous plants.
Classical breeding is one way to generate covet plant but this technique is time
consuming, relentless and involves source plant harboring desired gene [108].
Numerous protocols for transformation have been developed in past decades
such as biolistic, micro-injection and electroporation etc. but most of these are
tissue culture dependent. Ever since, the first successful genetic transformation
accomplished in plants during 1980’s [110] and [111] and scientist were looking
out for a technique requiring less expertise and technical skills, time and don’t
involve exorbitant apparatus. Graves and Goldman provided the concept of tis-
sue culture independent plant transformation technique in 1986 and named it as
In planta transformation. It gave an edge to all other tissue culture dependent
protocols as evading the issue of somaclonal variation and require lesser time to
produce TO plant [109].

In planta transformation technique mainly encompasses Agrobacterium me-
diated and pollen tube pathway (Arabidopsis thaliana, rice, cotton, wheat, Me-
dicago truncatula, Jatropha curcas and so on). In planta method have been suc-
cessfully practiced using seeds, epicotyls, shoot apical nodes, flowers and fruits
as recipient tissues with greater efficiency compared to other tissue culture based
protocol [112]. Cotton has been transformed by various protocols (Table 7).

Transformation and regeneration of cotyledonary tissues of cotton was first
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Table 7. Cotton transformation events.

Variety Method Regeneration capacity Explant Year Reference
Coker-201 Agrobacterium-mediated transformation J Cotyledon 1987  Firoozabady et al.
Cotton Particle bombardment X Meristem 1995 Chlan et al.
Guazuncho II Regeneration v Embryi;ﬁ:rias::;zf apical 1998 Morre et al.
Coker-312 Regeneration V Callus 2003 Mishra et al.
CIM-443 Agrobacterium-mediated transformation X Cotyledonary nodes 2004 Ali et al.
Coker-312 Agrobacterium-mediated transformation V Embryogenic calli 2004 Tkram-ul-Haq
Coker-201 Suspension culture V Somatic embryos 2008 Jing Lin et al.
NC-71 Agrobacterium-mediated transformation X Apical meristem 2008 Keshamma et al.
Coker-312 Particle bombardment V Embryo 2008 Rech et al
Coker-312 Agrobacterium-mediated transformation J Flower 2010 TianZi et al.
HS-6 Agrobacterium-mediated transformation X Embryonic axes 2011 Amudha et al.
Coker-310 Agrobacterium-mediated transformation J Somatic embryos 2014 Sohrab et al.
NIAB-846 Agrobacterium-mediated transformation X Mature embryos & shoot 2015 Bajwa et al.

apex

performed in 1987, which regenerated over 80% of embryos from Agro-transformed
calli. Antibiotic resistance, production of opines, immunoassay and Southern
blot analysis confirmed positive transformation [113]. A particle bombardment
protocol for cotton transformation was optimized using cotton meristems and a
Bio-Rad PDS-1000-He gene gun [114]. The role of cytokinins in cotton shoot
development was studied by treating embryonic axis of cotton apical meristems
with the cytokinin benzyladenine for 2 - 20 days and watching expansion [115].
Benzyladenine was effective at promoting development of shoots and buds
[115]. A genotype-independent regeneration protocol for some elite varieties of
Gossypium hirsutum was optimized. The high regeneration potential of Riata
was due to introgression of potential regeneration alleles (it was a hybrid cross of
a Roundup-ready transgenic cultivar and a cultivar with transgenic Maxxa ge-
netic background). Max-R lines with elite genetic background were produced
through increased regeneration selection pressure [116]. Apical meristems and
cotyledonary nodes were used to induce multiple shoots in CIM-443 [117]. So-
maclonal variation and somatic embryogenesis are often barriers to cotton plant
regeneration. Genotype, explant, Agrobacterium strain and callus induction me-
dium are the critical parameters for Agrobacterium-mediated transformation. A
set can produce transformed cotton plants in eight to 10 months [118]. Agro-
bacterium mediated transformation of green colored cotton was reported from
the Chinese Academy of Sciences [119]. Cotton variety G-9803 showed regene-
ration of embryogenic callus. G-9803 was transformed with gene (GhExp-1)
specific for fiber expansion and tissue culture. A transformation frequency of

17.8% was observed among 32 distinct regenerants produced within seven months.
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These findings signify the pioneer work for genetic manipulation of green-colored
cotton [119]. An Agrobacterium-mediated transformation protocol for Cok-
er-312 used a cDNA (GUS and nptII genes) on two-month-old embryogenic cal-
li derived from hypocotyls. Nearly, 46.6% and 20% of explants showed GUS ac-
tivity after vacuum infiltration and Agrobacterium-mediated transformation.
28.23% efficiency of transformation was achieved [120]. An efficient method
with improved frequency of somatic embryogenesis and concomitant growth of
somatic embryos was developed. The combined protocol of suspension and solid
culture promoted synchronization of somatic embryogenesis and mass embryo
development [121]. Cotton transformation was improved by minimizing tissue
culture to avoid recalcitrance [122]. A high-efficiency cotton transformation
protocol bombarded embryo with gold microparticles coated with DNA at
0.55% average frequency of transformation and produced plants in 7 - 10
months [123]. A pistil drip method for cotton transformation used a solution
carrying Agrobacterium with a plasmid conferring herbicide resistance, showed
stable gene integration and heritability [124]. Agrobacterium-mediated transfor-
mation was done with antisense CLCuD coat protein RNA resulting in no symp-
toms of CLCuD in positively transformed plants [125]. Agrobacterium-mediated
transformation and somatic embryogenesis were employed to insert the bCl
gene into Coker-310. Transformed plants developed no CLCuD symptoms
throughout their life cycle and were deemed resistant to CLCuV [126]. The fiber
expansion gene GhEXPAS8 was introduced into NIAB846. Transgenic plants had
increased expression of GhEXPAS8 for fiber length and micronaire value [127].
Pollen tube pathway has been used for development of transgenic cotton to
overcome the problem of regeneration owing to recalcitrant nature of cotton
[128] (Table 8).

Pollen tube mediated gene transfer (PTT) has the ability to transform foreign
DNA through involvement of pollen grain into germ line. PTT has potential
benefits as it often forestall the imperfection in reduction of fertility, dependence
on genotype, and different genetic variation including mutation/methylation
and most important one is that it avoids manipulation, identification and screen-
ing of transformants as compared to other protocols [129]. Pollen tube mediated
transformation is efficient and simple alternative of producing transgenic plants,
evading the stipulations for tissue culture. The PTT method was first reported in
cotton (Gossypium hirsutum L.) [130] and rice [131]. Two approaches were
used for Pollen tube mediated transformation; pollen grain is used as a vector in
first and recent approach. Maize inbreds Zheng 58 and Dika 527 were used and
two constructs, plasmid p3301UbiAc have bar gene as selectable marker+ and
CrylAc gene while other plasmid pLMO1 harboring ampicillin resistant maker
gene and eGfp gene. Pollen grains were subjected to ultrasonication which dena-
tured the nuclease without affecting their viability and germination. Pollen grains
were used as a vector to carry transgenes by the application of sonication treat-

ments and immersed in sucrose solution. Gene of interest could be incorporated
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Table 8. Traits improved through genetic transformation.

Crop Gene/Trait Pollen tube Floral Dip  A. tumefaciens Biolistic References
mediated gene With A. mediated gene Bombardment
transfer tumefaciens transfer
Maize (Zea maysL.) LB-UbiP-GFP- 0.86% (3.38% 3.30% 5to 50 5to 40 Bennetzen and Hake, 2009; Mu et al.,
nosT-RB with ovary drip) 2012; Yang et al, 2009
Soybean LB-35SP- 0.97% (3.00%  ---- 4291018 9 Huang et al, 1999; Zhang et al., 2017
(Glycine maxL.) smGFP-nosTRB with ovary drip)
Cotton (Gossypium LB-hpt/nptIIRB 153% &1.9%  0.7%-0.17% 15 0.71 Bibi et al, 2013; TianZi et al., 2010; Ali et

hirsutum L.) (pCAMBIA1301/2301)

Wheat (Triticum  35SP-CrylA-nosT
aestivum L.)

Melon LB-35SPACO1
(Cucumis meloL.) (antisense)-nosTRB

Watermelon 35SP-GUS-nosT-Squas
(Citrullus lanatus  h DNA

Thumb.)

Papaya 35SP-PRSVCPPRSVCP

(Cariza Papayal.) (antisense)ocsT

Walnut LB-nosT-GUS-UbiP-
(Juglans regia L.) 35SHPT-nosT-RB

Onion 35SP-Luciferase-nosT
(Allium cepaL.)

al,, 2015; Jin et al, 2005; Rajasekaran, 2013

1.13% to 1.21% 0.3t00.6% 1 to 30 20 Agarwal et al,, 2009; Hou et al, 2003;
Risacher et al, 2009; Wright et al, 2001

0.70% 0.1to 10.6 1 Castelblanque et al, 2008; Gaba et al,
1992; Hao et al, 2011

5.00% 10.28 1to 17 Chen et al, 1998; Li et al, 2012;
Suratman et al, 2010
8.90% 1.6 t0 26.3 27 Jiang et al., 2004; Souza Jinior, 2005;

Wei et al, 2008

20.70% 15 Bosela et al,, 2004; Shi et al, 2012
12% to 5% 1.95 4.67 Peffley et al, 2003; Xu et al,, 2014; Zheng
etal, 2001

as a naked DNA or through Agrobacterium. Mature pollen develop a vegetative
cell and a generative cell and pass through mitosis for the formation of two male
gametes. Transgene is incorporated into generative cell which fuse to egg cell
through the way of pollen tube ultimately for the formation of zygote. For for-
eign DNA incorporation, vacuum infiltration or gene gun can be employed
[132]. Targeted pollen having genes of interest are transferred to recipient plant
at embryo forming stage through the process of pollination [133]. Secondary
approach is the process of transformation in recipient plant; the stigma is re-
moved shortly after pollination from style. Solution of exogenous DNA is ap-
plied directly to ovary as transgene reaches the ovule and fertilize it, leading to
the formation of zygote, the whole process is carried in a natural manner
[134].

Multinational companies have transformed various cotton varieties for com-

mercial use with traits including insect pest and herbicide resistance (Table 9).

10. Conclusion

During current era, there has been an intense need for developing improved
cotton varieties to meet the ever growing demands of fine quality and sophisti-
cated clothes. Crop improvement has been shifted from conventional breeding
approaches towards manipulating the genome of cotton plant precisely without

leaving marks of antibiotic resistance genes within the genome. A broad view of
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Table 9. GM Cotton.

Company

Resistance Trait

Date of Approval

Monsanto
Bayer Crop Science
Bayer Crop Science

Syngenta
Bayer Crop Science

Syngenta

Monsanto

Dow/Mycogen
Aventis
Monsanto
Calgene
Du Pont Pioneer
Monsanto
Monsanto

Calgene

Glufosinate & Dicamba
Moth & butterfly Glufosinate
Moth & butterfly Glufosinate

Moth & butterfly
Herbicide
Moth & butterfly
Herbicide
Moth & butterfly
Phosphinothericine
Moth & butterfly
Bromooxynill, Moth & butterfly
Sulfonylurea
Herbicide
Moth & butterfly

Bromooxynill

20" Jan 2015
22" Feb 2013
12 Oct 2011
29 Sep 2011
22" May 2009
6 July 2005
20 Dec 2004
15" July 2004
10" March 2003
5% Nov 2002
30" April 1997
25% Jan 1996
11" July 1995
22" June 1995

15" Feb 1994

each and every aspect of cotton plant has been presented in this review to help
researchers pinpoint the traits and modify its genome precisely. Increased cotton
production will not only fulfill the needs of growing world’s population but will

also strengthen the textile economy.

11. Future Directions

Cotton transformation towards improvement of traits for yield, quality and
beyond will be the future goal of cotton breeders and biotechnologists. Marker
free plants will be produced to lessen the impact caused by antibiotics to the en-

tire ecosystem.
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