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Abstract
EXPANSINs are the intrinsic proteins in a plant cell and are involved in
disentangling the cellulosic microfibrils of the cell wall. The mechanism of
EXPANSIN action is generally concerned with cellular expansion. This family of
proteins has also been documented to have tissue specific members. Multiple variants
of this protein have been identified in specific tissues, which are temporally regulated
and functionally specific. The fiber specific EXPANSINs play a key role in the
development of cotton fibers. Various isoforms of EXPANSINs were isolated by
screening the cDNA libraries constructed at different developmental stages of cotton
(Gossypium hirsutum) and Calotropis procera fibers. Nucleotide sequence analysis of
the screened clones helped to identify two major variants in cotton (GhEXPA8 and
GhEXPA15) and four EXPANSIN isoforms in fast elongating C. procera fibers. The
C. procera CpEXPA3 was selected for further analysis on the basis of its close
relatedness with cotton fiber EXPANSINs. The comparative analysis of these
EXPANSINs with existing database of the gene family revealed that they belong to the
third clade of EXPANSIN A family having two characteristic domains. Eight
conserved cysteine residues were found in the N-terminal of the deduced amino acid
sequence of GhEXPA8, GhEXPA15 and CpEXPA3, while one was in the signal
peptide region. Five tryptophan residues were conserved in C-terminal region of these
EXPANSINs. The Amino Acid sequences of GhEXPA8 and GhEXPA15 have 98 %
identity, while they have 69.8 % and 69.6 % identity with CpEXPA3 respectively. The
presence of the signal anchor sites, the hydrophobic regions and the transmembrane
regions at the N-terminus suggested that these proteins are targeted to the cellulosic
microfibrils through the secretory pathway. The expression of these variants in
different tissues was quantified by real time PCR. The transcripts of GhEXPA8 and
GhEXPA15 were observed only in fibers, while CpEXPA3 was found to be
transcribed nonspecifically in all tissues of the respective plant. The different
transcription patterns of GhEXPA8 and GhEXPA15 at various stages of fiber
development indicated that they are functionally different genes. The real time PCR
analysis indicated the presence of EXPANSIN variants in developing cotton fibers
from 0-15 DPA. The RT-PCR demonstrated that transcripts of LTP3 gene could be
detected in developing fibers from 0-20 DPA. A plant expression vector was
constructed by fusing LTP3 promoter with a reporter gene (GUS with intron) for in

20
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vitro expression assay of the promoter strength and specificity in comparison with
2X35S. Transient expression studies on cultured cotton ovules, sepals, petals and stem
revealed that the LTP3 promoter activity was confined only to the trichomes. The
GUS gene in the expression cassettes was replaced with GhEXPA8, GhEXPA15 and
CpEXPA3 generating six EXPANSIN genes constructs under the two promoters
(2X35S and LTP3) with an aim to prolong the EXPANSIN gene expression in
developing fibers. The construction of the expression cassettes was verified by DNA
sequencing and the constructs were handed over to cotton transformation group at
NIBGE for their utilization in fiber modification program.
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Introduction and Review of Literature

1.1

Introduction
The word cotton was derived from Arabic word qutn/qutun, English word

cotoun, French word coton and an old Italian word cotone. Cotton is a natural fiber
that finds use in many products. These range from clothing and home furnishings to
medical products. It is grown in more than 80 countries of the world. According to the
International cotton Advisory Committee about 34.8 million ha area is under the
cultivation of cotton around the globe. The world cotton production was 120.7 million
bales in 2007-2008 (Anonymous, 2008).
The importance of cotton can hardly be over emphasized in the economy of
Pakistan. Pakistan is one of the ancient homes of cultivated cotton, fourth largest
producer of cotton, third largest exporter of raw cotton and a leading exporter of yarn
in the world. Pakistan is, by and large, a mono-crop economy as cotton contributes
nearly 10 percent in the agriculture GDP and a source of 60 percent foreign exchange
earnings. The value addition through cotton is 7.5 percent in agriculture and 1.6
percent in the GDP. Cotton is not only an export earning crop but also provides raw
material to local textile industry. The area under cotton has increased from 2.836
million ha in 1991-92 to 3.05 million ha in 2007-08 showing a growth rate of 0.43 per
cent over the period. The production jumped from 1.1 million bales in the year 1947
to 12.417 million bales in 2005-2006. Since 1991-1992 cotton production was
swinging between 8 million bales to 14.2 million bales with an annual average of 10.3
million bales (Naqvi and Shaheen, 2008).
Cotton has a pivotal role to play in the economy and society of Pakistan. It is
occupation of 1.5 million farming families and source of livelihood for several
millions of laborers in cities and towns. In cotton growing areas, sale of cotton
produce may account for as much as 40 % of cash income of rural households. It
provides raw material to 503 textile mills, 1135 ginning factories and 5000 oil
expellers, ultimately providing employment to 38 % of industrial labor force. Thus
cotton is mainstay of Pakistani economy (Anonymous, 2005).
Although, Pakistan is one of the top cotton producing countries, yet there is
enormous potential to increase the productivity and cotton fiber quality. Pakistan
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generates various grades of cotton depending on the fiber length. The highest grade
reaches 27mm staple length. On the other hand, Egypt, China and USA produce
cotton fiber with an average staple length of 32-35 mm. Thus, the world trade price
for highest grade cotton produced by Pakistan falls much below the world trade price
of cotton fiber having long staple length (32-35 mm). Cotton fiber having long staple
length, strength and fineness withstands the current advancements in spinning speed
and quality products. The Ring Spinning Performance test conducted by ITRU group
ltd. (International Textile Research Unit) reported that there exists a close
mathematical relation between fiber properties coming out front rollers and yarn
quality and end break rate (Anonymous, 2007). Nowadays, end break rate increases
with high machine speeds and yarn quality deteriorates with increasing machine
speed. These end breaks are closely related to the fiber properties like length and
fineness. Therefore to reduce end break rate should start from raw material selection.
In other words fiber properties at ring frame is the main quality index of the spinning
mill and it is a measure of machine maintenance, yarn quality, process control and
management conducted in the mill. This is the reason that Pakistan has to import
more than 0.5 million bales per year of extra long staple cotton to meet the local
textile industry demand. At the moment Pakistan is the largest importer of extra-fine
cotton due to the non availability of indigenous cultivars producing extra long staple
fiber. Thus, the need for developing long staple cotton fiber is two fold, 1) to earn the
highest possible value in the world cotton market and 2) saving foreign exchange to
meet the indigenous demands.
Classical breeding has so far played a vital role in the improvement of cotton
fiber traits and is still routinely used for modifying fiber yield and quality. Molecular
genetic technologies, on the other hand, are direct approaches to modify a specific
trait only if the genes controlling the required characters are available. EXPANSIN is
one of the important gene families involved in cotton fiber elongation. Recent studies
demonstrated that EXPANSINs induced the fiber elongation by loosening the
cellulosic cell wall in co-ordination with the cellular turgor pressure. Thus they are
attractive targets for strategies designed to improve crop quality because final fiber
length largely determines the quality of the commercial cotton thread. Thus, the best
approach to increase staple length through genetic engineering requires expression of
EXPANSINs in developing cotton fiber for a longer duration. The expression of
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genes is controlled by regions known as promoters. The promoters determine the
timing, location and amount of gene expression in response to signals from inside and
outside the cell. These promoters provide important tools in the genetic engineering of
cotton fiber in several respects. Firstly, expression of trans-genes only in the fiber
cells avoids any potential problems from gene expression in non-fiber tissues.
Secondly, they regulate the concentration and timing of trans-gene expression and so
control the effects of trans-genes on fiber characteristics.

1.2

History
The usage of cotton fiber for apparel making goes back beyond the records of

history. Cotton has protected mankind from sun and rain, heat and cold for at least
7,000 years. It may have existed in Egypt as early as 12,000 B.C. Scientists have
determined fiber and boll fragments from the TehuacÃ¡n Valley of Mexico to be
about 7000 years old. The remnants of the cotton fiber used for spinning and weaving
with matchless skills were found in the Indus valley of Pakistan dated back 3000 BC
at Moenjo Daro ruins (Gulati and Turner 1928). This was one of the first
archeological sites, documented for the use of cotton fiber. Peruvian archaeological
excavations unraveled cotton specimens that had been fabricated into textiles as far
back as 2500 B.C. There were even reports of cotton fabrics found in prehistoric
pueblo ruins in Arizona and in the Meroitic civilization of the upper Nile (Brown and
Menzel, 1950). It was thought that the cotton plant first grew wild in East Africa, but it was Pakistan
where it was first grown to make fabric and yarn.

Arab merchants brought cotton cloth to

Europe about 800 AD. When Columbus first discovered America in 1492, he found
cotton growing in Bahamas. By 1500, cotton was known generally throughout the
world. Cotton was first spun by machinery in England in 1730. The industrial
revolution in England and the invention of the cotton gin in the U.S. paved the way
for the important place, cotton holds in the world today.

1.3

Origin and Evolution
The genus, Gossypium comprises about 50 species of trees, shrubs and herbs

(Fryxell 1971). The study of the origin and evaluation of Gossypium diversity was
important for improvement in the existing gene pool. The origin, evolution and
domestication of cotton are somewhat vague even to this day. The time when cotton
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fiber was first used by humans is not known. The place of origin of the genus
Gossypium is also enigmatic, however the primary centers of diversity for the genus
are west-central and southern Mexico (18 species), north-east Africa and Arabia (14
species) and Australia (17 species). DNA sequence data from the existing Gossypium
species suggests that the genus arose about 10-20 million years ago (Wendel and
Albert, 1992; Seelanan et al., 1997). The wild species of Gossypium occur in arid
regions of the tropics and subtropics of Africa, Asia, Australia and America. The only
cotton variety with spinnable lint that grows wild is G. herbaceum var. africanum, and
this is probably the ancestor of all linted cottons in both the Old and New world
(Beasley, 1940). Fryxell (1984) considered that the original dissemination and
diversification of the genus Gossypium occurred in the Mesozoic period under
mesophytic conditions and that adaptation to more xerophytic environments in which
Gossypium spp. characteristically occurs presently began in the early tertiary period.
All the species of Gossypium have been categorized into different genomic groups on
the basis of cytology of the interspecific hybrids (Beasley, 1942; Phillips and
Strickland, 1966; Edwards and Mirza, 1979). The 50 members in the genus of
Gossypium comprises of 45 diploid species with 26 chromosomes and 5 allotetraploid
species with 52 chromosomes (Brubaker et al., 1999). These species, ranging from
shrubs to small trees are found in the arid regions of tropics and subtropics (Wendel,
1995). At least 8 genomes, designated A (G. herbacium), B, C (G. sturtianum ), D (G.
ramondii), E, F, G (G. australe ) and K (G. anapoides ) are found in the genus
(Endrizzi, 1984; Edwards and Mirza, 1979; Endrizzi et al., 1985; Stewart, 1995;
Menzel et al., 1978). Each genome represents a group of morphologically similar
species that can only rarely form hybrids with species from other genomic groups.
Most of the genus is diploid (n = 13, 2n=2x=26), but five species from the western
hemisphere are classic genomic allopolyploids (‘AD-genome’; n=26, 2n=4x=52).
Two important cultivated species (G. hirsutum and G. barbadense) are allotetraploids
originated by the hybridization between two diploid species (Wendel, 1989; Seelanan
et al., 1997; Cronn et al., 2002, Wendel and Cronn, 2003). These tetraploid species
are thought to have formed about 1.2 million years ago, in the new world by
hybridization between a maternal old world A genome texon resembeling Gossypium
herbaceum or Gossypium arboreum (2n=2x=26) and paternal new world D genome
taxon resembling Gossypium raimondii or Gossypium gossypoidies (2n=2x=26). Wild
A genome diploid and AD tetraploid Gossypium taxa produce spinnable fibers that
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were a likely impetus for domestication (Stephens, 1967; Fryxell, 1979, Wendel et al.,
1989). Domesticated tetraploid cottons existed in the New World by 3500-2300 B.C.
(Stephens and Moseley, 1974). Euploids of these plants have 52 somatic
chromosomes, and are frequently designated as AADD. This polyploid hybrid
retained the ability to produce fibers and was more vigorous than the diploid parental
species. It became established and radiated out to different regions of the New World.
Migration of the polyploid to diverse regions and subsequent isolation contributed to
the origin of G. hirsutum in the Yucatan and G. barbadense in Peru. Other tetraploids
diverged in Brazil (G. mustelinum), Galapagos (G. darwinii), and Hawaii (G.
tomentosum). Charles Darwin likely came across G. darwinii in his study of Finches
on the Galapagos Islands. Interestingly, there is significant genetic variation for lint
production among G. darwinii accessions; some produce almost no fibers on the seed.
All of these tetraploid species are perennial and adapted to short-day tropical
environments. This means they flower when day lengths are less than 12 hours. This
prevents migration and adaptation to more temperate regions. The discovery of
genetic variants in G. hirsutum and G. barbadense allowed these perennial species
native to the tropics to be grown as an annual crop with good yields in temperate
long-day environment. Domesticated A genome diploids existed in the Old World by
2700 B.C. (Chowdhury and Burth, 1971), and one of the species, Gossypium
arboreum, remained intensively bred and cultivated in Asia. Its close relative and
possible progenitor, A genome diploid species G. herbaceum, also produced
spinnable fiber. Although the seeds of D genome diploids were pubescent, none
produced spinnable fibers (Lee, 1984). There was no evidence that domestication of D
genome Gossypium taxa had ever been attempted, although their geographic
distribution overlaps that of several wild tetraploids. No taxa from the other
recognized diploid Gossypium genomes (B, C, E, F, and G) have been domesticated.
Wild cotton species have proved to be a valuable source of the genetic material-wide
spectrum of a biological and economical index that could be useful for the modeling
of varieties corresponding to modern requirements and conditions.

1.4

Cultivated Species of Cotton
Generally cotton refers to four species in the genus Gossypium under the

family Malvaceae, these include the New World allopolyploids G. hirsutum L. and G.
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barbadense L. and Old World diploids G. herbaceum L., and G. arboreum L that
were domesticated independently at different times in human history as a source of
textile fiber (Brubaker et al., 1999). Three principle groups of cotton were grown
primarily for the seed hair that is made into textiles.
(a)

Gossypium hirsutum, the most widely cultivated cotton in the world,
is known by various common names, including, among others, Acala
or Upland cotton, Mocó cotton, and Cambodia cotton (Johnson, 1926).
It has two centers of genetic diversity, southern Mexico-Guatemala and
the Caribbean (Wendel et al., 1992). The Mesoamerican (MexicoGuatemala) center of diversity corresponds with the center of
morphological diversity and encompasses the only known wild form of
G. hirsutum, the coastal Yucatan race yucatanense populations
(Brubaker and Wendel 1994; Ulloa et al., 2006). It accounts for more
than 95 % of U.S production. Currently, over 90 % of the world’s
cotton derives from G. hirsutum. It is productive over a wide range of
environments and has a diverse set of fiber properties for many uses. It
requires a growing season from 110 to 140 days. The term “upland”
refers to the migration of cotton cultivation inland from coastal areas
where often first cultivated .

(b)

Gossypium barbadense was most likely domesticated along the coasts
(and inland steams and rivers) of northwest South America (Hutchinson
et al., 1947). The seed, fiber, fruit, yarn, fishing nets, and textiles have
been recovered from coastal archeological sites in Peru and Ecuador
(Damp and Pearsall, 1994) and molecular evidence also implicates this
region as the site of original domestication (Percy and Wendel, 1990).
Modern elite G. barbadense cultivars trace their origins to the Sea Island
cottons developed on the coastal islands of Georgia and South Carolina
that probably originated from west Andean Peruvian germplasm
(Hutchinson and Manning, 1945; Percy and Wendel, 1990). The Sea
Island industry of the USA eventually collapsed under boll weevil
pressure by 1920 (Niles and Feaster, 1984), but the Sea Island lineage
contributed to the development of the Egyptian cottons, which were later
reintroduced into the USA as the basis of the Pima gene pool. Now it is
known as American Pima, extra long staple (ELS) or Egyptian cotton. It
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is prized for its fibers of superior length, strength, and fineness and
represents 9 % of the world’s cotton. Cultivars of G. barbadense are
typically grown in areas with a much longer growing season (140-160
days). Its fiber length approaches 50mm.
(b)

Gossypium arboreum is the only one of the four cotton species for
which a probable wild progenitor has not been identified (Hutchinson
et al., 1947). The two most likely sites of domestication are thought be
Madagascar, where a primitive form has been found in xerophytic
woodlands, and the Indus valley, where the earliest documented
evidence for Old World cultivated cottons has been found (Gulati and
Turner, 1928). The primitive race “indicum” cultivars appear to have
arisen in western India and then moved into peninsular India and
along the east coast of Africa along the Indian Ocean trade routes,
although if Madagascar was the original site of domestication the
movement may have been in the opposite direction. It produces fiber
with poor quality.

(c)

Gossypium herbaceum occurs as a cultigen throughout northern
Africa, Iran, Afghanistan, western and northern India, and western
China. The only demonstrably wild G. herbaceum (ssp. africanum) is
found in southern Africa, where it occurs in undisturbed native forests
and grasslands. Assuming that domestication occurred within the
range of the wild progenitors, Hutchinson (1954) nominated southern
Africa as the site of original domestication for G. herbaceum. That the
most primitive G. herbaceum cultivars, race acerifolium, are
distributed along the coasts boarding the Indian Ocean trade routes,
the most likely route of human-mediated dispersal, supports this
conjecture. Following this initial dispersal, Hutchinson (1954)
suggests further diffusion into western Africa and temperate regions to
the north was accompanied by further agronomic development. The
annualized G. herbaceum cultigens adapted for the temperate zones
were later introduced into India where they displaced the resident
perennial G. arboreum cultivars, native of India and Eastern Asia.

Less than 1 % of the cotton grown in the world belongs to Gossypium arboreum and
Gossypium herbaceum due to their less productivity and poor fiber quality.
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1.5

Ecology
Cotton is a sun loving plant and cannot tolerate shade particularly in the

seedling stage. The optimum temperature for germination is 90 0F. The lower
temperature increases the production of vegetative branches and extends the cropping
period while the higher temperature increases the number of fruiting branches and
reduces the cropping period. Reduced light intensity retards flowering and fruiting
and increases boll shedding. The crop does not tolerate very heavy rainfall especially
if grown as a rain-fed crop. The ideal average rainfall is considered to be about 40-60
inches. In arid areas, it is grown with irrigation. Cotton can be grown in a variety of
soils from light sandy soils to heavy alluvium and Rendzina-type clays. Soil aeration,
moisture and temperature are important factors in germination and early plant growth
(Purseglove, 1988).

1.6

Cotton: A necessity of humans
Cotton is primarily grown as fiber crop. It is harvested as seed cotton which is

then ginned to separate the seed and lint. The long lint fibers are further processed by
spinning to produce yarn that is knitted or woven into fabrics. The ginned seed is
covered in short, fuzzy fibers, known as linters. These must be removed before the
seed can be used for planting or crushed for oil, and are used in a variety of products
including foods. The linters are produced as first-cut or second cut linters. The firstcut linters have a longer fiber length and are used in the production of mattresses,
furniture upholstery and mops. The second-cut linters have a much shorter fiber
length and are a major source of cellulose for both chemical and food uses. They are
used as a cellulose base in products such as high fiber dietary products as well as a
viscosity enhancer (thickener) in ice cream, salad dressings and toothpaste. In the
chemical industry the second-cut linters are used with other compounds to produce
cellulose derivatives such as cellulose acetate, nitrocellulose and a wide range of other
compounds (Gregory et al., 1999). The delinted cotton seed can be processed to
produce oil, meal and hulls. Cotton seed oil has been in common use since the middle
of the nineteenth century and achieved GRAS (Generally Recognised As Safe) status
under the United States Federal Food Drug and Cosmetic Act because of its common
use prior to 1958. It is an important oil seed behind soybean. The typical cottonseed is
approximately 16 percent crude oil. The next largest (27 %) components are hulls or
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the external seed coat. It is viewed as “naturally hydrogenated” with a 2:1 ratio of
polyunsaturated to saturated fatty acids. It is valued as stable frying oil, not requiring
additional processing or the formation of trans fatty acids. It is rich in tocopherols,
which act as natural antioxidants and prolong shelf-life and stability. The greatest
proportion (46 %) of cotton seed is the protein meal. It is an important animal feed,
primarily for dairy cattle. It is a balanced source of fiber and protein. Cottonseed oil is
major edible oil found in many food products we consume every day including edible
vegetable oils and margarine, soap, and plastics (ANZFA., 2002).

1.7

Cotton Plant
The cultivated cotton plants are shrubs and sub -shrubs. The plant height

ranges from 0.6 to 2.5 m depending on the species, cultivar and the environment. The
plant has an erect main stem and is monopodial in habit. Each node above the
cotyledon carries a leaf. Leaves are arranged spirally with a 3/8 phyllotaxy on both
the main axis and its vegetative branches (Eaton, 1955). Branches are of two types,
vegetative and fruiting. A branch meristem is formed in the axil of each leaf and
begins development by the differentiation of a prophyll (a small inconspicuous leaf
resembling a stipule), an internode and a true leaf. The leaf axillary meristem is
responsible for most branching. Fruiting branches are sympodial and their early
development begins like the vegetative branches. Flowering proceeds upwards and
outwards at regular intervals. Because of the indeterminate growth habit of the plant,
buds, flowers and bolls are present at the same time and at all stages of development
(Eaton, 1955). Reproductive maturity is reached about 4-5 weeks after planting, with
the formation of floral buds (‘squares’). Typically, about 25 days elapse between the
initial appearance of a square and anthesis (flower opening). Under normal crop
conditions, about 60 % of squares and immature fruit are abscised prematurely.
Mature flowers are not usually shed before pollination (Oosterhuis and Jernstedt,
1999).
The cotton bloom is a perfect flower containing both male parts (pollenproducing stamens, each with a double-lobed anther) and female parts (stigma, style,
and ovary) in the same flower. The ovary has 4 to 5 carpels or locks. Each lock
contains 8 to 12 ovules that may develop into seed. The outside parts of the flower
include the calyx with its five leaf like divisions or sepals; three bracts; and five petals

30

Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.

Masooma Thesis
that are fused at the base. The flowers open during the morning, and pollination
usually occurs within a few hours. Pollen grains from the anther drop to the sticky
surface of the stigma. Fertilization the union of a male reproductive cell from a single
pollen grain and a female cell in the ovule normally takes place within 24 to 30 hours
after pollination. The fertilized ovule develops into a seed. Fruit called boll, is
spherical or ovoid leathery capsule of about 4-6 cm long. Boll grows to full size in
about 25 days after opening of the flower. Seeds develop for a further 25 days before
the boll opens. On maturity, boll splits along with carpel edges into several valves and
expose the lint. The seed is pyriform and dark-brown in color after removal of fuzz
(Purseglove, 1988). Some of the ovules may not develop fully or are aborted. If a
majority of the seed aborts, the boll will fall off the plant within 7 to 10 days after
flowering. Cotton flowers usually are self pollinated. However, bees or other insects
may increase the frequency of cross pollination. Temperatures above 100°F and
moisture, rain or high humidity reduce pollination. A bloom will not pollinate after
the first day. The creamy or white petals of the flower turn pink after 24 hours and
shed within a week as the fertilized ovules of the ovary grow into a boll.

1.8

Cotton Fiber
A cotton fiber is an elongated cell of the ovular epidermis that is anatomically

classified as a trichome. These trichomes are epithelial cells of the cotton seed coat
that can elongate up to 25-30mm in certain species and are amongst the longest cells
in the plant kingdom. There are 10,000 to 20,000 fibers per seed. There is nothing in
nature that resembles the long, strong, and fine fibers of modern cotton cultivars. The
fibers unique structure is ideally suited for textile production as each fiber is a hollow
tube a few centimeters in length that has a twisted curvature. The thickness of the
secondary wall is 3-6 µm around the circumference of the approximately 20 µm
diameter fiber. Thousands of these fibers together form a white, fluffy cotton boll that
is harvested when mature, and all the fibers from a single boll are developmentally
identical. The mature fiber has two clearly defined cell walls, primary and secondary
cell wall. Cotton is one of the purest forms of crystalline cellulose. It is a
polysaccharide polymer composed of 100-15,000 glucose molecules. Its crystalline
and porous structure makes a fiber versatile, takes up dye, very absorbent, and
withstands repeated washing. Its most important characteristic is its “feel’ which has
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yet to be replicated in synthetic polymers. It is 100 percent biodegradable and doesn’t
require petroleum products for manufacturing, as do synthetic fibers (Ruan, 2005).
The fiber with better quality spun into better yarn, which enables cotton to
compete effectively with synthetic fiber. Therefore, the prosperous future of the
cotton industry depends on high-quality fiber. Cotton fiber quality is determined by
various parameters. The key cotton fiber qualities are
Length of cotton fiber varies because of natural variation. It can be measured
as the average length of the longer 50 % of fibers and is also known as upper
mean length. Although length is primarily determined by the plant’s genetic
makeup, stressful growing conditions can shorten fiber (Arioli, 2005).
Length uniformity is expressed as a percentage and is determined by the ratio
between the mean length and upper half length of fibers. It provides a measure
of the distribution of fiber lengths (Arioli, 2005).
Short fiber content is a measurement indicating the percentage by weight of
fibers shorter than 0.5 inch (Arioli, 2005).
Strength is largely determined by variety and is defined as force in grams
required to break a certain bundle of fibers. Fiber strength is governed largely
by genetics, with some loss attributed to severe weathering between boll
opening and harvest, extreme plant stress during fiber development or harsh
ginning practices (Arioli, 2005).
Micronair is a measure of both fineness and maturity, and is determined by
calculating the air permeability of a constant mass of cotton fibers compressed
to a fix volume. It is a unitless parameter that depends on both the fiber
diameter and secondary wall thickness Fineness relates to the perimeter of the
fiber while maturity refers to the extent of secondary cell wall that is deposited
within the fiber (Arioli, 2005).
Neps are small tangled knots of fiber often caused by immature fiber and
mechanical processing, and creates defect in the woven cloth (Arioli, 2005).
Colour of cotton fiber is measured by the degree of reflectance and
yellowness (Arioli, 2005).

These characteristics have become increasingly important in modern textile
mills because machinery operates at high speeds with little economic support for work
stoppages caused by breaks in the spinning and weaving processes. The industry
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continues to demand improved fiber quality to improve their processes (Haigler et al.,
2005).
Coarse and short fiber results in a lower fiber per thread count and a low
quality fabric. Immature fibers cause more fabric imperfections and are difficult to
dye. Fiber fineness is almost under complete genetic control, with environment
having little effect. Low micronaire results in thin fiber. It’s because of the
insufficient carbohydrate supply and nutrient deficiency, which result in excessive
vegetative growth and heavy boll set while high micronaire results in thick fibers. It’s
because of ample carbohydrate supply which results in poor boll set and short fibers.
Secondary wall thickness is responsible for fiber maturity. It is a major determinant of
fiber yield and fiber quality parameters, including maturity, dyeability, water
absorption and single fiber strength (Hsieh, 1999). Optimally mature fiber has high
single fiber strength, high absorption per unit volume and high dyeing intensity, and
interfaces well with high-speed rotor spinning technology for the production of highquality textiles (El Mogahzy, 1999; Swiech and Frydrych, 1999; Frydrych et al.,
2001). Fiber maturity is directly determined through Advanced Fiber Information
System (AFIS) analysis and indirectly indicated by the micronaire value in High
Volume Instrument (HVI) analysis. Price discounts are applied outside the optimum
range of micronaire (3.5-4.9) due to suboptimal textile performance of the fiber
(Anthony, 1999). A low micronaire, immature fiber is weak, which results in knots of
broken fiber in the yarn (neps); it does not dye well, which leads to low quality yarn
suitable for low-quality fabrics only. A high micronaire, overly mature fiber will not
collapse upon drying into the bean shape that facilitates spinning, and leads to a weak
yarn due to fewer fibers within the cross-sectional area. The distribution of fiber
diameter has a strong genetic component (Kloth, 1992), whereas fiber maturity is
affected by both genotype and environment (Gipson, 1986). Adverse environmental
conditions can result in immature fibers or excessively thick fibers. Fiber immaturity
is caused by any production factor that limits photosynthesis and/or the generation of
biomass, such as cool temperature, excess or limited water, low light due to clouds,
fungal disease and premature defoliation (Ramey, 1986; Pettigrew, 1994). Excessive
maturity is usually caused by excessive heat units accumulated during the production
season because cotton fiber cellulose biogenesis has a high optimum temperature, e.g.
28-37 oC in G. hirsutum cv. Acala SJ-1 (Roberts et al., 1992).
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Now emphasis is on cotton with long staple length, more strength and high
value of micronaire having ability to combat the rigor of ginning, opening, cleaning,
carding, combing and drafting. While the fiber with short staple length and lower yarn
strength reduces the spinning efficiency, limits the use of yarn and increases the
imperfections in the yarn. The industry needs longer and stronger yarns. Since fiber
strength translates directly into the strength of rotor yarns, it must posses a higher
average level of strength, length and, most importantly, a lower variability of strength
to cope with ever-increasing processing speeds in spinning, weaving and knitting
(Benedict et al., 1999; Deussen, 1992).

1.9

Cotton Fiber Development
Cotton fiber development occurs in four distinct stages over a prolonged time

i.e. differentiation/initiation, expansion/primary cell wall synthesis, secondary cell
wall synthesis and maturity (Turley and Ferguson, 1996; Orford and Timmis, 1997;
John and Keller, 1996; Basra and Malik, 1984; Ryser, 1985, 1992; Wilkins and
Jernstedt, 1999; Jasdanwala et al., 1977). Fiber development is often described in
relation to the day of flowering (anthesis) as ‘days post-anthesis’ (DPA). The
differences in cultivar, environment and production conditions shift the onset and rate
of progression through the developmental stages.
Fiber initiation is triggered by plant hormones such as auxins and
gibberellins (Kosmidou-Dimitropoulou, 1986). Synthesis of the primary cell wall is
completed during the initiation and elongation phases. Fiber initiation begins when
the cells of the ovular epidermis differentiate into trichomes or fiber primordial at the
day of anthesis called 0DPA. On the day of anthesis, fibers begin to expand, a process
that is directly related to flower opening mechanism. These fiber initials are the
balloon like protrusions which signal the onset of fiber morphogenesis. The fiber
initials begin to undergo rapid cell expansion, which continues over a prolonged
period that lasts approximately 21 days.
Primary wall synthesis in G. hirsutum growing under optimal conditions
proceeds alone until at least 12 DPA. At this stage the fibers elongate at rates in
excess of 2mm a day. So, developing cotton fibers are both the fastest growing and
the longest plant cells known in the plant kingdom. There are actually two distinct
stages of expansion. The early stage of fiber expansion, often called initiation, begins
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with the formation of fiber initials and continues for 3-4 days. A developmental
switch occurs between 3 to 5 DPA, at which time the fiber undergoes a period of
rapid polar elongation. After reaching peak growth at 12 DPA, the rate of elongation
begins to rapidly decline and fiber growth essentially ceases at around 21 DPA.
During this elongation, the cells grow to lengths of 1000-3000 times their diameter
(diameter ≈20 µm) (DeLanghe, 1986). The primary wall is estimated to be 100 to 200
molecules in thickness (0.1 to 0.2 µm), and is made up of cellulose (30 percent), other
neutral acid polysaccharides, waxes, pectic compounds, and proteins (Arthur, 1990;
Ryser, 1985).
Secondary cell wall biogenesis takes place during the later stages of fiber
expansion and elongation. Cellulose is actively synthesized and deposited within the
fiber primary wall, which narrows the lumen. This process is also known as fiber
filling, or deposition. Successive layers of cellulose are deposited until the wall is 3 to
4 µm thick. Cellulose microfibrils are arranged helically around the growing fiber
with periodic changes in the deposition angle. The cellulose deposited in the
secondary cell wall has higher chain lengths (14,000) than the cellulose deposited at
the primary cell wall stage (4000) and is believed to impart strength to the fiber
(Arioli, 2005). Other minor protein or polysaccharide components that may be
integrated into the secondary wall are uncharacterized. The coordinated regulation of
these developmental stages suggest that there may be a common mechanism that
controls the developmental switch to terminate fiber elongation and signal the onset of
secondary cell wall synthesis (Wilkins et al., 2005).
Maturation is the last stage of fiber development during which high-rate
cellulose biogenesis occurs to accomplish secondary wall thickening (8 to 10 µm)
from 20 to 40 DPA. The space originally occupied by a large central vacuole (the
lumen) is progressively filled as secondary wall cellulose is deposited inside the
primary wall (Goynes et al., 1995; Arthur, 1990; Ryser, 1985). Consequently the
lumen degrades and then collapses allowing the fiber to shrink to approximately one
third of its original diameter. The shrinkage causes the twist in the fiber cell. The
cotton fiber secondary wall is unusual in being composed of approximately 100 %
cellulose that exists in the form of partially crystalline microfibrils. It is speculation
about the maturation stage, whether or not these cells undergo programmed cell death.
Many people think that this doesn’t happen, but rather that when boll opens, the cell
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desiccates and dies. Thus very little is known about this stage of development
(Wilkins et al, 2005).

1.10 Cotton Fiber Physiology
Fiber growth occurs by intercalation of materials throughout the fiber length
and by tip growth (Seagull, 1990). Cotton fiber is composed of concentric layers. The
cuticle layer on the fiber is separable from the fiber and consists of wax and pectin
materials. Primary wall composed of celluloses, hemicelluloses, pectin, waxes and
other plant materials (4 %) while secondary wall is purely cellulosic (96 %) and
contain no lignin like other plant cells (Arthur, 1990; Ryser, 1985). Cuticle
development occurs throughout fiber elongation, primary and secondary cell wall
synthesis and deposition. The first layer of the secondary wall (Sl) appears to be a
transition layer between the primary wall and the oriented fibrils (S2) of the
secondary wall. This transition layer is termed as "winding layer" and it has a wider
fibril angle than S2 layers. In addition, the S1 fibril helix is opposite to that of the
following S2 layers (Flint, 1950; DeLanghe, 1986).
1.10.1 Building the Cell Wall
Thus cell wall biosynthesis is a major synthetic activity in fiber cells. The cell
wall components are synthesized and transported by a functionally integrated
membrane system of endoplasmic reticulum, golgi-complex and plasma lemma
(Basra and Malik, 1984). The growing cell wall has a fiberglass-like structure (Carpita
and Gibeaut, 1993; O’Neill and York, 2003) with crystalline cellulose microfibrils
that are embedded in a matrix of complex polysaccharides, which are divided into two
classes, pectins and hemicelluloses.
Cellulose microfibrils are tough, inelastic fiber wrapped in layers (lamellae)
within the plant cell wall. The primary structure of cellulose is an unbranched (1,4)linked β-d-glucan. Many parallel glucans snap into register to form a crystalline
microfibril that is mechanically strong and highly resistant to enzymatic attack, an
almost ideal scaffold material. Although cellulose produced by different organisms
has the same chemical composition, there are remarkable differences in the physical
properties of the cellulose product, mainly in the length of the glucan chains, (as
represented by degree of polymerization) the crystallinity and crystalline form of
cellulose product. Cellulose biosynthesis proceeds in at least two stages:
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polymerization and crystallization. The first stage is catalyzed by the enzyme
cellulose synthase (EC 2.4.1.12), and the second stage is dependent on the
organization of the cellulose synthase possibly with other proteins such that the
glucan chains are assembled in a crystalline form (Saxena et al., 1995).
Three CESA genes are normally required to make a functional cellulosesynthesizing complex (Taylor et al., 2003; Scheible et al., 2004). Each cellulose
microfibril is formed from the spontaneous ‘bundling’ and crystallization of dozens of
(1,4)-linked β-d-glucan chains, each made by a CESA protein. Microfibrils are 3-5
nm wide and many micrometers in length, long enough to wind around the
circumference of a cell many times. It is possible that hemicelluloses, such as
xyloglucan, become trapped in the microfibril as it forms, resulting in disordered
regions (Hayashi, 1989).
If CESA enzymes add glucose residues to an existing glucan, how does the
glucan chain initiate? Recent studies indicated that a sterol glucoside might function
as the initial acceptor for chain elongation. Sterols are common lipid components of
plant cell membranes and sterol-β-glucosides are commonly synthesized in plant
plasma membranes, where CESA can use a sterol-glucoside and uridine 5′diphosphate-glucose to form short sterol-linked glucans (Peng et al., 2002). This idea
was further supported by studies showing that defects in sterol biosynthesis resulted in
cell-wall gaps and reductions in cellulose content (Schrick et al., 2004).
A membrane-bound endoglucanase (EC 3.2.1.4) named korrigan (KOR) is
also required for normal cellulose formation (Lane et al., 2001; Nicol et al., 1998) but
its exact function is unclear. kor mutants have defects in cytokinesis and cell
elongation. Although they make (1,4)-linked β-d-glucan, it is not properly crystallized
into a microfibril. It has been postulated that the KOR endoglucanase trims sterol
residues from nascent glucan primers or trims out-of-register glucans to aid
crystallization of the microfibril (Peng et al., 2002 ). However, the protein is not
specifically associated with CESA complexes (Zuo et al., 2000; Szyjanowicz et al.,
2004) and kor mutants have normal amounts of sterol glucoside (Robert et al., 2004),
so its action on microfibril formation might be indirect.
Pectins are wall polysaccharides that are solubilized by aqueous buffers and
dilute acidic solutions or calcium chelators. Pectins are perhaps the most complex
polysaccharides in the living world and have several functions (Willats et al., 2001;
Vincken et al., 2003). They form hydrated gels that push microfibrils apart, easing
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their sideways slippage during cell growth, while also locking them in place when
growth ceases. They are important determinants of wall porosity and wall thickness
and they glue cells together in an adhesive layer called the middle lamella (Iwai et al.,
2002). Pectins are primary targets of attack by invading microbes and their
breakdown products function as potent elicitors of plant-defence responses. This
complex and heterogeneous group of polysaccharides consists of distinctive domains,
which are believed to be covalently linked together (Willats et al., 2001; Vincken et
al., 2003; Ridley et al., 2001). Rhamnogalacturan I consists of alternating residues of
galacturonic acid and rhamnose, and probably has side branches that contain other
pectin domains. Homogalacturonan comprises a linear chain of galacturonic acid
residues, whereas xylogalacturonan is modified by the addition of xylose branches.
The carboxyl groups of homogalacturonan and xylogalacturonan are often methyl
esterified, a modification that ‘blocks’ the acidic group and reduces their ability to
form gels. Rhamnogalacturonan II is a complex pectin domain that contains 11
different sugar residues (Carpita et al., 1993; O’Neill et al., 2003) and forms dimers
through borate (B) esters. The neutral arabinans and arabinogalactans are also linked
to the acidic pectins and it has been proposed that they promote wall flexibility and
that they bind to the surface of cellulose (Zykwinska et al., 2005).
Hemicelluloses require strong alkali for solubilization. Hemicelluloses are
cellulose-binding polysaccharides, which together with cellulose form a network that
is strong yet resilient. The backbone of hemicelluloses resembles that of cellulose.
Hemicelluloses bind to cellulose, but branches and other modifications in their
structure prevent them from forming microfibrils by themselves. Xyloglucan and
arabinoxylan are two of the most abundant hemicelluloses. Details of their structure
vary slightly among plant species. Xyloglucan has a backbone that is similar to that of
cellulose, but it is decorated with xylose branches on 3 out of 4 glucose residues. The
xylose can also be serially appended with galactose (Gal) and fucose (Fuc) residues.
Arabinoxylan consists of a (1,4)-linked β-d-xylan backbone decorated with arabinose
branches. Other residues, such as glucuronic acid and ferulic acid esters (FAE), are
also attached in arabinoxylans that are particularly abundant in cereal grasses.
Mannans are also found in primary cell walls and probably function in the same way
as xyloglucan and arabinoxylan (Cosgrove, 2005).
In contrast to cellulose, matrix polysaccharides possess a more diverse set of
glycosidic linkages and sugar residues. Identification of the specific genes that encode
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the relevant glycosyltransferases has proved difficult, even many of the genes have
been characterized. Cellulose synthase belongs to a larger superfamily of genes, the
cellulose synthase like (CSL) which includes eight other gene families (Richmond et
al., 2000), named CSLA, CSLB and so on, up to CSLH. CSL proteins contain
sequence motifs that are characteristic of β-glycosyltransferases, but lack the Nterminal region containing the zinc-finger domains which is found in CESA, that
function in protein dimerization. Because of their similarity to, and divergence from,
CESA, CSL proteins are considered good candidates for the synthases that are
localized in the Golgi and that form the β-D-glycan backbone of hemicelluloses such
as xyloglucan, xylan, mannan and other β-d-glycans in the cell wall. Recent studies
indicate that CSLA genes encode β-mannan synthases, the enzymes that are required
for the formation of the mannan backbone of certain hemicelluloses. Dhugga et al.,
2004 showed that galactomannan of guar gum is synthesized by a CSLA geneproduct.

1.10.2 Forming a Network
After the matrix polysaccharides are secreted into the wall, they become
associated with newly synthesized cellulose microfibrils, as well as with the preexisting wall polymers, to form a network that is both strong and extensible. Network
formation involved spontaneous physio-chemical interactions between the wall
polysaccharides and perhaps enzymatic cross linking. At this level of polymerpolymer interaction, the precise structure of the cell wall has not yet been resolved in
detail and remains a key issue for understanding how the cell wall expands (Cosgrove,
2005).
Cellulose and matrix polysaccharides are made by distinctive pathways (Fig.
1.1). Cellulose is synthesized by large membrane complexes (Kimura et al., 1999;
Saxena et al., 2005), which extrude microfibril from the cell surface, similar to a
spider’s thread. By contrast, matrix polysaccharides are synthesized in the Golgi
apparatus and packaged into tiny vesicles that fuse with the plasma membrane and
thereby deliver their cargo to the wall. Matrix polysaccharides then become integrated
into the wall network by physical interactions, enzymatic ligations and crosslinking
reactions. Unlike cellulose microfibrils, newly secreted matrix polysaccharides can
diffuse some distance into the cell wall (Ray et al., 1967) aided by cell turgor
pressure, which stretches the cell wall, increases its porosity and provides an energy
gradient to drive polymers into the wall (Proseus et al., 2005).
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The developing cotton fiber is a highly active sink cell that utilizes sucrose as
the initial carbon source for various metabolic and biosynthetic processes. In this cell
type, sucrose synthase is the major enzyme to degrade sucrose imported into the fibers
from the phloem of the seed coat (Ruan et al., 1997; 2000; 2007). It catalyses a
reversible reaction, but preferentially converts sucrose into fructose and UDP glucose
in planta (Geigenberger and Stitt, 1993). The reaction products can be used in energy
generation and the biosynthesis of diverse products, including starch and cellulose
(Ruan and Chourey, 2006; Ruan, 2005).

Suppression in transgenic cotton of Sus

gene expression, specifically in the ovule epidermis, inhibits fiber initiation and
elongation (Ruan et al., 2003).
H6 protein is found to accumulate during later stages, when active secondary
cell wall formation occurs, indicating possible regulation in the secondary cell wall
assembly. The nucleotide-derived amino acid sequence of H6 is proline rich amino
acid in composition and it may belong to the group of arabinogalactan proteins.
Presences of proline rich arabinogalactan-type protein in cotton fiber suggest that it
may be an integral part of the plasma lemma taking part in the development and
architecture of the secondary wall of cotton fiber (John and Keller, 1995). Various
enzymes taking part in the formation and modification of cell walls have been
identified from large numbers of plants. Enzymes such as peroxidases, laccases, and
various hydrolases and transferases have been characterized (Showalter and Varner,
1989; Carpita and Gibeaut, 1993; Showalter, 1993). Characterization of the proteins
involved in fiber development, cell wall formation, cellulose synthesis and deposition
is limited.
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Figure 1.1:
Structure of the Primary Cell Wall. Cellulose microfibrils (purple
rods) are synthesized by large hexameric complexes in the plasma membrane,
whereas hemicelluloses and pectins, which compose the matrix polysaccharides, are
synthesized in the Golgi apparatus and are deposited to the wall surface by vesicles.
For clarity, the hemicellulose–cellulose network is shown on the left part of the cell
wall without pectins, which are emphasized on the right part of the figure. In most
plant species the main hemicellulose is xyloglucan (blue), while hemicelluloses such
as arabinoxylans (grey) and mannans (not shown) are found in lesser amounts. The
main pectin polysaccharides include rhamnogalacturonan I and homogalacturonan,
with smaller amounts of xylogalacturonan, arabinan, arabinogalactan I (not shown)
and rhamnogalacturonan II. Pectin domains are believed to be covalently linked
together and to bind to xyloglucan by covalent and non-covalent bonds. Neutral
pectin polysaccharides (green) are also able to bind to cellulose surfaces (Cosgrove,
2000).
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1.11 Cotton Fiber: Model for Plant Cell Elongation and Cell Wall
Biogenesis
Cotton fibers are well suited for biochemical, molecular and genomics
research because large quantities of the single cell type can be easily obtained with
minimal perturbation of the natural living state before isolation of proteins or nucleic
acids. It is precisely their highly elongated structure and exceptional chemical makeup that established cotton fiber as an ideal model for studies of plant cell elongation
and cell wall biogenesis. Cotton fibers are unicellular; therefore cell elongation can be
evaluated independently from cell division. In addition, fibers can be grown in the
field, in growth chambers or on cultured ovules, providing diverse tools to meet
different experimental needs. The ease with which substantial quantities of
developmentally staged primary cell walls can be isolated from plants or ovule
cultures makes cotton fiber an ideal model for dicot primary cell walls. Additional
details about the composition and structure of cotton fiber primary cell walls and
changes in composition and structure that occur during fiber development could
contribute significantly to working models of plant cell expansion (Kim and Triplett,
2001). Thus, cotton fiber represented a model single cell system to study the control
of cell differentiation and elongation (Ruan et al., 2000; 2001), carbon partitioning to
cellulose synthesis (Ruan et al., 1997; Haigler et al., 2001), and the interaction
between maternal (fiber) and embryonic tissues in seeds.

1.12 In Vitro Fiber Growth (Ovule Culture)
One of the most significant benefits for using cotton fiber as a model system
for plant development is that a culture method for cotton ovules was perfected three
decades ago (Kim and Triplett, 2001; Beasley, 1971, 1992). Day of anthesis cotton
ovules produced fiber when floated on the surface of a defined medium (Beasley and
Ting, 1973, 1974). When fertilized ovules from 2 DPA or older were used, cultures
also supported the growth of developing embryos (Beasley and Ting, 1974). Fiber
development was dependent on the addition of phytohormones. Both auxin (indole
acetic acid or naphthalene acetic acid) and gibberellic acid must be added to cultures
initiated with day of anthesis ovules. Cytokinins, abscisic acid, and ethylene were
inhibitory to fiber development. On the day of anthesis each cotton ovule was
approximately 1.5 mm long and therefore 60 times larger than a mature Arabidopsis
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seed. These large, easily manipulated ovules can be harvested from dozens of ovaries
for well- replicated experiments. For RNA isolation, protein characterization, fiber
length, or cellulose content measurements, sufficient quantities of fiber were produced
in three or four cultures. Ovule cultures have obvious advantages over whole plants
when experimental protocols call for inhibitors, radiolabeled precursors, or controlled
environmental conditions to be tested. Although fibers produced in culture thus far do
not reach lengths achieved by intact plants, frequently fibers grow to 1.7 cm with
cellulose compositions of 70 % to 80 %. Early comparison suggested substantial
similarity between the fibers produced in planta and in vitro (Meinert and Delmer,
1977). More recent studies suggest that fibers developing in culture may differ from
fibers produced by intact plants in the degree of branching of carbohydrate polymers
(Triplett and Timpa, 1995) and in their protein profiles (Turley, 1998). The
relationship of the plant cytoskeleton with cell wall polymer organization is an active
area of investigation by many plant scientists. Cotton fibers produced in ovule culture
uniquely suited to study the plant cell wall-cytoskeleton continuum. The organization
of cortical microtubules and some of the actin microfilaments paralleled the
orientation of cellulose microfibrils in cultured fiber cells (Seagull, 1990).
During fiber development, many genes are known to be transcriptionally
regulated; however, because of the long periods required to regenerate transgenic
cottons and the lack of suitable transient assay systems, progress in characterizing
cotton fiber-specific promoters has been slow. Kim and his colleagues (2002) have
reported an expression assay system for determining promoter activities in cotton
fibers by using cotton ovule culture. This newly developed expression assay system in
cultured cotton fiber can be used to identify cis elements involved with the
developmental and hormonal regulation of fiber development and fiber-specific
expression.

Besides

the

comparison was

carried

out

to

check

whether

developmentally regulated promoters express the same patterns in cultured ovules as
in planta. For this GhCESA4 gene containing a 2.6-kbp promoter was cloned.
Expression of GUS regulated by the GhCESA4 promoter rarely was detected during
the elongation stage in cultured ovules, but GUS expression dramatically increased as
the secondary wall thickening stage of fiber development began. These results were
consistent with previous observations that the rate of cellulose synthesis (Meinert and
Delmer, 1977; Whittaker and Triplett, 1999) and the transcript concentration of
CESA1 in cotton fibers (Pear et al., 1996) increased dramatically with the onset of the
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secondary wall thickening stage. The expression pattern of GUS controlled by the
GhCESA4 promoter in bombarded cultured ovules was the same developmental
pattern as the accumulation of CESA4 transcripts in planta. These results clearly
showed that the bombarded GUS reporter was expressed stably in fiber cells in the 23 weeks after bombardment, and that the amount of GUS expression in the bombarded
cultured ovules was totally dependent on a developmentally regulated promoter (Kim
et al., 2002).

1.13 Mechanisms of Cotton Fiber Elongation
The fiber cells elongate 1600- to 3000-fold in 16 days, accompanied by only
5-10 fold expansion of interconnecting seed coat cells, indicating a high degree of cell
autonomy in fibers. The rapid fiber elongation was believed to be driven by high
turgor pressure (Dhindsa et al., 1975; Ruan and Chourey, 1998; Smart et al., 1998)
with a highly extendable primary cell wall (Ruan et al., 2000). It was a complex
interplay of reversible gating of plasmodesmata and coordinated expression of sucrose
synthase, K+ transporter and EXPANSINs (Fig. 1.2) (Ruan et al., 2001).

1.13.1 Role of Plasmodesmata in Fiber Development
Plasmodesmata are the connecting channels that link plant cells together.
These channels allowed cytoplasmic substances to pass directly from one cell to
another. Single cell cotton fibers interconnected with the underlying seed coat only at
their base region through the plasmodesmata connections (Ryser, 1992). Through
these connections, nutrients are taken up from the phloem in the seed coat (van Iersel
and Oosterhuis, 1996; Ruan et al., 1997) at sufficient rates to support fiber growth
(Ryser, 1992). The gating of plasmodesmata has been increasingly recognized to play
a central role in controlling cell-to-cell communication and in establishing cell
identity and function (Lucas et al., 1993; van Bel and Oparka, 1995; Mclean et al.,
1997; Schulz, 1999; Ruan et al., 2001; Ruan, 2007).
1.13.2 Sucrose and K Transporters in Elongating Cotton Fibers
The major osmotically active solutes in elongating fibers are soluble sugars,
K+, and malate, which together account for 80 % of the fiber sap osmolality
(Dhindsa et al., 1975; Ruan et al., 1997; Ruan et al., 2001). Previous studies
suggested that sucrose was the major form of photo-assimilate imported into
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developing cotton fiber (Buchala, 1987; Ruan et al., 1997). Very little is known,
however, about the pathway of sucrose and K+ movement into fibers. It occurs either
by passive diffusion or is mediated by their respective transporters, as shown in other
plant systems (Kim et al., 1998; Lalonde et al., 1999; Ruan, 2007).

1.13.3 EXPANSIN in Elongating Cotton Fibers
The volumetric growth of plant cells requires the cellulose microfibrils to
move apart or to slip relative to each other, and this requires breakage and/or
lengthening of the polysaccharide linkages. EXPANSINs form a class of closely
related proteins which causes irreversible extension or `creep' of isolated cell walls in
a pH-dependent manner. Reversible gating of plasmodesmata, the expression of
EXPANSIN and plasma membrane transporters for sucrose and K all were
coordinated. Plasmodesmata remained open from 0-9 DPA but closed at 10 DPA and
reopened at 16 DPA. Along with the transient closure of plasmodesmata, sucrose and
K transporter

expressed maximally in fibers at 10 DPA. At the same time fiber

osmotic and turgor potential elevated thus driving the rapid phase of elongation.
Expression of expasnin mRNA, however, remained high at the early phase of
elongation (6 to 8 DPA) and decreased rapidly after-wards. Elongation of cotton fiber
was terminated by the increased wall rigidity and loss of higher turgor due to the
down regulation of the transporter genes and re-opening of plasmodesmata (Cassman
et al., 1990; Ruan et al., 2001; Ruan, 2007).
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Fig. 1.2: An integrated Model for Cotton Fiber Elongation and Cellulose
Synthesis Mediated by PD and Sus (based on Ruan et al. 2001, 2003, 2004, 2005).
Early in elongation from 0-9 DPA, PD is open for solute import. At this stage the Susmediated sucrose utilization and the EXPANSIN-regulated cell wall loosening are
critical for elongation. By the middle of elongation, the PD is closed, coincided with
maximal expression of transporters for uptake of sucrose and K+, which together
could generate and maintain a high turgor in the fiber to sustain an extended
elongation. Finally, at 16 DPA onwards, the PD is re-opened for solute exchange,
which may release the turgor from the fibers. This, together with the increased cell
wall rigidity (indicated by the diminished expression of EXPANSIN) and reorganization of cytoskeletons, terminates the elongation process. At this stage, part of
the Sus proteins starts to associate with the plasma membrane and even move to the
cell wall region to support the intensive secondary cell wall cellulose synthesis. The
branching of the PD towards the secondary cell wall thickening is postulated to serve
as a ‘molecule sieve’ for tight control of macromolecule trafficking between fibers
and adjacent normal epidermal cells such that input of activators for cellulose
synthesis may be permitted, whereas negative regulators, such as repressors, are
excluded (Ruan, 2007.)

1.14 The Cotton Fiber Transcriptome
The genetic complexity of the cotton fiber transcriptome was currently
estimated to consist of approximately 18,000 genes in the genome of cultivated
diploid species Gossypium arboreum L. (Wilkins et al., 2005; Hovav et al., 2008).
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The cotton fiber transcriptome in allotetraploid species was estimated at
approximately 36000 genes.

Thus, the genes expressed in fibers represent

approximately 50 % of the entire cotton genome. There were particular genes which
specifically expressed in only one stage or another. For instance, genes that might be
involved only in secondary cell wall synthesis represented about 12 percent of the
transcriptome, while primary cell wall synthesis genes represented about 14 % of the
fiber transcriptome. However, the vast majority of fiber genes was expressed in more
than one stage, and therefore worked more generally than stage-specific fiber genes.
More than 45 % of the genes were of unknown function, or novel genes that were not
found in Arabidopsis thaliana and might therefore represented cotton-specific genes.

1.14.1 The Genetic Complexity of the Fiber Transcriptome during Expansion
Thousands of genes are required to make a complex biological system of
cotton fiber in tetraploid specie like G. hirsutum (Graves and Stewart, 1988; John et
al., 1992; John, 1995; Wilkins et al., 1999; Wilkins et al., 2005). Most of these genes
are expressed in more than one stage of fiber development. While there are some
genes which are expressed in a stage specific manner like 12 % transcriptomes are
involved only in secondary cell wall synthesis. 14 % of the fiber transcriptomes take
part in primary cell wall synthesis. For genetic characterization of rapid cell
elongation in cotton fibers, Arpat et al.,(2004) has reported the assembly of 14,000
unique genes from 46,603 expressed sequence tags (ESTs) from developmentally
staged fiber cDNAs of a cultivated diploid species (Gossypium arboreum).

1.14.2 Genes Involved in Cotton Fiber Development
In addition to genes involved in cellulose production, there was a remarkable
diversity in the type and number of genes expressed in cotton fiber throughout all
developmental stages (Graves and Stewart, 1988; Ferguson et al., 1996; Hovav et al.,
2008). All levels of genetic regulation from transcriptional to post- translational
control seem to be operating during fiber development. Based on the large number of
ESTs deposited in GenBank for early stages of fiber development (Udall et al., 2006),
the number of genes expressed in cotton fiber is probably not different than the
number expressed in most plant cell types. But a number of genes, which are
differentially expressed during different stages of fiber development, are required for
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fiber differentiation and development. So far, only a few of the genes, involved in the
biosynthesis of the large numbers of fiber-specific structural proteins, enzymes,
polysaccharides, waxes or lignins have been identified. While numerous full length
genes from developing cotton fiber have been cloned and expression patterns
characterized (John and Crow, 1992; John and Keller, 1995; John, 1996; Pear et al.,
1996; Reinhart et al., 1996; Ma et al., 1995, 1997; Shimizu et al., 1997; Song and
Allen, 1997; Kawai et al., 1998; Smart et al., 1998; Whittaker and Triplett, 1999;
Orford and Timmis, 2000; Cui et al., 2001; Liu et al., 2000; Orford and Timmis,
1998). Though scientists are still unable to attribute the specific role to half of the
transcripts of cotton fiber, there are certain gene families which are investigated for
their role in fiber development. These are as follows.

1.14.3 Transparent Testa Glabra
A model of the control of Arabidopsis trichome initiation

suggested that

normal trichome initiation required only three or four genes (Szymanski et al., 2000).
One of the pivotal Arabidopsis trichome genes was transparent testa glabra (AtTTG1).
AtTTG1 was required for both trichome initiation and pigment production in
Arabidopsis. Mutants of this gene have colorless seeds with no trichomes. AtTTG1
encoded a protein of 341 amino acid residues with four WD-40 repeats (Walker et al.,
1999). WD-40 proteins have been implicated a diverse range of cellular processes
such as signal transduction, RNA processing, gene regulation, vesicular traffic and
regulation of the cell cycle (Yu et al., 2000). The identification of TTG1 as a WD40
repeat protein indicated that TTG1 probably interacted with other proteins to control
trichome initiation, rather than acting directly as a transcription factor. Four cotton
homologues of AtTTG1 have been isolated to date. Characterization of these genes
may lead to significant advances in the understanding of cotton fiber initiation.

1.14.4 Arabinogalactan Proteins (AGPs)
Arabinogalactan proteins (AGPs) are a family of extensively glycosylated
hydroxyproline rich glycoproteins present on cell surfaces. These were thought to
have important roles in various aspects of plant growth and development. AGP
structure was described in terms of the protein component, carbohydrate component,
processing of AGPs and overall molecular shape (Showalter, 1993; 2001). AGPs were
generally found in plasma membranes, cell walls or as secretions to intercellular
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spaces and culture media (Nothnagel, 1997). AGPs were also found in intracellular,
multivesicular bodies this localization likely reflected turnover of AGPs (Herman and
Lamb, 1992). More specifically, such AGPs were associated with, and hypothesized
to function in secondary cell wall thickening and programmed cell death (PCD)
(Schindler et al; 1995; Gao and Showalter, 2000). These were one of the gene
families, which expressed most abundantly in cotton fiber (Xu et al., 2007). These
proteins worked to link the plasmamembrane with cytoskeleton (Sardar et al., 2006).
Recently it is reported that fasciclin-like domain of AGPs is important for cell-to-cell
communication during cotton fiber elongation and secondary cell wall development
(Liu et al., 2008).

1.14.5 Proline Rich Proteins (PRPs)
PRPs were widely distributed in plants and were encoded by gene families.
PRP members showed to be regulated both temporally and spatially during plant
development (Bernhardt and Tierney, 2000). The growth and expansion of plant cell
occurs by two processes: diffuse growth and tip growth (Martin et al., 2001). Cell
wall expansion requires moving apart of the cellulose microfibrils in the cell wall.

1.14.6 Lipid Transfer Proteins (LTPs)
Genes encoding LTPs belong to a small multigene family in higher plants and
were differentially regulated by abiotic or biotic stresses (Vignols et a., 1997; Arondel
et al., 2000). These proteins were involved in in vitro transfer of phospholipids
between membranes, and bind acyl chains (Kader, 1996). LTPs were speculated to
have several functions such a role in cutin formation and in the defense mechanism
against phytopathogens, and in the adaptation of plants to various environmental
conditions. Several investigators have reported that LTPs were induced by abiotic
stresses, for example by water deficit, low temperatures, and NaCl treatments in
higher plants (Torres-Schumann et al., 1992; Molina et al., 1996; Colmenero-Flores
et al., 1997).
Ma et al. (1995) isolated full-length cDNA clone, GH3 from a cotton fiber
cDNA library using a differential screening method. The nucleotide and derived
amino acid sequence data showed that GH3 encodes a lipid transfer protein (LTP) of
120 amino acids. The presence of a transmembrane signal peptide at the N-terminal of
the protein suggested its possible outer cellular location in fiber cells. Northern
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analysis indicated that the GH3 gene was developmentally regulated. Later Ma et al.
(1997) screened a cotton genomic library using a fiber specific cDNA (GH3)
encoding a lipid transfer protein (LTP). One genomic clone (1.7 kbp DNA insert)
containing the LTP gene (LTP6) was sequenced and characterized. The LTP6
contained an open reading frame of 360bp, which was interrupted by a single intron
(136bp) located in the region corresponding to the C-terminal of the protein. The
derived amino-acid sequence of LTP6 was 64 % identical to that of GH3. Like the
GH3 gene, the LTP6 was specifically expressed in fiber cells in a temporal manner.
However, its expression amount was lower than that of GH3.
Orford and Timmis (2000) found that there were six to eight lipid transfer
protein related genes in the allotetraploid G. hirsutum genome. Three of which,
FsLTP1, FsLTP2 and FsLTP3, were isolated in two genomic clones. All three genes
potentially encode full length lipid transfer proteins (LTP), but sequence differences
between these and the cotton fiber-specific cDNA previously reported, pFS6, suggest
that none was likely to encode the fiber transcripts. Gene specific RT-PCR
experiments showed that expression patterns of the three new LTP genes are similar
to each other, with transcripts present in all aerial cotton tissues tested and only pFS6
transcripts were present in fiber cells at elevated concentration.

1.14.7 E6 Genes
John and Crow (1992) identified the E6 gene that was preferentially expressed
in fiber. E6 transcripts were detected throughout the development of the fiber,
whereas concentrations of the E6 mRNA and protein were highest during the late
primary cell wall and early secondary cell wall synthesis stages. A chimera between
the 5′-upstream region of the E6 gene and the coding region of a carrot (Daucus
carota) extensin gene demonstrated that the E6 promoter directed the gene expression
in a fiber-specific and developmentally regulated fashion. The useful promoter of E6
and other regulatory elements have been applied for modification of fiber properties
through directing the heterologous gene expression in fiber (John and Keller, 1996).
E6 mRNA was present in other members of family Malvaceae, three Gossypium
species (Gossypium barbadense L. cv. Sea Island, Gossypium longicalyx, and
Gossypium somalense) one Hibiscus species (Hibiscus sabdariffa L.cv Roselle) all
belonging to Malvaceae, E6 or a homolog gene was conserved in all the above plants.
The possibility that E6 protein might be a substrate for casein kinase II was intriguing.
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The known physiological substrates of casein kinase II include proteins involved in
transcription, translation, regulatory proteins, enzymes of metabolic pathways and
structural proteins (Pinna, 1990). Based on RNA analysis, the E6 gene wass most
active in fiber, though low amount of it found in leaf, ovule and flower.

1.14.8 Osmoregulatory Genes
The importance of turgor in fiber growth has been indicated in vitro by
manipulation of the osmotic potential of culture media (Dhindsa et al., 1975). The
accumulation of osmoticum into fibers may be coupled with the transmembrane
+

proton gradient, because the plasma membrane H -ATPase gene was expressed
+

strongly during the rapid phase of fiber elongation (Smart et al., 1998). The H pump
can also acidify the apoplast for cell wall loosening and tus contributing in cell
elongation process (Cosgrove, 1997). The expression of the plasma membrane
transporters for sucrose and K+, the major osmotic solutes imported into fibers was
maximum during the elongation phase of fiber (Ruan et al, 2001) showing the
importance of these osmotica during fiber expansion process. The suppression of
sucrose synthase gene (Sus) expression reduced the hexose concentration in
transgenic ovules (Ruan et al., 2003). It might have several negative effects on fiber
initiation and elongation. Because hexoses were also one of the major osmotically
active solutes in the fibers (Ruan et al., 1997, 2001). The reduction of hexose thus
decreased the osmotic potential, and hence the turgor, of the fiber initials (Ruan and
Patrick, 1995). Consequently, the initial spherical protrusion and the subsequent
elongation of the fiber cells was difficult to achieve.
To determine if there was coordinated regulation of gene expression during
fiber expansion, Smart et al. (1998) analyzed the expression of components involved
in turgor regulation and a cytoskeletal protein by measuring amount of mRNA,
protein accumulation and enzyme activity. Fragments of the genes for the plasma
membrane proton-translocating ATPase,

vacuole-ATPase, proton-translocating

pyrophosphatase (PPase), phosphoenolpyruvate carboxylase, major intrinsic protein,
and α-tubulin were amplified by PCR and used as probes in ribonuclease protection
assays of RNA from a fiber developmental series, revealing two discrete patterns of
mRNA accumulation. The PPase was constitutively expressed through fiber
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development. Activity of the two proton-translocating ATPases peaked at +15 DPA,
whereas PPase activity peaked at +20 DPA.

1.14.9 Sucrose Synthase
Sucrose is very crucial for the rapid expansion of cotton fiber and cellulose
synthesis (Haigler et al., 2001; Ruan et al., 2001). In this cell type, sucrose synthase
(Sus), not invertase, is the major sucrolytic enzyme (Ruan and Chourey, 1998; Ruan
et al., 2000). It catalyzes a reversible reaction but preferentially converts sucrose into
fructose and UDP-glucose in planta (Chourey and Nelson, 1979; Geigenberger and
Stitt, 1993). The transcripts of sucrose synthase gene (Sus) are localized specifically
in fiber initials, but not in adjacent normal epidermal cells, of cotton ovules on the day
of anthesis (Nolte et al., 1995; Ruan and Chourey, 1998). Previous studies indicated
the existence of a small Sus gene family in the tetraploid cotton genome, with one
gene (SS3) highly expressed in seeds and fibers (Ruan et al., 1997).
The role of the sucrose synthase gene (Sus) in cotton fiber by transforming
cotton with Sus suppression constructs have been presented by Ruan et al. (2003),
they focused their analysis on 0 to 3 days after anthesis for early fiber development
and 25 DPA, when the fibers are maximal in size. Suppression of Sus activity by 70 %
or more in the ovule epidermis led to a fibreless phenotype. The fiber initials in those
ovules were fewer and shrunken or collapsed. It may be due to the reason that the cell
wall integrity of the fiber initials is impaired by reducing the supply of, UDP- glucose,
the substrate for the synthesis of both cellulose and many noncellulose cell wall
compounds (Buchala, 1999) and hexoses, the major osmotically active solute in the
fiber (Ruan et al; 1997, 2001). Both of these possibilities would account for the
shrunken and collapsed fiber initials that form and for the greatly reduced fiber
elongation. Alternatively, hexoses serves as signals to control the activities of some
promoters and transcription factors (Loreti et al., 2001). Therefore, the reduced
hexose amount may disrupt the function of regulatory genes that trigger fiber
initiation (Ruan et al; 2003).

1.14.10 Cellulose Synthase
Cellulose is a highly abundant biopolymer consisting of microfibrils of β-1,4
glucan chains. In plants, these chains are synthesized and assembled into microfibrils
at the plasma membrane from 6-fold symmetric complexes referred to as rosettes
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(Delmer et al., 1999). The catalytic subunit responsible for glucan chain elongation is
believed to be a plasma membrane glycosyltransferase named CESA (cellulose
synthase). CESA genes were first discovered in cotton (Pear et al; 1996) and comprise
a fairly large gene family of at least 10 members in Arabidopsis and maize, some
groups of which are expressed during synthesis of primary wall cellulose, whereas
others are expressed at the time of secondary wall synthesis (Richmond and
Somerville, 2000; Holland et al., 2000).
Growing evidence from genetic experiments and gene-expression analyses
indicates that three different CESA genes are normally required to make a functional
cellulose-synthesizing complex (Taylor et al., 2003; Scheible et al., 2004) .For
example, CESA1, CESA3 and CESA6 are required for biosynthesis of the primary wall
(Arioli et al., 1998; Fagard et al., 2000) whereas CESA4, CESA7 and CESA8 are
required to form secondary walls (Taylor et al., 2003). Their importance in cellulose
synthesis was further confirmed by mutations in CESA genes in Arabidopsis that lead
to reduced cellulose content (Arioli et al., 1998; Turner et al., 2001) and by recent
work showing that cotton GhCESA1 expressed in yeast can initiate chain elongation
using a sterol glucoside as primer (Peng et al., 2001) and by immunogold labeling of
rosettes using antibodies directed against CESA (Kimura, et al; 1999). Rosette
assembly has also been shown to be impaired in certain cellulose-deficient mutants
(Arioli et al., 1998; Kimura et al., 1999).
Cellulose synthase (CESA) proteins are components of CESA complexes
(rosettes) and are thought to catalyze the chain elongation step in glucan
polymerization. Little is understood about rosette assembly, including how CESAs
interact with each other or with other components within the complexes. The first
conserved region at the N terminus of plant CESA proteins contains two putative zinc
fingers that show high homology to the RING-finger motif. This domain in
GhCESA1 can bind two atoms of Zn2+ as predicted by its structure. Analysis in the
yeast two-hybrid system indicates that the N- terminal portions of cotton fiber
GhCESA1 and GhCESA2 containing these domains can interact to form homo or
heterodimers (Kurek et al., 2002). In cotton fiber the rate of cellulose synthesis
(Meinert and Delmer, 1977; Whittaker and Triplett, 1999) and the transcript amount
of CESA1 (Pear et al., 1996) increases dramatically with the onset of the secondary
wall thickening stage.
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1.14.11 Reversibly Glycosylated Proteins (RGPs)
Zhao et al. (2001) isolated a full length cDNA encoding putative reversibly
glycosylated protein (RGP) from cotton fiber cells using differential display combined
with rapid amplification of the cDNA ends. The gene designated GhRGP1, containing
an open reading frame of 1080 bp encoding a protein of 359 amino acids which has
78-86 % identity with other plant RGPs. Northern blot analysis showed that gene is
preferentially expressed in fiber cells and its transcripts are abundant both at the
primary cell wall elongation stage and at the later stage of secondary cell thickening,
suggesting that GhRGP1 may be involved in non-cellulosic polysaccharide
biosynthesis of the plant cell wall.
RGPs have been isolated for the first time from pea (Dhugga et al., 1997),
Arabidopsis (Delgado et al., 1998) and rice (Gupta et al., 2000) found in both dicots
and monocots and suggested to play a role in cell wall biosynthesis (Dhugga et al.,
1997; Delgado et al., 1998; Gupta et al., 2000). GhRGP1, showed similarity with
other plant RGPs e.g., with maize (ZmRGP, 86 %), wheat (TaRGP, 85 %), pea
(PsRGP, 85 %), cowpea (VuRGP, 84 %), rice (OsRGP2, 84 %) and Arabidopsis
(AtRGP1, 78 %). The cellulose synthase catalytic subunit and other processive βglycosyltransferases contains two domains, domain A predicted for binding UDPglucose and domain B for linking sugar residues to the growing polymer chain
(Saxena et al., 1995). GhRGP1 contains conserved residue D and DXD motif so that
UDP-sugar might be bound, but the domain B is absent in GhRGP1, so it may act as a
nucleotide sugar transporter or an intermediate in the synthesis of polysaccharides in
plant cells (Dhugga and Ray, 1994; Saxena and Brown, 1999). The differential
distribution of GhRGP1 within cotton tissues and developing fibers investigated by
Northern blot analysis showed high expression in elongating fibers and young roots
with lower expression levels in seeds, ovules and flowers, while long exposure stem
gave a very weak signal and leaves had no signal. The expression of GhRGP1 is
regulated in fiber developmental stage, maximum upto 6-folds within 15 days, during
primary and secondary cell wall synthesis (Liu et al., 2000).

1.14.11 Tubulins
Microtubules are the key component in structural organization of cell wall.
Analysis of changing microtubule patterns during fiber development shows a precise
correlation between the patterns of microtubules and wall microfibrils (Seagull, 1986;
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Kopczak et al., 1992). Furthermore, changes in these patterns coincide with changes
in elongation rates of developing fibers. During fiber development, microtubules
exhibit specific developmental changes in orientation, organization, number, length
and proximity to the plasmalemma (Seagull, 1992). Consistent with the increase in
microtubule length and number that occur during fiber development, the amount of α
and β-tubulin (the major component of microtubules) increases during this transition
period in cotton fiber development ( Kloth, 1989.)
Extensive mutant studies and drug treatments have shown that microtubules
elongate single cell tissues such as trichomes, root hairs and pollen tubes (Bibikova et
al., 1999; Mathur and Chua, 2000). Microtubules in plants construct four arrays, i.e.
preprophase band, mitotic spindle, phragmoplast and cortical array, which function in
the division and elongation of the plant cells. Three of the arrays (preprophase bands,
phragmoplasts and cortical microtubules) are unique to plant cells. Cortical
microtubules are thought to provide spatial information to the organization of
cellulose microfibrils in plant cells (Whittaker and Triplett, 1999). During cell
elongation, highly organized microfibrils of cellulose confine turgor-driven cell
expansion to a single major axis of growth (Giddings and Staehelin, 1991; Delmer
and Amor, 1995). Microtubules mainly consist of tubulin, a heterodimeric protein
composed of two highly conserved subunits, α and β-tubulin. A less abundant form, γtubulin, is also found in higher plants (Liu et al., 1994). Both α and β-tubulin genes
are encoded by multigene families in eukaryotes (Cleveland and Sullivan, 1985;
Silflow et al., 1987). There are at least six α-tubulin genes and nine β-tubulin genes in
Arabidopsis (Kopczak et al., 1992; Snustad et al., 1992) and seven α-tubulin genes
and six β-tubulin genes in maize (Montoliu et al., 1989, 1990, 1992; Villemur et al.,
1992, 1994) respectively.
In cotton, nine α-tubulin and seven β-tubulin isotypes were identified on
immunoblots of two-dimensional gels and the expression level of α-tubulin genes was
investigated in fiber cells (Dixon et al., 1994; Whittaker and Triplett, 1999). Ji et al.
(2002) found that over expression of cotton β-tubulin induced the elongation of
fission yeast cells. Li et al. (2002) reported that accumulation of a cotton β-tubulin
gene improved longitudinal growth potential of a developing fiber cell. A large
number of genes are required for fiber differentiation and development. To investigate
gene expression patterns in fiber a cDNA, GhTUB1, encoding β-tubulin was isolated
from a cotton fiber cDNA library by Li et al. (2002). The analysis of RNA northern55
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blot hybridization and RT-PCR demonstrated that GhTUB1 transcripts preferentially
accumulated at high concentration in fiber, at low amount in ovules at the early stage
of cotton boll development and at very low concentration in other tissues of cotton.
The isolated cDNA was 1.6 kbp in length and contained an open reading frame (ORF)
encoding a β-tubulin polypeptide of 445 amino acids in length that shared a high
percentage of homology with known β-tubulin proteins in plants.
To demonstrate the specificity of the GhTUB1 promoter, the 5' flanking region
including the promoter and 5' untranslated region was fused with the β-glucuronidase
reporter gene. The expression of the reporter chimera was examined in a large number
of transgenic cotton plants. Histochemical assays demonstrated that GhTUB1:βglucuronidase fusion genes were expressed preferentially at high levels in fiber and
primary root tip of 1-3 days old seedlings and at low levels in other tissues such as
ovule, pollen, seedling cotyledon and root basal portion. Transcripts of GhTua2/3 and
GhTua4 genes increased in abundance from 10 to 20 DPA, whereas GhTua1 and
GhTua5 transcripts were abundant only through to 14 DPA, and dropped significantly
at 16 DPA with the onset of secondary wall synthesis (Whittaker and Triplett, 1999).

1.14.12 EXPANSINs
During growth, plant cells secrete a protein called EXPANSIN, which unlocks
the network of wall polysaccharides, permitting turgor driven cell enlargement. A key
breakthrough came with the discovery that wall proteins may be added back to
denature cell walls to restore their ability to extend (McQueen-Mason et al., 1992).
The active proteins were of a new protein class subsequently named EXPANSIN
(Cosgrove and Li, 1993). Their action is referred to as ‘wall loosening’, a general
term that does not specify the exact mechanism for induction of cell wall extension.
EXPANSIN, proteins with relative molecular mass of about 25-27 kDa, were isolated
first from young cucumber seedlings and subsequently from other plant tissues where
their activity was associated with cell growth. EXPANSINs weaken the non-covalent
binding between wall polysaccharides thereby allowing turgor-driven polymer creep
(McQueen-Mason and Cosgrove, 1994). EXPANSINs are also implicated in the
drought responses of maize seedlings where maintenance of root growth involves
increased EXPANSIN activity in the growing region (Wu et al., 1996; 2001). There is
evidence that many of these genes have cell-specific expression with each cell type
expressing a distinct subset of EXPANSINs during growth, for example trichomes,
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guard cells, root hairs and xylem each express a distinct set of EXPANSINs (Durachko
and Cosgrove, 1999).
It is observed that auxin induced root formation in pine cuttings is
accompanied by a 100-fold increase in EXPANSIN mRNA (Hutchison et al., 1999)
also the reduction of EXPANSIN gene expression by antisense method inhibits
growth. Consistent with these gene expression results, other studies found that cells
grew faster upon treatment with EXPANSIN proteins (Moore et al., 1995; Link and
Cosgrove, 1998). Thus, the concept of EXPANSINs as catalysts of cell wall
enlargement is well supported.
EXPANSINs disrupt the non-covalent bonds between the cellulose
microfibrils and cross linked glycans (Cosgrove, 2000). Two wall loosening enzymes
xyloglucan endotransglycosylase (XET) (EC 2.4.1.207) and EXPANSIN are highly
found in elongating fiber cells, 100 folds higher in 10 DPA fiber cells when compared
to those in 0 DPA ovules. EXPANSINs are required for breaking down of noncovalent bonds between cellulose and hemicellulose allowing the cell wall polymer to
expand (Carpita and McCann, 2000). They accelerate wall hydrolysis by increasing
accessibility of wall polymers to hydrolytic enzymes (Rose et al., 1999). A tomato
XET was highly expressed in expanding regions of etiolated hypocotyls and
Arabidopsis homolog was localized at root hair initiation site (Vissenberg et al., 2000;
Vissenberg et al., 2001). Using etiolated Arabidopsis seedlings XET accumulation is
in parallel with the high rate of hypocotyls elongation (Ma et al., 2001). Fiber-specific
mRNAs encode different wall loosening enzymes, ATPase and AGPs may provide
host cells with greater extensibility.
In addition to cell enlargement, EXPANSINs have versatile role in other
developmental processes where wall loosening occurs like fruit softening, control of
organ size, morphology, abscission, seed germination and pollen tube invasion of the
grass stigma (Sabirzhanova et al., 2005, Shcherban et al., 1995, Lee et al., 2003,
Brummell et al., 1999).
It has been shown that different EXPANSINs produce at different
developmental stages (Martin et al., 2001). GhEXP1, an EXPANSIN cDNA isolated
from cotton fibers (Orford and Timmis, 1998) is also a fiber-specific gene whose
transcripts were abundant during the elongation phase of fiber growth and decreased
gradually after 16 to 20 DPA (Orford and Timmis, 1998; Ruan et al., 2001).
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1.14.12.1 Nomenclature of EXPANSIN Genes and Proteins
The EXPANSIN gene and protein nomenclature follows the convention
established for Arabidopsis (Meinke and Koornneef, 1997). Wild-type alleles are
abbreviated with three italicized capital letters followed by a qualifying letter, for
example, EXPA for a wild-type α-EXPANSIN gene. Symbols for mutant alleles are
written in lower-case and italicized letters (expA). Different wild-type genes with the
same gene symbol are assigned numbers (EXPA1, EXPA2, etc.). The numbering of
genes is in chronological order of their discovery. In cases of duplicate genes
encoding identical proteins, the genes are given the same number followed by a lower
case letter (a, b, c, and so on). Mutant alleles of a gene are assigned numbers
connected with a hyphen to the gene symbol. Accordingly, mutant allele 1 of EXPA1
is designated expA1-1. The abbreviations for protein products of wild-type and mutant
alleles correspond to the respective gene symbols but are written in non-italicized
letters (EXPA1 or expA1-1). The species designation is given by the initial of the
genus and species, such as AtEXPA1 for Arabidopsis thaliana α-EXPANSIN gene 1.
Potential conflicts arising from two species having the same initials is resolved by
adding one more differentiating letter to the genus or species abbreviation. The full
gene name is spelled out at first mention, for example, Arabidopsis thaliana
EXPANSIN A1.
The EXPANSIN and EXPANSIN-like designations are reserved for genes and
their protein products that contain both domain I (the GH45-like domain) and domain
II (similar to group-2 grass pollen allergens). Proteins having only one of these
domains but not the other are not classified as EXPANSINs. The classification of
EXPANSIN and EXPANSIN-like genes is based on their phylogenetic relationship.
Phylogenetic evidence indicates that all plant EXPANSIN and EXPANSIN-like genes
belong to the same superfamily of genes with a common ancestor (Lee et al., 2001; Li
and McQueen-Mason, 2003). Four protein families are currently recognized in plants
and designated EXPA, EXPB, EXLA and EXLB. Multiple members of the EXPA and
EXPB families have been shown to possess in vitro EXPANSIN activity, namely the
capacity to induce rapid extension or stress relaxation of isolated cell walls placed
under uniaxial tension. The two EXPANSIN-like families, designated EXLA
(EXPANSIN-LIKE A) and EXLB (EXPANSIN-LIKE B), possess both EXPANSIN
domains, but their amino acid sequences are very divergent from EXPA and EXPB.
No biological or biochemical function has yet been established for any member of the
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EXLA or EXLB families. If any new gene families within the EXPANSIN
superfamily of plants are discovered, they will be given the symbols EXPC, EXPD, or
EXLC, EXLD, etc. The symbol EXLX may be used for genes that fulfill the following
criteria:
(i)

they occur in non-plant organisms

(ii)

their protein products have homologies to both EXPANSIN domains

(iii)

they do not fall within the established EXPANSIN gene families.

The symbol EXLX does not represent a monophyletic gene family but is rather
a temporary polyphyletic ‘catch-all’ group of EXPANSIN-like sequences that do not
belong to the recognized EXPANSIN gene families. These genes will probably be
renamed once the function of their protein products has been identified (Kende et al.,
2004).

1.14.12.2 EXPANSINs and Cell Wall Growth
Plant cells have adopted a diversity of different shapes that are tailored to
their specific functions (Bacic et al., 1988; Martin et al., 2001) like cotton fiber. It is a
polysaccharide polymer composed of 100-15,000 glucose molecules. The cellulosic
microfibrils are embedded in a gel of carbohydrates, pectin, and protein (Varner and
Lin.1989). This mixture of threadlike fibers in a gel matrix is remarkably strong, so
that it would seem to allow no room for the cell to grow. But nature has evolved the
plant cells to have a cell wall which is at the same time sufficiently strong to resist the
osmotic pressure of the protoplast and sufficiently plastic to allow cell growth to
occur. Plant cell expansion can take place in all cell facets, but is mostly restricted to
the walls longitudinal to the plant organ. This type of polar growth is referred to as
intercalary or diffuse growth. But on the other hand cell extension can be localized to
the one side of the cell (e.g. cotton fiber, pollen tube, root hair) referred to as tip
growth (Martin et al., 2001). In cotton fiber, during elongation two highly coordinated
developmental programmes regulate the cell turgor, the driving force of cell wall
loosening, and cell wall expansion (Wilikins et al., 2005). The significance of cell
wall expansion is beyond doubt because successive increase in cell turgor without
expanding the cell wall will definitely result in cell rupturing. But how can the thin
material of cell wall irreversibly extends its surface area without risking a fatal
blowout? It does so by a mechanism of carefully controlled polymer creep, in which
the matrix yields, allowing the cellulose microfibrils to move apart (Caderas et al.,
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2000; Mzrga et al., 2005). Although the mechanical force for this polymer motion
comes from wall stress (and therefore turgor pressure), control of the process resides
in the selective loosening and shifting of load-bearing linkages between cellulose
microfibrils. ‘Wall loosening’ refers to a molecular modification of the wall network
that results in relaxation of wall stress. Wall stress relaxation might results from
scission of a stress-bearing crosslink or from sliding of such a crosslink along a
scaffold; in both cases it results in a reduction in wall stress without a substantial
change in wall dimensions (Cosgrove, 1996). Actual enlargement of the wall occurs
secondarily, as a consequence of cellular water uptake, in response to the turgor
relaxation that inevitably accompanies wall stress relaxation. The candidate wall
loosening agents include: EXPANSIN, xyloglucan endotransglycolase/hydrolase,
endo-1,4)-β-d-glucanase and hydroxyl radicals. These agents may be distinguished as
‘primary’ and ‘secondary’ wall loosening agents (Cosgrove, 1999). Primary agents
catalyse stress relaxation directly. By contrast, secondary agents modify the wall
without causing stress relaxation and they cause wall extension indirectly, by
amplifying the physical effects of primary agents. EXPANSINs are a large family of
extracellular proteins that loosen the components of rigid plant cell walls and thereby
allow cell expansion (Darley et al., 2001; Li et al., 2002; Sampedro and Cosgrove,
2005).

1.14.12.3 EXPANSIN Mode of Action
How EXPANSINs catalyse wall enlargement remains unclear. They function
rapidly within seconds of EXPANSIN addition; isolated walls begin to creep at a fast
rate (McQueen-Mason et al., 1992). By contrast, walls that were treated with a fungal
endoglucanase, which hydrolyses xyloglucan, required prolonged digestion before the
walls began to extend (Yuan et al., 2001). Whereas endoglucanase digestion
physically weakened the cell wall (as measured by plastic and elastic compliances),
EXPANSIN treatment did not. These compliances are measured in stress/strain
experiments and changes indicate modification of cell-wall structure and the degree of
crosslinking. On the other hand, EXPANSINs promote wall stress relaxation, but
endoglucanases have not been found to have this ability. Similarly, EXPANSINs and
endoglucanases have distinctive mechanical effects on artificial cellulose-xyloglucan
composites (Chanliaud et al., 2004). It is therefore clear that EXPANSINs and
endoglucanases modify walls in distinctive ways and with different kinetics.
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Sequence analysis (Cosgrove et al., 1997; Shcherban et al., 1995) indicate that
EXPANSINs consist of two domains: an N-terminal domain (~15 kDa) with distant
sequence similarity to the catalytic domainof the family-45 endoglucanases; and a Cterminal domain (~10 kDa) that is related to a family of grasspollen allergens of
unknown function. Despite the similarity with endoglucanases, no enzymatic ctivity
has been found that accounts for the action of EXPANSIN on the wall (McQueenMason and Cosgrove, 1995; Li and Cosgrove, 2001). A report (Grobe and Ptersen,
1999) that β-EXPANSIN exhibited protease activity when it was recombinantly
expressed in yeast was later refuted (Li and Cosgrove, 2001), with the activity
apparently being the result of an induced yeast protease. EXPANSINs are believed to
disrupt non-covalent binding of wall polysaccharides to one another. This concept has
been supported by several studies. First, EXPANSIN weakens paper, which is a
hydrogen-bonded network of cellulose fibrils, but this weakening action does not
involve cellulose hydrolysis (McQueen-Mason and Cosgrove, 1994). Second,
EXPANSIN synergistically enhances the hydrolysis of crystalline cellulose by
cellulases. Because glucan accessibility is the rate-limiting step in cellulase action,
this result could indicate that EXPANSIN promotes the release of glucans on the
surface of the cellulose microfibril, making them available for enzymatic attack.
Third, EXPANSIN does not gradually and progressively weaken the cell wall, as
would be expected for a hydrolytic enzyme. As soon as EXPANSIN enters the wall it
stimulates extension, and subsequent removal of EXPANSIN restores the wall to an
inextensible state (McQueen-Mason and Cosgrove, 1995). This indicates that
EXPANSIN does not alter gross wall structure or the degree of crosslinking. Last, 2
M urea, which disrupts hydrogen bonding, mimics some of the physical effects of
EXPANSIN on the cell wall. On the basis of these and other results, it is proposed
that EXPANSIN functions to dissociate a polysaccharide complex that links
microfibrils together (McQueen-Mason and Cosgrove, 1994, 1995).

1.14.12.4 EXPANSIN Super Family
Phylogenetic analysis of EXPANSIN sequences in Genbank revealed that
there are four families of EXPANSINs. These are designated as α-EXPANSIN
(EXPA), β-EXPANSIN (EXPB), EXPANSIN-like A (EXLA) and EXPANSIN like B
(EXLB) (Kende et al., 2004). The α-EXPANSIN and β-EXPANSIN proteins have
been demonstrated experimentally to cause cell wall loosening, whereas EXPANSIN
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like A and EXPANSIN like B proteins are known only for their gene sequences
(McQueen-Mason et al., 1992; Cossgrove et al., 1997). The α and β-EXPANSIN
families are found in all groups of land plants, from mosses to flowering plants
(Schipper et al., 2002, Li et al., 2002). Although, they have only 20 % amino acid
identity, both of these proteins are of similar size (27KD). They have a number of
conserved residues and characteristic motifs distributed throughout the length of the
protein (Sampedro and Cossgrove, 2005).
A subset of EXPBs is known as group-1 grass pollens because of their
abundant and specific expression in grass pollens (Cossgrove et al., 1997). Other
genes in the EXPB family are expressed in a variety of other tissues in the plant body
and in general lack the specific allergenic epitopes characteristic of group 1 allergens
(Li et al., 2003, Wu et al., 2001). EXPAs disrupt the polysaccharide complexes like
xyloglucan and pectin that link cellulosic microfibrils together (McQueen-Mason et
al., 1994, Marga F et al., 2005). The pollen EXPBs (group-1 allergens) have a marked
loosening action on cell walls from grasses, but not from dicots, where as the reverse
is true for EXPAs, therefore it seems that these two families of EXPANSIN target
different component of cell wall (Cosgrove et al., 1997, Li et al., 2003). Grass cell
walls notably contain relatively small amounts of xyloglucan and pectin, which are
replaced with β-(1→3), (1→4)-D-glucan and glucuronoarabinoxylan, two potential
targets of EXPBs in their wall loosening activity (Carpita, 1996).

1.14.12.5 Molecular Analysis
Sequence analysis suggested that EXPANSIN polypeptide consisted of two
domains connected by a short linker along with a signal peptide directing the nascent
polypeptide into the endoplasmic reticulum/golgi secretory pathway (Sampedro and
Cosgrove, 2005, Yennawar et al., 2006). The putative N-terminal domain is 120-135
amino acid long. Although EXPANSIN proteins from different families (EXPA,
EXPB, EXLA, and EXLB) had only 20-40 % identity with each other, the degree of
conservation was found highest in this domain. The sequence alignment and
conservation of motifs between EXPB and EXPA families make it likely that EXPA
proteins will have the same three dimensional structure as for EXPB1 except two
notable region where both of these EXPANSINs differ. EXPA has an additional
stretch of 12 amino acid in the region that is a part of loop between β-strands in Nterminal domain. EXPAs therefore may have a steeper binding cleft than does
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EXPB1. A second difference is that EXPAs lack a segment, which contains few
conserved residues, forms α-helix c and constitutes part of the surface of the pointed
end of first domain. But this difference is unlikely to affect activity (Yennawar et al.,
2006).

1.15

Calotropis procera Fibers:

A Potential Source of Exogenous EXPANSIN

for its Potential Application in Improving Cotton Fiber Quality
Calotropis procera belongs to family Asclepiadaceae (Mueen et al., 2005).
The species is highly cross-pollinated and has 22 (2n) chromosomes (Singh, 1995).
The plant is habitated to both sub-tropical and tropical climates. It is a deep rooted
wild shrub ranging between 3-5 meters and well acclimatized to salinity and drought.
It produces 7-10 cm long spongy fruiting bodies bearing hundreds of seeds that are
dispersed by winds upon maturity and fruit opening. The seeds have tufts of very fine
and strong hollow fibers that range in length from 2.5-4.5cm depending upon their
position within the fruiting body. These fibers are botanically single celled seed
trichomes. The C. procera seed fibers have been characterized for their chemical,
tensile and physical properties and found to bear good length, strength, uniformity,
fineness, and excellent moisture absorption capability. A 3:1 (C. procera / cotton)
blend or treatment with 5 % NaOH renders the spinning of C. procera fibers possible.
The yarn has enough potential in natural fiber-reinforced composites and other
industrial textiles application (Sakthivel et al., 2005). The floss may also substitute
cotton wool for surgical or stuffing purposes (Eisikwitch, 1986). C. procera has been
known since ancient times as a traditional medicinal plant (Mueen et al., 2005;
Oudhia, 1999a, b, c; Oudhia and Dixit, 1994; Oudhia et al., 1997; Oudhia and
Tripathi, 1997) and has been used alone or in combination with other medicinal plants
to treat common diseases (Jain et al. 1996). Although the plant has lived in close
association with human beings for its beneficial traits, yet negligible information is
available on the metabolomics, proteomics and genomics of this plant species.
One of the important characteristics of this plant is the production of extra
long hollow fibers associated with the seeds. This provides an excellent model system
to study fiber expansion mechanism as the pathways involved in secondary cell wall
deposition are naturally subtracted. C. procera seed fibers comprise of only the
primary cell wall that is mainly composed of cellulose, lipids, proteins and
polysaccharides like the primary cell wall of cotton fibers. The four stage fiber
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development process as reported in cotton includes i) initiation, ii) elongation, iii)
secondary cell wall deposition, and iv) maturation. These four stages are reduced to
three in case of C. procera fibers due to lack of secondary cell wall deposition (stage
iii in cotton). This natural subtraction of the metabolic pathways involved in
secondary cell wall deposition would facilitate the identification of genes directly
involved in fiber elongation, strength and fineness in fast growing fibers like
EXPANSIN. The utilization of this gene in cotton fiber improvement program by
transgenic technology may incorporate the elite characteristics of C. procera fibers in
cotton fiber.

1.16

Cotton Fiber Specific Promoters
The term "promoter" refers to a signal on DNA for initiating the synthesis of

RNA with the DNA as a template, and it has a common sequence of characteristic
nucleotides. In particular, DNA of eukaryotic organisms has a common sequence
designated "TATA box" about 20 nucleotides upstream from the initiation site for
transcription, and this site is believed to be a necessary site for the initiation of
transcription (Carey and Smale, 2000;Tatarinova et al., 2003; Fujimori et al., 2005;
Yamamoto et al., 2007). For the purpose of producing a desired protein in large
quantities, the use of a strong promoter is believed to be advantageous. In general,
35S promoter of cauliflower mosaic virus (CaMV) has been frequently utilized in
plants because of its high activity (Hull, 1983; 1984; 1985; Odellet al.,1985).
However, 35S promoter has little tissue specificity (Battraw and Hall, 1990), so it is
required to have tissue specificity depending upon the purpose of use. As a promoter
having plant tissue specificity, many studies have been made on cis and trans factors
(Al-Saady et al., 2004; Delaney et al., 2007). The use of a promoter having plant
tissue specificity makes it possible to produce a transformed plant capable of
controlling the expression of an introduced gene in a desired organ.
Many efforts have been made in the past to improve the characteristics of
cotton fibers like fiber length, fineness, and strength. In these days, the development
of gene engineering has given a possibility that the fiber characteristics can be altered
by the transformation of cotton plants. In this case, it is very important to express a
desired gene at a desired time in a desired tissue. Under the existing circumstances,
however, the mechanisms of cotton fiber formation and elongation have not yet been
fully elucidated, and the related genes or promoters have not yet been clearly
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revealed. In order to express a desired gene in a desired tissue or at a desired time, it is
desirable to use a promoter with higher tissue or time specificity rather than a
promoter always involved in the expression, such as CaMV 35S promoter. In
particular, such a promoter is requisite for the improvement of cotton fibers. So the
genetic improvement of cotton fiber quality also requires the characterization of
strong promoters specifically expressed in fibers. Several fiber-specific promoter
sequences have been reported (Stalker et al., 1997; Hsu et al., 1999; Liu et al., 2000).
Construction of stably transformed cottons with tissuespecific promoters is the best
way to demonstrate the pattern of tissue-specific expression (Rinehart et al., 1996;
Song et al., 2000). Agrobacterium-mediated and biolistic-transformation methods
both have been used to construct transgenic cottons. However, recovery of transgenic
plants requires many months of labor-intensive tissue culture (Chlan et al., 1995;
Wilkins et al., 2000). As a result, progress in characterizing cotton fiber–specific
promoters has been much slower than that in other plants, and comparatively little is
known about cis elements in fiber promoters. To circumvent the difficulties of
regenerating cotton, fiber-specific promoters have been studied in tobacco (Hsu et al.,
1999; Liu et al., 2000) and Arabidopsis (Kim and Triplett, 2001). These heterologous
systems were tested to determine if they conferred leaf trichome–specific expression.
Promoter analyses in tobacco, transformed with 2 cotton fiber lipid transfer protein
promoters, showed that relatively short promoters of fewer than 614 nucleotides were
enough to confer trichome-specific expression in tobacco leaves (Hsu et al., 1999; Liu
et al., 2000). When a promoter from the cotton fiber CESA family (catalytic subunit of
cellulose synthase) was introduced into Arabidopsis, reporter expression occurred in
leaf trichome cells and other tissues (Kim and Triplett, 2001). However, promoter
analyses of cotton fiber specific promoters with heterologous systems cannot be
expected to completely identify the promoter cis elements that are required for tissuespecific or temporal expression.

1.17

Objectives
The EXPANSINs play a pivotal role in cell wall extension and are attractive

targets for strategies designed to alter cell shape and size, and this led us to
characterize some of the genes that encode EXPANSINs in G. hirsutum. Candidate
genes that may control fiber elongation are of interest in strategies aimed at improving
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fiber quality because final fiber length largely determines the quality of the
commercial cotton thread. Therefore present study focused on:
1.

The identification of EXPANSIN variants being expressed in cotton
fibers during its developmental process by;
i.

Identifying various stages of fiber development in the cultivar,
used in the study.

ii.

Constructing

the

cDNA

libraries

at

the

identified

developmental stages.
iii.
2.

Screening of the cDNA libraries for EXPANSIN variants.

Exploration of the exogenous source of EXPANSIN in a fiber
producing wild plant like C. procera by screening the cDNA library of
C. procera fibers.

3.

Isolation of trichome specific LTP3 promoter.

4.

Evaluation of the promoter to check its strength and specificity by
invitro assay on cultured ovules.

5.

Construction of vectors for transient and stable transformation
containing the isolated promoter and EXPANSIN variants in accurate
reading frames for their potential application in cotton fiber quality
improvement program by cotton transformation group at NIBGE.
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Materials and Methods

2.1

Plant Growth
The allotetraploid specie of cotton (G. hirsutum L.) var. “CIM707” and

Calotropis procera plant were used in this study.
Cotton seeds were provided by the kind courtesy of Central Cotton Research
Institute (CCRI), Multan. Cotton seeds were delinted in 10 % H2SO4, washed with tap
water and air dried for 48-72 hours at room temperature. The seeds were grown in the
field during cotton season. All of the cultural practices followed were according to
standard procedures. On the onset of flowering each flower was tagged. The opening
of flower was taken as 0 DPA (days post anthesis). The tagging on each plant was
continued till the third week of flowering.
C. procera is a wild shrub and is commonly found along the road sides. The
plants were selected in the NIBGE area for observing the flowering time,
developmental stages of fruit, fruit maturation, size of fruiting body and fiber
analysis. The flowers were tagged on the first day of opening as 0 DPA (days post
anthesis).

2.2

Fiber Developmental Studies
The reported four stages of cotton fiber development, initiation, elongation,

secondary cell wall synthesis and maturation, were identified in our experimental
cultivar i.e. G. hirsutum L. var.CIM707 by collecting the fertilized ovules starting
from 0 DPA till 30 DPA. The diameter of the collected ovules was manually
measured using the measuring ruler. The stages of fiber development, when samples
were collected from the field to take measurements were as below.
1. Stage 1:

0 DPA

2. Stage 2:

5 DPA

3. Stage 3:

10 DPA

4. Stage 4:

15 DPA

5. Stage 5:

20 DPA

For light microscopy fresh samples of cotton fiber were collected from the
field at 0 DPA, 1 DPA, 2 DPA, 3 DPA and 5 DPA and were fixed and 5 micron thick
sectioning was carried out.
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In C. procera the pollination was detected by the desiccation of petals and
visualization of developing ovary. Increase in fruit size was measured every day till
the maturation and opening of fruit. Fiber characteristics (micronaire,
fineness/maturity and strength) were performed by Cotton Research Station, Multan
using a High Volume Instrument (HVI).

2.3

Construction of Fiber cDNA Libraries
G. hirsutum fiber cDNA libraries were constructed at five marked stages of fiber

development while one cDNA library was already constructed from C. procera fiber
at 10 DPA in the lab. Following steps were involved in the construction of cotton
fiber cDNA libraries at 0 DPA, 5 DPA, 10 DPA, 15 DPA and 20 DPA.

2.3.1 Total RNA Isolation
RNA is very prone to degradation due to its single stranded-ness, less
thermostability and the occurrence of RNases (EC ranges between 2.7-3.1 for several
subclasses) everywhere in the surroundings. The working bench was cleaned before
RNA isolation with bleach, ethanol and RNase Away solution (Invitrogen, USA)
(Appendix 1). All the apparatus including pestle, mortar, spatula, forceps, eppendorf
tubes and tips were autoclaved. The eppendorf tubes and tips were treated with 0.01
% DEPC (diethyl pyrocarbonate) to make them free of RNases (Appendix 2). Fresh
samples of cotton bolls were collected from field, wrapped in aluminum foil and
preserved in liquid nitrogen until used for extraction of total RNA. The fruiting body
wall was broken using gentle strokes of pestle in a mortar containing liquid Nitrogen.
At 0 DPA the ovules having fiber initials were used for grinding and further
processing for total RNA extraction. At 5 DPA, 10 DPA, 15 DPA and 20 DPA the
fibers were separated from the ovules using pre-chilled fine forceps. The isolated
fibers were ground to fine powder and total RNA was extracted by guanidine
isothiocyanate method using Plant RNA reagent (Invitrogen) (Appendix 3). Quality of
total RNA was observed by electrophoresis on 1 % agarose gel containing 0.05 %
ethedium bromide (Appendix 4) and observed under UV light. The RNA was
quantified on agarose gel and spectrophotometrically.

2.3.2 mRNA Purification
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The mRNA was purified from the other RNA populations (tRNA and rRNA)
at each of the five stages using oligo-dT cellulose column chromatography. The
eukaryotic mRNA contains poly A tail, while rRNA and tRNA lack poly A tail. The
poly A tail of eukaryotic mRNA binds with oligo-dT cellulose matrix in a column,
while rRNA and tRNA drain off the column when washed with washing buffer.
mRNA is eluted from the matrix using elution buffer and then precipitated with
lithium chloride, glycogen and absolute ethanol (Appendix 5).

2.3.3 First Strand cDNA Synthesis
Purified mRNA (5 µg) was used as a template to synthesize first strand cDNA
(complementary DNA). The eukaryotic mRNA has a polyA tail that allows an oligo
dT primer to bind with it and act as a template to synthesize the first strand DNA.
These primers were biotinylated along with attB2 sequence. The reaction set up was
as follows.
mRNA+DEPC treated water

8 µL

Biotin- attB2-Oligo(dT) primer (30 pmol/µL)

1 µL

dNTPs (10 mM each)

1 µL

Total volume

10 µL

Contents were mixed gently and collected by short spin. The reaction mixture
was incubated at 65 oC for 5 min. and cool to 45 oC for 2 min. After cooling to 45 oC
following reagents were added in the tube.
5X first strand buffer

4 µL

0.1M DTT

2 µL

Water

1 µL
o

The reaction tube was incubated at 45 C for 2 minutes. With the tube
remaining in the water bath three microliter reverse transcriptase was added carefully
and incubated at 45 oC for 60 minutes. After the reaction is completed, 1 µL of the
mixture was taken out to analyze on 1 % agarose gel.
2.3.4 Second Strand cDNA Synthesis
First strand reaction tube containing 19 µL of cDNA was placed on ice and
following reagents were added.
DEPC-treated water

92 µL

5X Second Strand Buffer

30 µL

10 mM (each) dNTPs

3 µL
69

Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.

Masooma Thesis
E. coli DNA Ligase (10 U/µL)

1 µL

E. coli DNA Polymerase I (10 U/µL)

4 µL

E. coli RNase H (2 U/µL)

1 µL

2.3.5 End Filling and Adapter Ligation
The double stranded DNA was processed of the terminal ends for successful
ligation into cloning vector. The first process was end filling to remove the single
stranded overhangs in the dscDNA with the help of T4 DNA polymerase in the
presence of dNTPs. This process produced blunt ended DNA. The potential to clone a
blunt

ended

DNA

molecule

into

a

vector

can

be

increased

if

a

restriction/recombination site is added to these blunt ends. In second process adapters
were ligated with DNA having the blunt ends. The adapters are molecules that are
small DNA sequences having either a restriction or a recombination site. An
excessive amount of adapter molecules in a ligation reaction having blunt ended
dsDNA helps in incorporating the required sites to the terminal ends of the dsDNA
with a high efficiency. The attB adapters that have a DNA sequence for
recombinational insertion into a compatible vector (pDONR222) (Appendix 6) were
used with the help of recombinase enzyme.

2.3.6 Size Fractionation and Selection of Qualifying Fractions
End filling and adapter ligation result into a product ready for cloning in a
vector. But this product needs to be cleaned from the enzymes, dNTPs, excessive
adapters and also requires selection of product sizes representative of complete genes
rather than cloning short DNA fragments generated from partial transcripts present in
the population due to degradation by RNAses. Therefore, the mixture of products was
passed through a Sephadex G50 column to separate the adapters and other
contaminants and also the smaller dsDNA molecules that potentially represent
incomplete genes. The reaction mixture was passed through the column and collected
in small fractions. Each of the fractions was then spotted on 1 % (w/v) ethidium
bromide agarose gel and evaluated in the presence of standards. The fractions in a
specific range, indicative of an optimum size of dsDNA and free of adaptors were
selected, pooled, ethanol precipitated and used for further processing (Appendix 7).
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2.3.7 Ligation/Recombination of ds-cDNA into Vector
Recombination based cloning of gene population was used in cDNA library
construction to enhance the frequency of gene insertion into vector DNA. The
mechanism of recombinational insertion was the use of Lambda phage DNA
sequences on the insert and vector. The attB sequence was included on the adapters
while, the attP sequence was present on the vector (pDONR 222). The att sites served
as the binding site for recombination. Upon integration, recombination occurred
between attB and attP sites to give rise to attL and attR sites. The actual crossover
occurred between homologous 15 bp core regions on the two sites. An important
feature of the vector, used for recombination purpose was that it contained ccdB gene.
The presence of the ccdB gene in pDONR.222 allowed negative selection of the
donor vector in E. coli following recombination and transformation. The ccdB protein
interfered with E. coli DNA gyrase (Bernard and Couturier, 1992), thereby inhibiting
growth of most E. coli strains (e.g. DH5α., TOP10). When recombination occurred
between pDONR.222 and the attB-flanked cDNA, the ccdB gene was replaced by the
cDNA insert. Cells that took up nonrecombined pDONR.222 carrying the ccdB gene
or by-product molecules retaining the ccdB gene were fail to grow. This allowed
high-efficiency recovery of the desired clones. The recombinase enzyme was added in
the reaction tubes containing attB flanked cDNA and pDONR 222 and incubated at
25 0C for 16-20 hrs. After the reaction was completed proteinase K was added in it, to
inactivate the recombinase. The reactions were incubated at 37 0C for 15 minutes and
then at 75 0C for 10 minutes.

2.3.8 Transformation and Determination of Library Efficiency
E. coli Top10 competent cells were prepared chemically (Appendix 8) to give
a transformation efficiency of 1.5 x 107 with pBlueScript native plasmid. One L of
the recombination reaction was transformed into Top10 competent cells by heat shock
method and the transformation mixture was stabilized in 1 mL LB for one hour. The
transformation mixture was diluted to 1:100, 1:1000 and 1:10,000. Twenty five l of
each dilution was spread on LB medium containing 50 µg/mL kanamycin. The
number of colonies at each dilution was calculated and the colony forming units (cfu)
per mL were determined using the following formula:

71

Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.

Masooma Thesis

cfu/mL =

Colonies on plate X Dilution factor
Volume plated (L)

Total CFU (cfu) = average titer (cfu/mL) x total volume of cDNA library (mL)

2.3.9

Qualifying the cDNA Library

The average size of insert in each of the five libraries was determined by
calculating the size of inserts in a few clones picked randomly from the library and
taking the size average. About 14 clones were picked from each library, cultured
overnight in L.B media (Appendix 9) containing 50 µg/mL kanamycin antibiotic.
Plasmids were isolated by miniprep technology (Appendix 10) and the average size
was determined by restriction digestion with EcoRV and Apa1.
The optimized reaction reagents were
Plasmid DNA

2 µL

EcoRV (10U/µL)

1 µL

Apal (10U/µL)

1 µL

2X Buffer Tango

6 µL

Water

20 µL

Total

30 µL

The digestion mixture was incubated at 37 ºC for an hour.

2.4 Screening of cDNA Libraries for EXPANSINs
The cDNA library of C. procera prepared at 10 DPA and cotton fiber cDNA
libraries constructed at 0 DPA, 5 DPA, 10 DPA, 15 DPA and 20 DPA were used for
screening of EXPANSINs. Primary, secondary and tertiary screening to obtain pure
EXPANSIN clones were performed and are described below.

2.4.1 Primary Screening
One micro liter aliquot of each of the six cDNA libraries was spread on a 20 x
20 cm LB agar plate containing 50 µg /mL kanamycin to obtain 40,000-50,000 clones
per plate. The clones were lifted onto Nylon membrane (Hybond-N+, Amersham,
Germany) and were processed for colony hybridization. The membranes were first
pre-hybridized over night in pre-hybridization solution (Appendix 11) supplemented
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with blocking agent (Salmon sperm DNA) and then hybridized with EXPANSIN
probe. Gene specific probes of EXPANSIN were prepared by random primer labeling
method (Appendix 12). Amplified PCR product of this fiber specific gene i.e.
EXPANSIN cloned in the lab was eluted from the agarose gel (Appendix13) and was
labeled with αP32 dATP using Hexalabel DNA labeling kit (Fermentas, USA). The
probes were denatured by heating to 100 °C for 5-10 minutes and chilled on ice.
Denatured probes were applied to the blots in hybridization solution for 12-16 hours
at 55 °C. Following hybridization the membrane was washed as given below:
wash 1

2XSSC+1 % SDS at 55 °C for 15 min

wash 2

0.2XSSC+1 % SDS at 55 °C for 15 min

wash 3

0.1XSSC+1 % SDS at 55 °C for 10-15 min

After washing the membranes were wrapped in cling wrap and auto-radiograms were
obtained by overnight exposure of the membranes to film (Fuji Super XR).

2.4.2

Selection of Positive Clones
Primary screening helped to identify the positive clones for EXPANSIN on a

20 X 20 cm blot having 40,000-50,000 colonies. Due to a heavy population of
bacterial colonies it was not possible to identify and pick a single colony, however, a
region on the plate was marked and a circular slice of agar (1 cm diameter) was
removed. The colonies were re-suspended in LB liquid medium containing 50 µg/mL
kanamycin.
2.4.3

Secondary Screening
The clones picked through primary screening and suspended in culture

medium were plated on 90 mm diameter LB plates at a dilution that yielded 50-150
colonies per plate. Each plate was used for colony hybridization. A Hybond N+
membrane strip was used to lift the colonies from culture plates and screen the
EXPANSIN clones by further hybridizations to the EXPANSIN probe as mentioned
earlier. The positive colonies were identified, cultured and plasmid DNA was isolated
from each clone.

2.4.4

Tertiary Screening
Plasmids isolated from EXPANSIN positive clones were used for tertiary

screening by restriction analysis (insert size) and pre-qualifying the clones for
sequencing. Plasmid DNA isolated (SV Miniprep Kit, Promega, USA) (Appendix 14)
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from overnight cultures of selected clones grown in LB having 50 g/mL kanamycin
was digested with EcoRV and ApaI as described earlier.

2.4.5 Sequencing of the Screened Clones
The clones having insert size greater than 0.5 kbp were selected for DNA
sequencing. The sequencing reactions were performed and analyzed on an ABI 310
Genetic Analyzer (Appendix 15).

2.5

Molecular

Analysis

of

the

Sequencing

Data

using

Bioinformatics Tools
The variants of EXPANSIN screened from cotton fiber cDNA libraries were
named as GhEXPA8, GhEXPA15 and while one of the EXPANSIN isoforms screened
from C. procera fiber cDNA library was named as CpEXPA3. Amino acid sequence
was derived using translate tool at www.expasy.ch. The Phylogenetic analysis was
carried out using ClustalX (1.81). The amino acid sequences of α and β-EXPANSINs
of Arabidopsis thaliana were obtained from Genbank databae to construct the
bootstrap N-J tree after the complete alignment. The signal peptide and maximum
cleavage site probability in the amino acid sequences of EXPANSIN variants were
determined by signalP 3.0 using neural network (NN) and hidden Markov model
(HMM) trained on eukaryotes available at http://www.cbs.dtu.dk/services/SignalP/.
Secondary structure of GhEXPA8, GhEXPA15, GhEXPA23 and CpEXPA3 predicted
using Interactive 3D-JIGSAW software to determine the protein domains. SignalP 3.0
is the most popular and advanced version to predict N-terminal signal peptides using
computational methods (Bendtsen et al., 2004). The predicted amino acid sequence of
GhEXPA8, GhEXPA15 and CpEXPA3 was compared using multiple sequence
alignment programs (Kalign and Kalignvu) available at http://msa.cgb.ki.se/cgibin/msa.cgi and are reported to obtain high quality multiple sequence alignment
(Lassmann and Sonnhammer, 2006). To determine the sequence conservation in the
four variants of EXPANSIN, sequence logos were generated with WebLogo available
at http://weblogo.berkeley.edu. To compare the degree and frequency of conserved
sequences present in G. hirsutum and C. procerathe fiber and α-EXPANSIN family of
Arabidopsis thaliana were also taken for comparative analysis. The sequences of
Arabidopsis thaliana were downloaded from TAIR.
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2.6

Fiber Specific LTP3 Promoter Isolation
Fiber specific LTP3 promoter was isolated from the genomic DNA of

G.

hirsutum L var.CIM-707.
2.6.1 Primer Designing
Nucleotide sequence of the reported LTP3 promoter was retrieved from the
GenBank (accession number; AF228333). Primers were designed to pick its full
length sequence from the genomic DNA. KpnI and HindIII sites absent in the LTP3
promoter DNA sequence were introduced at the 5 prime ends of reverse and forward
primers respectively for directional cloning of promoter in desired vectors. The
sequences of the primers for amplification of LTP3 promoter are given as follows.
Forward primer (LTPF)
5’ CTGGTACCTCTAGAAACATAGTATTGT 3’
Kpn1
Reverse primer (LTPR)
5’ TAAGCTTATCGATTAATCACAAGAAA 3’
HindIII
2.6.2

PCR Reagents for Cloning of LTP3 Promoter
Total genomic DNA, isolated from G. hirsutum L var.CIM-707 was used as

template in PCR amplification of cotton fiber specific LTP3 promoter.

PCR reagent

Concentration

Volume

Genomic DNA (1g/L)

1:20 dilution

5 µL

dNTPs

10 mM

1 µL

Buffer (10X)

10X

5 µL

MgCl2

25 mM

4 µL

Forward primer

50 ng/µL

1 µL

Reverse primer

50 ng/µL

1 µL

Taq Polymerase

2.5 U

1 µL

Double distilled H2O
Total Volume

32.0 µL
50 µL

2.6.3 PCR setup for Cloning of LTP3 Promoter
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1)

Initial denaturing temperature

94 oC

4 minutes

2)

Denaturing temperature

94 oC

1 minute

3)

Annealing temperature

o

1 minute

o

72 C

3 minutes

42 C

4)

Extension temperature

5)

10 cycles from step 2 to step 4

6)

Denaturing temperature

94 oC

1 minute

7)

Annealing temperature

45 oC

1 minute

8)

Extension temperature

72 oC

3 minutes

9)

30 cycles from step 6 to step 8

10)

Final extension temperature

72 oC

10 minutes

All the process for the preparation of reaction mixture was carried out on ice.
The amplified products were analyzed by electrophoresis on 1 % agarose gel along
with Fermentas 1 kbp DNA ladder (Appendix 16). Fresh PCR amplified products
were used for cloning into Fermentas (pTZ57R) TA cloning vector (Appendix 17).

2.7 PCR Amplification of GUS with Intron
The plasmid vector pJIT166 usually used for transient expression analysis
contained the reporter gene GUS (Appendix 18). This gene was replaced with GUS
with intron to avoid the leaky expression.

2.7.1 Primer Designing
Sequence of a binary vector (pCAMBIA-2301) was retrieved from the
GenBank. Primers were designed on the reported sequence to pick full length GUS
gene with intron from pCAMBIA-2301. HindIII & EcoRI sites were introduced at the
5 prime ends of forward and reverse primers respectively for directional cloning of
GUS with intron in desired vector. The sequence of the primers used to pick GUS
with intron is given below.
Forward primer (Pca F)
5’ TCAAGCTTGACCATGGTAGATCTGAGG 3’
HindIII
Reverse Primer (Pca R)
5’ GCGAATTCCGATCGGGGAAATTCGAGC 3’
EcoR1

76

Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.

Masooma Thesis

2.7.2 PCR Reagents for Cloning of GUS with Intron
Plasmid DNA (pCAMBIA-2301) was isolated from bacterial culture and was
used as template to amplify GUS with intron.
PCR reagent

Concentration

Template (pCAMBIA-2301, 1 g/L)

Volume

1:100 dilution

5 µL

dNTPs

10 mM

1 µL

Buffer (10X)

10X

5 µL

MgCl2

25 mM

4 µL

Forward primer (Pca F)

50 ng/µL

1 µL

Reverse primer (Pca R)

50 ng/µL

1 µL

Taq Polymerase

2.5 U

1 µL

Double distilled H2O

32.0 µL

Total Volume

50 µL

2.7.3 PCR Setup for Cloning of GUS with Intron
1)

Initial denaturing temperature

94 oC

4 minutess

2)

Denaturing temperature

94 oC

1 minute

3)

Annealing temperature

48 oC

1 minute

4)

Extension temperature

72 oC

3 minutes

5)

40 cycles from step 2 to step 4

6)

Final extension temperature

72 oC

10 minutes

The amplified products were analyzed by electrophoresis on 1 % agarose gel
along with Fermentas 1 kbp DNA ladder. PCR amplified products were used for
cloning into plasmid vector pJIT166.

2.8

PCR Amplification of Full Length EXPANSIN Variants for
Cloning in Plant Expression Vectors
After analyzing the sequences of G. hirsutum and C. procera EXPANSIN

variants of fiber three EXPANSIN variants were selected i.e. GhEXPA8, GhEXPA15
and CpEXPA3 were selected for cloning into plant expression vectors.

2.8.1 Primer Designing to Pick Full Length EXPANSINs
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Primers were designed on DNA sequence of GhEXPA8, GhEXPA15 and
CpEXPA3 screened from cDNA libraries (Table 2.1) to amplify full length
EXPANSIN genes. Restriction sites for HindIII and BamHI were introduced in
forward and reverse primers respectively for directional cloning of these genes in
desired vectors. The forward primer contained start codon ATG (Met) and the reverse
primer had a stop codon (TGA, TAA, TAG) so that full length genes could be
amplified through PCR. Following Criteria were kept under consideration during
primer designing.


Length of the Primer was kept close to 26 nucleotides.



Melting temperature (2 X(A+T) +4X(C+G)) of forward and reverse
primer

was

estimated

by

bioinformatics

tool

OligoCalc

(www.justbio.com).


Primers did not have complementarities to each other in order to
avoid primer dimer formation.

Table 2.1: Primer Sequences to Pick the Full Length cDNA Clones of GhEXPA8,
GhEXPA15 and CpEXPA3

NO

Gene Name

Primer

Primer Sequence

Name

5’TGCAAGCTTATGGCAACCAAAACGAT 3’
EXP8F
1

GhEXPA8

HindIII
5’TGCGGATCCTTAAAACTGGCCTCCTT 3’

EXP8R

BamHI

5’TGCAAGCTTATGGCAACCAAAACGAT 3’
EXP15F

2

HindIII
5’TGCGGATCCTTAAAACTGGCCTCCTT 3’

GhEXPA15
EXP15R

BamHI

5’ GGCAAGCTT ATGGCTAATATTCTTGC 3’
CpUnF

3

CpEXPA3

HindIII
5’ CGCGGATCCTTAAAATTGTGCTCCTT 3’

CpUnR

BamHI
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2.8.2 The PCR Reagents for Amplification of Three Variants of EXPANSINs
The plasmids having three variants of EXPANSINs (GhEXPA8, GhEXPA15
and CpEXPA3) were used as templates to amplify these genes at following PCR
conditions.

PCR reagent

Concentration

Volume

Plasmid DNA (1 µg/ µL)

1:100 dilution

5 µL

dNTPs

10 mM

1 µL

Buffer (10X)

10X

5 µL

MgCl2

25 mM

4 µL

Forward primer

50 ng/µL

1 µL

Reverse primer

50 ng/µL

1 µL

Taq Polymerase

2.5 U

1 µL

Double distilled H2O

32.0 µL

Total Volume

50 µL

2.8.3 The PCR Setup for Amplification of GhEXPA8, GhEXPA15 and
CpEXPA3
1)

Initial denaturing temperature

94 oC

4 minutes

2)

Denaturing temperature

94 oC

1 minute

3)

Annealing temperature

48 oC

1 minute

4)

Extension temperature

72 oC

3 minutes

5)
6)

40 cycles from step 2 to step 4
Final extenion temperature

72 oC

10 minutes

The amplified products were analyzed by electrophoresis on 1 % agarose gel
along with 1 kbp DNA ladder. PCR amplified products were used for cloning into
desired vectors.

2.9

Cloning of Cotton LTP3 Promoter
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2.9.1 Purification of PCR Product
PCR amplified DNA fragments for cotton fiber specific promoters were
purified using PCR product purification kit (GENOMED, USA) according to
manufacturers instructions. The purified DNA fragments were cloned into (pTZ57R)
TA cloning vector (Fermentas).

2.9.2 Ligation Reaction
Purified PCR products were ligated into (pTZ57R) TA cloning vector (Fermentas)
according to manufacturer’s instructions. The ligation reactions were set as described
below:
Sterile water

9 µL

10X Ligation buffer

2 µL

Plasmid vector pTZ57R/T (55 ng/µL)

2 µL

Fresh PCR product (100 ng)

3 µL

PEG 4000

2 µL

T4 DNA Ligase (5 U/µL)

2 µL

Total

20 µL
o

Ligation reaction was incubated at 14 C for overnight.

2.9.3 Transformation
Transformation of ligation mixture into competent E. coli Top10 cells was
performed by heat shock method (Appendix 19).
2.9.4

Plasmid Isolation from E. coli

Plasmid isolation was performed using two methods. For large scale screening
of clones through restriction and hybridization the plasmids were isolated by alkaline
lyses method as given in appendix 10. For DNA sequencing the plasmids were
isolated using Promega SV miniprep columns (Appendix 14).

2.9.5 Transformants Analysis
The isolated plasmid DNA was digested with EcoRI and HindIII restriction
enzymes. The restriction reactions were set as follows:
Plasmid DNA

4 µL

EcoRI (10 U/µL)

1 µL

Hindlll (10 U/µL)

1 µL
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10X Buffer Tango

6 µL

RNAse

1 µL

Water

17 µL

Total

30 µL

The reaction mixture was incubated at 37 ºC for 2 hours. The digested DNA
samples were electrophoresed on 1 % agarose gel along with 1 kbp DNA ladder. The
clones having the desired insert size were selected and sequenced for confirmation.

2.10 Cloning of GUS with Intron in pJIT166
2.10.1 Double Digestion of pJIT166 and GUS with Intron
PCR amplified product of GUS with intron was purified as described earlier.
Purified PCR product was digested with EcoRI and HindIII for cloning into pJIT166.
The pJIT166 was also digested with the same restriction enzymes for directional
cloning of the insert. The restriction reaction setup is given below;
PCR purified GUS with intron

20 L

10X buffer Tango

6 L

EcoRI (10 U/µL)

1 L

HindIII (10 u/µL)

1 L

dd Water

2 L

Total volume

30 L

The digestion mixture was incubated at 37 °C for 1 hour.

2.10.2 Agarose Gel Electrophoresis and Elution of DNA Bands from Agarose
Gel
The digested plasmid (pJIT166) and PCR amplified fragments of GUS with
intron

were electrophoresed on 1 % (w/v) agarose gel in 1X TAE buffer. The

digested PCR fragments and plasmid pJIT166 slices were cut, pooled and eluted from
agarose gel.

2.10.3 Ligation Reaction
The eluted PCR fragments of GUS with intron and plasmid DNA were ligated
as follows.
Plasmid vector and GUS DNA

8 µL
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10X Ligation buffer

1 µL

T4 DNA Ligase ((5 U/µL)

1 µL

Total volume

10 L

2.10.4 Transformation
Transformation of ligation mixture into Top10 competent E. coli cells was
performed by heat shock method.
2.10.5 Transformant analysis
For large scale screening of clones, the plasmid DNA was isolated by alkaline
lyses method. The isolated plasmid DNA was digested with EcoRI and Hindlll
restriction enzymes. The reaction setup was as follows:
Plasmid DNA

4 µL

EcoRI (10 U/µL))

1 µL

Hindlll (10 U/µL)

1 µL

10X Buffer Tango

6 µL

RNAse

1 µL

Water

17 µL

Total

30 µL

The reaction mixture was incubated at 37 ºC for 2 hours. The digested DNA
samples were electrophoresed on 1 % agarose gel along with 1 kbp DNA ladder. The
samples having the desired insert size were selected and marked as recombinant
clones and were verified by DNA sequencing. The plasmid having the GUS gene with
intron was named pGR1.
.

2.11 Cloning of LTP3 Promoter in pGR1
In pGR1 GUS having intron was cloned under 2X35S promoter that is a
constitutive promoter and was used as a control in the promoter specificity assay.
GUS having intron was also cloned under LTP3 promoter to check its specificity.

2.11.1 Double Digestion of pGR1 and LTP3 Promoter
PCR amplified product of LTP3 promoter was purified as described earlier.
The purified PCR product was digested with KpnI and HindIII for cloning into pGR1.
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The pGR1 was also digested with the same enzymes for directional cloning of the
promoter. The restriction reaction setup was as follows;
PCR purified LTP3 promoter

20 L

10X buffer Tango

3 L

KpnI (10 U/µL)

1 L

HindIII (10 U/µL)

1 L

Water

5 L

Total volume

30 l

The digestion mixture was incubated at 37 °C for 2 hrs.

2.11.2 Agarose Gel Electrophoresis and Elution of DNA Bands from Agarose
Gel
The digested plasmid (pGR1) and PCR amplified fragments of LTP3 promoter
were electrophoresed on 1 % (w/v) agarose gel in 1X TAE buffer. The digested PCR
fragments and plasmid pGR1 slices were cut, pooled and eluted from agarose gel.

2.11.3 Ligation Reaction
The eluted PCR fragments of LTP3 and plasmid DNA were ligated as follows;
Plasmid vector and LTP3 DNA

8 µL

10X Ligation buffer

1 µL

T4 DNA Ligase (5 U/µL)

1 µL

Total volume

10 l

Ligation mixture was incubated at 14°C for overnight.

2.11.4 Transformation
Transformation of ligation mixture into competent Top10 E. coli cells was
performed by heat shock method.

2.11.5 Transformants Analysis
For large scale screening of clones by restriction analysis the plasmids were
isolated by alkaline lysis method. The isolated plasmid DNA was digested with KpnI
and Hindlll restriction enzymes. The restriction reaction setup was as follows.
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Plasmid DNA

4 µL

KpnI (10 U/µL)

1 µL

HindIII (10 U/µL)

1 µL

10X Buffer Tango

3 µL

RNAse

1 µL

Water

20 µL

Total

30 µL

The reaction mixture was incubated at 37 ºC for 2 hours. The digested DNA
samples were electrophoresed on 1 % agarose gel along with 1 kbp DNA ladder. The
samples having the desired insert size were selected and verified by DNA sequencing.
The plasmid having the right insert was named pGR5.

2.12 Cloning of GhEXPA8, GhEXPA15 and CpEXPA3 in pGR5
2.12.1 Double Digestion of pGR5 and EXPANSINs
Three variants of EXPANSIN were amplified by PCR using forward and
reverse primers. PCR products were purified as described earlier. The purified PCR
products were digested with BamHI and HindIII for cloning into pGR5. The pGR5
was also digested with the same restriction enzymes for directional cloning of the
inserts. The restriction reaction setup is given below:
PCR purified EXPANSINs

20 L

10X buffer Tango

6 L

BamHI (10 U/µL)

1 L

HindIII (10 U/µL)

1 L

Water

2 L

Total volume

30 µL

The digestion mixture was incubated at 37°C for 1 hour.

2.12.2 Agarose Gel Electrophoresis and Elution of DNA Bands from Agarose
Gel
The digested plasmid (pGR5) and PCR amplified fragments of EXPANSINs
were electrophoresed on 1 % (w/v) agarose gel in 1X TAE buffer. The digested PCR
fragments and plasmid pGR5 slices were cut, pooled and eluted from agarose gel.
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2.12.3 Ligation Reaction
The eluted PCR fragments of EXPANSINs and plasmid DNA were ligated as
follows.
pGR5 and EXPANSIN DNA

8 µL

10X Ligation buffer

1 µL

T4 DNA Ligase (5 U/µL)

1 µL

Total volume

10 L

Ligation mixture was incubated at 14°C for overnight.

2.12.4 Transformation
Transformation of ligation mixture into Top10 competent E. coli cells was
performed by heat shock method.

2.12.5 Transformants Analysis
For large scale screening of clones, the plasmid DNA was isolated by alkaline
lysis method. The isolated plasmid DNA was digested with BamHI and Hindlll
restriction enzymes. The reaction setup was as follows;
Plasmid DNA

4 µL

BamHI (10 U/ µL)

1 µL

Hindlll (10 U/ µL)

1 µL

10X Buffer Tango

3 µL

RNAse

1 µL

Water

20 µL

Total

30 µL

The reaction mixture was incubated at 37 ºC for 2 hours. The digested DNA
samples were electrophoresed on 1 % agarose gel along with 1 kbp DNA ladder. The
samples having the desired insert size were selected and named as pGR6, pGR7 and
pGR15 having GhEXPA8, GhEXPA15 and CpEXPA3 respectively.

2.13 Cloning of GhEXPA8, GhEXPA15 and CpEXPA3 in pGR1
under 2X35S Promoter
2.13.1 Double Digestion of pGR1 and EXPANSINs
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Three variants of EXPANSIN gene were amplified through PCR by Forward
and reverse primers. PCR products were purified as described earlier. Purified PCR
products were digested with BamHI and HindIII for cloning into pGR1. The pGR1
was also digested with the same restriction enzymes for directional cloning of the
insert. The restriction reaction setup is given below:
PCR purified EXPANSIN

20 L

10X buffer Tango

6 L

BamHI (10 U/ µL)

1 L

HindIII (10 U/ µL)

1 L

Water

2 L

Total volume

30 L

The digestion mixture was incubated at 37°C for 2 hours.

2.13.2 Agarose Gel Electrophoresis and Elution of DNA Bands from Agarose
Gel
The digested plasmid (pGR1) and PCR amplified fragments of EXPANSINs
were electrophoresed on 1 % (w/v) agarose gel in 1X TAE buffer. The digested PCR
fragments and plasmid (pGR1) slices were cut, pooled and eluted from agarose gel.

2.13.3 Ligation Reaction
Three ligation set ups for the cloning of three variants of EXPANSIN in pGR1
were prepared as follows

Plasmid vector and EXPANSIN DNA

8 µL

10X Ligation buffer

1 µL

T4 DNA Ligase (5 U/ µL)

1 µL

Total volume

10 L

2.13.4 Transformation
Transformation of ligation mixture into Top10 competent E. coli cells was
performed by heat shock method.
2.13.5 Transformants Analysis
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For large scale screening of clones, the plasmid DNA was isolated by alkaline
lyses method. The isolated plasmid DNA was digested with BamHI and HindIII
restriction enzymes. The reaction setup was as follows;
Plasmid DNA

4 µL

BamHI (10 U/ µL)

1 µL

Hindlll (10 U/ µL)

1 µL

10X Buffer Tango

3 µL

RNAse

1 µL

Water

20 µL

Total

30 µL

The reaction mixture was incubated at 37 ºC for 2 hours. The digested DNA
samples were electrophoresed on 1 % agarose gel along 1 kbp DNA ladder. The
samples having the desired insert size were selected and marked as recombinant
clones. These selected clones having GhEXPA8, GhEXPA15 and CpEXPA3 under
2X35S promoter were named as pGR2, pGR3 and pGR21 respectively.

2.13.6 Clone Confirmation by Sequencing
After the candidate clones were confirmed, for having the expression cassettes
in pGA482 by restriction analysis, further confirmation was carried out by sequencing
using the primers (Table 2.2) specially designed on the promoter and terminator
region in a way that they can determine
i)

the sequence of the junction between pGA482 and the promoter
(LT3SeR and 35SeR)

ii)

the sequence of the joining region between promoter and the gene to be
expressed (LTProF-GJ and 35SeF-GJ)

iii)

the sequence of the junction between gene and CaMV terminator
(CMVR-TGJ)

iv)

the sequence of the end part of the terminator and pGA482 (TerSeF)

Table 2.2:

Primers Designed for the Sequencing of the GhEXPA8, GhEXPA15
and CpEXPA3 Cloned in pGA482 under 2X35S and LTP3 Promoter

Primer Name

Sequence
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1

LT3SeR

5’ ATACATAACTAGCAGCAGTAC 3’

2

35SeR

5’ GGCATCTTGAATGATAGCCTT 3’

3

LTProF-GJ

5’ AAAAACCCTCCTACCCTC 3’

4

35SeF-GJ

5’ ATCCCACTATCCTTCGCA 3’

5

CMVR-TGJ

5’ AGAGAGAGACTGGTGATT 3’

6

TerSeF

5’ TGGTATCAGAGCCATGAATAG 3’

2.14 Cloning of Expression Cassette (LTP3 promoter EXPANSINs
CaMV Terminator) in Binary Vector pGA482
Two types of expression cassettes were lifted from pJit166 and shifted them to
pGA482 (Appendix 20).
i)

Two expression cassettes containing G. hirsutum EXPANSIN
(GhEXPA8) cloned under 2X35S and LTP3 promoter separately along
with CaMV terminator.

ii)

Two expression cassettes containing G. hirsutum EXPANSIN
(GhEXPA15) cloned under 2X35S and LTP3 promoter separately
along with CaMV terminator.

iii)

Two

expression

cassettes

containing

C.

proceraEXPANSIN

(CpEXPA3) cloned under 2X35S and LTP3 promoter separately along
with CaMV terminator.

2.14.1 Cloning of Expression Cassettes Containing G. hirsutum EXPANSIN
Variants in pGA482
The plasmid vectors pGR2 (GhEXPA8 under 2X35S promoter), pGR3
(GhEXPA15 under 2X35S promoter), pGR6 (GhEXPA8 under LTP3 promoter) and
pGR7 (GhEXPA15 under LTP3 promoter) were digested with KpnI and EcoRV after
analyzing the sequence of the cassette that it must not contain the restriction sites of
these two enzymes. The analysis of the sequences were carried out using the
bioinformatics tools available at www.justbio.com . The expression cassette
(promoter, EXPANSINs and CaMV Terminator) was excised out after restriction
digestion. Binary vector pGA482 was digested with KpnI and HpaI. The optimized
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reaction reagents for each of the four restrictions to excise the expression cassettes out
of pGR2, pGR3, pGR6 and pGR7 were as follows.
Plasmid DNA

4µL

(pGR2, pGR3, pGR6 or pGR7)
KpnI (10 U/ µL)

1 µL

HpaI (10 U/ µL)

1 µL

10X Buffer Tango

3 µL

Water

21 µL

Total

30 µL

The reaction mixture was incubated at 37 ºC for 2hrs. The optimized
restriction reaction to prepare the vector pGA482, having the sticky end at one side
and a blunt end on the other side, is as follows.
Vector (pGA482)

4 µL

KpnI (10 U/ µL)

1 µL

HpaI (10 U/ µL)

1 µL

10X Buffer Tango

3 µL

Water

21 µL

Total

30 µL

The reaction mixture was incubated at 37 ºC for 2hr. The digested samples of
pGA482 were electrophoresed on the gel to confirm the complete digestion. The
digested vector was purified by phenol-chloroform treatment and precipitated with
ethanol precipitation procedure (Appendix 21).

2.14.1.1

Elution of DNA Bands from Agarose Gel

The digested samples of pGR2, pGR3, pGR6 and pGR7 were electrophoresed
on 1 % (w/v) agarose gel in 1X TAE and desired DNA fragments were eluted from
agarose gel.

2.14.1.2

Ligation Reaction

The double digested and eluted fragments of the expression cassettes were
ligated with pGA482 in each of the four following reactions.
Expression cassette

6 µL

pGA482

3 µL

10X Ligation buffer

2 µL
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T4 DNA Ligase (5 U/ µL)

1 µL

Sterile water

8 µL

Total

20 µL

2.14.1.3

Transformation

Transformation of ligation mixture into Top10 competent E. coli cells was
performed by heat shock method.

2.14.1.4

Transformants Analysis

For large scale screening of clones, the plasmid DNA was isolated by alkaline
lysis method. The isolated plasmid DNA was digested with BamHI & HindIII
restriction enzymes releasing the EXPANSIN gene. The reaction setup was as follows.
Plasmid DNA

4 µL

BamHI (10 U/ µL)

1 µL

HindIII (10 U/ µL)

1 µL

10X Buffer Tango

3 µL

RNAse

1 µL

Water

20 µL

Total

30 µL

The reaction mixture was incubated at 37 ºC for 2 hours. The digested DNA
samples were electrophoresed on 1 % agarose gel along with 1 kbp DNA ladder. The
clones having the desired insert size were selected and marked as recombinant clones.
These were named as pGR12 and pGR33 having GhEXPA8 cloned under LTP3 and
2X35S promoter respectively and the clones having GhEXPA15 cloned under LTP3
and 2X35S promoter were named as pGR35 and pGR34 respectively.

2.14.2 Cloning of Expression Cassettes Containing C. proceraEXPANSIN in
pGA482
The plasmid vector pGR21 (CpEXPA3 under 2X35S promoter) and pGR15
(CpEXPA3 under LTP3 promoter) were digested with KpnI & EcoRV to excise the
expression cassette (promoter, EXPANSIN and CaMV Terminator). The sequence of
the whole cassette was analyzed using the bioinformatic tools available at
www.justbio.com to ensure that it may not contain the restriction sites of KpnI and
EcoRV. Binary vector pGA482 was digested with KpnI and HpaI to produce the
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corresponding sticky and blunt ends repectively. The optimized reaction reagents for
each of the two restrictions to excise the expression cassettes out of pGR26 and
pGR15 were as follows.
Plasmid DNA

4 µL

(pGR21 or pGR15)
KpnI (10 U/ µL)

1 µL

HpaI (10 U/ µL)

1 µL

10X Buffer Tango

3 µL

Water

21 µL

Total

30 µL

The reaction mixture was incubated at 37 ºC for 2hrs. The optimized
restriction reaction to prepare the vector pGA482, having the sticky end at one side
and a blunt end on the other side, is as follows.
Vector (pGA482)

4 µL

KpnI (10 U/ µL)

1 µL

HpaI (10 U/ µL)

1 µL

10X Buffer Tango

3 µL

Water

21 µL

Total

30 µL

The reaction mixture was incubated at 37 ºC for 2hr. The digested sample of
pGA482 was electrophoresed on the gel to confirm the complete digestion. The
digested vector was purified by phenol-chloroform treatment and precipitated with
ethanol precipitation procedure.

2.14.2.1

Elution of DNA Bands from Agarose Gel

The digested samples of pGR26 and pGR15 were electrophoresed on 1 %
(w/v) agarose gel in 1X TAE and desired DNA fragments were eluted from agarose
gel.

2.14.2.2

Ligation Reaction

The double digested & eluted fragments were ligated with pGA482 as follows.
Expression cassette

6 µL

pGA482

3 µL

10X Ligation buffer

2 µL
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T4 DNA Ligase (5 U/ µL)

1 µL

Sterile water

8 µL

Total

20 µL

2.14.2.3

Transformation

Transformation of ligation mixture into Top10 competent E. coli cells was
performed by heat shock method.

2.14.2.4

Transformants Analysis

For large scale screening of clones, the plasmid DNA was isolated by alkaline
lysis method. The isolated plasmid DNA was digested with BamHI & HindIII
restriction enzymes releasing the EXPANSIN gene.

The reaction setup was as

follows
Plasmid DNA

4 µL

BamHI (10 U/ µL)

1 µL

Hindlll (10 U/ µL)

1 µL

10X Buffer Tango

3 µL

RNAse

1 µL

Water

20 µL

Total

30 µL

The reaction mixture was incubated at 37 ºC for 2 hours. The digested DNA
samples were electrophoresed on 1 % agarose gel along 1 kbp DNA ladder. The
samples having the desired insert size were selected and marked as recombinant
clones. The clones were further confirmed by performing the PCR reaction on
candidate clones using gene specific primers CpUnF and CpUnR. These were named
as pGR14 and pGR32 having CpEXPA3 cloned under LTP3 and 2X35S promoter
respectively.

2.15 Ovule Culture
Ovule culture was established for the transient expression studies. Different
steps involved in establishing the ovule culture are as follows
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2.15.1 Sterilization
The glassware used for culturing ovules was properly sterilized by autoclaving
process at 120 ºC temperature, 15 psi (pound square inch) pressure for 15 minutes.
Two types of glassware were used, the Petri plates for solid medium and 100 mL
flasks for liquid medium. The media was also sterilized by autoclaving without the
addition of hormones and vitamins. The stock solution of hormones and vitamins
were filter sterilized by using the filters (Millipore) and were stored at 4 ºC.

2.15.2 Media Preparation
The ovule culture media was originally formulated by Beasly and Ting in
1973, therefore it is named as BT medium (Appendix 22). The stock solutions of
macro and micronutrients were made and filter sterilized for prolonged period of time.
All the reagents used were of tissue culture grade. The stock solution of Iron-EDTA
was prepared separately. For solid medium the gellan gum powder (3 g/L) was added.
The autoclaved media is dispensed petriplates/flasks after the addition of vitamins and
hormones. Hormones like gibberellic acid (GA3) and indole-3-acetic acid (IAA) were
added at a concentration of 5 µM and 0.5 µM respectively.
2.15.3 Culturing Technique
Cotton ovules were collected at 0 DPA and 2DPA from the field and kept in
ice until used for culturing. Sepals and petals were removed and ovules were surface
sterilized by dipping them in 80 % ethanol for 4-5 minutes and then briefly flamed.
The ovules were exposed after removing the coating of boll with the help of forcep
and dissecting blade. The ovules were made float on the liquid media by taking care
not to be sunk, as the floating ovules can only produce fiber and not the sunk one. The
flasks having ovules on the liquid media and the petriplates having them on solid
media were kept at 28 ºC in the darkness.

2.15.4 Effect of Different Antibiotics and Sodium Azide for Contamination
Control
To keep the ovule cultures free of contamination different antibiotics were
used at different concentrations. Ampicillin was added in the culture medium at 100
µg/mL and 50 µg/mL. Ganamycin was added in the media at the concentration of 50
µg/mL and 25 µg/mL. Besides sodium azide was also used at various concentrations
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(5 mg/mL, 1 mg/mL, 0.5 mg/mL, 0.05 µg/mL and 0.005 µg/mL) to overcome the
problem of contamination

2.16 LTP3 Promoter Specificity and Strength Evaluation
Transient expression studies were carried out to evaluate the strength and
specificity of LTP3 promoter by using the reporter gene (GUS) expression in
developing cotton fibers, leaves, sepals, petals, stem and root. Biolistic Particle
Delivery System (PDS1000/He) was used for the bombardment of selected constructs
on cotton ovules. The delivery system was made sterile with ethanol before starting
the bombardments. Stopping screen, rupture discs, macrocarriers and holders were
dipped in ethanol for 10 min. After removing the ethanol macrocarriers were air dried.
Following constructs were selected for bombardment.


pGR1



pGR5

All bombardments were performed at five selected stages of cotton fiber
development i.e. 0 DPA, 5 DPA, 10 DPA, 15 DPA & 20 DPA. Besides cotton leaf,
sepal, petal and hypocotyls were also used for bombardments. pGR1 was used as a
control in which the expression of GUS was controlled by 2X35S promoter, a
constitutive promoter.

2.16.1 Microcarrier Preparation
Gold microcarriers were prepared for 12 bombardments using 500 µg of the
microcarrier per bombardment, based on the method of Sanford, et al., 1987.
Following procedure was followed to prepare the gold particles for coating with
DNA.
1)

Three milligram gold particles of 1µm diameter (BioRad, USA) were
weighed in a sterile eppendorf tube.

2)

500 µL absolute ethanol was added and vortexed at high speed for 10
minutes.

3)

The gold particles were pelleted by spinning for 5 seconds at 14,000
rpm.

4)

Ethanol was discarded without disturbing the gold pellet.
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5)

Gold particles were washed with sterile water by adding 500 µL sterile
water, vortexed for 5 minutes, spun for 30 seconds and finally the
water was discarded. This wash step was repeated for three times.

6)

Finally the gold particles were resuspended in 50 µL sterile water by
vortexing and immersing the eppendorf tube in sonicating water bath
to break any gold aggregates before proceeding to DNA precipitation.

2.16.2 Coating Microcarriers with DNA
DNA was precipitated onto 1-mm gold particles by the calcium chloridespermidine method by the following procedure.
1)

To the 50 µL gold suspension in water, 5 µL plasmid DNA (1.0 µg/
µL) was added with the subsequent addition of 20 µL spermidine free
base (0.1 M) and 50 µL calcium chloride (2.5 M). The contents were
mixed by vortexing at low speed. Vortexing was continued for three
minutes.

2)

The particles were allowed to be settled down for three minutes.

3)

The contents were spun at low speed for 2 seconds and the supernatant
was discarded. The pellet was washed with 250 µL cold absolute
ethanol. After washing the ethanol was removed and finally the DNA
coated gold particles were suspended in 50 µL ethanol.

4)

8 µL of this suspension was taken and dispensed in the center of the
sterile macro carrier fixed in steel holders. It was allowed to be air
dried in low humidity and vibration free environment.

2.16.3 Target Preparation
Cotton bolls were collected at 0 DPA and 20 DPA. They were surface
sterilized with 70 % ethanol. The bolls were rinsed with sterilized water to remove
ethanol and dissected with surgical blade to expose the locules. Ovules were sliced off
the locules and treated with liquid BT medium containing L-ascorbic acid (10 mg/L)
to prevent the browning of the tissues. Ovules bearing fibers were placed in the center
of petri plate containing solid BT medium in a way that fibers were stretched out for
maximum exposure to the bombardment but not detached from ovules. The ovules
producing fiber invitro were collected after five and ten days of culturing. Besides the
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fresh samples of cotton flower sepals, petals and young plant stems were collected
from green house containment facility.
2.16.4 Bombardment by PDS-1000/He Biolistic Gun
The ovules bearing fibers were bombarded with a 9 cm target distance at 28
inch Hg vacuum according to the manufacturer’s recommendation for plant tissues
using 1100 psi rupture disk. The bombarded ovules, sepals, petals and stem epidermal
layer were incubated on Whatman filter paper moistened with BT medium. A single
layer of surgical tape was wrapped around each dish and the dishes were incubated in
dark at 30 ºC for 24 hours.

2.16.5 Analysis of ß-Glucuronidase Expression
Histochemical localization of GUS enzyme activity was carried out using 5bromo-4-chloro-3-indolyl-b-D-glucuronide (X-Glc) as described by Jefferson 1987
(Appendix 23). All types of the tissues were covered with 200 µg/mL X-glcA in 20
mM sodium phosphate buffer pH 7.0 and vacuum infiltrated. The samples were
incubated at 37 oC in dark for overnight. On the next day the sepals, petals and stem
epidermal layer were treated with serial dilution of ethanol (20 %, 30 %, 40 %, 50 %,
60 % and 70 %) to remove the pigmentation due to chlorophyll. The localized
expression of GUS in all types of tissues was continuously monitored. The detailed
observation was carried out with light microscope. Histochemically stained tissues
were photographed using an Olympus ZH10 microscope with a Polaroid digital
microscope camera.

2.17 Real Time PCR Studies
The expression profiling of cotton EXPANSINs at various stages of fiber
development was carried out using real time PCR. These stages were marked as 0
DPA, 5 DPA, 10 DPA, 15 DPA and 20 DPA. While the transcriptome profiling of C.
procera EXPANSIN was performed in fiber, leaf, petal, stem and root tissues. The
reactions were prepared using iQ SYBR® Green super mix according to the
manufacture instruction. The BIO RAD iQ cycler was used for carrying out these
studies.
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2.17.1 Primer Designing
Primer designing is very critical in quantitative PCR. A successful real-time
PCR reaction requires efficient and specific amplification of the product. Therefore
following guidelines were followed while choosing a target sequence and designing
primers.


Design amplicon to be 75-200 bp. shorter amplicons are typically
amplified with higher efficiency.



Avoid secondary structures in the amplicon.



Avoid templates with long (>4) repeats of single bases.



Maintain a GC content of 50-60 % in the amplicon as well as in the
primers.



Maintain a melting temperature between 50 oC and 65 oC.



Avoid secondary structure; adjust primer locations outside of the
target sequence secondary structure if required.



Avoid repeats of Gs or Cs longer than three bases.



Place Gs and Cs on ends of primers.



Check sequence of forward and reverse primers to ensure no 3’
complementarity.



Avoid primer dimer formation.



Verify specificity using tools such as the Basic Local Alignment
Search tool (www.ncbi.nlm.nih.gov/blast/).

So the Beacon designer software was used to design these primers. This
software takes care of all the above mentioned guidelines for primer designing. The
designed primers are as follows.

2.17.2 RNA Isolation and cDNA Synthesis
High quality total RNA was isolated from cotton fiber at 0 DPA, 5 DPA, 10
DPA, 15 DPA, 20 DPA, cotton root, shoot (hypocotyle), stem and leaves. Total RNA
was also isolated from C. procera fibers, leaf, petals, stem and root. 100 mg of each
tissue type was ground in liquid nitrogen for total RNA extraction using Plant RNA
reagent (Invitrogen). RNA was treated with DNAse I (Promega) according to the
manufacturer’s instruction. The integrity of RNA was checked by electrophoresis on 1
% agarose gel containing ethidium bromide. The RNA samples were quantified on
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Ultraspec3100 (GE Healthcare, Europe) and the RNA concentration of the samples
equalized and verified in cDNA preparations through PCR amplification of 18S RNA
and -tubulin genes. About 500ng of total RNA isolated from each tissue was used
for cDNA synthesis. Revert Aid H- cDNA synthesis kit (Fermentas) was used for
cDNA synthesis using oligo-dT (20mer) primer according to the manufacturer’s
instruction. Beacon Designer 7 (Premier Biosoft International) was used to design the
primers on each EXPANSIN variant (Table 2.3). Multiple sets of primers were used
for primer validation of each variant. The primer pairs indicating amplification
efficiency above 90 % and a single band of the end product on agarose gel were
selected for use in the real-time PCR reaction. The real-time PCR mixture contained 1
μL of diluted cDNA (corresponding to 10 ng of starting amount of total RNA), 12.5
μL of 2×SYBR Green Super Mix (BioRad), and 25 ng/µL of each gene-specific
primer in a final volume of 25 μL. To equalize the amount of RNA to be used in
subsequent cDNA synthesis and

Table: 2.3: Primer Sequences Used for Real-Time PCR Analysis.

Sr.

Gene Name

1
GhEXPA8
2
GhEXPA15
3
CpEXPA3
4

5

18srRNA

β -Tubulin

Primer Name

Sequence

RtExp8F

5’CGATTCTTGCGGATAGCAGA 3’

RtExp8R

5’CCTCCCAGCTTCGTTATCAA 3’

RtExp15F

5’GCATTCTTGCAGATCGCGGA 3’

RtExp15R

5’CCTCCCACGTTGGTTATCAA 3’

CpExp3F BD

5’ TCTGTCCACCTAATCCTTCC 3’

CpExp3R BD 5’ CCGTTGATTGTAACCTTATTCC 3’
RT 18s F

5’ AAACGGCTACCACATCCAAG 3’

RT 18s R

5’ CCTCCAATGGATCCTCGTTA 3’

RT β-TUB F

5’ TGATGTGTGCAGCTGATCCT 3’

RT β-TUB R

5’ TTGGAGGGATGTCACAAACA 3’

then in PCR reaction 18S rRNA and tubulin genes were also amplified to at as an
internal control. The real-time PCR reactions were performed using 96 well plates
sealed with optically clear sheets in iQ5 Cycler (BioRad). The relative expression of
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each gene was analyzed by taking one of the variant as control. The specificity of
amplicons was confirmed by melt curve analysis (55 0C to 95 0C) and agarose gel
electrophoresis at the end of PCR reaction.

2.17.3 Assay Validation and Optimization
To evaluate the assay performance, optimized annealing temperature was
determined along with the construction of a standard curve. Gradient PCR was
performed in which a range of annealing temperatures above and below the calculated
melting temperature of the primers were used. The PCR efficiency of each of the
primer pairs was determined by a dilution series of samples. The specificity of real
time PCR amplification was confirmed by the following criteria
1)

a single peak in the melting temperature curve analysis of real time
PCR amplified products

2)

a single band on agarose gel electrophoretic analysis

2.17.4 Sample Preparation
A master mix of iQ SYBR green supermix (BioRad) was prepared containing
the primers to avoid the pipetting error. The reaction set up for each of the sample is
as follows
Components
iQ SYBR Green Supermix (2X)

Volume per reaction
12.5 µL

Forward primer (25 ng/ µL)

1 µL

Reverse primer (25 ng/ µL)

1 µL

cDNA

2 µL

Sterile water

8.5 µL

Total volume

25 µL

To calculate the standard variation each type of sample was prepared in
triplicate.
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Results

Single celled cotton fiber is an important economic commodity. It represents a
unique developmental model, as well as an excellent model for studying many basic
biological processes in plants. Fiber morphogenesis is a complex genetic trait and
difficult to manipulate. The characterization of the genes in terms of their expression
is necessary to elucidate genetic mechanism underlying fiber development.
EXPANSIN is one of the important gene families involved in fiber elongation. Recent
studies have demonstrated that EXPANSIN genes are involved in the fiber elongation
by loosening the cellulosic cell wall in co-ordination with the cellular turgor pressure.
So the study was focused to
1. Identify the EXPANSIN variants in developing cotton fibers by screening the
cDNA libraries constructed at five different developmental stages of cotton
fiber.
2. The exploration of EXPANSIN in long and shiny fiber producing wild plant C.
procera.
3. Isolation of trichome specific LTP3 promoter and in vitro assay for its
specificity and strength.
4. Construction of various transient and stable expression vectors.
5. Expression profiling of the isolated EXPANSINs by real time RT-PCR.

3.1

Cotton Boll and Fiber Developmental Stages
CIM-707 is a medium duration variety with 38.1 % GOT. The fiber length,

micronair and strength are 32.2 mm, 4.2 µg/inch and 97.5 TPPSI respectively
(provided by Central Cotton Research Institute Multan). On the basis of the cotton
ball diameters, measured from 0 DPA to 20 DPA (Table 3.1; Fig. 3.1) five different
stages of fiber development were marked for cDNA libraries construction as increase
in the diameter of cotton boll is directly related to the fiber expansion rate. The light
microscopy of the cotton ovules with fiber further confirmed these stages of fiber
development. The selected stages were

1)

0 DPA

2)

5 DPA
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3)

10 DPA

4)

15 DPA

5)

20 DPA

These selected stages represent the initiation (0 DPA), elongation (5 DPA).
Rapid elongation (10 DPA), an overlapping elongation and secondary cell wall
synthesis phase (15 DPA) and an overlapping secondary cell wall synthesis and the
start of maturation phase (20 DPA). The light microscopy of cotton ovules at 0 DPA
showed that fiber initials have started bulging in the form of protrusions. It suggested
that fiber initiation started before 0 DPA. The diameters of the bolls collected are
enlisted in the Table 3.1. It shows that the rate of fiber expansion during rapid
elongation phase is more than 2mm per day.

3.2

C. procera Fruit and Fiber Developmental Studies
The C. procera flowering begins in the month of March and lasts till

September. In some plants flowering in the month of October was also observed. The
fruit size is largest during the months of April-August. The fruit number varies from
1-3 per flowering site (tuft of flowers). The average number of fruits per plant
between April to August were counted to be 23. The maximum fruit length varied
from 7.5-9.5 cm depending upon the season. The maximum fruit length was attained
in 20-25 days after pollination, while this period prolongs in the late season. The fruit
generally matured in 30-35 days (Fig. 3.2). Fiber length was 2.5-4.5 cm depending
upon

its position in the fruit.

Mature

fiber

characteristics (micronaire,

fineness/maturity and strength) were determined by fiber analysis on HVI at Cotton
Research Station, Multan. The micronaire of C. procera fiber was 2.09 and the
uniformity was 81.6 %. Its fiber length and strength were 42.0 mm and 29.5 g/tex
respectively. The cDNA library of C. procera fibers was constructed at 10 DPA (days
post anthesis).
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Table 3.1: Measurement of Diameters of Cotton Bolls of G. hirsutum Var.
CIM707.

No

Boll Age

Diameter

(Days post anthesis

(mm)

Developmental stages

DPA)
1

0 DPA

6-8

2

1 DPA

8-9

3

2 DPA

9-10

4

3 DPA

11-12

5

4 DPA

11-13

6

5 DPA

12-14

7

6 DPA

13-15

8

7 DPA

14-16

9

8 DPA

15-18

10

9 DPA

17-20

11

10 DPA

21-23

12

11 DPA

23-25

13

12 DPA

25-26

Overlapping elongation and secondary cell

14

13 DPA

26-27

wall synthesis

15

14 DPA

27

16

15 DPA

28

17

16 DPA

29

18

17 DPA

30

19

18 DPA

31

20

19 DPA

32-35

Overlapping secondary cell wall synthesis

21

20 DPA

32-35

and maturation

Fiber initiation

Elongation

Rapid elongation
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A

B
7 mm

9 mm

0 DPA 2 DPA
29 mm

14 DPA

12 mm

14 mm

3 DPA

5 DPA

22 mm

9 DPA

25 mm

10 DPA

30 mm

31 mm

32 mm

15 DPA

16 DPA

19 DPA

27 mm

11 DPA
35 mm

20 DPA

C
0 DPA

1 DPA

2 DPA

3 DPA

4 DPA

D
Fig 3.1: Cotton Boll and Flower Developmental Stages. A) Fully bloomed
unfertilized creamy flower at 0 DPA; B) An opened cotton boll with fully mature
white cotton fibers; C) Cotton boll at various stages of development ranging from 0
DPA to 20 DPA presented by measuring the diameter of the boll with and without the
integument. The increase in boll size is directly related to an increase in fiber length;
D) The emergence of cotton fibers from developing ovules. The developing cotton
ovules from 0-4DPA were fixed and 5 micron thick sections were observed by light
microscopy. The initiator fiber cells (seed trichomes) can be observed at 0 DPA that
grow rapidly into long fibers (2-4 DPA).
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A

B

C

D

Fig. 3.2: Fruit and Fiber Developmental Stages of C. procera. A) Blossomed
flower; B) Mature opened fruit indicating the outer integument, the spongy layer, the
inner integument and the cone bearing the fibers; C) The cone bearing the seeds and
fibers. The cone is about 8.5 cm in length. The end with fibers without seeds indicate
attachment region on the stem and has shortest fibers (2.5-3.0 cm). The fibers on the
other end are largest (4-4.5 cm); D) Seed carrying the tuft of fibers and ready for
dispersal.

3.3

cDNA Libraries
The cDNA libraries of G. hirsutum L. var. CIM707 fibers were constructed at

five selected stages to screen maximum representatives of EXPANSIN gene variants.
While the cDNA library of C. procera was already constructed in the lab.

3.3.1 Total RNA Isolation
Total RNA was isolated from the fibers at 0 DPA, 5 DPA, 10 DPA, 15 DPA
and 20 DPA. At 0 DPA the ovules containing fiber initials were used for total RNA
isolation. The integrity and quality of total RNA, monitored by gel electrophoresis
was of the required grade. The quality and integrity of RNA is represented by two
bands, 25S rRNA band and 18S rRNA band (Fig. 3.3).
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M

1

2

3

4

5
25S rRNA
18Sr RNA

Fig. 3.3: Total RNA Extracted from Cotton Fibers. M: 1 kbp ladder; Lane1-5) total
RNA isolated from 0 DPA, 5 DPA, 10 DPA, 15 DPA and 20 DPA.

3.3.2 Isolation of mRNA
The mRNA was isolated from total RNA by oligo dT cellulose column
chromatography. The precipitated mRNA resolved on denaturing agrose gel indicated
a smear ranging from 0.25-3 kb, which was a good indication for the presence of high
molecular weight mRNA species.

M

1

3.3.3 First and Second Strand cDNA Synthesis
First strand cDNA was synthesized using oligo dT primers. At the end of
incubation a 5 L aliquot resolved on the agarose gel indicated the smeared pattern
greater than 250 bp to about 5 kbp. These results indicated a good yield of high
molecular weight double stranded DNA molecules in the reaction (Fig. 3.4).

5 Kb

250 bp

Fig. 3.4: Second Strand cDNA Synthesis. M: 1 kbp DNA ladder; Lane 1-5: second
strand cDNA synthesized using first strand as template.
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3.3.4 Adapter Ligation and cDNA Size Fractionation
Adapters containing recombination sites were ligated at both sides of second
strand cDNA for the insertion of double stranded cDNA into vector. Size
fractionation was carried out to separate the desired high molecular weight cDNA
molecules from lower molecular weight cDNAs and unligated adapters. The spotted
fractions were compared with the standard DNA of known concentration (Fig. 3.5).
Collected fractions 3-7 were selected, pooled and precipitated for subsequent
recombination reaction.

3.3.5 Recombination Efficiency
The recombination efficiencies for cDNA libraries at 0 DPA, 5 DPA, 10 DPA,
15 DPA and 20 DPA were 86 %, 86 %, 100 %, 93 % and 100 % respectively. It is
indicated by the restriction analysis of 14 randomly selected primary clones (Fig. 3.6).
Recombination efficiency is determined by the presence of the inserts in the vector.
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Selected fractions
1

2

3

4

5

6

7

8

9

10

11

Rejected fractions
1ng

5ng 10ng 25ng 50ng

A
Selected fractions
1

2

3

4

5

6

7

8

9

10

11

Rejected fractions
1ng

5ng 10ng 25ng 50ng

B
Selected fractions
1

2

3

4

1ng

2ng

5

6

7

8

9
10 11
Rejected fractions

5ng 10ng 25ng 50ng

C
Selected fractions
1

2

3

4

1ng

5

6

7

5ng 10ng 25ng 50ng

8

9

10

11

Rejected fractions

D
Selected fractions
1

2

3
1ng

4

5

6

7

8
9
10 11
Rejected fractions

5ng 10n 25ng 50ng

E
Fig. 3.5: Size Fractionation of ds cDNA after Adapter Ligation. Top row: 1 L of
first 13 fractions spotted on 1% agarose containing ethidium bromide;
Bottom row: 1 L each of standard DNA with known concentrations. The
rejected fractions contain the adapters and small dsDNA molecules. A) plate
spot assay of size fractionated ds cDNA of cotton fiber at 0 DPA; B) plate
spot assay of size fractionated ds cDNA of cotton fiber at 5 DPA; C) plate
spot assay of size fractionated ds cDNA of cotton fiber at 10 DPA; D) plate
spot assay of size fractionated ds cDNA of cotton fiber at 15 DPA; E) plate
spot assay of size fractionated ds cDNA of cotton fiber at 20 DPA.

107

Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.

Masooma Thesis

M 1

2 3 4

5 6

7 8 9 10 11 12 13 14 M
2.2 kbp

0.5 kbp

A
M 1

2 3 4

5 6 7 8 9 10 11 12 13 14 M
2.2 kbp

0.5 kbp

B
M 1 2 3 4 5 6 7 8 9 10 11 12 3 14 M
2.2 kbp

0.5 kbp

C
M 1

2 3 4

5 6 7 8

9 10 11 12 13 14 M
2.2 kbp

0.5 kbp

D
M 1 2 3 4

5 6 7 8 9 10 11 12 13 14 M
2.2 kbp

0.5 kbp

E
Fig. 3.6: Determining the Average Insert Size of cDNA Library by Restriction
Analysis. A) M: 1 kbp DNA ladder; Lanes 1-14: Restriction digestions of 14
randomly selected clones (with ApaI and EcoRV) from cotton fiber cDNA
library at 0 DPA; B) M: 1 kbp DNA ladder; Lanes 1-14: Restriction
digestions of 14 randomly selected clones (with ApaI and EcoRV) from
cotton fiber cDNA library at 5 DPA; C) M: 1 kbp DNA ladder; Lanes 1-14:
Restriction digestions of 14 randomly selected clones (with ApaI and
EcoRV) from cotton fiber cDNA library at 10 DPA; D) M: 1 kbp DNA
ladder; Lanes 1-14: Restriction digestions of 14 randomly selected clones
(with ApaI and EcoRV) from cotton fiber cDNA library at 15 DPA; E) M: 1
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kbp DNA ladder; Lanes 1-14: Restriction digestions of 14 randomly selected
clones (with ApaI and EcoRV) from cotton fiber cDNA library at 20 DPA.

3.3.6 cDNA Library Titer And Average Insert Size
The titer of the cDNA library was 1.5 x 10 6. The average insert size of the
library was 1.4 kbp (Fig. 3.6).

3.4

Screening of cDNA Libraries for EXPANSIN
One cDNA library of C. procera fiber and five cDNA libraries of G. hirsutum

were screened for EXPANSIN genes to get hold of the EXPANSIN variants being
expressed in their developing fibers.

3.4.1 Primary Screening
The number of clones used for screening on a 20 x 20 cm plate were in the
range of 40,000-50,000. The colonies were probed using G. hirsutum EXPANSIN
gene already cloned in the lab. Different signal intensities were observed on autoradiogram (Fig. 3.7). The primary screening yielded partially purified clones due to
high density of the colonies. These were further purified by secondary screening.

3.4.2 Secondary Screening
Well separated colonies of the primary positive clones were obtained at
1:1000 dilution of the library. The colony hybridization with the probe of interest was
performed to pick the single clones having the gene of interest (Fig. 3.8). Fifty
positive colonies from each of the six libraries were identified through secondary
screening, cultured and plasmid DNA was isolated from each clone for carrying out
restriction analysis and DNA sequencing.
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Fig. 3.7: Primary Screening ofocDNA Libraries for EXPANSIN Clones.
Autoradiogram of cDNA libraries (40,000-50,000 clones per plate) probed
with radio-labeled EXPANSIN gene. A) G. hirsutum fiber cDNA library at 0
DPA. B) G. hirsutum fiber cDNA library at 5 DPA. C) G. hirsutum fiber
cDNA library at 10 DPA. D) G. hirsutum fiber cDNA library at 15 DPA. E)
G. hirsutum fiber cDNA library at 20 DPA. F) C. procera cDNA library.

Fig. 3.8: Secondary Screening for EXPANSIN Genes by Colony Hybridization of
partly purified cultures. Autoradiograms indicates single colonies having
EXPANSIN gene in the cotton fiber cDNA libraries at A) 0 DPA; B) 5 DPA;
C) 10 DPA; D) 15 DPA; E) 20 DPA and F) C. procera fibers library.
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Twenty clones of cDNA having different insert sizes from each of the six
cDNA libraries were processed for DNA sequencing. The complete nucleotide
sequences of the clones were obtained by primer walking and the coding amino acid
sequence was predicted (Fig. 3.9, 3.10 and 3.11). Nucleotide sequence was translated
into proteins with all the six possibilities, three reading frames from 5’to 3’and the
other three from 3’to 5’. The reading frame predicting the longest stretch of protein
was selected as a putative protein of each of the four variants. The analysis of the
sequencing data and deduced amino acid sequences showed that most of the screened
clones were full length having start (AUG) and stop codon (UAG, UAA) while some
of the sequences represented the partial EXPANSIN genes. Only the full length
sequences were used for further analysis. On the basis of the alignment of the
predicted amino acid sequences of all the EXPANSIN clones two variants were found
to be present in developing cotton fiber throughout its development from 0 DPA to 20
DPA. These were named as GhEXPA8 and GhEXPA15 based on the clone number.
GhEXPA8 was found to be abundant at 5 DPA and 10 DPA while the number of
clones for GhEXPA15 was higher at 10 DPA and 15 DPA. The EXPANSIN isolated
from C. procera was named as CpEXPA3.
These three variants were deposited in the Genbank. The accession numbers
are as follows
1)

GhEXPA8

EU593897

2)

GhEXPA15

EU593898

3)

CpEXPA3

EF434783
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MATKTMMLQIFSLFFFLFSICNSIFLGANGDDNGGWQTAHATFYGGADATGTMG
GACGYGNLYSQGYGTSTAALSTALFNNGLSCGACYELRCNNDPQWCISRTITVTA
TNFCPPNYALSSDNGGWCNPPREHFDLAEPAFLQIAEYRAGIVPVMFRRVSCVK
KGGIRYTMNGHSYFNMVLITNVGGAGDITSVSIKGSKTGWLPMSRNWGQNWQ
SNAYLNGQSLSFKVTASDSRTITNYNVVPAGWQFGQTFEGGQF

Fig. 3.9: Deduced Amino Acid Sequence of GhEXPA8
MATKTMMLQIFPLFFFLFSVCNSIFLGANGDDNGGWQTAHATFYGGADATGTMG
GACGYGNLYSQGYGTSTAALSTALFNNGLSCGACYELRCNNDPQWCISRTITVTA
TNFCPPNYALSSDNGGWCNPPREHFDLAEPAFLRIAEYRAGIVPVMFRRVSCVKK
GGIRYTMNGHSYFNMVLITNVGGAGDITSVSIKGSRTGWLPMSRNWGQNWQSN
AYLNGQSLSFKVTASDGRTITAYNVVPAGWQFGQTFEGGQF

Fig. 3.10: Deduced Amino Acid Sequence of GhEXPA15

MANILAFSSLYIFFFLICLRETLADYGGWQSGHATFYGGGDASGTMGGACGYGNL
YSQGYGTSTAALSTALFNNGLSCGSCFELRCSSSADPRWCLPGTITVTATNFCPPN
PSLPNNNGGWCNPPLQHFDLAEPAFLQIAQYRAGIVPVEFMRVPCRRRGNKVTI
NGHSYFNLVLITNVGGAGDVHSVSIKGTRTGWQPMSRNWGQNWQSNSYLNGQ
SLSFQVTTSDGRTITSYNAVPAGWQFGQTFEGAQF

Fig. 3.11: Deduced Amino Acid Sequence of CpEXPA3

3.5.1 Secondary Structure of Variants and Signal Peptide Cleavage Site
Determination
Secondary structure of these variants determined by 3D-JIGSAW showed that
all these variants have typically two domains like other members of α-EXPANSIN
gene family. The length of the signal peptide in GhEXPA8, GhEXPA15 and
CpEXPA3 is 23, 23 and 24 amino acids

respectively. The signal peptide

probabilities for GhEXPA8, GhEXPA15 and CpEXPA3 are 0.993, 0.995 and 0.992
between amino acid positions 23-24 (CNS-IF), 23-24 (CNS-IF) and 24-25 (TLA-DY)
accordingly. While their maximum cleavage site probabilities are 0.762, 0.751 and
0.976 for GhEXPA8, GhEXPA15 and CpEXPA3 respectively (Fig. 3.12). According
the mode of action of EXPANSIN polypeptide and the information regarding the
signal sequence a model is proposed for the sorting and targeting of EXPANSIN
polypeptide (Fig. 3.13).
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Fig. 3.12: Signal Peptide Determination. A) SignalP prediction using neural
networks (NN) trained on eukaryotes for GhEXPA8. B) SignalP prediction
using hidden Markov model (HMM) trained on eukaryotes for GhEXPA8.
C) SignalP prediction using neural networks (NN) trained on eukaryotes
for GhEXPA15. D) SignalP prediction using hidden Markov model
(HMM) trained on eukaryotes for GhEXPA15. E) SignalP prediction using
neural networks (NN) trained on eukaryotes for CpEXPA3. F) SignalP
prediction using hidden Markov model (HMM) trained on eukaryotes for
CpEXPA3.
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5’
mRNA

3’
mRNA

ER membrane
Translocon
1
ER Lumen

2

3

Cleaved signal sequence

ER membrane
ER exit site

Golgi
vesicles
unloading
EXPANSIN

4

5

Cytoplasm

6

7

EXPANSIN in action
to disentangle the
cellulosic
microfibrils

Cell wall

Fig. 3.13. Proposed Model for EXPANSIN Sorting and Targeting Through
Secretory Pathway. Step 1: EXPANSIN mRNA having a signal peptide
sequence directs the ribosomes (synthesizing the EXPANSIN polypeptide)
to the rough ER where the growing polypeptide crosses the ER membrane
cotranslationally through translocon. Step 2: The polypeptide chain
elongates; the signal sequence is cleaved by a signal peptidase in the ER
lumen. Step 3: After the translation process is completed polypeptide is
properly folded in the ER lumen. Step 4: Properly folded EXPANSIN is
incorporated in transport vesicles at the ER exit site. Step 5: Transport
vesicles fuse with cis-Golgi; then EXPANSIN moves to the trans-Golgi by
cisternal migration where it is sorted to secretory vesicles. Step 6:
Secretory vesicles unload the EXPANSIN molecules to the cellulosic
microfibrils of cell wall. Step 7: EXPANSIN molecules disentangle the
cellulosic microfibrils and let them to slide over each other.
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3.5.2 Sequence Conservation
The identity between GhEXPA8 and GhEXPA15 at nucleotide as well as at
amino acid level was 98% while the homology among these three EXPANSINs is
depicted in the Table 3.2 and 3.3. All the conserved sequences which are
characteristics of α-EXPANSIN like TATNFCPP (amino acid sequence represented by
single letter codon) and GGWC before the conserved motif HFD that is a part of the
conserved GH45 active site were found to be present in all these isoforms of αEXPANSIN (Fig. 3.14.). The analysis of the logos designed for presenting the degree
of conserved amino acid sequences showed that these three variants of EXPANSIN
contain the conserved motifs which are the integral part of EXPANSINA gene family
(Fig. 3.15). The constructed logos depicted that some additional amino acids encircled
with orange circle are present only in C. procera and are not found in A. thaliana or
G. hirsutum fiber α-EXPANSIN. While gaps located at two positions encircled with
black circle are common in C. procera and G. hirsutum (Fig. 3.14). However the
significance of these additions and gaps is unknown. The evolutionary relatedness of
these variants is shown by bootstrap NJtype tree (Fig. 3.17). The grouping of isolated
EXPANSINs with EXPANSINA gene family is depicted in the phylogenetic tree
constructed by using the members of all classes of EXPANSIN gene family (Fig.
3.16).
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Fig. 3.14: Multiple Sequence Alignment. The deduced amino acid sequence was
aligned to show the homology and variation between GhEXPA8,
GhEXPA15 and CpEXPA3 by using CLC bio ver.3.6.1. The eight
conserved Cysteine (C) residues in the C-terminal region are shown by
yellow stars while one conserved Cysteine (C) is in the signal peptide
region shown by red star. Five conserved Tryptophan (W) are indicated
with violet triangles in the N-terminal region and two W in the C-terminal
region with red triangle.
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Signal peptide
A. thaliana
G. hirsutum
C. procera

A. thaliana
G. hirsutum
C. procera
Domain 1

Domain 2

A. thaliana
G. hirsutum
C. procera

A. thaliana
G. hirsutum
C. procera

A. thaliana
G. hirsutum
C. procera

Fig 3.15: Sequence Conservation in the EXPANSINAs of A. thaliana, G. hirsutum
and C. procera Determined by Sequence Logo. The logo was generated
with Weblogo (http://weblogo.berkeley.edu) and then aligned manually to
depict the gaps or insertions within the sequences in comparison to the
EXPANSIN family of other species clearly. The height of the amino acid
symbols within the stack indicates the relative frequency of each amino at
that position. The signal peptide and the demarcation between the two
domains are indicated with arrows.
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EXPA

EXPB

EXLA
EXLB

EXPA

Fig. 3.16: Neighbour-Joining Phylogenetic Tree. Phylogenetic tree was constructed
using amino acid sequences of EXPANSIN gene family in Arabidopsis
thaliana (EXPA, EXPB, EXPLA, EXPLB) and three isoforms of alpha
EXPANSINs isolated from G. hirsutum and C. procera fibers (GhEXPA8,
GhEXPA15 and CpEXPA3).
The accession number in Swiss
ProTrEMBL;
G. hirsutum: GhEXPA8: EU593897, GhEXPA15: EU593898.
C. procera: CpEXPA3: EF434783.
A. thaliana: ATEXPA1: Q9C554 , ATEXPA2: Q38866 , ATEXPA3:
O80932 , ATEXPA4: O48818, ATEXPA5: Q38864, ATEXPA6: Q38865,
ATEXPA7: Q9LN94, ATEXPA8: O22874 , ATEXPA9: Q9LZ99 ,
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ATEXPA10: Q9LDR9 , ATEXPA11: Q9LNU3, ATEXPA12: Q9LDJ3 ,
ATEXPA13: Q9M9P0 , ATEXPA14: Q9FMA0 , ATEXPA15: O80622,
ATEXPA16: Q9M2S9 , ATEXPA17: Q9ZSI1, ATEXPA18: Q9LQ07,
ATEXPA19: Q5MAJ7, ATEXPA20: Q9SZM1, ATEXPA21: Q9FL81,
ATEXPA22: Q9FL80, ATEXPA23: Q9FL79, ATEXPA24: Q9FL76,
ATEXPA25: Q9FL77, ATEXPA26: Q9FL78,

ATEXPB1: Q9SKU2,

ATEXPB2: Q9SHY6 , ATEXPB3: Q9M0I2, ATEXPB4: Q9SHD1,
ATEXPB5: Q9M203, ATEXLA1: Q9LZT4 , ATEXLA2: Q9SVE5,
ATEXLA3: Q9LZT5, ATEXLB1: O23547.
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EXPAIV

EXPAV

EXPAVI
EXPAVII
EXPAIX
EXPAXI
EXPAX
EXPAXII

Fig. 3.17. Phylogenetic analysis of GhEXPA8, GhEXPA15 and CpEXPA3 along
with some other plant EXPANSIN A genes. Deduced amino acid
sequences of full-length EXPA genes were used to construct the tree. All
EXPANSIN A genes, used to construct the phylogenetic tree and their
Swiss ProTrEMBL accession numbers are as follows.
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G. hirsutum: GhEXPA8: B2Z3V3, GhEXPA15:Q283Q7,
GhEXPA3:Q8LKK1, GhEXPA4:Q8LKK0, GhEXPA5:Q8LKJ9,
GhEXPA6:Q8LKJ8.
C. procera: CpEXPA1:A4GV01, CpEXPA2:A4ZUE5,
CpEXPA3:A4GV02, CpEXPA4:A4GV03; Arabidopsis thaliana:
AtEXPA1:Q9C554, AtEXPA10:Q9LDR9, AtEXPA15:O80622,
AtEXPA5:Q38864, AtEXPA8:O22874, AtEXPA6:Q38865,
AtEXPA4:O48818, AtEXPA12:Q9LDJ3, AtEXPA17:Q9ZSI1,
AtEXPA11:Q9LNU3, AtEXPA20:Q9SZM1, AtEXPA13:Q9M9P0,
AtEXPA7:Q9LN94, AtEXPA22:Q9FL80. Cucumis sativus:
CsEXPA1:Q39625, CsEXPA2:Q39626, CsEXPA3:Q8W5B0,
CsEXPA4:Q8W5A9, Oryza sativa: OsEXPA1:Q7XWU8,
OsEXPA2:Q40636, OsEXPA3:Q40637, OsEXPA4:A2Y5R6,
OsEXPA5:Q6ZGU9, OsEXPA6:Q9M4X7, OsEXPA7:Q852A1,
OsEXPA9:Q4PR53, OsEXPA10:Q7XUD0, OsEXPA11:Q4PNY1,
OsEXPA12:Q7G6Z2, OsEXPA14:Q4PR51, OsEXPA15:Q4PR50,
OsEXPA16:Q69XV9, OsEXPA18:Q4PR48, OsEXPA21:Q10KN4,
OsEXPA32:Q6YYWS, OsEXPA33:POC1Y4. Lycopersicon esculentum:
LeEXPA1:O04359, LeEXPA2:O82625, LeEXPA4:Q9ZP32,
LeEXPA8:Q9FVH0, LeEXPA18:O81999. Populus tremula × Populus
tremuloides: PttEXPA1:Q6T5H7. Brassica napus: BnEXPA1:049808.
Glycin max: GmEXPA1:Q8GZD3, GmEXPA2:Q8GZD2. Festuca
pratensis: FpEXPA1:Q9FY31.
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Table: 3.2

Nucleotide Sequence Identity (%) Between Three EXPANSINA
Variants in the Coding Region.

Sequence

Table: 3.3

GhEXPA8

GhEXPA15

GhEXPA8

100

GhEXPA15

97.6

100

CpEXPA3

74

73.2

CpEXPA3

100

Amino Acid Sequence Identity (%) Between Three EXPANSINA
Variants in the Coding Region.

Sequence

GhEXPA8

GhEXPA15

GhEXPA8

100

GhEXPA15

98

100

CpEXPA3

69.8

69.6

CpEXPA3

100

3.5.3 Various Properties of GhEXPA8, GhEXPA15 and CpEXPA3
Different properties of GhEXPA8, GhEXPA15 and CpEXPA3 polypeptide
were determined and mentioned in the Tables (Table 3.4, 3.5 and 3.6). The
comparison of these characteristics anticipated that GhEXPA8 and GhEXPA15 having
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98% homology at amino acid as well as nucleotide level are functionally the product
of two different genes. Hydrophobicity of the polypeptides was determined using
Kyte-Doolittle scale and Eisenberg scale. Kyte-Doolittle hydropathy plots provide
information about the possible structure of a protein, and can identify features such as
transmembrane or surface regions. For surface region discovery in a globular protein,
a window size of 9 is considered optimal, marked negative dips in the graph indicate
possible surface regions. A region size of 19 is considered optimal for the discovery
of transmembrane regions which can be identified by peaks above a value of 1.8.
While the Eisenberg scale is normalized consensus hydrophobicity scale which shares
many features with the other hydrophobocity scales (Fig. 3.18A).
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Table 3.4:

Protein Statistics of GhEXPA8
Half Life

N-terminal aa

Half-life in

Half-life in yeast Half-life E. coli

mammals
Methionine
Conditions
Non-reduced
cysteines
Reduced cysteines

30 hours

>20 hours
>10 hours
Extinction Coefficient
Extinction coefficient at 280 Absorption at 280 nm 0.1 % (=1
g/L)
nm
54,450
1.948

53,910
1.928
Count of Hydrophobic and Hydrophilic Residues
Hydrophobicity
Count
Frequency
Hydrophobic
133
0.516
(A,F,G,I,L,M,P,V,W)
Hydrophilic (C,N,Q,S,T,Y)
94
0.364
Other
31
0.120
Count of Charged Residues
Charge Type
Negatively Charged (D & E)
Positively Charged (R & K)
Other
Amino acid
Alanine (A)
Cysteine (C)
Aspartic Acid (D)
Glutamic Acid (E)
Phenylalanine (F)
Glycine (G)
Histidine (H)
Isoleucine (I)
Lysine (K)
Leucine (L)
Methionine (M)
Asparagine (N)
Proline (P)
Glutamine (Q)
Arginine (R)
Serine (S)
Threonine (T)
Valine (V)
Tryptophan (W)
Tyrosine (Y)

Count
13
15
230
Amino Acid Distribution Table
Count
21
9
8
5
17
32
3
12
6
16
8
21
9
11
9
21
21
11
7
11

Frequency
0.050
0.058
0.891
Frequency
0.081
0.035
0.031
0.019
0.066
0.124
0.012
0.047
0.023
0.062
0.031
0.081
0.035
0.043
0.035
0.081
0.081
0.043
0.027
0.043
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Table 3.5:

Protein Statistics of GhEXPA15

N-terminal aa
Methionine
Conditions
Non-reduced
cysteines
Reduced cysteines

Half Life
Half-life in
Half-life in yeast Half-life in E .coli
mammals
30 hours
>20 hours
>10 hours
Extinction Coefficient
Extinction coefficient at 280 Absorption at 280 nm 0.1 % (=1
nm
g/L)
53,170
1.956

52,630
1.936
Count of Hydrophobic and Hydrophilic Residues
Hydrophobicity
Count
Frequency
Hydrophobic
131
0.520
(A,F,G,I,L,M,P,V,W)
Hydrophilic
93
0.369
(C,N,Q,S,T,Y)
Other
28
0.111
Count of Charged Residues
Charge Type
Negatively Charged
(D & E)
Positively Charged
(R & K)
Other

Count
11

Frequency
0.044

13

0.052

Amino acid
Alanine (A)
Cysteine (C)
Aspartic Acid (D)
Glutamic Acid (E)
Phenylalanine (F)
Glycine (G)
Histidine (H)
Isoleucine (I)
Lysine (K)
Leucine (L)
Methionine (M)
Asparagine (N)
Proline (P)
Glutamine (Q)
Arginine (R)
Serine (S)
Threonine (T)
Valine (V)
Tryptophan (W)
Tyrosine (Y)

Count
19
9
6
5
16
32
4
10
2
19
4
19
13
13
11
23
19
11
7
10

228

0.905
Amino Acid Distribution Table
Frequency
0.075
0.036
0.024
0.020
0.063
0.127
0.016
0.040
0.008
0.075
0.016
0.075
0.052
0.052
0.044
0.091
0.075
0.044
0.028
0.040
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Table 3.6:
N-terminal aa
Methionine

Protein Statistics of CpEXPA3
Half -life
Half-life in mammals Half-life in yeast Half-life in E. Coli
30 hours
>20 hours
>10 hours
Extinction Coefficient

Conditions

Extinction coefficient at Absorption at 280 nm 0.1 %
280 nm
(=1 g/L)
Non-reduced cysteines
53,170
1.956
Reduced cysteines
52,630
1.936
Count of Hydrophobic and Hydrophilic Residues
Hydrophobicity
Hydrophobic
(A,F,G,I,L,M,P,V,W)
Hydrophilic (C,N,Q,S,T,Y)
Other

Count
131

Frequency
0.520

93
0.369
28
0.111
Count of Charged Residues
Charge Type
Count
Frequency
Negatively Charged (D & E) 11
0.044
Positively Charged (R & K) 13
0.052
Other
228
0.905
Amino Acid Distribution Table
Amino acid
Count
Frequency
Alanine (A)
19
0.075
Cysteine (C)
9
0.036
Aspartic Acid (D)
6
0.024
Glutamic Acid (E)
5
0.020
Phenylalanine (F)
16
0.063
Glycine (G)
32
0.127
Histidine (H)
4
0.016
Isoleucine (I)
10
0.040
Lysine (K)
2
0.008
Leucine (L)
19
0.075
Methionine (M)
4
0.016
Asparagine (N)
19
0.075
Proline (P)
13
0.052
Glutamine (Q)
13
0.052
Arginine (R)
11
0.044
Serine (S)
23
0.091
Threonine (T)
19
0.075
Valine (V)
11
0.044
Tryptophan (W)
7
0.028
Tyrosine (Y)
10
0.040
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A

B
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Fig. 3.18: Graphical Presentation of Different Properties of GhEXPA8,
GhEXPA15 and CpEXPA3. A) Hydropathy plots of GhEXPA8,
GhEXPA15 and CpEXPA3 determined by using Eisenberg and KyteDoolittle scale. B) Complexity plots of GhEXPA8, GhEXPA15 and
CpEXPA3. C) Amino acid distribution histogram of GhEXPA8,
GhEXPA15 and CpEXPA3.
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3.6

LTP3 Promoter Isolation from G. hirsutum
LTP3 gene was studied for its transcript accumulation in the developing cotton

fiber by RT-PCR. The results showed its constitutive expression throughout the fiber
development (Fig. 3.19A). Fiber specific LTP3 promoter (1.5 kbp) was amplified with
forward primer LTPF and reverse primer LTPR. The genomic DNA of allotetraploid
species of cotton (G. hirsutum L var. CIM707) was used as templates in PCR. The
PCR product was run on 1 % agarose gel along with 1 kbp DNA ladder (Fig. 3.19B).
The PCR product was cloned into TA cloning vector pTZ57R. Restriction analysis
was done to select the desired clone (Fig. 3.19C). Complete sequencing of the
candidate clone was carried out by primer walking. DNA sequence was BLAST
searched and 99 % homology was found with cotton (G. hirsutum L.) LTP3 promoter
region (accession no. AF228333).

3.7

Construction of pGR1
The 2072 bp fragment of DNA containing full length β-glucoronidase (GUS) gene

with catalase intron was amplified from plasmid vector pCAMBIA2301 using forward
primer (PcaF) and reverse primer (PcaR). Plasmid vector pJIT166 was used for cloning
of GUS with intron (Fig. 3.20). This vector contains GUS gene without intron that was
replaced in this study with GUS having intron to control leaky expression of GUS. The
resultant vector was named as pGR1. The cloning was confirmed through digestion of
pGR1 with EcoRI and HindIII which should excise the insert (2072 bp) from the parent
vector (Fig. 3.20C). Further confirmation of clone was done by DNA sequencing.

3.8

Cloning of pGR5
Plasmid vector pGR1 was used for cloning of LTP3 promoter. The 1.5 kbp

fragment of LTP3 promoter was amplified from PTZ57R. 2X35S promoter already
present in pGR1 was replaced with LTP3 promoter and resultant vector was named as
pGR5 (Fig. 3.21). The cloning was confirmed through digestion of resultant vector
with KpnI and HindIII which excised the insert (1.5 kbp fragment) from the parent
vector as expected (Fig. 3.21C). Further confirmation of clone was done by restriction
analysis and DNA sequencing that indicated the desired fusion of promoter with the
GUS gene.

M

1

2

3

4

5

6
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B

C

Fig. 3.19: RT-PCR of LTP3 Gene and Cloning of LTP3 Promoter in pTZ57R. A)
RT-PCR results of LTP3 gene indicating its transcripts at six different
cotton fiber developmental stages; M: 1 kbp ladder, Lane 1: 0 DPA, Lane
2: 2DPA, Lane 3: 5 DPA, Lane 4: 10 DPA, Lane 5: 15 DPA and Lane 6:
20 DPA. B) M: 1 kbp ladder and Lanes1-3 PCR amplification of LTP3
promoter from G. hirsutum L var. CIM707 B) Restriction digestion of
pTZ57R with EcoRI & HindIII to excise the cloned fragment; M: 1 kbp
ladder and lanes 1-2 represent desired clones.
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3.8 kbp
3.8 kbp

2.07 kbp

2.07 kbp

1.8 kbp

A

C

B

SacI KpnI
PvuI

D

HindIII

BglII
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SpeI
BglII
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Fig. 3.20: Different Steps in Cloning of GUS with Intron in pJIT166. A) M: 1 kbp
DNA ladder, Lane1: PCR amplification of GUS with intron B) Restriction
digestion of pJIT166 with EcoRI & HindIII; M: 1 kbp DNA ladder,
Lanes1: restriction of pJIT166 with EcoRI & HindIII to excise GUS gene
of 1.8 kbp C) Confirmation of cloning through digestion of pGR1 with
EcoRI & HindIII; M: 1 kbp DNA ladder, Lane1: restriction of pGR1 with
EcoRI & HindIII releasing the cloned GUS with intron. D) Physical map
of the pGR1
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Fig. 3.21: Different Steps Involved in Cloning of LTP3 Promoter in pGR1. A)
PCR amplification of LTP3 promoter; M: 1 kbp DNA ladder, Lane1: PCR
amplification of LTP3 promoter B) Double digestion of pGR1 with
HindIII & kpnI; M: 1 kbp DNA ladder, Lane1: double digested pGR1 with
2X35S (750 bp) coming out C) Confirmation of cloning through digestion
of resultant vector with HindIII & KpnI; M: 1 kbp DNA ladder, Lane1:
restriction of resultant vector with insert of 1.5 Kbp coming out. D)
Confirmation of clone through PCR; M: 1 kbp DNA ladder, Lane1: PCR
amplification of LTP3 promoter. E) Physical map of resultant vector
(pGR5).
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3.9

Cloning of the Three Variants of EXPANSIN Gene in Derivatives
of pJIT166

3.9.1 Cloning of GhEXPA8, GhEXPA15 and CpEXPA3 in pGR5
Three variants of EXPANSIN screened from cDNA libraries of G. hirsutum
and C. procera (GhEXPA8, GhEXPA15 and CpEXPA3 were cloned in pGR5 under
LTP3 promoter. Primers were designed to amplify the coding regions of these variants
of EXPANSIN for their cloning in pGR5 (Fig. 3.22A). The cloning was confirmed
through digestion of resultant vectors with BamHI and HindIII and identification of
the desired fragment (Fig. 3.22C). Further confirmation of clones was done by PCR
using forward and reverse primers of the three variants. The amplicon sizes were 777
bp, 777 bp and 759 bp as expected for GhEXPA8, GhEXPA15 and CpEXPA3
respectively. The cloned EXPANSIN variants (GhEXPA8, GhEXPA15 and CpEXPA3)
in pGR5 were named as pGR6, pGR7 and pGR15 (Fig. 3.22D) respectively.

3.9.2 Cloning of GhEXPA8, GhEXPA15 and CpEXPA3 in pGR1
The three variants of EXPANSIN (GhEXPA8, GhEXPA15 and CpEXPA3)
screened from the cDNA libraries of the developing cotton fibers and C. procera
fibers were PCR amplified (Fig. 3.23A) for their cloning in vector pGR1. Clones were
verified by restriction digestion with BamHI and HindIII (Fig. 3.23C) and
subsequently by DNA sequencing. The resultant vectors containing GhEXPA8,
GhEXPA15 and CpEXPA3 were named as pGR2, pGR3 and pGR21 (Fig.3.23D)
respectively.
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SacI HindIII
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Fig. 3.22: Cloning of GhEXPA8, GhEXPA15 and CpEXPA3 in pGR5. (A) PCR
amplification of GhEXPA8, GhEXPA15 and CpEXPA3 to pick full length
genes. M: 1 kbp DNA ladder, Lane1-3: amplified GhEXPA8 (777 bp),
GhEXPA15 (777 bp) and CpEXPA3 gene (759 bp). B) M: 1 kbp DNA
ladder; Lane 1: double digestion of pGR5 releasing GUS with intron (2
kbp). C) Clone confirmation by restriction digestion of resultant plasmids
with BamH1 and HindIII; M: 1 kbp DNA ladder; Lane1-3: Double
digested plasmids (BamHI and HindIII) releasing GhEXPA8 (777 bp),
GhEXPA15 (777 bp) and CpEXPA3 gene (759 bp). (D) Physical maps of
the resultant vectors named pGR6, pGR7 and pGR15 containing LTP3
promoter, GhEXPA8, GhEXPA15 or CpEXPA3 and CaMV terminator.
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Fig. 3.23: Cloning of GhEXPA8, GhEXPA15 and CpEXPA3 in pGR1. (A) PCR
amplification of GhEXPA8, GhEXPA15 and CpEXPA3 to pick full
length gene; M: 1 kbp DNA ladder, Lane1-3: amplified GhEXPA8 (777
bp), GhEXPA15 (777 bp) and CpEXPA3 gene (759 bp). B) M: 1 kbp
DNA ladder; Lane 1: double digestion of pGR1 releasing GUS with
intron (2 kbp). C) Clone confirmation by restriction digestion of
resultant plasmids with BamH1 and HindIII; M: 1 kbp DNA ladder;
Lane1-3: Double digested plasmids (BamHI and HindIII) releasing
GhEXPA8 (777 bp), GhEXPA15 (777 bp) and CpEXPA3 gene (759 bp).
(D) Physical maps of the resultant vectors named pGR2, pGR3 and
pGR21 containing 2X35S promoter, GhEXPA8, GhEXPA15 or
CpEXPA3 and CaMV terminator.

3.10 Cloning of Expression Cassettes Containing EXPANSIN
Variants in pGA482
3.10.1 Cloning of Expression Cassettes Containing GhEXPA8 under LTP3
Promoter in pGA482
The expression cassette containing GhEXPA8 under LTP3 promoter along
with CaMV terminator was excised from pGR2 by restriction digestion and cloned in
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pGA482. The cloning was confirmed by restriction digestion analysis (Fig. 3.24B and
3.24C). Besides to confirm the correct reading frame of the cloned gene in binary
plant expression vector sequencing was carried out (Fig. 3.26). After confirmation the
resultant vector was named as pGR12 (Fig.3.25A).

3.10.2 Cloning of Expression Cassettes Containing GhEXPA15 under LTP3
Promoter in pGA482
The expression cassette containing GhEXPA15 under LTP3 promoter along
with CaMV terminator was lifted from pGR3 and cloned in pGA482. The cloning was
confirmed by restriction digestion analysis (Fig. 3.24B and 3.24D). Besides to
confirm the correct reading frame of the cloned gene in pGA482 sequencing was
carried out (Fig. 3.27). After confirmation the resultant vector was named as pGR34
(Fig. 3.25B).

3.10.3 Cloning of Expression Cassettes Containing CpEXPA3 under LTP3
Promoter in pGA482
The expression cassette containing CpEXPA3 under LTP3 promoter along
with CaMV terminator was lifted from pGR21 and cloned in pGA482. The cloning
was confirmed by restriction digestion analysis (Fig. 3.24B and 3.24E). Besides to
confirm the correct reading frame of the cloned gene in pGA482 that is plant
expression vector sequencing was carried out (Fig. 3.28). After confirmation the
resultant vector was named as pGR14 (Fig. 3.25C).
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Fig. 3.24: Cloning of Expression Cassettes of GhEXPA8, GhEXPA15 and
CpEXPA3 in pGA482 under LTP3 Promoter. (A) M: 1 kbp DNA
ladder, Lane1: double digestion of pGA482 vector with KpnI and Hpa1
(13.2 kbp), Lane 2-4: pGR6, pGR7 and pGR15 digested with Kpn1 and
EcoRV to release expression cassette (3 kbp) leaving the back bone
separately (2.3 kbp). (B) M: 1 kbp DNA ladder, Lane1-3: Clone
confirmation by digesting the resultant vectors with KpnI and XbaI. (C)
M: 1 kbp DNA ladder, Lane 1: pGA482 having GhEXPA8 restricted with
HindIII releasing promoter (1.5 kbp). Lane 2: pGA482 having GhEXPA8
restricted with ClaI and XbaI releasing whole cassette (3 kbp). (D) M: 1
kbp DNA ladder, Lane1: pGA482 having GhEXPA15 restricted with
HindIII releasing gene and terminator (1.5 kbp). Lane 2: pGA482 having
GhEXPA15 restricted with SmaI and XbaI releasing terminator (750 bp).
E) M: 1 kbp DNA ladder, Lane1: pGA482 having CpEXPA3 restricted
with HindIII releasing gene and terminator (1.5 kbp). Lane 2: pGA482
having CpEXPA3 restricted with ClaI and SphI releasing whole cassette (3
kbp).
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Fig. 3.25: Physical Maps of pGR12, 34 and 14. A) Plasmid drawing of pGR 12. B)
Plasmid drawing of pGR 34. C) Plasmid drawing of pGR 14. Maps show
only those restriction sites, used for cloning or restriction analysis.
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TGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGA
GCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGT
CAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTC
TTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGA
GCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCA
TATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGG
CTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACC
GTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCAGATCTATCGATGGTACCTCTAGAA
ACATAGTATTGTGTTTTTGAGAAACCGTGAACCTTGTTTTGTTAATCTAGGTTTACACCAAATTTCATTATTGTACTCTACTTGTG
ATTTATTTGTGATTCTTTTTTCAATTTCTTGATTGAAAATAGAGTATTAGTGATTTTTTAGTACTGCTGCTAGTTATGTATGAAGT
TGCTCAAATTTATGTGTTTAGCCAAAGGGTAGGGGAATCAATGCATCCGCTACACTTACTTTCAATGTTTCGCCTTGTCTTGGGGT
TAAACTAAAGTTGAAGTCTCATTTTAAAGTTGAGAGATTAGATCGTGGTGATGATAATTATTTCTTTTTTTTTTTAAGTTTATTTA
GGTTTGTGTGTTGAGTTTTTTTAAAAAAAAAATTTACAAACTTTTAAAAATCAAATCTTGTCATTTTGTAAATGTTGATAGTTAAA
TTTATTGAATTCTTTTAGAATTTGAATTAAAATGAATAATTTTGTAAACATTGAGGGCTAATTTTGTTGAATTTTTTTATATTGAA
GACCAAATTGATAGAATATATAAATATTAAAAAACTAAATTTATTATTAGCCCAATAAAAAAAACCAATTCCACACTTCTTTTAAT
ATTTAGTTTTATATTATTACCAAAATAAATAAAAATAAAAATTCAATCAACCAAATAATCTATAAATAGATTTAGAATGTTGCATG
ATATATATATTAAAAAAAAGAAAAAAAAAAACGATGCATGTGCCCTTATGTTGTGAAGTTTTTTTTTTCATTGAAAATAACAAAAT
AACTATTTGTTTATATTTTATATTAGTTCTATGGCATACCGCGTGGAAAAGGAAAATTCATGTAAATAATATATTTATAAAAATTT
ATATTAAAACTAAATGAGATTTTAGTTGAAATAGTTAAGTTAAAAAGTGTAAAATTTATGAGCTATAAGTTTAAATCCTATTGTAG
TGTTATTTATAAAAAAAATGAGAAAAGATAAAAATACCTTTATATTAATATTTGTTATATTGTAAAATAAGGATATTTTTAACAAA
TTTTCAATTGAATAGATGTTTGGGTGAATCCTAATACCAATTAAAGTATATATACACAAACAATTATAAATCAAATTACTTTTAAT
AAAATGGTATCATTCAATTCAATGACAATAAATGCATTTATAAATACATCAAATGTAAATCTCATGTTTATAAGAAAACACGTAGA
AAAAAGTTAAACCAATATTTGAGTCCTAGCTGTGGAGGCATGATTGAGTGAAATCAAATGGACGCTGGTTTTAATTGTATTGAAAG
AAACCAATAATCACGTAGGTTGGCAGTTGAACATAATTGAATGGTCTCAACTTTTAATGTGGTGTTAATGTTTGGATCGGATAATC
TCAACTTACCTAATAGCTAGGAAAGTAAAATTCAAACATCACCCGCTACTACTTTTGGCTATAAAAACCCTCCTACCCTCAAGCCC
TAACGACGACAATCACCAATAGTACTACTACTCCAGCAAGTATTTTCCTTACACGTTTGTTTTTCTTGTGATTAATCGATAAGCTT
ATGGCAACCAAAACGATGATGTTGCAAATATTTTCACTTTTCTTCTTTTTGTTCAGTATCTGCAACTCCATTTTCCTTGGTGCTAA
TGGAGATGACAATGGTGGTTGGCAAACTGCCCATGCCACCTTCTACGGTGGTGCTGATGCTACCGGCACAATGGGGGGAGCTTGTG
GTTATGGAAACCTGTACAGTCAAGGGTATGGAACGAGCACAGCAGCTTTGAGCACTGCACTTTTCAACAATGGCTTGAGCTGCGGT
GCCTGCTACGAGCTCCGGTGCAACAATGATCCTCAATGGTGCATTAGTCGAACCATAACCGTGACAGCCACCAACTTTTGTCCCCC
TAACTATGCTTTATCTAGTGACAATGGCGGGTGGTGCAATCCCCCACGAGAACACTTTGATTTGGCCGAACCGGCATTCTTGCAGA
TCGCGGAATATCGAGCTGGGATCGTCCCTGTTATGTTCAGAAGGGTGTCATGTGTGAAGAAAGGAGGCATCAGGTACACCATGAAT
GGACATTCGTACTTCAACATGGTGTTGATAACCAACGTGGGAGGGGCAGGGGATATAACGTCAGTGTCCATCAAGGGTTCCAAAAC
AGGATGGCTACCTATGTCCAGAAATTGGGGCCAAAACTGGCAGAGCAATGCTTACCTTAACGGCCAAAGCCTCTCTTTCAAAGTGA
CTGCCAGCGATAGCAGGACTATCACAAACTACAATGTAGTGCCCGCTGGTTGGCAATTCGGACAAACTTTTGAAGGAGGCCAGTTT
TAACATAAATAATGTGTGAGTAGTTTCCCGATAAGGGAAATTAGGGTTCTTATAGGGTTTCGCTCATGTGTTGAGCATATAAGAAA
CCCTTAGTATGTATTTGTATTTGTAAAATACTTCTATCAATAAAATTTCTAATTCCTAAAACCAAAATCCAGTACTAAAATCCAGA
TCTCCTAAAGTCCCTATAGATCTTTGTCGTGAATATAAACCAAATTCGCTGAAATCACCAGTCTCTCTCTACAAATCTATCTCTCT
CTATTTTCTCGACACGAGACGACTAAACCTGGAGCCCAGACGCCGTTCGAAGCTAGAAGTACCGCTTAGGCAGGAGGCCGTTAGGG
AAAAGATGCTAAGGCAGGGTTGGTTACGTTGACTCCCCCGTAGGTTTGGTTTAAATATGATGAAGTGGACGGAAGGAAGGAGGAAG
ACAAGGAAGGATAAGGTTGCAGGCCCTGTGCAAGGTAAGAAGATGGAAATTTGATAGAGGTACGCTACTATACTTATACTATACGC
TAAGGGAATGCTTGTATTTATACCCTATACCCCCTAATAACCCCTTATCAATTTAAGAAATAATCCGCATAAGCCCCCGCTTAAAA
ATTGGTATCAGAGCCATGAATAGGTCTATGACCAAAACTCAAGAGGATAAAACCTCACCAAAATACGAAAGAGTTCTTAACTCTAA
AGATAAAAGATCTTTCAAGATCAAAACTAGTTCCCTCACACCGGTGACGGGGATCGCATGCGATAACGAGCTCTAGAAGCTTCATC
AACGCAAGACATGCGCACGACCGTCTGACAGGAGAGGAATTTCCGACGAGCACAGAAAGGACTTGCTCTTGGACGTAGGCCTATTT
CTCAGGCACATGTATCAAGTGTTCGGACGTGGGTTTTCGATGGTGTATCAGCCGCCGCCAACTGGGAGATGAGGAGGCTTTCTTGG
GGGGCAGTCAGCAGTTCATTTCACAAGACAGAGGAACTTGTAAGGAGATGCACTGATTTATCTTGGCGCAAACCAGCAGGACGAAT
TAGTGGGAATAGCCCGCGAATATCTAAGTTATGCCTGTCGGCATGAGCAGAAACTTCCAATTCGAAACAGTTTGGAGAGGTTGTTT
TTGGGCATACCTTTTGTTAGTCAGCCTCTCGATTGCTCATCGTCATTACACAGTACCGAAGTTTGATCGATCTAGTAACATAGATG
ACACCGCGCGCGATAATTTATCCTAGTTTGCGCGCTATATTTTGTTTTCTATCGCGTATTAAATGTATAATTGCGGGACTCTAATC
ATAAAAACCCATCTCATAAATAACGTCATGCATTACATGTTAATTATTACATGCTTAACGTAATTCAACAGAAATTATATGATAAT
CATCGCAAGACCGGCAACAGGATTCAATCTTAAGAAACTTTATTGCCAAATGTTTGAACGATCTGCTTCGACGCACT
pGA482

LTP3 Promoter

GhEXPA8

CaMV Terminator

Fig. 3.26: Verification of GhEXPA8 Expression Cassette under LTP3 Promoter
in pGA482 (pGR12) by DNA Sequencing. The primer sequences used
for sequencing are highlighted in blue along with arrow showing their
direction of reading. Primer LT3SeR (1 st arrow in the figure) was used to
sequence the junction of promoter with pGA482, LTProF-GJ (2nd arrow in
the figure) was used to determine the joining portion of promoter with
GhEXPA8, CMVR-TGJ (3rd arrow in the figure) was used to determine the
joining portion of terminator with GhEXPA8 and TerSeF (4th arrow in the
figure) sequenced the junction of terminator and pGA482.
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TGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGA
GCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGT
CAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTC
TTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGA
GCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCA
TATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGG
CTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACC
GTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCAGATCTATCGATGGTACCTCTAGAA
ACATAGTATTGTGTTTTTGAGAAACCGTGAACCTTGTTTTGTTAATCTAGGTTTACACCAAATTTCATTATTGTACTCTACTTGTG
ATTTATTTGTGATTCTTTTTTCAATTTCTTGATTGAAAATAGAGTATTAGTGATTTTTTAGTACTGCTGCTAGTTATGTATGAAGT
TGCTCAAATTTATGTGTTTAGCCAAAGGGTAGGGGAATCAATGCATCCGCTACACTTACTTTCAATGTTTCGCCTTGTCTTGGGGT
TAAACTAAAGTTGAAGTCTCATTTTAAAGTTGAGAGATTAGATCGTGGTGATGATAATTATTTCTTTTTTTTTTTAAGTTTATTTA
GGTTTGTGTGTTGAGTTTTTTTAAAAAAAAAATTTACAAACTTTTAAAAATCAAATCTTGTCATTTTGTAAATGTTGATAGTTAAA
TTTATTGAATTCTTTTAGAATTTGAATTAAAATGAATAATTTTGTAAACATTGAGGGCTAATTTTGTTGAATTTTTTTATATTGAA
GACCAAATTGATAGAATATATAAATATTAAAAAACTAAATTTATTATTAGCCCAATAAAAAAAACCAATTCCACACTTCTTTTAAT
ATTTAGTTTTATATTATTACCAAAATAAATAAAAATAAAAATTCAATCAACCAAATAATCTATAAATAGATTTAGAATGTTGCATG
ATATATATATTAAAAAAAAGAAAAAAAAAAACGATGCATGTGCCCTTATGTTGTGAAGTTTTTTTTTTCATTGAAAATAACAAAAT
AACTATTTGTTTATATTTTATATTAGTTCTATGGCATACCGCGTGGAAAAGGAAAATTCATGTAAATAATATATTTATAAAAATTT
ATATTAAAACTAAATGAGATTTTAGTTGAAATAGTTAAGTTAAAAAGTGTAAAATTTATGAGCTATAAGTTTAAATCCTATTGTAG
TGTTATTTATAAAAAAAATGAGAAAAGATAAAAATACCTTTATATTAATATTTGTTATATTGTAAAATAAGGATATTTTTAACAAA
TTTTCAATTGAATAGATGTTTGGGTGAATCCTAATACCAATTAAAGTATATATACACAAACAATTATAAATCAAATTACTTTTAAT
AAAATGGTATCATTCAATTCAATGACAATAAATGCATTTATAAATACATCAAATGTAAATCTCATGTTTATAAGAAAACACGTAGA
AAAAAGTTAAACCAATATTTGAGTCCTAGCTGTGGAGGCATGATTGAGTGAAATCAAATGGACGCTGGTTTTAATTGTATTGAAAG
AAACCAATAATCACGTAGGTTGGCAGTTGAACATAATTGAATGGTCTCAACTTTTAATGTGGTGTTAATGTTTGGATCGGATAATC
TCAACTTACCTAATAGCTAGGAAAGTAAAATTCAAACATCACCCGCTACTACTTTTGGCTATAAAAACCCTCCTACCCTCAAGCCC
TAACGACGACAATCACCAATAGTACTACTACTCCAGCAAGTATTTTCCTTACACGTTTGTTTTTCTTGTGATTAATCGATAAGCTT
ATGGCAACCAAAACGATGATGTTGCAAATATTTCCACTTTTCTTCTTTTTGTTCAGTGTCTGCAACTCCATTTTCCTTGGTGCTAA
TGGAGATGACAATGGTGGTTGGCAAACTGCCCATGCCACCTTCTACGGTGGTGCTGATGCTACCGGCACAATGGGGGGAGCTTGTG
GTTATGGAAACCTGTACAGTCAAGGGTATGGAACGAGCACAGCAGCTTTGAGCACTGCACTTTTCAACAATGGCTTGAGCTGCGGT
GCCTGCTACGAGCTCCGGTGCAACAATGATCCTCAATGGTGCATTAGTCGAACCATAACCGTGACAGCCACCAACTTTTGTCCACC
TAACTATGCTTTATCTAGTGACAATGGCGGGTGGTGCAATCCCCCACGAGAACACTTTGATTTGGCCGAACCGGCATTCTTGCGGA
TAGCAGAATATCGAGCTGGAATCGTCCCTGTTATGTTCAGAAGGGTGTCATGTGTGAAGAAAGGAGGCATCAGGTACACCATGAAT
GGACATTCGTACTTCAACATGGTGTTGATAACGAACGTGGGAGGGGCAGGGGATATAACGTCAGTGTCCATCAAGGGTTCCAGAAC
AGGATGGCTACCTATGTCCAGAAATTGGGGCCAAAACTGGCAGAGCAATGCTTACCTTAACGGACAAAGCCTCTCTTTTAAAGTGA
CTGCCAGCGATGGCAGGACTATCACAGCCTACAATGTAGTGCCTGCTGGTTGGCAATTCGGACAAACTTTTGAAGGAGGCCAGTTT
TAACATAAATAATGTGTGAGTAGTTTCCCGATAAGGGAAATTAGGGTTCTTATAGGGTTTCGCTCATGTGTTGAGCATATAAGAAA
CCCTTAGTATGTATTTGTATTTGTAAAATACTTCTATCAATAAAATTTCTAATTCCTAAAACCAAAATCCAGTACTAAAATCCAGA
TCTCCTAAAGTCCCTATAGATCTTTGTCGTGAATATAAACCAAATTCGCTGAAATCACCAGTCTCTCTCTACAAATCTATCTCTCT
CTATTTTCTCGACACGAGACGACTAAACCTGGAGCCCAGACGCCGTTCGAAGCTAGAAGTACCGCTTAGGCAGGAGGCCGTTAGGG
AAAAGATGCTAAGGCAGGGTTGGTTACGTTGACTCCCCCGTAGGTTTGGTTTAAATATGATGAAGTGGACGGAAGGAAGGAGGAAG
ACAAGGAAGGATAAGGTTGCAGGCCCTGTGCAAGGTAAGAAGATGGAAATTTGATAGAGGTACGCTACTATACTTATACTATACGC
TAAGGGAATGCTTGTATTTATACCCTATACCCCCTAATAACCCCTTATCAATTTAAGAAATAATCCGCATAAGCCCCCGCTTAAAA
ATTGGTATCAGAGCCATGAATAGGTCTATGACCAAAACTCAAGAGGATAAAACCTCACCAAAATACGAAAGAGTTCTTAACTCTAA
AGATAAAAGATCTTTCAAGATCAAAACTAGTTCCCTCACACCGGTGACGGGGATCGCATGCGATAACGAGCTCTAGAAGCTTCATC
AACGCAAGACATGCGCACGACCGTCTGACAGGAGAGGAATTTCCGACGAGCACAGAAAGGACTTGCTCTTGGACGTAGGCCTATTT
CTCAGGCACATGTATCAAGTGTTCGGACGTGGGTTTTCGATGGTGTATCAGCCGCCGCCAACTGGGAGATGAGGAGGCTTTCTTGG
GGGGCAGTCAGCAGTTCATTTCACAAGACAGAGGAACTTGTAAGGAGATGCACTGATTTATCTTGGCGCAAACCAGCAGGACGAAT
TAGTGGGAATAGCCCGCGAATATCTAAGTTATGCCTGTCGGCATGAGCAGAAACTTCCAATTCGAAACAGTTTGGAGAGGTTGTTT
TTGGGCATACCTTTTGTTAGTCAGCCTCTCGATTGCTCATCGTCATTACACAGTACCGAAGTTTGATCGATCTAGTAACATAGATG
ACACCGCGCGCGATAATTTATCCTAGTTTGCGCGCTATATTTTGTTTTCTATCGCGTATTAAATGTATAATTGCGGGACTCTAATC
ATAAAAACCCATCTCATAAATAACGTCATGCATTACATGTTAATTATTACATGCTTAACGTAATTCAACAGAAATTATATGATAAT
CATCGCAAGACCGGCAACAGGATTCAATCTTAAGAAACTTTATTGCCAAATGTTTGAACGATCTGCTTCGACGCACT
pGA482

LTP3 Promoter

GhEXPA15

CaMV Terminator

Fig. 3.27: Verification of GhEXPA15 Expression Cassette under LTP3 Promoter
in pGA482 (pGR34) by DNA Sequencing. The primer sequences used
for sequencing are highlighted in blue along with arrow showing their
direction of reading. Primer LT3SeR (1 st arrow in the figure) was used to
sequence the junction of promoter with pGA482, LTProF-GJ (2nd arrow in
the figure) was used to determine the joining portion of promoter with
GhEXPA15, CMVR-TGJ (3rd arrow in the figure) was used to determine
the joining portion of terminator with GhEXPA15 and TerSeF (4th arrow in
the figure) sequenced the junction of terminator and pGA482.
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GCGTGAGCTATGAGAAAGCGCCACGCTTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAG
CGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTT
GTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTG
CTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGC
CGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTAT
TTCACACCGCATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGA
CTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGAC
AAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCAGATCTATCGATGG
TACCTCTAGAAACATAGTATTGTGTTTTTGAGAAACCGTGAACCTTGTTTTGTTAATCTAGGTTTACACCAAATTTCATTATTGTA
CTCTACTTGTGATTTATTTGTGATTCTTTTTTCAATTTCTTGTATTTGAAAATAGAGTATTAGTGATTTTTTAGTACTGCTGCTAG
TTATGTATGAAGTTGCTCAAATTTATGTGTTTAGCCAAAGGGTAGGGGAATCAATGCATCCGCTACACTTACTTTCAATGTTTCGC
CTTGTCTTGGGGTTAAACTAAAGTTGAAGTCTCATTTTAAAGTTGAGAGATTAGATCGTGGTGATGATAATTATTTCTTTTTTTTT
TTAAGTTTATTTAGGTTTGTGTGTTGAGTTTTTTTAAAAAAAAAATTTACAAACTTTTAAAAATCAAATCTTGTCATTTTGTAAAT
GTTGATAGTTAAATTTATTGAATTCTTTTAGAATTTGAATTAAAATGAATAATTTTGTAAACATTGAGGGCTAATTTTGTTGAATT
TTTTTATATTGAAGACCAAATTGATAGAATATATAAATATTAAAAAACTAAATTTATTATTAGCCCAATAAAAAAAACCAATTCCA
CACTTCTTTTAATATTTAGTTTTATATTATTACCAAAATAAATAAAAATAAAAATTCAATCAACCAAATAATCTATAAATAGATTT
AGAATGTTGCATGATATATATATTAAAAAAAAGAAAAAAAAAAACGATGCATGTGCCCTTATGTTGTGAAGTTTTTTTTTTCATTG
AAAATAACAAAATAACTATTTGTTTATATTTTATATTAGTTCTATGGCATACCGCGTGGAAAAGGAAAATTCATGTAAATAATATA
TTTATAAAAATTTATATTAAAACTAAATGAGATTTTAGTTGAAATAGTTAAGTTAAAAAGTGTAAAATTTATGAGCTATAAGTTTA
AATCCTATTGTAGTGTTATTTATAAAAAAAATGAGAAAAGATAAAAATACCTTTATATTAATATTTGTTATATTGTAAAATAAGGA
TATTTTTAACAAATTTTCAATTGAATAGATGTTTGGGTGAATCCTAATACCAATTAAAGTATATATACACAAACAATTATAAATCA
AATTACTTTTAATAAAATGGTATCATTCAATTCAATGACAATAAATGCATTTATAAATACATCAAATGTAAATCTCATGTTTATAA
GAAAACACGTAGAAAAAAGTTAAACCAATATTTGAGTCCTAGCTGTGGAGGCATGATTGAGTGAAATCAAATGGACGCTGGTTTTA
ATTGTATTGAAAGAAACCAATAATCACGTAGGTTGGCAGTTGAACATAATTGAATGGTCTCAACTTTTAATGTGGTGTTAATGTTT
GGATCGGATAATCTCAACTTACCTAATAGCTAGGAAAGTAAAATTCAAACATCACCCGCTACTACTTTTGGCTATAAAAACCCTCC
TACCCTCAAGCCCTAACGACGACAATCACCAATAGTACTACTACTCCAGCAAGTATTTTCCTTACACGTTTGTTTTTCTTGTGATT
AATCGATAAGCTTATGGCTAATATTCTTGCATTCTCTTCTCTCTACATTTTCTTCTTCCTTATTTGCCTCCGGGAAACTTTGGCTG
ACTATGGCGGCTGGCAGAGTGGTCATGCTACTTTCTACGGAGGCGGGGATGCCTCTGGGACGATGGGAGGTGCTTGTGGATACGGG
AATTTGTATAGCCAAGGGTATGGTACAAGCACAGCAGCACTAAGTACTGCTCTATTCAACAACGGTTTGAGCTGCGGTTCATGTTT
TGAATTGAGATGCAGCTCTTCTGCTGATCCTAGATGGTGTTTACCTGGAACTATTACTGTAACTGCTACAAATTTCTGTCCACCTA
ATCCTTCCTTGCCTAACAACAATGGCGGATGGTGTAATCCTCCACTTCAGCACTTCGATCTCGCCGAACCTGCTTTCCTCCAAATT
GCCCAATACCGCGCCGGAATCGTTCCGGTCGAGTTCATGAGAGTACCTTGCAGAAGAAGGGGGAATAAGGTTACAATCAACGGTCA
CTCGTACTTCAACCTGGTTCTGATTACCAACGTTGGAGGTGCAGGGGACGTTCATTCCGTGTCCATAAAGGGGACGAGAACGGGAT
GGCAACCAATGTCCAGAAACTGGGGACAAAATTGGCAGAGCAATTCATACCTAAACGGACAAAGCCTGTCTTTCCAGGTGACAACC
AGCGACGGTAGAACAATCACCAGCTACAACGCTGTTCCTGCCGGTTGGCAATTCGGACAAACATTTGAAGGAGCACAATTTTAACA
TAAATAATGTGTGAGTAGTTTCCCGATAAGGGAAATTAGGGTTCTTATAGGGTTTCGCTCATGTGTTGAGCATATAAGAAACCCTT
AGTATGTATTTGTATTTGTAAAATACTTCTATCAATAAAATTTCTAATTCCTAAAACCAAAATCCAGTACTAAAATCCAGATCTCC
TAAAGTCCCTATAGATCTTTGTCGTGAATATAAACCAAATTCGCTGAAATCACCAGTCTCTCTCTACAAATCTATCTCTCTCTATT
TTCTCGACACGAGACGACTAAACCTGGAGCCCAGACGCCGTTCGAAGCTAGAAGTACCGCTTAGGCAGGAGGCCGTTAGGGAAAAG
ATGCTAAGGCAGGGTTGGTTACGTTGACTCCCCCGTAGGTTTGGTTTAAATATGATGAAGTGGACGGAAGGAAGGAGGAAGACAAG
GAAGGATAAGGTTGCAGGCCCTGTGCAAGGTAAGAAGATGGAAATTTGATAGAGGTACGCTACTATACTTATACTATACGCTAAGG
GAATGCTTGTATTTATACCCTATACCCCCTAATAACCCCTTATCAATTTAAGAAATAATCCGCATAAGCCCCCGCTTAAAAATTGG
TATCAGAGCCATGAATAGGTCTATGACCAAAACTCAAGAGGATAAAACCTCACCAAAATACGAAAGAGTTCTTAACTCTAAAGATA
AAAGATCTTTCAAGATCAAAACTAGTTCCCTCACACCGGTGACGGGGATCGCATGCGATAACGAGCTCTAGAAGCTTCATCAACGC
AAGACATGCGCACGACCGTCTGACAGGAGAGGAATTTCCGACGAGCACAGAAAGGACTTGCTCTTGGACGTAGGCCTATTTCTCAG
GCACATGTATCAAGTGTTCGGACGTGGGTTTTCGATGGTGTATCAGCCGCCGCCAACTGGGAGATGAGGAGGCTTTCTTGGGGGGC
AGTCAGCAGTTCATTTCACAAGACAGAGGAACTTGTAAGGAGATGCACTGATTTATCTTGGCGCAAACCAGCAGGACGAATTAGTG
GGAATAGCCCGCGAATATCTAAGTTATGCCTGTCGGCATGAGCAGAAACTTCCAATTCGAAACAGTTTGGAGAGGTTGTTTTTGGG
CATACCTTTTGTTAGTCAGCCTCTCGATTGCTCATCGTCATTACACAGTACCGAAGTTTGATCGATCTAGTAACATAGATGACACC
GCGCGCGATAATTTATCCTAGTTTGCGCGCTATATTTTGTTTTCTATCGCGTATTAAATGTATAATTGCGGGACTCTAATCATAAA
AACCCATCTCATAAATAACGTCATGCATTACATGTTAATTATTACATGCTTAACGTAATTCAACAGAAATTATATGATAATCATCG
CAAGACCGGCAACAGGATTCAATCTTAAGAAACTTTATTGCCAAATGTTTGAACGATCTGCTTCGACGCACTCCTTCTTTACTCCA
C
pGA482

LTP3 Promoter

CpEXPA3

CaMV Terminator

Fig. 3.28: Verification of CpEXPA3 Expression Cassette under LTP3 Promoter in
pGA482 (pGR14) by DNA Sequencing. The primer sequences used for
sequencing are highlighted in blue along with arrow showing their
direction of reading. Primer LT3SeR (1 st arrow in the figure) was used to
sequence the junction of promoter with pGA482, LTProF-GJ (2nd arrow in
the figure) was used to determine the joining portion of promoter with
CpEXPA3, CMVR-TGJ (3rd arrow in the figure) was used to determine the
joining portion of terminator with CpEXPA3 and TerSeF (4 th arrow in the
figure) sequenced the junction of terminator and pGA482.
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3.10.4 Cloning of Expression Cassettes Containing GhEXPA8 under 2X35S
Promoter in pGA482
The expression cassette containing GhEXPA8 under 2X35S promoter along
with CaMV terminator was lifted from pGR2 (Fig. 3.29A) and cloned in pGA482.
The cloning was confirmed by restriction digestion analysis (Fig.3.29B and 3.29C).
Besides to confirm the correct reading frame of the cloned gene in pGA482 that is
plant expression vector sequencing was carried out (Fig. 3.31). After confirmation the
resultant vector was named as pGR33 (Fig. 3.30A).

3.10.5 Cloning of Expression Cassettes Containing GhEXPA15 under 2X35S
Promoter in pGA482
The expression cassette containing GhEXPA15 under 2X35S promoter along
with CaMV terminator was taken from pGR3 (Fig. 3.29A) and cloned in pGA482.
The cloning was confirmed by restriction digestion analysis (Fig. 3.29B and 3.29D).
Besides to confirm the correct reading frame of the cloned gene in pGA482 that is a
plant expression vector sequencing was carried out (Fig. 3.32). After confirmation the
resultant vector was named as pGR35 (Fig. 3.30B).

3.10.6 Cloning of expression cassettes containing CpEXPA3 under 2X35S
promoter in pGA482
The expression cassette containing CpEXPA3 under 2X35S promoter along
with CaMV terminator was lifted from pGR21 (Fig. 3.29A) and cloned in pGA482.
The cloning was confirmed by restriction digestion analysis (Fig. 3.29B and 3.29E).
Besides to confirm the correct reading frame of the cloned gene in pGA482
sequencing was carried out (Fig. 3.33). After confirmation the resultant vector was
named as pGR32 (Fig. 3.30C).
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Fig. 3.29: Cloning of Expression Cassettes of GhEXPA8, GhEXPA15 and
CpEXPA3 in pGA482 under 2X35S Promoter. (A) M: 1 kbp DNA
ladder, Lane1: double digestion of pGA482 vector with KpnI and Hpa1
(13.2 kbp). Lane 2-4: pGR2, pGR3 and pGR21 digested with Kpn1 and
EcoRV to release expression cassette (2.25 kbp) leaving the backbone
separately (2.25 kbp) but appeared in a single band as both have the same
size. (B) M: 1 kbp DNA ladder, Lane1-3: Clone confirmation by digesting
the resultant vectors with KpnI and HindIII releasing 2X35S promoter
(750 bp) and gene (GhEXPA8, GhEXPA15 and CpEXPA3) along with
terminator (1.5 kbp). (C) M: 1 kbp DNA ladder, Lane1-2: pGA482 having
GhEXPA8 restricted with HindIII and ClaI releasing promoter (1.5 kbp)
and gene along with terminator. (D) M: 1 kbp DNA ladder, Lane1-2:
pGA482 having GhEXPA15 restricted with HindIII releasing gene and
terminator (1.5 kbp). (E) M: 1 kbp DNA ladder, Lane1-2: pGA482 having
CpEXPA3 restricted with SmaI and SphI releasing terminator (750 bp).
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Fig. 3.30: Physical Maps of pGR33, 35 and 32. A) Plasmid drawing of pGR 33. B)
Plasmid drawing of pGR 35. C) Plasmid drawing of pGR 32. Maps show only those
restriction sites, used for cloning or restriction analysis.
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TGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGA
GCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGT
CAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTC
TTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGA
GCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCA
TATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGG
CTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACC
GTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCAGATCTATCGATGGTACCCCCTACT
CCAAAAATGTCAAAGATACAGTCTCAGAAGACCAAAGGGCTATTGAGACTTTTCAACAAAGGGTAATTTCGGGAAACCTCCTGGAT
TCCATTGCCCAGCTATCTGTCACTTCATCGAAAGGACAGTAGAAAAGGAAGGTGGCTCCTACAAATGCCATCATTGCGATAAAGGA
AAGGCTATCATTCAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGCATCGTGGAAAAAGAAGACGT
TCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGACATCTCCACTGACGTAAGGGATGACGCACAATCCCACCCCTACTCCAAAA
ATGTCAAAGATACAGTCTCAGAAGACCAAAGGGCTATTGAGACTTTTCAACAAAGGGTAATTTCGGGAAACCTCCTCGGATTCCAT
TGCCCAGCTATCTGTCACTTCATCGAAAGGACAGTAGAAAAGGAAGGTGGCTCCTACAAATGCCATCATTGCGATAAAGGAAAGGC
TATCATTCAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGCATCGTGGAAAAAGAAGACGTTCCAA
CCACGTCTTCAAAGCAAGTGGATTGATGTGACATCTCCACTGACGTAAGGGATGACGCACAATCCCACTATCCTTCGCAAGACCCT
TCCTCTATATAAGGAAGTACTCTATATAAGGAAGTTCATTTCATTTGGAGAGGACAGCCCAAGCTTATGGCAACCAAAACGATGAT
GTTGCAAATATTTTCACTTTTCTTCTTTTTGTTCAGTATCTGCAACTCCATTTTCCTTGGTGCTAATGGAGATGACAATGGTGGTT
GGCAAACTGCCCATGCCACCTTCTACGGTGGTGCTGATGCTACCGGCACAATGGGGGGAGCTTGTGGTTATGGAAACCTGTACAGT
CAAGGGTATGGAACGAGCACAGCAGCTTTGAGCACTGCACTTTTCAACAATGGCTTGAGCTGCGGTGCCTGCTACGAGCTCCGGTG
CAACAATGATCCTCAATGGTGCATTAGTCGAACCATAACCGTGACAGCCACCAACTTTTGTCCCCCTAACTATGCTTTATCTAGTG
ACAATGGCGGGTGGTGCAATCCCCCACGAGAACACTTTGATTTGGCCGAACCGGCATTCTTGCAGATCGCGGAATATCGAGCTGGG
ATCGTCCCTGTTATGTTCAGAAGGGTGTCATGTGTGAAGAAAGGAGGCATCAGGTACACCATGAATGGACATTCGTACTTCAACAT
GGTGTTGATAACCAACGTGGGAGGGGCAGGGGATATAACGTCAGTGTCCATCAAGGGTTCCAAAACAGGATGGCTACCTATGTCCA
GAAATTGGGGCCAAAACTGGCAGAGCAATGCTTACCTTAACGGCCAAAGCCTCTCTTTCAAAGTGACTGCCAGCGATAGCAGGACT
ATCACAAACTACAATGTAGTGCCCGCTGGTTGGCAATTCGGACAAACTTTTGAAGGAGGCCAGTTTTAACATAAATAATGTGTGAG
TAGTTTCCCGATAAGGGAAATTAGGGTTCTTATAGGGTTTCGCTCATGTGTTGAGCATATAAGAAACCCTTAGTATGTATTTGTAT
TTGTAAAATACTTCTATCAATAAAATTTCTAATTCCTAAAACCAAAATCCAGTACTAAAATCCAGATCTCCTAAAGTCCCTATAGA
TCTTTGTCGTGAATATAAACCAAATTCGCTGAAATCACCAGTCTCTCTCTACAAATCTATCTCTCTCTATTTTCTCGACACGAGAC
GACTAAACCTGGAGCCCAGACGCCGTTCGAAGCTAGAAGTACCGCTTAGGCAGGAGGCCGTTAGGGAAAAGATGCTAAGGCAGGGT
TGGTTACGTTGACTCCCCCGTAGGTTTGGTTTAAATATGATGAAGTGGACGGAAGGAAGGAGGAAGACAAGGAAGGATAAGGTTGC
AGGCCCTGTGCAAGGTAAGAAGATGGAAATTTGATAGAGGTACGCTACTATACTTATACTATACGCTAAGGGAATGCTTGTATTTA
TACCCTATACCCCCTAATAACCCCTTATCAATTTAAGAAATAATCCGCATAAGCCCCCGCTTAAAAATTGGTATCAGAGCCATGAA
TAGGTCTATGACCAAAACTCAAGAGGATAAAACCTCACCAAAATACGAAAGAGTTCTTAACTCTAAAGATAAAAGATCTTTCAAGA
TCAAAACTAGTTCCCTCACACCGGTGACGGGGATCGCATGCGATAACGAGCTCTAGAAGCTTCATCAACGCAAGACATGCGCACGA
CCGTCTGACAGGAGAGGAATTTCCGACGAGCACAGAAAGGACTTGCTCTTGGACGTAGGCCTATTTCTCAGGCACATGTATCAAGT
GTTCGGACGTGGGTTTTCGATGGTGTATCAGCCGCCGCCAACTGGGAGATGAGGAGGCTTTCTTGGGGGGCAGTCAGCAGTTCATT
TCACAAGACAGAGGAACTTGTAAGGAGATGCACTGATTTATCTTGGCGCAAACCAGCAGGACGAATTAGTGGGAATAGCCCGCGAA
TATCTAAGTTATGCCTGTCGGCATGAGCAGAAACTTCCAATTCGAAACAGTTTGGAGAGGTTGTTTTTGGGCATACCTTTTGTTAG
TCAGCCTCTCGATTGCTCATCGTCATTACACAGTACCGAAGTTTGATCGATCTAGTAACATAGATGACACCGCGCGCGATAATTTA
TCCTAGTTTGCGCGCTATATTTTGTTTTCTATCGCGTATTAAATGTATAATTGCGGGACTCTAATCATAAAAACCCATCTCATAAA
TAACGTCATGCATTACATGTTAATTATTACATGCTTAACGTAATTCAACAGAAATTATATGATAATCATCGCAAGACCGGCAACAG
GATTCAATCTTAAGAAACTTTATTGCCAAATGTTTGAACGATCTGCTTCGACGCACTCCTTCTTTA
pGA482

2X35S Promoter

GhEXPA8

CaMV Terminator

Fig. 3.31: Verification of GhEXPA8 Expression Cassette under 2X35S Promoter
in pGA482 (pGR33) by DNA Sequencing. The primer sequences used
for sequencing are highlighted in blue along with arrow showing their
direction of reading. Primer 35SeR (1st arrow in the figure) was used to
sequence the junction of promoter with pGA482, LTProF-GJ (2nd arrow in
the figure) was used to determine the joining portion of promoter with
GhEXPA8, CMVR-TGJ (3rd arrow in the figure) was used to determine the
joining portion of terminator with GhEXPA8 and TerSeF (4th arrow in the
figure) sequenced the junction of terminator and pGA482.
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TGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGA
GCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGT
CAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTC
TTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGA
GCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCA
TATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGG
CTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACC
GTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCAGATCTATCGATGGTACCCCCTACT
CCAAAAATGTCAAAGATACAGTCTCAGAAGACCAAAGGGCTATTGAGACTTTTCAACAAAGGGTAATTTCGGGAAACCTCCTGGAT
TCCATTGCCCAGCTATCTGTCACTTCATCGAAAGGACAGTAGAAAAGGAAGGTGGCTCCTACAAATGCCATCATTGCGATAAAGGA
AAGGCTATCATTCAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGCATCGTGGAAAAAGAAGACGT
TCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGACATCTCCACTGACGTAAGGGATGACGCACAATCCCACCCCTACTCCAAAA
ATGTCAAAGATACAGTCTCAGAAGACCAAAGGGCTATTGAGACTTTTCAACAAAGGGTAATTTCGGGAAACCTCCTCGGATTCCAT
TGCCCAGCTATCTGTCACTTCATCGAAAGGACAGTAGAAAAGGAAGGTGGCTCCTACAAATGCCATCATTGCGATAAAGGAAAGGC
TATCATTCAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGCATCGTGGAAAAAGAAGACGTTCCAA
CCACGTCTTCAAAGCAAGTGGATTGATGTGACATCTCCACTGACGTAAGGGATGACGCACAATCCCACTATCCTTCGCAAGACCCT
TCCTCTATATAAGGAAGTACTCTATATAAGGAAGTTCATTTCATTTGGAGAGGACAGCCCAAGCTTATGGCAACCAAAACGATGAT
GTTGCAAATATTTCCACTTTTCTTCTTTTTGTTCAGTGTCTGCAACTCCATTTTCCTTGGTGCTAATGGAGATGACAATGGTGGTT
GGCAAACTGCCCATGCCACCTTCTACGGTGGTGCTGATGCTACCGGCACAATGGGGGGAGCTTGTGGTTATGGAAACCTGTACAGT
CAAGGGTATGGAACGAGCACAGCAGCTTTGAGCACTGCACTTTTCAACAATGGCTTGAGCTGCGGTGCCTGCTACGAGCTCCGGTG
CAACAATGATCCTCAATGGTGCATTAGTCGAACCATAACCGTGACAGCCACCAACTTTTGTCCACCTAACTATGCTTTATCTAGTG
ACAATGGCGGGTGGTGCAATCCCCCACGAGAACACTTTGATTTGGCCGAACCGGCATTCTTGCGGATAGCAGAATATCGAGCTGGA
ATCGTCCCTGTTATGTTCAGAAGGGTGTCATGTGTGAAGAAAGGAGGCATCAGGTACACCATGAATGGACATTCGTACTTCAACAT
GGTGTTGATAACGAACGTGGGAGGGGCAGGGGATATAACGTCAGTGTCCATCAAGGGTTCCAGAACAGGATGGCTACCTATGTCCA
GAAATTGGGGCCAAAACTGGCAGAGCAATGCTTACCTTAACGGACAAAGCCTCTCTTTTAAAGTGACTGCCAGCGATGGCAGGACT
ATCACAGCCTACAATGTAGTGCCTGCTGGTTGGCAATTCGGACAAACTTTTGAAGGAGGCCAGTTTTAACATAAATAATGTGTGAG
TAGTTTCCCGATAAGGGAAATTAGGGTTCTTATAGGGTTTCGCTCATGTGTTGAGCATATAAGAAACCCTTAGTATGTATTTGTAT
TTGTAAAATACTTCTATCAATAAAATTTCTAATTCCTAAAACCAAAATCCAGTACTAAAATCCAGATCTCCTAAAGTCCCTATAGA
TCTTTGTCGTGAATATAAACCAAATTCGCTGAAATCACCAGTCTCTCTCTACAAATCTATCTCTCTCTATTTTCTCGACACGAGAC
GACTAAACCTGGAGCCCAGACGCCGTTCGAAGCTAGAAGTACCGCTTAGGCAGGAGGCCGTTAGGGAAAAGATGCTAAGGCAGGGT
TGGTTACGTTGACTCCCCCGTAGGTTTGGTTTAAATATGATGAAGTGGACGGAAGGAAGGAGGAAGACAAGGAAGGATAAGGTTGC
AGGCCCTGTGCAAGGTAAGAAGATGGAAATTTGATAGAGGTACGCTACTATACTTATACTATACGCTAAGGGAATGCTTGTATTTA
TACCCTATACCCCCTAATAACCCCTTATCAATTTAAGAAATAATCCGCATAAGCCCCCGCTTAAAAATTGGTATCAGAGCCATGAA
TAGGTCTATGACCAAAACTCAAGAGGATAAAACCTCACCAAAATACGAAAGAGTTCTTAACTCTAAAGATAAAAGATCTTTCAAGA
TCAAAACTAGTTCCCTCACACCGGTGACGGGGATCGCATGCGATAACGAGCTCTAGAAGCTTCATCAACGCAAGACATGCGCACGA
CCGTCTGACAGGAGAGGAATTTCCGACGAGCACAGAAAGGACTTGCTCTTGGACGTAGGCCTATTTCTCAGGCACATGTATCAAGT
GTTCGGACGTGGGTTTTCGATGGTGTATCAGCCGCCGCCAACTGGGAGATGAGGAGGCTTTCTTGGGGGGCAGTCAGCAGTTCATT
TCACAAGACAGAGGAACTTGTAAGGAGATGCACTGATTTATCTTGGCGCAAACCAGCAGGACGAATTAGTGGGAATAGCCCGCGAA
TATCTAAGTTATGCCTGTCGGCATGAGCAGAAACTTCCAATTCGAAACAGTTTGGAGAGGTTGTTTTTGGGCATACCTTTTGTTAG
TCAGCCTCTCGATTGCTCATCGTCATTACACAGTACCGAAGTTTGATCGATCTAGTAACATAGATGACACCGCGCGCGATAATTTA
TCCTAGTTTGCGCGCTATATTTTGTTTTCTATCGCGTATTAAATGTATAATTGCGGGACTCTAATCATAAAAACCCATCTCATAAA
TAACGTCATGCATTACATGTTAATTATTACATGCTTAACGTAATTCAACAGAAATTATATGATAATCATCGCAAGACCGGCAACAG
GATTCAATCTTAAGAAACTTTATTGCCAAATGTTTGAACGATCTGCTTCGACGCACTCCTTCTTTA
pGA482

2X35S Promoter

GhEXPA15

CaMV Terminator

Fig. 3.32: Verification of GhEXPA15 Expression Cassette under 2X35S Promoter
in pGA482 (pGR35) by DNA Sequencing. The primer sequences used
for sequencing are highlighted in blue along with arrow showing their
direction of reading. Primer 35SeR (1st arrow in the figure) was used to
sequence the junction of promoter with pGA482, LTProF-GJ (2nd arrow in
the figure) was used to determine the joining portion of promoter with
GhEXPA15, CMVR-TGJ (3rd arrow in the figure) was used to determine
the joining portion of terminator with GhEXPA15 and TerSeF (4th arrow in
the figure) sequenced the junction of terminator and pGA482.
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TGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGA
GCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGT
CAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTC
TTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGA
GCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCA
TATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGG
CTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACC
GTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCAGATCTATCGATGGTACCCCCTACT
CCAAAAATGTCAAAGATACAGTCTCAGAAGACCAAAGGGCTATTGAGACTTTTCAACAAAGGGTAATTTCGGGAAACCTCCTGGAT
TCCATTGCCCAGCTATCTGTCACTTCATCGAAAGGACAGTAGAAAAGGAAGGTGGCTCCTACAAATGCCATCATTGCGATAAAGGA
AAGGCTATCATTCAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGCATCGTGGAAAAAGAAGACGT
TCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGACATCTCCACTGACGTAAGGGATGACGCACAATCCCACCCCTACTCCAAAA
ATGTCAAAGATACAGTCTCAGAAGACCAAAGGGCTATTGAGACTTTTCAACAAAGGGTAATTTCGGGAAACCTCCTCGGATTCCAT
TGCCCAGCTATCTGTCACTTCATCGAAAGGACAGTAGAAAAGGAAGGTGGCTCCTACAAATGCCATCATTGCGATAAAGGAAAGGC
TATCATTCAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGCATCGTGGAAAAAGAAGACGTTCCAA
CCACGTCTTCAAAGCAAGTGGATTGATGTGACATCTCCACTGACGTAAGGGATGACGCACAATCCCACTATCCTTCGCAAGACCCT
TCCTCTATATAAGGAAGTACTCTATATAAGGAAGTTCATTTCATTTGGAGAGGACAGCCCAAGCTTATGGCTAATATTCTTGCATT
CTCTTCTCTCTACATTTTCTTCTTCCTTATTTGCCTCCGGGAAACTTTGGCTGACTATGGCGGCTGGCAGAGTGGTCATGCTACTT
TCTACGGAGGCGGGGATGCCTCTGGGACGATGGGAGGTGCTTGTGGATACGGGAATTTGTATAGCCAAGGGTATGGTACAAGCACA
GCAGCACTAAGTACTGCTCTATTCAACAACGGTTTGAGCTGCGGTTCATGTTTTGAATTGAGATGCAGCTCTTCTGCTGATCCTAG
ATGGTGTTTACCTGGAACTATTACTGTAACTGCTACAAATTTCTGTCCACCTAATCCTTCCTTGCCTAACAACAATGGCGGATGGT
GTAATCCTCCACTTCAGCACTTCGATCTCGCCGAACCTGCTTTCCTCCAAATTGCCCAATACCGCGCCGGAATCGTTCCGGTCGAG
TTCATGAGAGTACCTTGCAGAAGAAGGGGGAATAAGGTTACAATCAACGGTCACTCGTACTTCAACCTGGTTCTGATTACCAACGT
TGGAGGTGCAGGGGACGTTCATTCCGTGTCCATAAAGGGGACGAGAACGGGATGGCAACCAATGTCCAGAAACTGGGGACAAAATT
GGCAGAGCAATTCATACCTAAACGGACAAAGCCTGTCTTTCCAGGTGACAACCAGCGACGGTAGAACAATCACCAGCTACAACGCT
GTTCCTGCCGGTTGGCAATTCGGACAAACATTTGAAGGAGCACAATTTTAACATAAATAATGTGTGAGTAGTTTCCCGATAAGGGA
AATTAGGGTTCTTATAGGGTTTCGCTCATGTGTTGAGCATATAAGAAACCCTTAGTATGTATTTGTATTTGTAAAATACTTCTATC
AATAAAATTTCTAATTCCTAAAACCAAAATCCAGTACTAAAATCCAGATCTCCTAAAGTCCCTATAGATCTTTGTCGTGAATATAA
ACCAAATTCGCTGAAATCACCAGTCTCTCTCTACAAATCTATCTCTCTCTATTTTCTCGACACGAGACGACTAAACCTGGAGCCCA
GACGCCGTTCGAAGCTAGAAGTACCGCTTAGGCAGGAGGCCGTTAGGGAAAAGATGCTAAGGCAGGGTTGGTTACGTTGACTCCCC
CGTAGGTTTGGTTTAAATATGATGAAGTGGACGGAAGGAAGGAGGAAGACAAGGAAGGATAAGGTTGCAGGCCCTGTGCAAGGTAA
GAAGATGGAAATTTGATAGAGGTACGCTACTATACTTATACTATACGCTAAGGGAATGCTTGTATTTATACCCTATACCCCCTAAT
AACCCCTTATCAATTTAAGAAATAATCCGCATAAGCCCCCGCTTAAAAATTGGTATCAGAGCCATGAATAGGTCTATGACCAAAAC
TCAAGAGGATAAAACCTCACCAAAATACGAAAGAGTTCTTAACTCTAAAGATAAAAGATCTTTCAAGATCAAAACTAGTTCCCTCA
CACCGGTGACGGGGATCGCATGCGATAACGAGCTCTAGAAGCTTCATCAACGCAAGACATGCGCACGACCGTCTGACAGGAGAGGA
ATTTCCGACGAGCACAGAAAGGACTTGCTCTTGGACGTAGGCCTATTTCTCAGGCACATGTATCAAGTGTTCGGACGTGGGTTTTC
GATGGTGTATCAGCCGCCGCCAACTGGGAGATGAGGAGGCTTTCTTGGGGGGCAGTCAGCAGTTCATTTCACAAGACAGAGGAACT
TGTAAGGAGATGCACTGATTTATCTTGGCGCAAACCAGCAGGACGAATTAGTGGGAATAGCCCGCGAATATCTAAGTTATGCCTGT
CGGCATGAGCAGAAACTTCCAATTCGAAACAGTTTGGAGAGGTTGTTTTTGGGCATACCTTTTGTTAGTCAGCCTCTCGATTGCTC
ATCGTCATTACACAGTACCGAAGTTTGATCGATCTAGTAACATAGATGACACCGCGCGCGATAATTTATCCTAGTTTGCGCGCTAT
ATTTTGTTTTCTATCGCGTATTAAATGTATAATTGCGGGACTCTAATCATAAAAACCCATCTCATAAATAACGTCATGCATTACAT
GTTAATTATTACATGCTTAACGTAATTCAACAGAAATTATATGATAATCATCGCAAGACCGGCAACAGGATTCAATCTTAAGAAAC
TTTATTGCCAAATGTTTGAACGATCTGCTTCGACGCACTCCTTCTTTA
pGA482

2X35S Promoter

CpEXPA3

CaMV Terminator

Fig. 3.33: Verification of CpEXPA3 Expression Cassette under 2X35S Promoter
in pGA482 (pGR32) by DNA Sequencing. The primer sequences used
for sequencing are highlighted in blue along with arrow showing their
direction of reading. Primer 35SeR (1st arrow in the figure) was used to
sequence the junction of promoter with pGA482, LTProF-GJ (2nd arrow in
the figure) was used to determine the joining portion of promoter with
CpEXPA3, CMVRTerGJ (3rd arrow in the figure) was used to determine
the sequence of the joining portion of terminator with CpEXPA3 and
TerSeF (4th arrow in the figure) sequenced the junction of terminator and
pGA482.
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3.11 In vitro Fiber Growth on Cotton Ovules
Cotton ovules when floated on the liquid Beasly and Ting medium produced
white, shiny and curling fibers (Fig. 3.34B). Among the antibiotics used for
contamination control ampicillin (100 µg/mL) proved to be the best in the sense that it
had no adverse effect on the fiber growth while the contamination associated
problems were also properly addressed. In comparison the gentamycin controlled the
contamination to some extent at the cost of poor fiber growth. The sodium azide had
not let any bacterial or fungal consortia to proliferate in the liquid media but no fiber
growth was observed on the ovules as well even at its lowest concentration (0.005
µg/mL) (Fig. 3.34D). Therefore ampicillin was selected for regular use in the Beasly
and Ting medium to control the contamination.

A

B

C

D

Fig. 3.34: Effect of Different Antibiotics and Sodium Azide on In Vitro Fiber
Growth. A) Cotton ovules detached from ovary at 0 DPA and floated on
BT media for in vitro fiber growth. B) Ovules with fiber after 10 days of
culturing on the media containing 100 µg/mL ampicillin. C) Ovules with
fiber after 10 days of culturing on the media containing 25 µg/mL
gentamycin. D) Cotton ovules after 10 days of culturing on the media
containing 0.005 µg/mL sodium azide.
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3.12 LTP3 Promoter Specificity and Strength Evaluation
Two constructs were used for evaluating the promoter specificity and strength
i.e pGR1 and pGR5 in which GUS with intron was cloned under 2X35S and LTP3
promoter respectively. pGR1 was meant for determining the LTP3 promoter
specificity while pGR5 was used as a control in the particle bombardment of cotton
ovules at 0 DPA, 5 DPA, 10 DPA and 20 DPA. Besides the bombardments were also
carried out on cotton flower sepals, petals and the epidermal layer of the young plant
stems.

3.12.1 GUS Expression in Cotton Ovules at 0 DPA
The ovules, bombarded with pGR1 at 0 DPA resulted in a strong GUS
expression not only in the fiber initials but also in the non protruding cells of the
ovular epidermis. That is the reason that fused expression was frequently observed on
the chalazal end as well as the micropyler region (Fig. 3.35A). On the other hand GUS
activity was localized in the form of sharp dots in the ovules bombarded with pGR5.
The intensity of expression was more towards the chalazal end as compared to the
micropyler region (Fig. 3.35B).

3.12.2 GUS Expression in Cotton Ovules at 5 DPA
The cultured ovules at 5 DPA were used for transient expression of GUS to
evaluate the promoter activity. In case of pGR1 expression was observed in the fibers
and the exposed epidermis as well (Fig. 3.36A). While ovules bombarded with pGR5
express the activity of GUS only in the fibers (Fig. 3.36 B).
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A

B
Fig. 3.35: GUS Activity in Cotton Ovules at 0 DPA: A) Different views of cotton
ovules at 0 DPA bombarded with pGR1 in which GUS with intron is
cloned under 2X35S promoter. The expression is mostly in the diffused
fashion through the entire length of ovules. B) 0 DPA cotton ovules
bombarded with pGR5 showing the localized GUS activity in the form of
spots.
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A

B
Fig. 3.36: GUS Expression in Cotton Ovules at 5 DPA: A) Cultured cotton ovules
bombarded with pGR1 express the GUS gene in fibers and the exposed
surface of ovule. B) Cotton ovule hit by pGR5 showed the GUS activity
only in the fibers.

3.12.3 GUS Expression in Cotton Ovules at 10 DPA
The expression pattern of GUS was similar in the cultured ovules at 10 DPA,
bombarded with pGR1 and pGR5. To be sure that expression is within the fibers, the
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observation was made with the help of microscope. The microscopic views revealed
that the expression of the reporter gene was within the fibers (Fig. 3.37A and 3.37B).

A

B
Fig. 3.37: GUS Expression in Cotton Ovules at 10 DPA. A) Cotton ovules (10
DPA) bearing fibers bombarded with pGR1 along with the microscopic
view of the fibers showing the presence of GUS product clearly within the
fibers. B) 10 DPA cotton ovules with fibers bombarded with pGR5
expressing the GUS within the fibers.
3.12.4 GUS Expression in Cotton Ovules at 20 DPA
The bombarded ovules with fibers at 20 DPA express the GUS activity in
different fashion. The expression was observed on the ovular epidermis and very little
activity was seen in the fibers when the ovules were bombarded with pGR1 (Fig.
3.38A). The fibers of the ovules gave a strong expression of GUS when bombarded
with pGR5 while no expression was observed on the ovular epidermis (Fig. 3.38B).
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A

B
Fig. 3.38: GUS Expression in Cotton Ovules at 20 DPA. A) Cotton ovules at 20
DPA bombarded with pGR1 showed the GUS expression only on the
ovular epidermis. B) Cotton ovules at 20 DPA bombarded with pGR5
showed the strong GUS expression only in the fibers.

3.12.5 GUS Expression in Cotton Flower Sepals
The cotton flower sepals, bombarded with pGR1 resulted in the expression of
reporter gene in both, the epidermal layer and the trichomes present in the epidermal
layer of sepals (Fig. 3.39A). In contrast the bombardment of pGR5 on sepals was
unable to develop the blue color of GUS activity (Fig. 3.39B).
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A

B
Fig. 3.39: GUS Expression in Cotton Flower Sepals. A) Cotton flower sepal
presenting the expression of GUS after bombardment with pGR1. The
microscopic view revealed the presence of expression in the epidermal
layer of the sepal as well as in the trichomes. B) The sepals bombarded by
pGR5 could not develop the expression of GUS.

153

Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.

Masooma Thesis
3.12.6 GUS Expression in Cotton Flower Petals
The expression of GUS was detected within the flower petal, hit by pGR1
(Fig. 3.40A). While the petals, bombarded with pGR5 could express the GUS in the
trichome present on the edge of the petal (Fig. 3.40B).

A

B
Fig. 3.40: GUS Expression in Cotton Flower Petals. A) The flower petal
bombarded with pGR1 showing a unique pattern of GUS expression in the
form of branched veins. B) The petal bombarded with pGR5, expressing
the GUS in one of the trichomes present on the edge of the petal.
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3.12.7 GUS Expression in Cotton Stem
The epidermal layer of the young cotton plant stem (bark) express the GUS in
the form of blue dots when bombarded with pGR1 (Fig. 3.41A) while no expression
was observed in case of pGR5 (Fig 3.41B).

A

B
Fig. 3.41: GUS Expression in the Cotton Stem Epidermis. A) The removed
epidermal layer of the stem bombarded with pGR1 presenting the GUS
activity in the form of scattered spots. B) The removed epidermal stem
bombarded with pGR5 showing the absence of GUS expression. Brown
spots are the gossypols present in G. hirsutum.
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3.13 Real Time PCR Studies
The analysis of the data obtained by the quantitative analysis of the
EXPANSIN expression at various stages of fiber development along with other tissues
like root shoot leaf and flower was obtained using real time PCR. It showed that
GhEXPA8 and GhEXPA15 are fiber specific in cotton (Fig. 3.42A and 3.42B) while
the expression of CpEXPA3 is not specific to the fibers (Fig. 3.42C). In G. hirsutum
the analysis was also carried out at five selected stages of fiber development (0 DPA,
5 DPA, 10 DPA, 15 DPA and 20 DPA) to further explore that at which stage of fiber
development these variants are highly expressed. The results depicted that GhEXPA8
is highly expressed at 5 DPA while the expression of GhEXPA15 is down regulated
after reaching the peak at 10 DPA.
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Fig. 3.42: Expression Profiling of EXPANSINs by Real Time PCR. A)
Comparative expression of GhEXPA8 at different stages of fiber development (0
DPA, 5 DPA, 10 DPA, 15 DPA and 20 DPA) and other tissues (root, shoot, stem and
leaf). B) Comparative expression of GhEXPA15 at different stages of fiber
development (0 DPA, 5 DPA, 10 DPA, 15 DPA and 20 DPA) and other tissues (root,
shoot, stem and leaf). C) Comparative expression of CpEXPA3 in various tissues
(fiber, root, shoot, stem and leaf). D) Equalization of RNA. E and F) Equalization of
the template cDNA used in the above mentioned PCR reactions.
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Discussion
The cotton fiber is an important raw material for the textile industry
throughout the world. The worth of cotton fiber in this industry depends upon the
fiber quality, which is mainly determined by the length, strength, fineness and
uniformity of fiber. Cotton breeders and scientists have always urged to achieve an
idiotype producing long and improved fiber characteristics. The attempts through
classical breeding techniques indicated negative correlation between the fiber quality
and yield components. The development of a single fiber requires dozens of genes.
The complexity of transcriptome and temporal expression of genes in the developing
fibers renders it a hard task. The application of genetic engineering requires the
investigation of molecular basis of the genetic mechanism involved in the
development of fibers (the longest cell in plant kingdom). The characterization of the
genes involved in fiber development is a prerequisite for their modification.
EXPANSIN is one the important gene families involved in fiber elongation and
expansion. The EXPANSINs have been investigated for long in the expansion of cells.
The fiber specific EXPANSINs have been reported and shown to contribute partly in
fiber expansion. However, EXPANSINs from diverse resources have not yet been
tested in cotton fiber development. The present study was focused on isolating and
characterizing the EXPANSIN variants, being expressed in the expanding cotton
(Gossypium hirsutum) fibers. In addition, Calotropis procera was also investigated as
a diverse source of fiber EXPANSINs as it produces very long and fine seed associated
fibers. The expression profiling of cotton and C. procera fibers was performed by real
time PCR to identify the expression pattern of variants in the developing fibers of two
plant species. The real time PCR studies indicated the expression of EXPANSINs from
0-15 DPA with variable expression pattern, while the RT-PCR studies showed that
fiber specific lipid transfer proteins (LTPs) express throughout fiber development. To
modify the expression of major EXPANSIN variants, the promoter region of lipid
transfer protein (LTP3) gene, specifically expressed in cotton fibers, was cloned to
prolong the expression of indigenous EXPANSIN genes from cotton (GhEXPA8 or
GhEXPA15) and C. procera (CpEXPA3). The specificity and the strength of LTP3
promoter was assessed by transient GUS expression in developing cotton fibers in
comparison with 35S promoter.

158

Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.

Masooma Thesis
The analysis of the developmental stages of cotton fiber in G. hirsutum var.
CIM-707 showed a direct relationship between fiber expansion and boll diameter. The
data was collected for cotton boll diameter (Table 3.1) verses days post anthesis
(DPA). The bulging of ovular epidermal cells and their elongation is characterized by
the stages of initiation, primary cell wall deposition, secondary cell wall deposition,
and desiccation. Variation in the time of initiation and duration of each phase of fiber
development depends on the cotton cultivar and the temperature conditions
(DeLanghe, 1986; Haigler et al., 1991; Thaker et al., 1989). For example, in fieldgrown G. barbadense L. extensive secondary wall deposition did not occur until after
20 DPA, elongation continued until 39 DPA, and secondary wall deposition ceased at
48 DPA (Schubert et al., 1976). The fiber development stages in G. hirsutum var.
CIM707 were determined by light microscopy. The data was collected regarding the
boll diameter to determine the exact stages of fiber development in the cultivar under
study.
The presence of the fiber initials at 0 DPA (Fig. 3.1D) suggested that the
ovular epidermal cells started differentiation in the form of bulging cells before 0
DPA. It means that fiber initiation stage in G. hirsutum Var. CIM 707 was -1 DPA to
0 DPA. The elongation and rapid elongation phase was observed during 3-11DPA.
This is the time when cotton fiber consisted of only primary cell wall. The transition
between primary and secondary wall deposition usually begins in G. hirsutum L.
between 14-17 days post anthesis (DPA). Subsequently, fiber elongation and primary
wall deposition cease, typically between 18-24 DPA, and secondary wall deposition
persists exclusively until 34-50 DPA. (Meinert et al., 1977; Darvill et al., 1980). The
results further showed that the rate of cotton boll expansion during rapid elongation
phase in the cultivar under study (CIM707) was more than 2mm per day (Table 3.1
and Fig.3.1) that is in accordance with the previous reports about the rate of fiber
elongation (Wilkins and Jernstedt, 1999).
It has been reported that the regulation of cell wall extensibility during cell
expansion is controlled, in part, by expression of EXPANSIN genes in cotton (Arpat et
al., 2004). EXPANSINs have been reported not only to increase cell size but also the
fruit size (Cosgrove, 2000). Expression of EXPANSIN genes has also been observed
during fiber elongation (Shimizu et al., 1997; Orford and Timmis, 1998; Ruan et al.,
2001; Harmer et al., 2002; Ji et al., 2003). Given the inferred importance of
EXPANSIN genes in cotton fiber elongation and the association of multigene
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EXPANSIN family members in the expanding cells of other plant species (Cosgrove,
2005; Li et al., 2002; McQueen-Mason et al., 1992; Sampedro and Cosgrove 2005), it
was reasonable to hypothesize that some EXPANSIN genes could be involved in the
development of C. procera fibers. The long shiny fibers of C. procera, which grow
upto 45mm in length, (Fig. 3.2) depicted the presence of well evolved cell expansion
mechanism. The EXPANSIN proteins might play a key role to unlock the cellulosic
microfibrils of the primary wall in C. procera.

The screening of cotton fiber cDNA libraries constructed at 0 DPA, 5DPA,
10DPA, 15DPA and 20 DPA for EXPANSIN variants provided dozens of clones
hybridizing to the EXPANSIN probe. The DNA sequencing categorized the
EXPANSIN clones into two variants which were 97% identical at the nucleotide level.
The deduced amino acid sequence alignment with the well characterized EXPAs and
secondary structure analysis showed that the putative amino acid sequences of
isolated EXPA variants consisted of two domains, i) N- terminal domain and ii) Cterminal domain (Fig. 3.15). In these variants a higher degree of conservation was
observed in N-terminal domain like other members of EXPANSIN gene family
(Yennawar et al., (2006). This domain has a distant homology to glycoside hydrolase
family 45 (GH45) proteins, most of which are fungal β-1,4-D-endoglucanases. This
family of proteins has been well characterized for its mechanism of action (Davies et
al., 1995; Xu et al., 2001). The members of this gene family form a six stranded βbarrel with a groove for substrate binding. This domain contains a number of
conserved cysteins (Fig. 3.14 and 3.15) like GH45 suggesting a conserved protein fold
(Fedorov et al., 1997). The His-Phe-Asp (HFD) motif found in the enzymes catalytic
site was well conserved in GhEXPA8, GhEXPA15 and CpEXPA3 as observed in other
members of EXPAs. Despite the presence of conserved GH45 motifs, no hydrolytic
activity was detected for EXPANSIN polypeptides. So the resemblance of
EXPANSIN to family GH45 is enigmatic. However, Yennawar et al., (2006) described
the crystal structure of EXPB1 showing some differences between GH45 and EXPB1
and generalized it for all EXPANSINs. They reported that EXPB1 lacked a second
aspartate that serves as the catalytic base in GH45 enzyme for its hydrolytic activity
and the same can be observed in the deduced amino acid sequences of GhEXPA8,
GhEXPA15 and CpEXPA3. No protein homologous to EXPANSIN C-terminal
domain has yet been identified except for the G2A family (Fedorov et al., 1997).
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Previously, this domain was hypothesized to be polysaccharide binding domain due to
the presence of some highly conserved aromatic residues (Cosgrove, 2000; Barre et
al., 2002). But recently, it is supposed that the residues having potential to bind a
polysaccharide by van der waals interactions with the sugar ring span across a stretch
of conserved residues in both domains. But this idea has yet to be tested
experimentally.
The comparison of deduced amino acid sequences of EXPANSIN gene family
of A. thaliana, C. procera and cotton fiber specific EXPANSIN of G. hirsutum by
designing the weblogo depicted some differences which were common in C. procera
and G. hirsutm, while some were common between C. procera and A. thaliana and
the other which were unique to C. procera . In G. hirsutum two major isoforms of
EXPANSIN gene are reported to be present in the fibers (Harmer et al., 2002; Cheema
et al., 2006), while in C. procera four variants of EXPANSIN gene are found having a
high degree of variability. The variety of EXPANSIN found in C. procera fiber may
be an indication of the presence of more complex wall polysaccharides as compared
to the cotton fiber as the details of plant cell wall structure vary among plant species
(Cosgrove, 2005) and EXPANSIN proteins act at the cellulose-xyloglucan interface
by breaking non covalent bond between them (Cosgrove, 2000). This idea is also
supported by the fact that the deduced amino acid sequence of C. procera EXPANSIN
A have various regions at GH45-like and polysaccharide binding domains which are
different from G. hirsutum as well as from A. thaliana EXPANSINs as presented in
Fig.3.15. These differences may be related to the specificity of these EXPANSINs to
function in the physiological machinery of a hardy plant, evolved to grow even under
high salt and drought conditions.
Each predicted protein of GhEXPA8, GhEXPA15 and CpEXPA3 included an
N-terminal signal sequence (Von Heijne, 1986) which varied in length from 23 amino
acids in GhEXPA8, GhEXPA15 to 24 residues in CpEXPA3 (Fig.3.12A, B, C, D, E
and F) . The signal peptide prediction results using Signal P3.0 showed that all of
these isoforms of EXPANSIN A produced secretory proteins. It means that the nascent
EXPANSIN proteins are processed by the secretory pathway that comprises of
endoplasmic reticulum (ER), Golgi apparatus and cytoskeleton. Secretory proteins are
synthesized in the endoplasmic reticulum (ER), and then transported forward to a
processing compartment, the Golgi apparatus, to be distributed to the plasma
membrane or the vacuole. The Golgi elements travel along the endoplasmic reticulum
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(ER) with the help of the actin filaments and get the cargo molecules from the ER exit
site (Boutte´et al., 2007; Kessler and Neuhaus, 2003; Vitale and Denecke, 1999). The
presence of the signal anchor sites, the hydrophobic regions at the N-terminal and the
transmembrane regions suggested that the hydrophobic signal sequence of the
adjacent segment of the growing polypeptide is inserted as a loop in the central cavity
of translocon (protein lined channel within the ER membrane). Once the growing
polypeptide gets its way to ER lumen signal sequence is cleaved by a signal peptidase
in the ER lumen and is rapidly degraded. The absence of the endoplasmic reticulum
retention signals (KDEL or HDEL) in CpEXPA1, CpEXPA2, CpEXPA3 and
CpEXPA4 (Denecke et al., 1992) and the secretory nature of these proteins suggest
that these are targeted to the cell wall as it is assumed for members of EXPANSINA
families in other plants (Cosgrove 2000). Besides the secretion of the C. procera fiber
EXPANSIN is consistent with previous findings that EXPANSIN proteins are
associated with plant cell walls and is in agreement with a proposed role in
enlargement of the fiber cell. The proposed model for the transportation of nascent
polypeptides of EXPANSIN from rough endoplasmic reticulum to cell wall is
presented in Fig. 3.13.
The RT-PCR and later library hybridizations suggested the maximum
expression of the EXPANSINs at 10 DPA. At this stage, the rate of fiber elongation is
maximum. Harmer et al., (2002) also reported two variants of EXPANSIN genes
(GhEXPA1 and GhEXPA2) specifically transcribed in cotton fiber. When the deduced
amino acid sequences of GhEXPA8 and GhEXPA15 were compared with those of
GhEXPA1 and GhEXPA2 isolated by Harmer et al., (2002), it appeared that
GhEXPA1 corresponds to GhEXPA15 while GhEXPA2 corresponds to GhEXPA8.
Further analysis showed that GhEXPA15 and GhEXPA1 were identical except one
amino acid at position 194 where valine (V) was reported to be substituted with
glutamic acid (E) in GhEXPA1. The EXPANSIN variants GhEXPA8 and GhEXPA2
had 3 mismatches at amino acid position numbers 157, 134 and 184. The alignment of
the two variants indicated that two mismatches are at the positions which are
otherwise conserved amino acid motifs in the EXPANSIN gene family in many plant
species. The HFD motif is highly conserved in all the reported EXPANSIN genes
belonging to the two subfamilies; EXPANSIN A and EXPANSIN B (Lee and Kende,
2001; Lee and Kende, 2002; Sampedro and Cosgrove, 2005; Yennawar et al., 2006).
Harmer et al., (2002) have also reported the substitution of F with L in the HFD
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motif. Similarly, the presence of eight conserved cysteine residues in the N-terminal
region has now become the characteristic of EXPANSIN A gene family with the same
observation in many reported genes (Gray-Mitsumune et al., 2004; Lee and Kende,
2001; Lee and Kende, 2002; Lin et al., 2005; Shin et al., 2005; Sampedro and
Cosgrove, 2005, Yennawar et al., 2006). The GhEXPA2 is reported to have an
argenine instead of cysteine. The sequencing of a large number of different clones,
representing GhEXPA8 and GhEXPA15 lead to the conclusion that the identified
GhEXPA8 and GhEXPA15 genes correspond to the previously reported EXPANSINs
(GhEXPA2 and GhEXPA1) respectively with a few exceptions at different amino acid
positions that may be due to the differences in the cultivars (Acinas et al., 2005).
The alignment of the deduced amino acid sequences of GhEXPA8 and
GhEXPA15 revealed five mismatches among the two variants showing 98 % identity.
Table 3.4 and 3.5 also showed the difference in the composition of amino acids. The
differences in the amino acid composition and the complexity plot present them as
functionally two different polypeptides. The nucleotide sequences of these two share
97.6% identity. The higher level of homology may take them as the alleles of the
same gene but the analysis of the terminator sequences after stop codon showed that
the mRNA of these two EXPANSIN genes were being transcribed from two different
genes. This finding is in accordance with the previous observation that the possibility
of these EXPANSINs to be alloalleles (one deriving from each diploid ancestor) is not
possible ((Harmer et al., 2002)). Therefore, the most likely explanation for the
homology observed between the GhEXPA8 and GhEXPA15 genes is that they are the
products of a recent gene duplication event which probably occurred after
polyploidisation, 1-2 million years ago (Wendel 1989).
The phylogenetic analysis of GhEXPA8, GhEXPA15 and CpEXPA3 showed
that they were classified/placed along with EXPANSIN A group of A. thaliana gene
family having members of EXPANSIN B, EXPANSIN like A, EXPANSIN like B genes
in the tree. When the tree was constructed after including the representative members
of all clades of EXPANSIN A gene family of different species (Kende et al., 2004;
Sampedro and Cosgrove, 2005) GhEXPA8, GhEXPA15 and CpEXPA3 were placed in
third clade (Fig. 3.17) classified as Clade B previously (Link and Cosgrove, 1998;
Harmer et al., 2002). This clade contains many EXPANSIN genes that are expressed
in rapidly growing tissues. For example, CsEXPA1, LeEXPA2 and OsEXPA4 were
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found to be expressed in elongating hypocotyls in a variety of species (Shcherban et
al., 1995; Catala et al., 2000; Shin et al., 2005).
The quantitative expression profiling of GhEXPA8, GhEXPA15 and CpEXPA3
revealed that GhEXPA8 and GhEXPA15 expressed specifically in cotton fibers, while
CpEXPA3 expression was noted in all the tested tissues (leaves, stem, root and fiber).
It emphasized that CpEXPA3 does not specifically express in developing fibers but all
the plant tissues despite the fact that its expression was highest in the fibers. The same
results have been observed with all the other EXPANSINs isolated from C. procera
(Cheema et al., unpublished). This situation is different from G. hirsutum where the
EXPANSIN genes, being transcribed in fibers have no expression in other tissues
(Harmer et al., 2000). The dilemma of the presence of these highly variable
EXPANSIN isoforms in C. procera and their exact role in the development of long
shiny single celled fiber need to be unearthed. A correlation between protein product
and transcript accumulation has been demonstrated for an EXPANSIN A in tomato,
suggesting these genes are not regulated at the stage of translation (Rose et al., 1997,
2000). Therefore, we can conclude that the transcripts of GhEXPA8, GhEXPA15 and
CpEXPA3 actually represent fully functional proteins. The comparison between the
expression of GhEXPA8 and GhEXPA15 during the developmental stages of cotton
fiber showed that GhEXPA8 is being expressed maximally during the initial
elongation phase (0-10 DPA) and the expression lasts up to the rapid elongation phase
(10-15 DPA), while its transcription started at 0 DPA that is the fiber initiation stage.
In contrast GhEXPA15 has maximum expression at 10 DPA that is the rapid
elongation stage and lasts up to 20 DPA. The different transcript abundance of these
EXPANSIN variants showed the functional variation of these genes. It also suggested
the role of GhEXPA8 in bulging of the ovular epidermal cells and then the elongation
of these initials. This observation also provides logic to the previous report (Wilkins
et al., 2005) of over expressing the analogue of this gene (GhEXPA8) in cotton that
resulted in higher number of fiber initials. On the other hand GhEXPA15 seems to be
vital for the rapid elongation phase of fiber development. This observation is also
consistent with differential expression of genes at various stages of fiber development
(Arpat et al., 2004; Hovav et al., 2007; Lee et al., 2007; Wu et al., 2006; Gou et al.,
2007).
The expression of EXPAs has been explored in a number of plant species
revealing their pivotal role in root elongation and development (Bluska et al., 2000;
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Cho and Kende, 1998; Greenwood, 2006; Kam et al., 2005; Lee et al., 2003; Cho and
Cosgrove, 2000 and 2002). The analysis of real time PCR studies revealed that the
expression of GhEXPA8, GhEXPA15 and CpEXPA3 was negligible in roots (Fig.
3.42). This observation coincides with the characterization and expression profiling of
this gene family in rice (Shin et al., 2005). These studies emphasize on the presence
of organ specific EXPANSINs indicating the confinement of root specific EXPANSINs
to roots and shoot specific EXPANSINs to shoots only. Maximum transcripts of
CpEXPA3 were detected in stem, whereas, the transcripts in fibers and leaves were
also significant. The significant amount of expression in developing fibers coupled
with the grouping of CpEXPA3 in clade III suggested a vital role of this EXPANSIN
in fiber elongation of C. procera. This idea is further supported by the fact that cotton
fiber specific EXPAs (GhEXPA1 and GhEXPA2) also fall within this clade which is
known for its members involved in the development of elongating tissues.
The quantitative expression profiling of GhEXPA8 and GhEXPA15 revealed
that GhEXPA8 and GhEXPA15 are fiber specific with negligible expression in other
tissues like root, shoot (hypocotyl), stem and leaves. It was observed that transcripts
of GhEXPA8 were maximum at 5 DPA (Fig. 3.42A and 3.42B), while GhEXPA15
showed maximum expression at 10 DPA. It suggests the role of GhEXPA8 starting at
0 DPA or may be a few days before anthesis in the initiation of fiber development,
while GhEXPA15 may be contributing in the later stage of fiber development (rapid
elongation phase; 7-11 DPA). The same observation has been reported by An et al.,
(2007) while characterizing the expression of EXPANSINs in developing cotton fibers
from different tetraploid species. The EXPANSIN gene being expressed at early fiber
development was reported to be a minor variant of the gene detected later during the
fast elongating fiber stage (An et al., 2007). This observation supports the previous
reports of temporal and stage specific expression of EXPANSIN genes during fiber
development (Arpat et al., 2004; Wilkins and Arpat, 2005).
The complete analysis of GhEXPA8 and GhEXPA15 along with their
expression profiling provided a strong evidence for the involvement of these
EXPANSINs in cotton fiber development during initiation and elongation phases. The
presence of CpEXPA3 transcripts in C. procera fibers and its strongest expression in
these tissues as compared to other variants emphasizes that it is a unique protein
involved in the development of long shiny fibers of C. procera. The studies with
cotton EXPANSINs had indicated a limited span of time for their maximum
165

Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.

Masooma Thesis
expression that lasted for about 10 days in the fast elongating fibers. To coordinate the
duration of expression for EXPANSINs with the elongating phase of fibers that last
upto 22 days, the need for regulatory elements that can prolong the EXPANSIN
expression was realized. This endeavor requires a constitutive or fiber specific
promoter that can drive the expression of the indigenous or diverse genes (GhEXPA8,
GhEXPA15 or CpEXPA3) for enhanced/prolonged expression to modify the fiber
flexibility during turgor pressure mediated expansion. The 35S promoter from
cauliflower mosaic virus has been frequently utilized in plants because of strong and
constitutive expression; this promoter has little tissue specificity. The use of a
promoter having plant tissue specificity makes it possible to produce transformed
plants capable of controlling the expression of an introduced gene in a particular
organ. In order to express a desired gene in a desired tissue or at a desired time, a
promoter with higher tissue and time specificity is also required for testing the over
and prolonged expression in fiber cells.
Despite the importance of cotton as an industrial crop, the breeding and
genetic engineering for improved cotton fiber phenotypes has been at a relatively slow
rate. The limitation has been the scarce information on the fiber development specific
genes and the information on specific promoters that can be utilized to specifically
modify the fiber traits. In order to effect the desired phenotypic changes, transcription
initiation regions capable of initiating transcription in fiber cells during development
are desired. Therefore, an important goal of the study was the acquisition of a reliable
gene expression system which could permit expression of EXPANSINs selectively in
cotton fibers. Further studies were focused on the isolation of a desired promoter and
establishing an assay to check the promoter activity and specificity. Cotton ovule
culture has been used as an efficient system for providing the in-vitro expression
analysis of the promoter activity assay (Kim et al., 2002). To overcome the problems
of bacterial and fungal contamination in the liquid BT medium (Beasley and Ting,
1973) ampicillin was identified to be a better antibiotic as compared to the reported
antibiotic (kanamycin) and antifungal agent (sodium azide). The ampicilin not only
helped to overcome the bacterial contamination but also, some how, improved the
fiber growth in contamination free environment (Fig. 3.34).
Liu and his colleagues (2002) reported LTP (lipid transfer protein) genes for
their expression in developing cotton fibers. The unpublished work in our lab, on the
transcript profiling of six LTP genes associated with developing cotton fibers had
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indicated that LTP3 was among one of the LTP genes highly expressed in fibers
throughout the development (0-20 DPA) (Fig 3.19A). LTP3 expression has also been
reported to be specific to fibers (Liu et al., 2000).

Therefore, promoter for the fiber

specific LTP3 gene was identified to be a strong candidate to fit into the desired
parameters. The LTP3 promoter was isolated and evaluated for its ability to direct the
expression of GUS in different plant organs. Previously, LTP3 promoter was
evaluated by transforming LTP3::GUS construct in tobacco. GUS expression was
observed only in the leaf trichomes of transgenic tobacco plants (Liu et al., 2000). In
this study, we utilized this expression assay system to analyze the activity of the
isolated LTP3 promoter in cotton fibers by using cultured cotton ovules and biolistic
transformation techniques. A transient plant expression vector pGR1 was constructed
by fusing LTP3 promoter with a reporter gene (GUS with intron) to avoid leaky
expression of GUS). Transient expression studies on cotton ovules revealed GUS gene
expression in cotton fibers from 2-20 DPA (Fig. 3.35, 3.36, 3.37 and 3.38). Cotton
ovules bombarded with the same construct at 0 DPA also indicated GUS expression.
It may be due to the fact that ovular epidermal cells start bulging into fiber initials one
day before anthesis (-1 DPA) as observed during the study of fiber developmental
stages (Fig. 3.1D) albeit the 0 DPA ovules macroscopically do not show fibers. The
microscopic observations indicated that expression was detected at the chlazal end of
the ovules that has more fiber initials as compared to the micropylar end. The ovules
bombarded with pGR5 showed the expression of GUS in a confined region like dots
(Fig.3.35B) in contrast to the ovules bombarded with pGR1 (35S::GUS) having
diffused expression (Fig. 3.35A). It may be due to the tight control of LTP3 promoter
in the bulging cells of the ovular epidermis. When pGR5 was bombarded on different
tissues (sepals, petals and the epidermis of the hypocotyl), other than cotton ovules
and fibers, it was observed that expression of pGR5 was only detectable in the
trichomes of flower petal. However, pGR1 resulted in transient GUS activity in all the
types of tissues. Notably, the petals, bombarded with pGR1 showed the GUS
expression even in the vascular veins (Fig. 3.40A), while on the other hand, when
bombarded with pGR5 the expression was limited only to the trichomes of the petals
(Fig. 3.40B). The results of the transient expression assay for promoter activity
suggested that LTP3 promoter is a good trichome specific promoter. This study
further confirmed that the constructs used for the assay had GUS gene cloned in an
appropriate reading frame. The same expression cassettes were later used for
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replacement of GUS with EXPANSIN variants (GhEXPA8, GhEXPA15 and
CpEXPA3: Fig. 3.22 and 3.23) in the binary vectors (Fig. 3.24 and 3.29). The
confirmation of the accurate reading frames of the transgenes having three variants of
EXPANSIN was finally carried out by DNA sequencing (Fig. 3.26, 3.27, 3.28, 3.31,
3.32 and 3.33) of all the respective cassettes in pGA482 (pGR12, pGR34, pGR14,
pGR33, pGR35 and pGR32). Although, the results in this study depicted the transient
expression assay as a very useful technique to detect the promoter activity for gene
expression in cotton fibers yet the assay has a limitation that is mainly due to the lack
of consistency in the transformation efficiency in fibers. The quantitative analyses of
promoter activities could not be performed; however, it is a good qualitative assay to
detect the promoter activity and specificity.
Binary vectors constructed during the study (pGR12, pGR34, pGR14, pGR33,
pGR35 and pGR32) may be used to study the effect of EXPANSIN variants on fiber
cell wall loosening and their elongation behavior under the inherent cellular turgor
pressure. These constructs have been taken up into the fiber modification studies
program at NIBGE and would be evaluated for their efficacy to improve fiber
elongation.
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Appendices
Appendix 1
Laboratory Bench Cleaning Protocol
Before performing an experiment, dealing with RNA, the lab bench was cleaned
as given below to remove any traces of RNases.
1.

Put on a pair of gloves.

2.

Remove pipettes, pipettors, beakers, tubes, boxes of pipette tips, from
the bench surface.

3.

Wipe the entire surface down with the bleach solution, followed by a
wipe down with 70 % ethanol. Allow to air dry. Now bench surface is
free of all DNA.

4.

Wet a few kitchen towels with a little diluted bleach solution. Wipe
down the bottom of beakers and tip boxes, place them on bench and
through out the tissue towels.

5.

Wet a tissue towel with some RNAse away solution. Carefully wipe
down completely all the pipettors. Clean away the solution with a fresh
tissue and change gloves after cleaning.

6.

If there is something that cannot be cleaned this way, such as some
powdered reagents, then use a short wave UV-light for 15-30 minutes.

Cautions During the Experiment
1.

If there is any chance of spilling something that is probably DNA
contaminated, do a spot clean with a bit of bleach on a tissue towel.

2.

Do not let the cleaning solution touch with samples. Cleaning solution
can destroy DNA/RNA even the one kept around. When in doubts
change the gloves.

3.

Use the sterile inside technique to retrieve tubes and tips from their
containers. The out sides of these containers will not be super clean.
These procedures are meant to ensure that inside of the containers,
where the important stuff stayed uncontaminated.

4.

To get a micro centrifuge tube out of beaker, take the tinfoil top off,
and shake several tubes into the inside of the tin foil cover. Pick out the
required tubes and shake the rest back into the beaker. This will keep
sample from smearing contaminants all over the inside of the beaker.
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5.

Do not handle pipette tips with hands. Open the box, and use only the
tip of the pipettor to pick up the tip. Do not close the box every time.

6.

When weighing out reagents, do not stick a spatula into the bottle
unless it has already been cleaned with RNase AWAY. Always use a
fresh piece of weighing paper or weighing boat. There is a chance that
one can contaminate precious sample with RNase with a dirty reagent
or dirty pipette during work.

Appendix 2
DEPC treatment
RNase is an enzyme which is present on our finger tips or may be on the
bench surface. It will degrade the RNA. So all the tips and other experimental
material is treated with the DEPC. Diethylene polycarbonate destroys the histadine
residues of RNases thus making it inactive.
DEPC solution
Prepare a 0.01 % of DEPC and keep it over night. Autoclave DEPC treated
water, dispense into 1.5 mL appendrof tubes and store tubes at -20 oC.

Appendix 3
RNA extraction from developing cotton fibers
Protocol
Following plant RNA extraction protocol recommended by the supplier
(Invitrogen, USA) of RNA extraction kit was used for the isolation of total RNA from
developing cotton fibers:
1.

Add 0.5 mL of cold (4 ºC) Plant RNA Reagent for up to 0.1 gm of
frozen, ground tissue. Resuspend sample thoroughly by brief vortexing
or flicking the bottom of the tube.

2.

Incubate the tube for 5 min at room temperature. Lay the tube down
horizontally to maximize surface area during RNA extraction.

3.

Centrifuge for 2 min at 12,000 x g, transfer the supernatant to an
RNase- free tube.

4.

Add 0.1 mL of 5 M NaCl to clarified extract and tap tube to mix.

5.

Add 0.3 mL of chloroform. Mix thoroughly by inversion.

6.

Centrifuge the sample at 4 ºC for 10 min at 12,000 x g to separate
phases. Transfer the top, aqueous phase to an RNase-free tube.
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7.

Add to the aqueous phase an equal volume of isopropyl alcohol. Mix
and let stand at room temperature for 10 minutes.

8.

Centrifuge the sample at 4 ºC for 10 min at 12,000 x g.

9.

Decant the supernatant, taking care not to lose the pellet and add 1mL
of 75 % ethanol to the pellet. The Pellet may be difficult to see.

10.

Centrifuge at room temperature for 1 min at 12,000 x g. Decant liquid
carefully, taking care not to lose the pellet. Briefly centrifuge to collect
the residual liquid and remove it with a pipette.

11.

Add 10-30 µL RNase free water to dissolve the RNA. Pipette the
water up and down over the pellet to dissolve RNA. Store at -70 ºC.

Appendix 4
Agarose gel electrophoresis
Fermentas 6X DNA loading dye was used to load the DNA samples on
agarose gel. DNA fragments were separated by electrophoresis on 1 % (w/v) agarose
gels in 1X TAE buffer, containing ethidium bromide (0.5 µg/mL). The gels were
examined under UV light. The DNA fragment sizes were estimated by comparison
with Fermentas 1 kbp DNA ladder.
Ethedium bromide
Prepare a stock solution of 10 mg/mL of ethedium bromide and use 0.5 µg/mL for
agarose gel or 1X TAE gel running buffer.
6X Gel loading buffer
1.

Bromophenol blue

0.25 % (w/v)

2.

Xylene cyanol FF.

0.25 % (w/v)

3.

Glycerol

30.0 % (v/v)

Dissolve in distilled water.

50X Tris-acetate EDTA buffer (TAE)
1.

Tris-base

242 g

2.

Glacial acetic acid

57.1 mL

3.

0.5 M EDTA (pH 8.0)

100 mL
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Make up the final volume with distilled water to 1L.

Appendix 5
mRNA Purification
Reagents
Binding Buffer
1.

Lithium chloride (LiCl)

0.5 M

2.

Sodium Citrate

50 mM

3.

SDS

0.1 %

No pH adjustment is required
Elution Buffer
1.

Sodium Citrate

1 mM

2.

SDS

0.1 %

No pH adjustment is required

Protocol
mRNA purification was carried out by using oligo (dT)-cellulose columns,
filled with a cellulose matrix covalently linked with oligo (dT) chains (up to 30
nucleotides long) through the terminal 5’ phosphate. To increase the flow rate, an
anti-clogging resins overlays the cellulose matrix.
NOTE: All equeous reagents and glassware were made RNase-free by DEPCtreatment.
1.

Wash column with 0.5 ml binding buffer, immediately before use.

2.

Dissolve the pellet of total RNA in the binding buffer to a
concentration of 1-4 mg RNA/ml and incubate the solution at 70 ºC for
5 minutes.

Incubation at 70 ºC denatures the secondary structure of

RNA and increases the retention of poly A RNA on the column.
3.

Apply the RNA solution on the column, collect the elute and apply it
again on the column.

4.

Wash the column two times with 1mL of the binding buffer.

5.

Elute mRNA with 0.9 mL of the elution buffer.

6.

Supplement the elute with LiCl to a final concentration of 0.5 M and
with 2µL glycogen and mix the solution briefly.
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7.

Precipitate mRNA by adding one volume of isopropanol and incubate
the sample for 5 minutes at room temperature.

8.

Centrifuge the sample at 14,000 rpm for 5minutes at 4 ºC.

9.

Dissolve the mRNA pellet in 8 µL of DEPC treated water.

10.

Appendix 6
pDONR222

Appendix 7
Ethanol precipitation of pooled fractions
1.

In the tube of pooled cDNA, add reagents in the following order:
i)

Glycogen (20 μg/μL)

1 μL

ii)

7.5 M NH4OAc 0.5 volume (i.e. 0.5 x volume of cDNA)

iii)

100 % ethanol 2.5 volumes
[i.e. 2.5 x (volume of cDNA + NH4OAc)]

2.

Place the tube in dry ice or at -80 °C for 10 minutes. Centrifuge the
sample at 4 °C for 25 minutes at 14,000 rpm.

3.

Carefully remove the supernatant while trying not to disturb the cDNA
pellet. Add 150 μL of 70 % ethanol.

4.

Centrifuge the sample at +4 °C for 2 minutes at 14,000 rpm.

5.

Carefully remove the supernatant.

6.

Repeat the 70 % ethanol wash. Remove as much of the remaining
ethanol as possible.
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7.

Dry the cDNA pellet for 2-3 minutes or at room temperature for 5-10
minutes.

8.

Resuspend the cDNA pellet in 4 μL of TE buffer by pipetting up and
down 30-40 times. Transfer the sample to a fresh tube.

Appendix 8
Preparation of competent cells
1.

Grow 100 mL overnight culture of the E. coli top10 in LB.

2.

Inoculate 1 % of overnight culture to 50mL of fresh LB (0.5 mL/50

mL).
3.

Grow to early log phase (OD600=0.2-0.4, it takes about 90-180 min).

4.

Collect cells by centrifugation (4000-5000 rpm for 5 minutes at 4 oC).

5.

Keep the cells ice cold in all further steps. Resuspend the cells in 25mL
of 0.1 M ice cold CaCl2. Hold on ice for minimum of 30 minutes
preferably 1- 2 hours.

6.

Collect cells as before and gently resuspend in 1/10 culture volume i.e
2.5 mL of 0.1 M CaCl2.

7.

Competent cells can be stored almost indefinitely by adding ice cold
sterile glycerol to a final concentration of 10 % (v/v) i.e 250 µL.

8.

Mix gently and leave on ice for 30 minutes then dispense 200 µL cells
in eppendrof tubes and store at -70oC.

Appendix 9
LB (Luria-Bertani) medium
1.

Tryptone

1.0 %

2.

Yeast extract

0.5 %

3.

NaCl

0.5 %

4.

Agar

1.5 %

Adjust pH 6.2 - 7.2 and autoclave.

Appendix 10
Isolation of plasmid DNA from E. coli for large scale screening of clones
for the presence of required inserts by restriction digestion
Reagents
Solution I (Suspension buffer)
1.

Tris (pH 7.4-7.6) 50 mM
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2.

EDTA

1 mM

3.

RNase

10 μg/mL

Solution II (Denaturation soln.)
1.

NaOH

2.

SDS

0.2 N
1%

Solution III (Neutralization soln.)
1.

Sodium acetate

3M

(pH 4.8-5.2)
Protocol
1.

Take 1.5 mL bacterial culture in an eppendrof tube and spin for about 5
minutes to make a bacterial pellet, repeat it once again to collect cells
from 3 mL culture.

2.

Add 100 µL of solution I and resuspend bacterial pellet.

3.

Add 150 mL of solution II and mix the mixture by inverting 5-6 times.

4.

Add 200 mL of solution 3, mix and spin for about 10 minutes.

5.

Take the supernatant and add 2 volumes of absolute ethanol.

6.

Keep it at -20 °C for about 30 minutes. Spin for about 10 minutes at
14,000 rpm.

7.

Discard all the solution and wash the pellet with 200 µL 70 % ethanol.

8.

Again spin for about 2 minutes. Remove ethanol with pipette. Dry the
pellet for about 5 minutes.

9.

Resuspend the pellet in 30 µL H2O.

10.

Store at -20 oC until ready for use.

Appendix 11
Colony Hybridization
1.

Nylone membrane (Hybond-N, Amersham) was pre wet in 2XSSC and
air dried on Whatman 3 MM paper to remove excessive moisture.

2.

Nylon membrane was placed gently on a 20 X 20 cm glass tray for 1-2
minutes to transfer colonies on membrane. During the transfer
orientation of Nylon membrane was recorded by

stabbing a needle

through the membrane into the agar at several asymetric exterior
points.
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3.

Membrane was removed with

a forceps and placed on Whatman

3MM paper saturated with denaturation solution for10 minutes. This
treatment resulted in lysis of cells and

denaturation of DNA

molecules.
4.

After denaturation membrane was transferred

the Whatman 3MM

paper saturated with neutralization solution for 10 minutes.
5.

Finally Membrane was rinsed with 2XSSC and air dried on Whatmann
filter paper.

6.

DNA on membrane was UV cross linked (UVcrosslinker, Stratagene,
USA).

Appendix 12
Probe synthesis by random primer labeling method
Reagents
1.

Klenow fragment, 5U/μL.

2.

Hexanucleotide in 5x reaction buffer.

3.

Mix A (minus dATP) containing 0.33 mM dGTP, 0.33 mM dTTP, and
0.33 mM dCTP .

4.

dNTP mix containing 0.25 mM dGTP, 0.25 mM dATP, 0.25 mM
dTTP and 0.25 mM dCTP.

5.

Water, nuclease-free.

Protocol
Random hexamers anneal to a denatured template DNA, and radiolabeled
dNTPs are then incorporated into new DNA strands by Klenow Fragment to
synthesize labeled probe of the given template.
1.

Add the following components into 1.5 mL microcentrifuge tube:
i)

DNA template (100 ng)

ii)

Hexanucleotide in 5x reaction buffer

iii)

Water, nuclease-free

10 μL
10 μL
up to 40 μL

2.

Vortex the tube and spin down in a microcentrifuge for 3-5 sec.

3.

Incubate the tube in a boiling water bath for 5-10min and cool it
on ice. Spin down quickly.

4.

Add the following components in the same tube:
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i)

Mix A (or Mix C)

3 μL

ii)

α-P32 labelled dATP (50 μCi)

6 μL

iii)

Klenow fragment, (5 U/μL )

1 μL

5.

Shake the tube and spin down in a microcentrifuge for 3-5 sec.

6.

Incubate for 5 min at 37 °C.

7.

Add 4 μL of dNTP mix and incubate for 5 min at 37 °C.

8.

Stop the reaction by the addition of 1 μL 0.5 M EDTA, pH 8.0.

Appendix 13
Elution of DNA from agarose gel
Qiagen QIAquick spin column system contains silica gel membrane. DNA
adsorbs to the silica membrane in the presence of high salt and pH ≤7.5. Buffer QG
contains agarase that solublizes the agarose gel slice and provides the appropriate
conditions for binding of DNA to the silica membrane. During the adsorption step,
impurities do not bind to the silica membrane but flow through the column. Salts are
quantitatively washed away by ethanol contained in buffer PE. Contrary to the
adsorption, elution is most efficient under basic conditions and low salt concentration.
Maximum elution efficiency is achieved between pH 7.0 and 8.5.
Protocol
1.

Excise the DNA Fragment from the agrose gel with a clean, sharp
scalpel.
(Minimize the size of the gel slice by removing extra agarose.)

2.

Add such an amount of buffer QG so that all the agarose dip into that
buffer.

3.

Incubate at 50 oC for 10 min (or until the gel slice has completely
dissolved). To help dissolve the gel, mix by gently tapping the tube
every 2-3 minutes during the incubation.

4.

Place a QIAquick spin column in a provided 2 mL collection tube.

5.

To bind DNA, apply the sample to the QIAquick column and
centrifuge for 1 min.

6.

To wash, add 0.75 mL of Buffer PE to QIAquick column and
centrifuge for 1 minute.

7.

Discard the flow through and centrifuge the QIAquick column for an
additional 1 minutes at 14,000 rpm.
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8.

Place QIAquick column into a clean 1.5 mL micro centrifuge tube.

9.

To elute DNA add 30µL nuclease free water in the center of the
column and centrifuge for 1 minute at 14000 rpm. Store it at -20 oC
until ready for use.

Appendix 14
Protocol for isolation of plasmid DNA from E. coli for DNA sequencing using SV
minipreps plasmid isolation Kit (Promega, USA)
SV minipreps plasmid isolation procedure is based on alkaline lysis of
bacterial cells followed by adsorption of DNA on silica membrane in the presence of
high salt. The high salts and contaminating particles are removed later with several
washing steps and the DNA is finally eluted with distilled and sterile water or TE
buffer.
Bacterial cells are resuspended into cell suspension solution. Then lysis of bacterial
cell is done with lysis solution which contains SDS and NAOH. SDS lysis the
bacterial cells and NAOH denatures all chromosomal DNA. This step should be done
within 5 minutes; otherwise, the plasmid DNA will also be denatured. Protease K
degrades all the proteins in solution or the ones associated with DNA. Neutralizing
solution (3M Potassium acetate) neutralizes the reaction mixture and precipitates
proteins. Degraded proteins and chromosomal DNA is separated by centrifugation
and supernatant is filtered through spin column assembly (silica gel) which binds
plasmid DNA. Washing is done with wash solution (70 % ethanol), which removes
salts. Elution is dependent on pH; maximum elution is achieved when pH is between
7.0 and 8.5.
Reagents

(Supplied in the kit)

1.

Cell suspension solution

2.

Lysis solution

3.

Protease K

4.

Neutralizing solution

5.

Nuclease free water

Protocol
Following protocol was used for the isolation of plasmid DNA from E.coli for
DNA sequencing using SV miniprep plasmid isolation kit (Promega, USA).
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1.

A single E. coli colony was cultured in 3 mL liquid LB medium
containing100 µg/mL ampicllin and grown overnight at 37 oC.

2.

The E. coli culture was centrifuged in 1.5 mL eppendorf tube at 14000
rpm for 5 minutes to obtain a bacterial pellet. Repeat it again to collect
cells from 3 mL culture.

3.

Resuspend bacterial pellet in 250 µL cell suspension solution
thoroughly.

4.

Add 250 µL cell lysis solution to each sample, invert 4 times to mix.

5.

Add 10 µL Alkaline Protease solution, invert 4 times to mix, incubate 5
minutes at room temperature.

6.

Add 350 µL Neutralization solution and invert 3-4 times to mix.

7.

Centrifuge at top speed for 10 minutes at room temperature.

8.

Insert Spin Column into collection tube.

9.

Decant cleared lysate into spin column.

10.

Centrifuge at top speed for 1 minute at room temperature.

11.

Discard the flow through and reinsert column into collection tube.

12.

Add 750 µL wash solution (ethanol added). Centrifuge at top speed for
1 minute.

13.

Discard flow through and reinsert column into collection tube.

14.

Now wash it again with 250 µL wash solution.

15.

Centrifuge at top speed for 2 minutes at room temperature.

16.

Transfer spin column to a sterile 1.5 mL micro centrifuge tube.

17.

Add 30 µL of nuclease-free water to a spin column.

18.

Centrifuge at top speed for 1 minute at room temperature.

19.

Discard column and store plasmid DNA at -20 oC.

Appendix 15
DNA Sequencing Reaction
Following protocol was used for sequencing PCR.
1.

Remove Big Dye Ready Reaction Mix from freezer and place in wet
ice bucket. Thaw on ice.

2.

Do not thaw at room temperature. Once thawed, flick tube to mix
contents well. Place back on ice.

206

Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.

Masooma Thesis
3.

Mix together in a 0.2 mL PCR tube using barrier tips and wearing
gloves:
i)

Plasmid

2 L

ii)

Big dye mix

6 L

iii)

Primer (1 pmol/l )

1 L

iv)

dd sterile deionized H2O

11 L

v)

Total

20 L

4.

Mix well by flicking/ finger tapping the tube.

5.

Run PCR reaction: (Hot start 96 oC) PCR profile ia as follows
i)

96 °C 1 minute

ii)

96 °C

10 seconds

iii)

50 °C

5 seconds

iv)

60 °C 4 minutes
24 cycles from step 2 to step 4

v)

Hold at 10 °C

Salt Precipitation
1.

To each sequencing reaction tube add:
i)

dd sterile deionized water

90 L

ii)

Glycogen

1 L

iii)

3M NSodium Acetate

2 L

Mix all and add
iv)

Absolute Ethanol

250 L

2.

Mix and leave at room temperature for 15 minutes.

3.

Spin 14000 rpm for 20-30 minutes.

4.

Aspirate the liquid with out disturbing the tiny reddish pellet

5.

Wash pellet with 100 mL of 70 % ethanol.

6.

Spin 14000 rpm for 10-15 minutes.

7.

Completely aspirate all the liquid.

8.

Leave tube open at room temperature to a complete dryness of DNA
pellet

Sample Loading Preparation
1.

Complete dryness of samples were ensured
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2.

Added 20 L of TSR (Template Suppression Reagent) to sample.
Mixed thoroughly on a vortex mixer.

3.

Denature for 2 minutes at 95 oC.

4.

Samples were chilled on ice and spin at 13,000 rpm for 30 seconds to
collect volume at bottom of tube.

5.

Transferred entire volume of sample to sample tube and caped sample
tube with grey rubber.

6.

Samples were then loaded into the ABI Prism 310 Instrument.

Appendix 16
1 kb DNA Ladder (Fermentas)

Appendix 17
pTZ57R TA cloning vector

208

Generated by Foxit PDF Creator © Foxit Software
http://www.foxitsoftware.com For evaluation only.

Masooma Thesis

Appendix 18
pJIT166

Appendix 19
Transformation of competent cells (E. coli)
1.

Thaw appropriate number of vials of competent cells on ice. Add 1 μL
of ligation reaction into competent cells and incubate on ice for 30
minutes.

2.

Heat shock in a water bath at 42 oC for 30-45 seconds.

3.

Keep cells on ice for 2 minutes.

4.

Add 1 mL of LB to each vial.

5.

Shake the vials at 37oC at 100 rpm for 1 hour.

6.

Spread 100 L of each transformed vial onto agar plate containing
ampicillin, X-Gal and IPTG as selection markers.

7.

Keep plates at 37 oC for about 12-18 hours. White colonies represent
recombinant colonies while blue colonies are self ligated.

8.

Analyze 10 white transformants for the presence and orientation of
insert by restriction digestion analysis or DNA sequencing.

9.
IPTG (isopropyle-thio-β-D-galactoside) stock solution
Make a stock solution of 100 mM IPTG and use 40 µL/LB agar plate
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X- Gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) stock solution
.X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) is available as a 40
mg/mL stock in N, N dimethyl formamide. Use 40 µL/ LB agar plate.

Appendix 20
pGA482

HindIII

SacI
KpnI
XbaI HpaI ClaI

BglII

StuI
BamHI
SstII

PstI

PstI

ori

PstI

cos

npt

ScaI

BR
SalI
SstII

EcoRI

pGA482
(13.2)

oriv

BL
SalI

trfA
tet
SalI

SstII
StuI

Appendix 21
Phenol chloroform treatment and DNA precipitation.
1.

Add equal volume of phenol- chloroform-isoamyl alcohol (25:24:1) in
resuspended DNA. Mix gently.

2.

Spin for 10 minutes at 14000 rpm.

3.

Take upper layer and add 1/10 volume of 3M Na-acetate and 1 µL
glycogen.

4.

Add 2-2.5 volumes of absolute ethanol mix and place at -80 oC for 1015 minutes.

5.

Spin for 15 minutes at 14000 rpm.

6.

Wash the pellet two times with 500 µL of 75 % ethanol.
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7.

Dry the pellet and resuspend in 30 µL Sterile water.

Appendix 22
BT medium
Reagents

Concentration (mM)

1.

Potassium Phosphate, monobasic

2.0000

2.

Borax (Boric Acid)

0.1000

3.

Sodium molybdate

0.0010

4.

Calcium chloride

3.0000

5.

Potassium iodide

0.0050

6.

Cobalt (II) chloride

0.0001

7.

Magnesium sulfate

2.0000

8.

Manganese (II) sulfate

0.1000

9.

Zinc sulfate

0.0300

10

Copper (II) sulfate

0.0001

11.

Potassium nitrate

50.000

12.

Iron (II) sulfate

0.0300

13.

Iron-EDTA

0.0300

14

Nicotinic acid

0.0040

15

Pyridoxine HCl

0.0040

16.

Thiamine HCl

0.0040

17.

Myoinositol

1.0000

18.

Glucose

167.00

Adjust pH 5-6
Gibberellic acid (GA3) and Indole acetic acid (IAA) is added in the autoclaved
medium at a concentration of 0.5 M and 5 M respectively.

Appendix 23
GUS staining protocol
X-GlcA solution
i)

Sodium phosphate buffer pH7.0

50 mM

ii)

EDTA pH8.0

10 mM

iii)

Triton X-100

0.1 % (v/v)
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iv)

X-GlcA

0.5 mg/mL

Store at 4 °C in dark
1.

Cover the tissues under study with X-GlcA solution.

2.

Vacuum infiltrate for 5 mins.

3.

Incubate at 37 °C in dark for up to 16 hr to develop blue colour of
product.

4.

Observe the tissue with naked eye as well as with microscope to detect
the GUS expression.
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