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ABSTRACT

Cotton fibres represent a coordinated process of gene regulation within a single cell type

o"wÅ,-

^ 
are especially suitable for studies of cellular and developmental events. In addition, the

commercial desirability of long fibres has stimulated studies of the factors involved in

controlling the extent of fibre growth. The aims of this project were to isolate and characterise

cDNA clones of mRNAs which are specific to, or important in, cotton fibre development and

to elucidate ribosomal gene expression and its role in fibre development.

Screening and sequencing of several low abundance cDNA clones from an initial cDNA

library constructed from total RNA led to the isolation of a cDNA which is likely to encode a

member of the superfamily of translation elongation factor lcr (EF-lcr) proteins. EF-lcr is

universally conserved and is abundant in tissues which are active in protein synthesis. Southern

analysis suggests that EF-1c¡¿ is encoded in the cotton genome by a family of related genes, six

of which were isolated within genomic clones.

Differential screening of a 13 DPA cotton fibre cDNA library constructed from poly(A)+

RNA resulted in the identification of sixputative fibre-specific messages of which five (pFS1,

pFS3, pFS6, pFSl7 and pFSl8) showed preferential hybridisation to transcripts in fibre RNA.

The mRNAs corresponding to these cDNAs exhibited differing patterns of temporal

accumulation during fibre development.

The nucleotide sequences of three of the fibre-specific clones were similar to known

sequences. The sequence of pFS 1 showed similarity to a previously reported fibre-specific

cDNA, encoding a protein of unknown function. pFS17 encodes a member of a class of well-

characterised proline-rich structural proteins (PRPs) which are present in the walls of plant

cells and a role for PRPs during elongation of the fibre cell is envisaged.

Messenger RNA corresponding to the remaining clone, pFS6, was the most abundant

fibre-specific transcript. The pFS6 nucleotide sequence and its derived amino acid sequence

lx



showed substantial similarity to phospholipid transfer proteins (LTPs), a class of plant proteins

which has been implicated in the biogenesis of cellular membranes or in the deposition of cutin.

A gene family of at least six members potentially encodes LTP-like mRNAs in G. hirsutum, of

which two were isolated in a single 18 kb genomic clone. Sequence analysis of this clone

suggested that neither is likely to encode the pFS6 group of fibre-specific transcripts.

Screening of nucleotide databases was uninformative fol the remaining two clones, pFS18 and

pFS3.

Previous studies suggested that ribosomal RNA metabolism is related to final fibre length

in cotton. The nucleolar size in fibres from three G. hirsutum varieties, differing in their final

fibre lengths, was measured at early stages of growth. The nucleolar growth profiles differed

between the three varieties, confirming previous work. One of several levels at which

accumulation of rRNA may be controlled is by quantitative variation in the number of copies of

the rRNA gene. The rDNA repeat unit from G. hirsutum var. Deltapine 90 was cloned and

used to estimate the number of rRNA gene copies in six cotton varieties. Significant

differences were observed between some of the varieties, but these did not correlate with final

fibre length.

Results from this work clearly have commercial potential. Manipulation of the structure

of fibre-specific genes provides exciting prospects for the modification of cotton fibre

characteristics in transgenic plants. Alternatively, promoters isolated as a result of this study

could be used to control the expression of heterologous genes specifically within the cotton

fibre.
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CHAPTER 1

Introduction
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1.1 CorroN as ¡, Cnop Pr,.lNr

1.1.1 The Cotton Industrv LIÐ

Cotton is grown as an annual field crop in over 90 countries in the temperate and tropical

regions of the world. An increasing world population and a resurgence in the desirability of

natural fibres for clothing has increased the demand for cotton and the cotton industry

contributes $900 million to the Australian economy in a non-drought year.

The commercially important product of cotton is the seed coat hairs, commonly referred

to as lint or fibre. After harvesting, the lint is separated from the seed by processing in a cotton

gin, which also removes foreign matter while preserving the inherent properties of the fibre

(Baker and Griffin, 1984). Although cotton is grown mostly for its fibre, the seeds are used as

a source of edible oil and the seed meal is used as a protein-rich feed for livestock (Cherry and

Leffler,1984).

L.L.2 Classification and Evolution of Cultivated Gassypizn Species

The cotton fibre of commerce is a product of Malvaceous plants of the genus

Gossypium, which contains over 40 species, both diploid and tetraploid (Table 1.1). The many

species of wild cotton are lintless or produce short fibres which are unsuitable for spinning.

Cotton fibres are classed as trichomes and probably evolved as a dispersal mechanism for the

cotton seed, mediated by wind or water (van der Pijl, 1982; Augspurger, 1986)

Evidence for the beginnings of cotton agriculture in the Near East date back 7000 or

8000 years and fabrics woven from cotton are known from 9008C (MacNeish, 1964). Cotton

was domesticated independently in the New and in the Old World, with different species

involved in the different centres of domestication. Gossypium arboreum L. and G. herbaceum

L., the Asiatic cottons, are both diploid and native to the Old World (Lee, 1984). Gossypium

barbadense L. and G. hirsutum L. are both allotetraploids, evolved in the New World and are

agronomically superior to the diploids, having adapted to growth in a wide range of
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Table 1.1: The species of Gossyziun

Species
Genomic
groupo Distribution

Diploids (2n:26)
G. lærbaceunt L.
G. h. var. øfricønum (Watt) Mauer
G. orboreum L-
G. anomalum Wawr. and Peyr.
G. triphyllum (Harv. and Sand.) Hochr.
G. capítis -uir¿dis Mauer
G. sturtianum J. H. Willis
G. sturlianunt var- nandewarense (Derera) Fryx.
G. robinsonü F. Muell.
G. australe F. Muell.
G. costulatumTú,.
G. cunninghamiiTod.
G. nclsoniiFryx.
G. pilosum Fryx.
G. populifoli¿¡n (Benth.) Tod.
G. pulchellum (C.4. Gardn.) Fryx.
G. lhurberiTod..
G. armouriønum Rearn.
G. harh,n¿ssil Brandg.
G. hlotzschi.a¿¿¡n Anderss.
G. dnui.dsonii Kell.
G. øridum (Rose & Standl.) Skov.
G. raimondíi Ulbr.
G. gossypioidcs (Ulbr.) Standl.
G. lobatum Gentry
G.laxum Phillips
G. trilobum (DC.) Skov.
G. turnzr:i Fryx.
G. stoch,sü Mast.ex. Hook.
G. somalense (Gürke) Hutch.
G. arqrsinnum (Defl.) Hutch.
G. incanum (Schwartz) Hillc.
G. ellenbechii (Gürke) Mauer
G. Iongicalyx Hutch. and Lee
G. bickü Prokh.

Allotetraploids (2n : at = 52)
G. hirsutum L.
G. barbadznse L.
G. tom¿ntosu¡n Nutt. ex Seem.
G. mustelinu¡n Miers ex Watt
G. darwinüWatt
G. Ianceolatu¡n Tod.ó

Al
Al
A2
Br
B2

B3
cr
cr
C2

n

Old \{orltl culligen
Africa
Old World cultigen
Africa
Africa
Cape Verde Islands
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Australia
Mexico, Arizona
Mexico
Mexico
Galapagos Islands
Mexico
Mexico
Peru
Mexico
Mexico
Mexico
Mexico
Mexico
Arabia
Africa
Arabia
Arabia
Africa
Africa
Australia

Dr
Dz-r
Dz-z
Ds-t
Ds-¿
D4

D5
D6
D7
D8
De

Er
E2
E3
E4

Fr
Gr

(AD)r
(AD)z
(AD)3
(AD)¿
(AD)s
(AD)

Central America
South America
Hawaii
Brazil
Galapagos Islands
Mexico

" A dash (-) indicatæs that the genome designation has not been determined.
6 Species status of G. Ianceolatu¡n needs experimental verification.
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environments as well as producing higher yields and longer fibres (Hutchinson, 1959; Horsfall

et aI., I9l2). G. hirsutum, or Upland cotton, contributes about 9OVo of world cotton

production. G. barbadense cultivars include Sea Island, Egyptian and Pima varieties and are

grown for their uniquely long, fine and strong fibre which supplies about \Vo of world

production of fibre (Lee, 1984).

Se-w-¡¡-

The diploid species (2n=26) have been divided into s'
|genomic 

groups, A, B, C, D, E
ar^d-Q

d F, based on cytotaxonomic relationships (Table 1.1) and a total of five tetraploid

(2n=4x=52) species are recognised. The allotetraploid (AD genome) of Gossypium hirsutum

originated following a polyploidisation event which occurred 1 . 1- 1 .9 million years ago between

two diploids (Fryxell, 1979; Reinisch et aI., 1994). Using mitochondrial DNA comparisons,

Wendel (1989) concluded that the maternal or African (A genome) donor is similar to present-

day G. herbaceum and G. arboreum, and it is believed that the ancestral American (D genome)

parent is G. raimondii, a native Peruvian plant (Stephens,l944;Endrizzi et a1.,1985).

1.1.3 Cotton Fibre Ouality Parameters and Determination

The quality of fibres is important to the spinning and weaving industry and determines

both the subsequent use of the fibre and the price paid for the crop. Several characters are used

to assess quality. Grade classification is based on appearance and incorporates fibre colour and

cleanliness (Perkins et al., 1984). Staple length is the average length of the fibres on a seed,

with five gradings from "short" staple Asian cottons (less than 2l mm) to "extra long" staple

Egyptian and Sea Island cottons (35 mm and longer). Upland cotton cultivars are classified as

"medium" (22-25 mm) and "medium-long" (25-28 mm) staple.

Fibre maturity, largely determined by the degree of secondary wall thickening which

occurs before harvest, is of importance because immature fibres are not twisted and do not

cling together when the fibre is spun (Basra and Malik, 1984). Fine fibres with high tensile

strength is desirable because they are less likely to break during processing and produce strong
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yarn. Fibre fineness is measured in combination with fibre maturity to give a micronaire

reading, determined by an airflow measurement. Good quality fibre therefore consists of long,

fine and strong fibres, but it is the length of the cotton fibre which largely determines the

quality of the resultant thread.

1.1.4 Environmental Effects on Fibre Oualitv

High variability in desirable fibre properties often compromise the quality of both cotton

yarn and fabric. Fibre characteristics, in particular length and strength, are greatly influenced by

environmental factors and environment-genotype interactions (O'Kelley and Carr, 1953;

Gipson and Joham, 1969; Gipson and Ray, 1969). Cool temperatures, for example, reduce the

rate of fibre elongation (Gipson, 1986; Thaker et al., 1989) and hinder the deposition of

cellulose in the secondary cell wall of the fibre (Gipson, 1986; Haigler et al., 1991). Soil

compaction (Grimes et al., 1975) and moisture availability (Sturkie, 1934), together with

efficiency in the interception of photosynthetic light (Kasperbauer, 1994) also influence lint

length.

1.1.5 Breeding for Improved Cotton Varieties

The modification of cotton is directed at improving both agronomic efficiency and

product quality (Meredith et aI., 1991). Trends in cultivar improvement include onset of

blooming, boll retention, boll maturation period, fibre and seed properties, environmental stress

tolerance, boll size and prolificacy and pest resistance. The predominant method for cultivar

improvement is hybridisation within and among types followed by selection for desirable

characteristics. Heterotic responses in fibre properties and othcr traits of hybrids are well-

documented (Thomson, l9Jl; Thomson and Luckette, 1988; Percy and Turcotte, 1992) and,

the large degree of intra-varietal variability in cotton has also been utilised as a basis for

selection (Thomson, 1973a; Thomson, I9l3b; Thomson, 1973c). Several mutant traits such as

a developmental mutant which confers the preferred okra-shaped leaf phenotype (Hammond,
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l94l) have been incorporated into commercial cotton cultivars. Mutant stocks of G.

barbadense and G. hirsutum are maintained in germplasm collections in the USA (Endrizzi et

al., 1984) and are available for exploitation in cotton improvement programs.

The majority of improved cotton cultivars currently in commercial use in Australia were

bred at the Cotton Research Unit of the Commonwealth Scientific and Industrial Research

Organisation at Narrabri in New South Wales. The Siokra cultivars incorporate the okra leaf

mutation together with high yield, early maturation, good fibre quality and bacterial blight

resistance traits together with suitability to Australian conditions, and compare favourably with

American cotton cultivars (Thomson et aI., 1987; Colton, 1991). Cultivars with improved

tolerance to the fungal wilt disease caused by Verticillum dahliae have also been produced

using conventional breeding programs (Reid and Thomson, 1993)

There are several drawbacks in the use of conventional crossing methods in cotton

Hand-crossing of the largely self-pollinating plants is labour-intensive and the difficulty in

producing Fl seed has limited the use of heterosis. Although the greater than 30 wild species

of Gossypium (Table 1.1) present a large range of variation in many characters, genetic

improvement through interspecific hybridisation is hampered by incompatibility barriers. Most

characters for improving cotton are inherited as quantitative traits (Meredith, 1984), many of

which have deleterious effects on fibre quality and lint yield (Meredith et al., 1996). Flbre

characters are generally heritable and thus readily selectable (Miller and Rawlings, 1967), but

desirable fibre properties such as length and strength are often associated with low yield.

L.L.6 Transformation of Cotton

The advent of recombinant DNA technology and plant transformation opens new

avenues for the production of improved cotton cultivars as it allows the transfer of genes

conceivably from any source. Transformation of genes from other organisms will not only

enhance existing fibre properties but may add new properties, complementing existing breeding
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programs

Agrobacterium-mediated transformation has been used to introduce genes into cotton for

some years (Firoozabady et al., 1987; Umbeck et al., 7987) and the success rate improved

through development of a reliable protocol for regeneration of plants from cell cultures

(Trolinder and Goodin, 1987). The techniques have been successfully applied to Australian

commercial cultivars (Cousins et a1.,1991). More recently, particle bombardment (Finer and

McMullen, 1990; McCabe and Martinell, 1993) has been applied to the transformation of

cotton and offers cultivar independence, faster plant regeneration and opportunities for

multiple gene transfer (John and Stewart, 1992). An insect control protein has been

successfully transformed into both Australian and American commercial cotton cultivars with

the resultant transformants showing stable inheritance of the gene and protection from damage

by cotton bollworm (Perlak et a1.,1990).

1.2 Tsn Co Frnnn AS AN SYSTEM

In addition to its commcrcial importance, the cotton f,ible has several attributes that

recommend it as an experimental system for studying plant cell differentiation. Cotton fibres

develop synchronously in the boll, providing a relatively homogeneous population of cells

which can be readily detached from the seeds. Sufficient material of a given developmental

stage can be obtained for biochemical and molecular analysis. Moreover, single-celled cotton

fibres undergo a striking amount of elongation during their development, allowing

, investigation of the processes of cell expansion and cell wall synthesis free from the

complications of cell division. Since the secondary cell wall consists almost entirely of

cellulose, the cotton fibre also provides an excellent system for the elucidation of biochemical

pathways of cellulose biosynthesis.

In addition, the system is amenable to in vitro ctlture techniques. Ovules in a defined

culture medium undergo normal morphogenesis including fibre production (Beasley, 1977) and
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f,rbre development of ovules grown in vitro is similar that in field-grown ovules (Meinert and

Delmer, l9l1: Triplett and Timpa, 1995). Cotton ovule culture has been used primarily to

study the nutritional and hormonal requirements for fibre growth and development (Beasley,

1973; Beasley and Ting,1973; Beasley and Ting, l9l4;Beasley,1977).

1.3 GnowrH AND Dnvnr,opMENT oF CorroN FTBRES

Cotton fibres originate as epidermal outgrowths of the ovule and begin to differentiate at

about the time of anthesis (Figure 1.1; Figure I.2a,b). Numerous investigations at both the

ultrastructural and biochemical levels have shown that fibre cells develop in four distinct but

overlapping phases. An initiation period is followed by extensive cell elongation (primary wall

synthesis) which continues for a few weeks. Secondary wall synthesis, which begins 16 to 19

days post-anthesis (DPA), results in the deposition of almost pure cellulose and overall wall

thickening and continues until the cotton fibre is mature (Basra and Malik, 1984).

1.3.1 The Cotton Flower

Cotton plants begin to flower approximately two months after seed germination (Figure

1.3a, b). The cotton flower comprises the reproductive organs and five cream-coloured petals

surrounded by three large serrated bracts (Figure LZa, b) The ovary consists of three to five

fused carpels, each containing eight to twelve ovules from which the fibre cells grow. Cotton

flowers aged one day post-anthesis (1 DPA) appear pink due to a pigmentation change which

results from production of ethylene (O'Neill et aI., 1993; Figure l.2c).

'l,.3.2lnitiation of Fibre Cells

The spherical expansion of certain epidermal cells above neighbouring cells on the day of

anthesis characterises the beginning of fibre growth (Stewart, 1975). Fibres first appear at the

crest of the funiculus (Figure 1.1a) and although fibre development within a boll is widely

considered to be synchronous, fibre initials are delayed for a few hours at the chalazal region
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Fisure L.1: Cotton ovules at anthesis

Electron micrographs of cotton ovules on the day of anthesis, showing site and

sequence of fibre cell initiation on the surface. From Stewart (1975).

a. Crest of liniculus (arrowed) where fibre initials first appear. The funiculus is
adjacent to the chalazal end of the ovule and is the point of attachment of the
developing ovule to the placenta.

b. Whole ovule showing fibres initiated in all areas except the micropylar end

(arrowed),
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and for up to four days at the micropylar region (Stewart, 1975; Figure 1.lb). The fibres that

initiate elongation on about the day of anthesis are destined to become the lint of commerce

whereas fibres which initiate in waves from about 4 to 12 days after anthesis (DPA) (Basra and

Malik, 1984; Ryser, 1985) become short "fùzz" fibres or "linters", which have little

commercial value and remain adhered to the seeds during ginning (Lang, 1938)

Although all epidermal cells have the potential to differentiate into f,rbre initials, only one

out of every four epidermal cells elongates (Triplett and Timpa, 1995). The events determining

whether a particular epidermal cell will differentiate into a cotton fibre are as yet unknown but

initiation is apparently triggered by plant growth factors, as indicated by the effects of auxin

and gibberellic acid on fibre production in vitro (Beasley and Ting, 1973; Beasley and Ting,

1914). Cells destined to be fibre cells can be distinguished from sunounding epidermal cells

based on ultrastructure (Ramsey and Berlin, l9l6a; Ramsey and Berlin, 1916b) and in vitro

experiments have shown that the potential for fibre formation is present as early as 9 days

preanthesis (Davidonis, 1989).

Several morphological alterations are associated with the early stages of fibre elongation.

Formation of a large central vacuole occurs from the base of the fibre and occupies most of the

cell volume by 2 DPA. A thin rim of cytoplasm separates the vacuolar membrane (tonoplast)

from the cell wall during elongation, with the various organelles concentrated at the fibre tip

Fibre cells generally have an abundance of organelles including ribosomes, endoplasmic

reticulum, Golgi bodies and mitochondria (Ramsey and Berlin, 1976a¡, Ramsey and Berlin,

rel6b)

1.3.3 of tr'ihre Cells

The rate and duration of the elongation phase of fibre growth determines final fibre

length (Kohel et al., 1914; Jasdanwala et al., 1977; Naithani et al., 1982). The single-celled

trichomes expand at rates exceeding 2 mm per day to attain lengths ranging from2 cm to 3.5
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Fisure L.2: Morpholosv of a developins cotton boll

a. Cotton flower on the day of anthesis or flowering.

b. Cross-section of a cotton flower on the day of anthesis, to show location of ovules

within the ovary. Adapted from Raven et aI. (1986).

c. Cotton flower one day after flowering, showing pink pigmentation of the petals.

d. Developing cotton boll, five days after flowering.

e. Developing cotton boll, aged 20 days after flowering.

f. Mature cotton boll, aged approximately 50 days after flowering.
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Figure 1.3: Morpholosv of developing cotton plants

a. Development of Siokra l-2 and Siokra L-22 plants under growth cabinet conditions.

i. Siokra 1-2 (right) and Siokra L-22 (left) plants two weeks after sowing of the seeds.

ii. Siokra 1-2 (right) and Siokra L-22 (left) plants six weeks after sowing of the seeds,

showing extensive foliage growth.

iii. Siokra 1-2 plants four months after sowing, showing flowers and developing bolls.

iv. Siokra 1-2 plants five months after sowing, showing mature cotton bolls (arrowed)

and loss of foliage from lower branches.

b. Development of an individual Siokra 1-2 cotton plant. The bar on the left represents a

length of 20 cm.

i. A juvenile plant two weeks after sowing of the seeds.

ii, A Siokra 1-2 plant six weeks after sowing of the seeds, showing the okra leaf shape

and extensive foliage growth.

iii. A Siokra I-2 plant ten weeks after sowing of the seeds and after commencement of

flowering.

iv. A Siokra l-2 plant five months after sowing of the seeds, showing bolls and flowers

at varying stages of development, including bolls approaching maturity (arrowed).
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cm, with the maximal rate of expansion occurring between 6 and 12 DPA (Meinert and

Delmer, 1977; Naithani et al., 1981). Rapid growth of the boll is observed in the first 20 days

after flowering (Figure I.2d, e; Figure 1.3a, b), concomitant with the developing fibres and

ovules within the carpels. Cotton fibres elongate throughout their entire length and not just at

the tip (Ryser, 1917; Tiwari and'Wilkins, 1995), and data from the incorporation of

radioactively-labelled wall precursors suggest that primary cell wall formation also occurs

along the entire fibre cell with some bias at the apex (O'Kelley, 1953). The elongation phase of

fibre growth involves many different processes which are precisely controlled but cell wall

biosynthesis is the major synthetic activity in cotton fibre cells and will be considered in some

detail.

1.3.3a Primary Cell 'Walls of Plants

The primary cell wall which is deposited during fibre elongation is similar in composition

to other dicotyledonous plants (Meinert and Delmer, 1977) and at l0 DPA consists o135-5OVo

cellulose plus approximately equal amounts of uronic acids, sugars, non-cellulosic glucans and

proteins (Huwyler et al., 1979; Timpa and Triplett, 1993). The matrix of primary cell walls is

complex with hundreds, probably thousands of genes acting upon its formation and dynamics

(Varner and Lin, 1989). Cell wall growth involves not only the synthesis of materials but their

organised integration into the existing cell wall and in cotton fibres, the endoplasmic reticulum,

Golgi complex and plasmalemma form a functionally integrated membrane system for the

synthesis and transport of cell wall components (Ramsey and Berlin, l9'76a; Ramsey and

Berlin, 1976b). Current models for the typical angiosperm primary cell wall (Talbott and Ray,

1992; Carpita and Gibeaut, 1993) are based on three intermolecular networks. These

networks, and the interactions between them, endow the wall with its mechanical properties

and control whether, and at what rate, a plant cell can grow

The first cell wall network is made up of cellulose microfibrils which are coated with an
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array of polysaccharides, broadly classed as hemicelluloses and mainly consisting of

xyloglucans (McQueen-Mason, 1995). Xyloglucan chains are hydrogen-bonded to the surface

of the microfibrils and span neighbouring microfibrils, forming a continuous cohesive lattice

throughout the wall. Direct microscopic evidence has been provided for the presence of

xyloglucan cross-bridges between cellulose microfibrils (McCann et al., 1990; Whitney et al.,

1995) and deposition of xyloglucan is limited to the elongation phase of cotton fibre

development (Timpa and Triplett, 1993). This cellulose domain is embedded in a network of

pectin, consisting of three polysaccharides, homogalacturonan, rhamnogalacturonan I and

rhamnogalacturonan II, which form a gel-like pectin matrix. Structural proteins form a third

interlocking network (reviewed in McCann and Roberts,1994).

In addition to the extensive cell wall synthesis which occurs during elongation, a thin

cuticle is deposited on the surface of the primary wall and stretches and thins as the fibre cell

elongates (Flint, 1950; Willison and Brown, 1977; Ryser, 1985). Consisting of fats, waxes and

resins, the cuticle is a characteristic of cells which are exposed to air at some stage in their life

cycle and protects the living cell from desiccation (Kolattukudy, l98l).

1.3.3b Control of Cell Exoansion

The control of fibre elongation is an important consideration in cotton bioengineering

and there are many levels at which fibre growth can be controlled. Plant cell enlargement is

tightly regulated by plant hormones, pH, light and other factors and is driven by turgor

pressure, which in cotton fibre cells is largely generated by the influx and accumulation of

potassium and malate in the enlarged central vacuole (Dhindsa et aI., 1975). Malate and K+

levels fluctuate in correlation with growth rate of both in vivo and, in vitro grown fibres,

reaching a peak when growth rate is maximal (Dhindsa et al., 1975).In addition, amounts of

malate synthesising enzymes, K+ and malate were found to be higher in elongating fibres of G.

hirsutum (a long staple type) than in its short-fibred counterpart, G. arboreum (Basra and
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Malik, 1983). The differential accumulation of other proteins involved in maintenance of turgor

in the developing fibre cell also parallels the rate of elongation. For example, the expression of

vacuolar H+-ATPase subunit genes is induced specifically in tissues undergoing rapid cell

expansion and altered patterns of expression are observed in cotton genetic mutants exhibiting

aberrant trichome development (Joshi et aL, 1988; V/ilkins and V/an, 1993; Hasenfratz et aI.,

1 99s).

The growth (in area) of a cell wall requires the cellulose microfibrils to move apart or to

slip relative to each other, and this requires breakage or lengthening of the polysaccharide

linkages. "Wall-loosening" enzymes are thought to initiate turgor-driven cell expansion by

biochemical modification and relaxation of the cell wall. Expansins, first described in cucumber

hypocotyls (McQueen-Mason et al., 1992), are a class of cell wall proteins which appear to

loosen the wall via a non-hydrolytic mechanism that disrupts the non-covalent adhesion of cell

wall matrix polysaccharides to each other or to cellulose microfibrils (Cosgrove, 1993;

McQueen-Mason and Cosgrove., 1994; McQueen-Mason and Cosgrove, 1995). Endo-

xyloglucan transferase (XET) is a recently identified transferase which can catalyse the

molecular grafting reactions between xyloglucan molecules (Nishitana and Tominaga, 1992).

Correlations have been found between XET activity and plant growth rate (de Silva et al.,

1994) and modification of wall matrix polysaccharides by enzymes such as hydrolases and

XET may work synergistically to enhance expansin-mediated extension (Cosgrove and

Durachko, 1994; Fry, 1994).

1 .3.3c Hormonal Considerations

Auxin is involved in the enhancement of cell elongation and enlargement (Hong et aI.,

1987). In all cotton cultivars, auxin levels in fibre cells peak at about the time of

commencement of elongation and correlate positively with the final fibre length (Naithani er

al., 1982). Levels of auxin are regulated by enzymes such as o-diphenol oxidase and
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peroxidases, the activities of which are considerably higher during the elongation phase in short

staple cultivars than in their medium and long staple counterparts (Basra and Malik, 1981). In

addition, auxin catabolism is low during the elongation phase of G. hirsutum fibres but

increases four-fold during secondary thickening and this trend is reflected in the relative

activity of IAA oxidising systems (Jasdanwala et al., lgll).

The mechanism which underlies auxin action on the enhancement of cell elongation is not

fully defined but one early manifestation of auxin treatment is the regulation of gene expression

at the transcriptional level and an increase in the synthesis of some cell wall constituents

(Varner and Lin, 1989). The application of growth substances or manipulation of pertinent

enzyme systems may prove to be effective in increasing the number, length, strength and

uniformity of cotton fibres (Basra and Malik, 1984) and is currently under investigation (John

and Stewart,1992; John, 1994).

At approximately 16 to 18 DPA, fibre elongation slows with the onset of secondary wall

synthesis and the two phases overlap by several days. There seem to be varietal differences in

cotton regarding the capacity for elongation after the beginning of secondary wall deposition

and varying degrees of overlap between the phases of elongation and secondary wall synthesis

have been reported by Benedicf et al. (1973), Schubert et al. (1973), Jasdanwala et aI. (1971)

and Huwyler et al. (1919). Degree of overlap between primary and secondary wall synthesis

and timing of secondary wall synthesis may correlate with fibre quality, particularly final fibre

length (Benedict et aI., 1973; Beasley, 1979). Overlap tends to be greater in long staple

cultivars than in short staple cultivars (Naithani et aI., 1982).

The signals which trigger fibre cells to enter the next phase of growth are unknown, but

differences in the molecular profile of cotton fibre during the stages of elongation and

secondary wall synthesis are substantial and onset of the latter phase is characterised by several
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biochemical changes. For example, callose, a B-1,3-linked glucan, is normally found associated

with wound response in plants but is synthesised transiently in cotton fibres at the onset of

secondary wall synthesis (Waterkeyn, l98l;Ryser, 1985; Maltby et al., l9l9). Speculation as

to the role of B-l,3-glucan polymers has ranged from cell wall turnover, a reserve function or

metabolic intermediate (Waterkeyn, 1981). Callose synthase may share common subunits or be

an altered form of cellulose synthase (Meier et al., 1981; Hayashi ¿r al., 1987; Delmer et al.,

1991; Bulone et al., 1995).

Similarly, a significant amount of silicon is found in the cell walls of developing cotton

fibres, with maximum levels corresponding with initiation of secondary wall thickening. A

higher concentration of silicon in cotton varieties with long fibres suggests a possible role for

silicon in fibre elongation and/or initiation of secondary wall synthesis (Boylston et al, 1990).

Cotton bolls accumulate a pectic fraction of carbohydrates, mainly glucose, fructose and

sucrose during the elongation phase development (Conner et al., I9l2). Huwyler et aL (1979)

found that the absolute amounts of fucrose, galactose, mannose, arabinose and uronic acids all

reached a maxima at the transition between primary and secondary wall formation and

thereafter decreased, implying that degradation of noncellulosic polysaccharides was occurring.

The transition between elongation and secondary wall deposition is also marked by

changes in protein patterns, as seen by SDS-PAGE of in vitro translation products (Alexander

et aI., 1983; John and Stewart, 1992). The auxin content of cotton fibres decreases sharply

prior to the onset of secondary wall formation (Basra and Malik, 1984) and it may be depletion

in the levels of auxin which triggers wall deposition (Jasdanwala et al.,l97l).

L.3.5 Secondarv Wall Deposition

Secondary wall synthesis is characterised by the deposition of a homogeneous population

of high molecular weight cellulose on the inner surface of the existing primary wall, at the

expense of the cell lumen. Deposition of the secondary wall begins at approximately 16 DPA
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and continues until 30-35 DPA, with maximal deposition occuring at 26-28 DPA. The

secondary cell wall is less hydrated and more compact than the primary wall and differs

substantially in chemical composition (V/ard and Moo-Young, 1989).

In a mature fibre the secondary wall is about 94Vo cellulose (Young, 1986) and relatively

thick, providing the extraordinary strength required of a textile fibre. Secondary wall

characteristics, such as molecular weight distributions of cellulose polymers, vary between

cotton cultivars (Timpa and Ramey, 1989) and the length of cellulose chains has a direct

influence on the tensile strength of the fibre cell (Benedict et al., 1994). The disposition of

,., cellulose fibrils in the secondary walls of cotton fibre cells is unique. Whereas in most cells the

fibrils are angled axially or spiral continuously in one direction, the spiral pattern of fibrils in

cotton fibres intermittently reverses direction. The frequency of such reversals varies between

cotton cultivars (Betrabet et al., 1963). The cell wall is thinner at reversal points than in other

parts of the fibre and it is at these points that mature fibres twist (Section 1.3.6), resulting in a

spinnable fibre.

1.3.6 Maturation of Fibre Cells

The final phase in fibre development, that of maturation, occurs 40 to 50 DPA and

culminates in boll opening which causes fibre cell death and desiccation (Figure 1.2f, Figure

1.3a, b). As they dry, the cylindrical fibre cells collapse to twisted, ribbon-like structures in a

way that allows the spinning of fine, strong cotton threads. The angle of spiral twisting

together with the degree of secondary wall thickening affects fibre strength (Basra and Malik,

1984).

1.4 Trrn BrocnpvrrsrRY oF' Frnnn Dnvnr,opMENT

1.4.1 Cellulose in the Cotton Fibre Cell Wall

Chemically, cellulose is a linear B-1,4-linked glucan. Uridine diphosphoglucose
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molecules are polymerised into long cellulosic chains which are hydrogen-bonded to one

another to form insoluble crystalline bundles called microfibrils. The current model for

cellulose synthesis, supported by evidence from Acelobacter xylinum, a cellulose-producing

bacterium (Saxena et al., 1994), is that synthesis of microfibrils occurs on the plasma

membrane in association with large multi-enzyme complexes (Westafer and Brown, 1976;

Willison and Brown, 1977)

The cellulose synthase complexes are mobile in the plane of the plasma membrane and

are guided in their motion by plant cytoskeletal elements. Cotton fibres contain highly

organised affays of cytoskeletal microtubules which appear to shift orientation in a

developmentally-controlled manner. Microscopic and immunocytochemical evidence has

shown that orientation of microtubules mirrors that of the cellulose microfibrils (Westafer and

Brown, 1976; Willison and Brown, 1977; Seagull, 1986; Seagull, 1992) even throughout spiral

reversals (Yatsu and Jacks, 1981; Section 1.3.5). In addition, chemical disruption of the

cytoskeleton not only disorganises microtubules in cotton fìbre cells but also deranges normal

cell wall microfibrillar orientation (Yatsu and Jacks, 1981) and results in significant decreases

in fibre textile properties (Yatsu, 1983)

The orientation and arrangement of cellulose microfibrils in the cell wall has an important

bearing on the physical properties of cotton fibres. Control points for cellulose deposition

could occur at several levels including production, transport or uptake of substrate, provision

of sufficient energy through respiration, or function of the endomembrane system and

cytoskeletal elements. The organisation of cellulose microfibrils can be modified through

interactions with a variety of wall components (Preston, 1919). In addition, extensive efforts

have been invested in the isolation of cellulose synthase from higher plants. The main barrier to

the identification of cellulose synthase in higher plants has been the inability to synthesise

cellulose in vitro using cell-free systems. Use of Acetobacter xylinum as a model experimental

system resulted in characterisation of a cellulose-synthase operon (V/ong et a|.,1990; Saxena
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et al., 1991; Saxena et aI., 1994; Standal et aI., 1994) and identification of the catalytic subunit

of cellulose synthase (Lin et al., 1990). Antibodies against Acetobacter cellulose synthase

cross-react with proteins present in several higher plants including the leaves of cotton (Mayer

et al., 199I).In a series of articles, Brown and colleagues (Okuda et al., 1993;Li and Brown,

1993) reported the synthesis of appreciable amounts of B-l,4-glucan in virro. Subsequently,

the catalytic subunits of both callose and cellulose synthase were identified from cotton fibres

(Li et al., 1993; Kudlicka et al., 1995) although results from the experiments have been

disputed (Delmer et a1.,1993; Brown et aL,1994).

Studies of various cotton mutants showed that cellulose deposition during the elongation

and secondary walÌ deposition phases of fibre development are under separate genetic control

(Kohel et al., 1974). Fibre length is limited to less than 5 mm in two fibre mutants, Ligon

lintless-l and Ligon lintless-2, but secondary wall formation appears to occur normally (Kohel

et al., 1992). The rate of formation of crystalline cellulose in the primary fibre cell walls of

Ligon lintless-2 was shown tobe 40Vo less than in wild-type fibres (Kohel et al., 1993) and it is

the aherrant cellulose deposition which presumably results in the dramatic reduction in the

elongation of mutant fibres. Since fibre elongation and secondary wall deposition are not

necessarily controlled by the same genetic factors (Kohel et al., I9l4), it may be possible to

alter through genetic manipulation either elongation or dry weight increase of the fibres

without appreciably changing the other.

1.4.1a Cellulose in Primarv Cell Wall

Cellulose microfibrils in the primary cell wall cellulose consist of a heterogeneous

population of molecules with generally low molecular weight. In fibre initials, the cell wall

contains cellulose microfibrils which are organised in a random pattern and therefore do not

hamper the "ballooning" of the cells above the ovule epidermal layer (Seagull, 1993; Section

1.3.2). Soon after initiation, microfibrils are reorganised into a loose arrangement transverse to
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the direction of growth and thereafter, are deposited in a shallow pitched helical pattern which

spirals down the length of the fibre. The distinctly transverse pattern of microfibril deposition is

responsible for controlling the unidirectional elongation of the fibre cell (Seagull, 1993). As

elongation continues, the orientation of the microfibrils changes so that, by 10 DPA, the

outermost (oldest) microfibril layers are oriented in the direction of growth (axially) while new

microfibrils are still deposited transversely (Seagull, 1993; Timpa and Triplett,1993).

1.3.1b Cellulose in the Secondary Cell'Wall

Secondary cell wall synthesis is characterised by a sharp increase in the rate of cellulose

synthesis at 16 DPA which peaks at 17 DPA and declines by 18 DPA (Meinert and Delmer,

l9l7). The bulk of the secondary wall is deposited as layers of parallel cellulose microfibrils,

organised in helical arays with increasing pitch (Seagull, 1993) such that the microfibrils

closest to the lumen have an axial orientation. The first layer of the secondary cell wall, termed

the winding layer, can be morphologically distinguished from the remainder of the secondary

wall and its deposition is thought to occur during the transition between the elongation and

secondary wall deposition phases of cotton fibre growth. Microfibrils in the winding layer are

not as densely packed as microfibrils in the rest of the secondary cell wall and do not

completely restrict cell expansion, whereas onset of deposition of subsequent highly organised

layers of the secondary wall restricts elongation completely (Meinert and Delmer, 1971,

Seagull, 1993).

The shift in orientation of cellulose microfibrils from the transverse pattern of the primary

wall to a sharply helical pattern of deposition is paralleled by similar changes in orientation of

the cortical microtubule network from transverse to spiral between 15 and 18 DPA. Both

events may therefore be regulated upstream by a reorganisation of actin (Seagull, 1992;

Seagull, 1993), perhaps mediated by plant growth substances. Gibberellins have been found to

control the polarity of maize root cell growth through regulation of the orientation and
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arrangement of cortical microtubules (Balu5ka et aI., 1993) and it is reasonable to assume that

they play a similar role in the developing fibre cell.

1.4.2 Proteins Associated with the Development of the Fibre Cell

7.4.2a Proteins in Plant Cell Walls

Cell walls in plants contain only relatively small amounts of protein, with primary walls

containing more protein than secondary walls (Lamport, 1965; Keller, 1993). Cell wall proteins

consist of both structural proteins and enzymes. Five classes of structural cell wall proteins

have been characterised to date. These are the extensins, or hydroxyproline-rich glycoproteins

(HRGPs), the proline-rich proteins (PRPs), the glycine-rich proteins (GRPs), the

arabinogalactan proteins (AGPs) and the lectins, which are restricted to the Solanaceae family

(Cassab and Varner, 1988; Keller, 1993; Showalter, 1993). Each class of structural cell wall

protein has a distinctive repeating motif and is encoded by a small multigene family, the

members of which are regulated in a cell-specific as well as in a developmental fashion. Their

precise role in cell wall architecture in unknown but HRGPs and PRPs are thought to modify

the plant cell wall by covalent crosslinking of tyrosine residues to form an insoluble network

(Fry, 1986; Cooper et aL.,1987; Cassab and Varner, 1988). This would harden and strengthen

the wall against environmental stress and pathogen attack or wounding (Bradley et a\.,1992).

GRPs are primarily associated with lignified plant cell walls (Keller et aL,1988; Ye and

Varner, 1991), which suggests that they influence the polymerisation of lignin or direct the

sites of lignin deposition. Unlike the classes of protein described above, the arabinogalactan

proteins (AGPs) and lectins are soluble wall components. AGPs are a complex group of

molecules which are found in almost all tissues of higher plants and are probably non-structural

components of the matrix (Marcus et al., l99I). AGPs typically comprise only 2 to lOVo

protein by weight and increased concentration of AGPs is associated with maturation of the

stigma, suggestive of a role in pollen incompatibility. The selective activation of genes
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encoding specific structural proteins such as HGRPs and PRPs provides a mechanism for

precise control of cell wall architecture during cellular differentiation and elongation.

Various enzymes taking part in the formation and modification of cell walls have been

identified from a large number of plants. Enzymes such as peroxidases, phosphatases,

invertases, glucanases, arabinosidases, proteases, pectinesterases and galactosidases as well as

extensins and XET have been characterised. They have been implicated in defence and cell

maturation as well as presumed roles in the degradation and turnover of cell constituents

(Cassab and Varner, 1988; Varner and Lin, 1989). The best characterised cell wall

glycoenzyme is the family of peroxidases, which have been shown to catalyse formation of

crosslinks between macromolecules such as lignin, proteins and hemicelluloses (Cassab and

Varner, 1988, Showalter and Varner, 1989). Peroxidases may therefore restrict cellular growth

by rigidifying the cell wall and have been also been implicated in the regulation of auxin levels

and response to microbial attack. In accordance with a role in cell expansion, peroxidases have

altered patterns of expression in enhanced extension (slender) mutants of pea, tomato and

barley (Jupe and Scott, 1989; Jupe and Scott, 1992; Schünmann et aL,1994).

1.4.2b The Protein Profile of Developing Fibre Cells

There is considerable synthesis of proteins during cotton fibre development (Huwyler er

at.,1979). The percentage of proteins in the fibre cell wall peaks at the end of elongation, then

steadily decreases as the fibre matures (Meinert and Delmer, 1977; Huwyler et al., 1979).

Investigation of the protein profile of developing cotton ovules and fibres showed that fibre

development is characterised by at least two distinct protein populations, the first of which

occurs around anthesis (Graves and Stewart, 1988a). The early proteins are believed to be

involved in fibre initiation and establishment of the elongation phase. The second population of

proteins appears around 10 DPA and is believed to have a role in the initiation of secondary

wall deposition. This set of proteins is detectable beyond 20 DPA (Graves and Stewart,
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1988a). Interestingly, the staining intensity of several specific proteins (Graves and Stewart,

1988a) increased in parallel with the reported pattern of cellulose deposition (Meinert and

Delmer, 1977; Alexander et a1.,1933) and protein pattorns differed between fibres and ovules

of the same age, suggestive of tissue-specific proteins in both tissues (Graves and Stewart,

1 988a).

1.4.2c Cytoskeletal Proteins in the Fibre Cell

Microtubules in the plant cytoskeleton are involved in the deposition of organised arrays

of cellulose microfibrils in most, if not all, higher plant systems (Section 1.4.1). Tubulins, the

main component of microtubules, are encoded by a well-characterised gene family, the

members of which have constitutive or developmental stage-specific and/or tissue-specific

expression (Silflow et al., 1987). As a percentage of total protein fibre cells have greater

amounts of tubulin than hypocotyls, roots, leaves or cotyledons (Dixon et aI., Igg4).

Consistent with increases in microtubule length and number that occur during fibre

development, levels of cx and B tubulin monomers increase in cotton fibres up to 20 DpA

before reaching a plateau or decreasing slightly after the onset of secondary wall synthesis

(Meinert and Delmer, 1977; Kloth, 1989; Seagull, 1992). Specific components of the

cytoskeleton may play regulatory roles in defining fibre development and may provide subjects

for the manipulation of not only fibre characteristics but general plant cell morphogenesis.

1.4.3 Supplv of Metabolic Enerev to the Fibre Cell

Sucrose is the principle form in which carbon and energy are supplied to non-

photosynthetic plant cells such as thc cotton fibre (Basra et aL.,1990; Jaquet et u|.,1982). Its

immediate metabolism, regulated by the relative activities of acid invertase, alkaline invertase

and sucrose synthase, is of fundamental significance in developing cotton fibres. A high level of

invertase activity is localised in tissues with rapid growth (Gayler and Glasziou, 1972) and high

activities of sucrose metabolising enzymes have been reported both in in vitro and in vivo
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grown fibres (Beasley, 1977). In addition, the enzymes appear to have higher activities in

longer than in shorter fibres (Basra et al., 1990) and at least half of the total sucrose synthase is

associated with the plasma membrane and may serve to channel carbon directly from sucrose

to cellulose and/or callose synthesis (Amol et al., 1995). Metabolic requirements during cotton

fibre development may be partly met through interrelated operation of the glycolytic and

pentose phosphate pathways (Basra and Malik, 1984). Higher activities of glycolytic and

pentose pathway enzymes together with increased turnover of ['aClglucose are observed in

long staple as opposed to short staple cultivars (Basra, 1982).

1.5 RrnosOvTAL RNA GBNns AND DEVELoPMENT oF THE Corrou Frnnn

L.5.1 Ribosomal RNA Genes in Hisher Plants

The genomes of higher plants are charucterised by very high percentages of repeat

sequences and ribosomal RNA genes (rDNA) form a major class of tandemly repeated

sequences. The genes which specify the rRNAs are organised in units which contain the

regions encoding 18S, 5.8S and 25S ribosomal RNAs and an extended intergenic region

sometimes termed the non-transcribed spacer or NTS (Figure 1.4). Ribosomal RNA genes

occur in tandem arrays and are located at one or more chromosomal loci in a given plant

genome, the so-called nucleolar organising regions (NORs). rRNA genes are transcribed as a

single precursor or pre-rRNA which is subsequently processed via a complex series of steps

into mature 185, 5.8S and 25S subunits of the ribosome (Sollner-Webb and Tower, 1986).

The number of NORs and total number of rRNA genes vary between species, ranging

from a few hundred to several thousand rDNA copies per genome (Ingle et al., 1975; Rogers

and Bendich, 1987a). General organisation of rRNA genes has been described in many species,

both monocots and dicots (Vedel and Delseny, 1987) and the coding regions show substantial

sequence conservation not only among plant species but among eukaryotes. In contrast, the
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transcription unit

18S 5.8S 2ss
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ITS1 ITS2

NTS

Fisure 1.4: Schematic diapram of a sinsle rRNA sene reneat unit

Map of an rDNA repeat unit showing positions of the 185, 5.8S and 25S coding

regions, which are separated by the internal transcribed spacers ITS1 and ITS2.

External transcribed spacers (ETS) are indicated by arrows, as is the intergenic spacer

or non-transcribed spacer, NTS with its repeat elements.
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NTS and parts of the pre-rRNA removed during processing show considerable divergence

between phylogenetic groups and between plant species.

Tn tetraploid cotton, three major 18S-25S loci were mapped by in situ hybridisation to

chromosomes 9, 16 and 23, with an additional minor locus on chromosome 7 (Crane et al.,

1993). Sequence data from ITSI and ITS2 regions (Wendel et aI., 1995; Figure 1.4) indicate

that rDNA arrays are virtually homogeneous in several diploid and allotetraploid cottons. The

55 rRNA genes are organised in tandemly repeated clusters uninterrupted by other sequences

but are separated physically from the rDNA clusters. (Hemleben and Grierson, 1978). In

cotton the two 55 rDNA sites, which are different in size, have been localised by in situ

hybridisation to regions near the centromeres of chromosomes 9 and 23 (Crane et al., 1993).

1.5.2 The Nucleolus

The nucleolus is the site where major (18S-25S) ribosomal RNA genes are transcribed

and the resultant 45S primary transcript is processed and assembled into preribosomal

particles. The nucleolus therefore contains the transcribed rDNA and the different transcripts

as well as the structural and enzymatic molecules involved in such activity, such as ribosomal

proteins, RNA polymerase I, DNA topoisomerases, transcription factors, processing enzymes

and the imported 55 rRNA.

Three distinct ultrastructural components are visible in electron micrographs of almost all

nucleoli and the components appear to be dynamic and dependent on ultrastructural activity.

Powerful in situ methodologies and immunoelectron microscopy, such as that carried out in

pea root cells (Shaw et al., 1995) and Viciafaba mitotic cells (Sato and Myoraku, 1994) have

mapped different parts of the transcription, processing and assembly pathway to the nucleolar

components. The various RNA processing events appear to be spatially highly organised, with

the early steps of transcription and processing occurring in the centre of the nucleolus and later

steps in its periphery (Risueño and Testillano,1994).
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Several lines of evidence suggest that the nucleolar volume is a measure of nucleolar

activity and is closely related to the number of active rRNA genes at an NOR. Generally, plant

cells engaged in rapid protein synthesis possess large nucleoli (reviewed in peete rs et al., 19gS)

and active cells tend to have larger and more nucleoli than inactive cells. In addition, changes

in number, size, morphology and shape of nucleoli have been noted in differentiating cells,

depending on their metabolic and proliferative state (Ghosh, 19g7).

1.5.3 Ribosomes and Nucleoli in Cotton Fibre Cells

Primordial fibre cells can be distinguished from the sumounding epidermal cells by

several morphological features which include more numerous ribosomes and rough

endoplasmic reticulum (Ramsey and Berlin, 1976a; Section 1.3.2). The nucleolus is also

enlarged in prefibre cells (Ramsey and Berlin, 1976a) on the day of anthesis and further

enlargement of the nucleus and nucleolus occurs by 2 DPA (Ramsey and Berlin, 1976b), with a

peak at around 4-10 DPA depending on the cultivar. The nucleus maintains its size during

furthel fibre development, while the size of the nucleolus declines gradually. No considerable

changes in the nucleolus are observed after 20 DPA (Peeters et aI., 1gB7) and prominent

nucleoli are not observed in the nuclei of older cotton fibres (Ramsey and Berlin, lg76b).

Different cotton species are characterised by different nucleolar growth profiles (peeters et al.,

1987) which suggests that nucleolar activity is under genetic control.

Results of statistical analysis of nucleolar size and final f,rbre dimensions have prompted

the suggestion that large and small nucleoli belong to long and short fibres respectively

(Peeters et al., 1987; Peeteß et al., 1988). Nucleolar activity, expressed by the size of the

nucleolus and perhaps its vacuolation, was less in fibres sampled from the micropylar region of

the seed than in the longer fibres of the mid region (Peeters et aL, Ig87). Changes in nucleolar

size and vacuolation at early stages of fibre development may therefore influence the

subsequent growth of the fibre.
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Taken together, these observations suggest that developing cotton fibres possess a

greater capacity for protein synthesis than the surrounding epidermal cells. The rapid and

extensive period of elongation and primary cell wall synthesis by cotton fibre cells clearly

requires substantial capacity for protein synthesis, especially in membrane formation necessary

for the expanding plasma membrane and tonoplast (Ramsey and Berlin, I9l6b). Ribosome

synthesis necessary for cell elongation appears to occur early in the elongation period and

declines as the fibre matures. It may be that the amount of ribosomes synthesised early in fibre

development, up to approximately 8 DPA determines the subsequent rate and degree of

elongation as well as the thickness of the fibre (Delanghe et a1.,1978)

1.5.4 Control of Ribosomal RNA Gene Expression

Eukaryotic cells synthesise vast amounts of rRNA, accounting for over SOVo of total

steady-state cellular RNA. However, the total number of rRNA genes per cell is in excess of

that required to sustain of ribosome synthesis, even in growing cells. Evidence for rRNA gene

redundancy comes from the extensive variation in gene copy numbers in between and within

individual plants (Rogers and Bendich, I987a; Rogers and Bendich, 1987b), the often very

large numbers of rRNA genes per cell, and the viability of plant mutants with a large

percentage of their rRNA genes deleted (Flavell et al., 1985). Birnstiel and coworkers (1971)

have claimed that in Xenopus only 150 rDNA cistrons are necessary for protein synthesis

required for normal maintenance of a cell. No association has been found heên-f€+¡.nd between *-

rDNA copy number and phenotype, vigour or rRNA content (Buescher et aL.,1984) and it has

been suggested that the maintenance of repetitive DNA sequences, including rDNA, are

maintained in plants to allow adaptation to unfavourable changes in their environment (Walbot

and Cullis, 1985; Cullis, 1990)

Altered chromatin structure and demethylation are intimately related to rRNA gene

expression (Flavell et aI., 1985; Flavell et aI., 1988; Scott et al., 1984). Methylation studies
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carried out on members of the Cucurbitaceae (Ingle et al., 1975) and cucumber (Hemleben and

Zentgraf , 1994) showed that at leastTOVo of the repeats are completely methylated. The small

percentage of repeats which appears completely unmethylated are proposed to represent the

actively transcribed portion of rDNA (Flavell et aI., 1988; Hemleben and Zent1raf, 1994).In

general, very active nucleoli have a higher proportion of rRNA genes with unmethylated

cytosine residues compared with less active nucleoli and the extent and pattern of methylation

can alter during development (Flavell et aL, 1988). Interestingly, stimulation of rRNA

synthesis is observed after treatment with an analogue of auxin (Guilfoyle et aI., 1975). This

may have implications for cotton fibres, since levels of auxin are high during the elongation

phase of development, correlating with increased numbers of ribosomes in fibre initials.

The number of rRNA genes engaged in transcription appears to be correlated to a cell's

general metabolic and proliferative activity and the rate of rRNA synthesis can change

enormously depending on the developmental and physiological state of the cells or the

environmental conditions (reviewed in Sollner-V/ebb and Tower, 1986). Changes in rRNA

synthesis may reflect changes in the rate of transcription of a given set of genes but there is

some evidence that increases in the rate of rRNA synthesis occur by the progressive activation

of additional transcription units (McKnight and Miller, I976).

Recent studies on plant rRNA genes has begun to elucidate the regulation of

transcription by RNA polymerase I (Sollner-Webb and Tower, 1986; Sollner-'Webb and

Mougey, 1991;Hemleben and Zentgraf, 1994). Various regulatory elements suggested to be

involved in RNA polymerase I transcription are located within the NTS region (Figure 1.4)

which contains the transcription initiation and termination sites, the RNA polymerase I

promoter, putative enhancer sequences and processing sites for the rRNA precursor, contained

within an often complex organisation of 100-300 bp repeated elements (Hemleben and

Zentgraf , 1994). As in Xenopus (Reeder et aI., 1983), the repeats are believed to serve as

enhancers in RNA polymerase I transcription by factor trapping (Flavell et aL, 1986; Sardana
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et al., 1993). When transcription components are limiting, the genes with more enhancers

appear dominant over those with fewer enhancers. Moreover, a correlation has been found

between the number of subrepeats and nucleolar activity in wheat (Flavell et a\.,1985).

L.6 GnNns INvoLvED rN Frenn Dnvnr,opMENT

The number of genes active in the developing cotton fibre is similar to that in other

organs of the plant, and consists of both housekeeping and fibre-specific genes (Graves and

Stewart, 1988a; John and Stewart, 1,992). Although several fibre-specific genes have been

isolated, mostly within the last two years, few have been characterised with respect to function

and others show no sequence similarity to known proteins. In addition, several fibre mutants

have been described, but their genetic basis, to date, is unknown.

1.6.1 Ar¿å¿Topsis trichomes: an analogous system

Few cells elongate to the extent of cotton fibre cells in the absence of cell division. The

only known analogous system in plants which has undergone extensive study is trichome

development on the leaves of Arabidopsis thaliana. Like cotton fibres, Arabidopsis trichomes

are single specialised epidermal cells which develop in a series of discrete developmental

stages. The differentiation of trichomes of Arabidopsis has been utilised as a model for the

study of plant cell differentiation and is well-characterised both at the genetic and molecular

levels. The stages of growth are genetically defined by a bank of trichome mutants which affect

a particular aspect of trichome development (Hülskamp et aI., 1994), generally either

patterning or cell morphogenesis.

An interesting Arabidopsis mutant recently isolated shows altered patterns of cellulose

deposition in particular organs so that deposition in the various cells of stems and roots is

normal but the mutant is unable to synthesise and deposit cellulose in the secondary cell walls

of trichomes (Potikha and Delmer, 1995). The mutation also affects callose deposition in
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leaves, lending support to the suggestion that synthesis of cellulose and callose are related

events. Potikha and Delmer (1995) suggest that the mutation occurs in a differentially-

expressed gene which encodes a synthase subunit or in an activator associated with the tissue-

specific expression. A similar tissue-specific activator, if present in cotton fibres, would be an

obvious target in the genetic manipulation of fibre characteristics. Cytoskeletal organisation is

not impaired and primary cell wall cellulose is deposited normally in mutant cells which

suggests that cellulose synthesis and deposition are controlled independently in the two cell

wall types, as is also suggested from studies of cotton fibres (Kohel et al., 1974). A trichome-

specific promoter has been identified and has potential in the expression of novel genes in the

trichomes (Herman and Marks, 1989).

Interestingly. high levels of an XET protein (Section 1.3.3b) have been detected in

Arabidopsis trichomes as well as in other growing regions of the plant (Xu et al., 1995). The

expression of the corresponding gene, TCH4, is regulated by expansion-promoting hormones

and various environmental stimuli.

I.6.2 Characterisation of Genes Involved in Cotton Fibre Development

John and Crow (1992) were the first to report isolation of an abundant, fibre enhanced

mRNA, E6. E6 transcripts were reported to be the most abundant fibre-specific transcripts in a

fibre cell and were detected throughout fibre development, with a peak in expression at 15-22

DPA. Much lower levels of expression were observed in ovule, flower and leaf and the E6

promoter was shown to direct expression of a reporter gene in a tissue-specific and

developmentally-regulated manner. The sequence of E6 did not show similarity to any known

sequences and since it was present in fibre-producing rather than cellulose-producing

organisms, it is postulated to have a unique structural or enzymatic role in the primary cell wall

deposition in fibre (John and Crow, 1992). Two pistil-specific mRNAs recently isolated from

Brassica napus have been found to share homology with E6 mRNA (Robert et aI., 1994). The

36



proteins encoded by the two B. napus genes are thought to have structural defence roles,

protecting the surface of the stigma from pathogen infection.

Two further fibre-specific mRNAs of unknown function, 86 (John, 1995) and H6 (John

and Keller, 1995), have been characterised. The 86 mRNA is present during both the primary

and secondary wall stages of fibre growth and is also expressed at low levels in leaf tissue. The

H6 mRNA appears to encode a proline-rich cell wall protein with features characteristic of

AGPs (John and Keller, 1995; Section 1.4.2a), which is claimed to be the major proline-rich

protein in cotton fibres. Based on its primary structure and expression pattern, the H6 protein

is postulated to have a role in secondary cell wall deposition, perhaps in wall matrix assembly

Several other fibre-specific mRNAs encode products with similarity to known proteins

Differential screening of a fibre cDNA library resulted in the isolation of an mRNA encoding a

lipid transfer protein (LTP) (Ma et aI., 1995) which was present at low levels in leaves but was

undetectable in roots and flowers. It has a signal peptide, suggesting that it is localised to the

extracellular matrix and has been proposed to have a role in cuticle biosynthesis (Ma et al.,

1995). Two GTP-binding proteins show specific accumulation in cotton fibre cells and were

isolated in a search for plant homologues of animal Rac proteins (Delmer et aL, 1995)

Expression of one of the two genes peaks at about 15-18 DPA and a role in rearrangement of

cytoskeletal elements during the transition between primary and secondary wall synthesis is

envisaged.

Nine c¿-tubulin isotypes have been identified in cotton tissues and of these, two were

found to accumulate specifically in fibres but were absent in other tissues (Dixon et al., 1994)

Similarly, two of the seven B-tubulin isotypes are specific to fibres and accumulate

preferentially in secondary wall synthesis. In addition, the isotypes accumulated at different

times during growth of the cotton fibre (Dixon et aI., 1994) and may correlate with the

observed changes in cortical microtubule affay during fibre development (Seagull, 1992)
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Arvrs oF THE

Wolk on the cotton fibre is driven by economic, agricultural and scientific interests. The

quality of cotton yarns and products is largely determined by the quality of the raw fibre and

fibre properties, pafticularly length, strength and fineness, require further improvement to meet

economic pressures and to facilitate more efficient spinning technology. Because these

characters are primarily under genetic control, modification of fibre development through

genetic manipulation could enhance fibre quality parameters. Prior to being able to utilise these

techniques in cotton fibre improvement, an understanding of the messenger mRNAs and their

protein products expressed in the differentiated cell is required. In addition to commercial

applications, fibre-specific genes and their regulatory elements will be valuable tools to

understand fibre differentiation and properties.

The primary aim of this project is to isolate and characterise cDNA clones corresponding

to mRNAs which are present in fibre cells but absent in other differentiated cotton tissues.

Overall protein synthesis, in the form of ribosome availability, has been implicated in cotton

fibre development and the control of ribosomal gene activity was also investigated at the

molecular level.
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CHAPTER 2

Materials and Methods





2.1 Marnnrlr-s

2.1.L Samples of Plant Material

Sources of plant material utilised in this study are summarised in Table 2.1 and were

seeds except where indicated.

2.L.2 Chemical Reaeents

General laboratory chemicals were of analytical research grade and were purchased from

a variety of manufacturers including Aldrich Chemical Co, BDH Chemicals Australia Pty Ltd,

Oxoid Pty Ltd and Sigma Chemical Company. Specialist reagents used in this study are listed

below:

"Amberlite" monobed resin

Antifoam A emulsion

B-mercaptoethanol

Caesium chloride

Chemicals for oligonucleotide
synthesis

DEPC

Diphenylamine

DMSO

Guanidine thiocyanate

PEG SOOO

PVP

ReadySolv'"HP

Sodium borate decahydrate

Spermidine

TEMED

Urea

2.1.3 Stains and Dyes

Bromophenol blue

Coomassie blue

Ethidium bromide

Methyl green

BDH Chemicals, Australia

Sigma Chemical Co, St Louis, MO

BDH Chemicals, Australia

BDH Chemicals, Australia

Beckman Instruments, Palo Alto, CA

Sigma Chemical Co, St Louis, MO

BDH Chemicals, Australia

BDH Chemicals, Australia

Fluka Biochemika

Sigma Chemical Co, St Louis, MO

Fluka Biochemika

Beckman Instruments, Palo Alto, CA

Sigma Chemical Co, St Louis, MO

Sigma Chemical Co, St Louis, MO

BDH Chemicals, Australia

BDH Chemicals, Australia

Sigma Chemical Co, St Louis, MO

Gibco BRL, Gaithersburg, MD

Sigma Chemical Co, St Louis, MO

George T Gurr Ltd, London
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Table 2.1: Plant material utilised this studv

Species Source Location

Cotton varieties

G. hirsutumL., cv

G. hirsutumL., cv

G. hirsutumL., cv

G. hirsutumL., cv

G. hirsutumL., cv

G. hirsutumL., cv
s086

Deltapine 90

Siokra 1-2

Siokra l-4

SiokraL-22

CSTS

Strumica

G. hirsutum L., cv. Paymaster
909

G. barbadense L., cv. Pima 5-6

G. raimondiiU\br

G. herbaceumL.

G. sturtianum J. H. V/illis

G. robinsonii F. Muell.

Other plants

Arabidopsis thaliana
ecotype Columbia

Pea, Pisum sativum

Carrot, Daucus carota

Tomato, Lycopersicon
esculentum

Tobacco, Nicotiana tabacum

Silverbeet, Beta vulgaris var
silverbeet

Cotton Seed Distributors, Narrabri, NSW

Cotton Seed Distributors, Narabri, NSW

Cotton Seecl Distributors, Narrabri, NSW

Cotton Seed Distributors, Narabri, NSW

Cotton Seed Distributors, Narrabri, NSW

Dr Greg Constable (Cotton Research and
Development Corporation, Narrabri,
NSW)

Dr Greg Constable (Cotton Research and
Development Corporation, Narrabri,
NS}V)

Richard MacCullum (Lake Tandau,
Menindee, NSW)

Genomic DNA from two plants; Dr Curt
Brubaker (CSIRO Division of Plant
Industry, Canberra, ACT)

Leaves from th¡ee plants of accession

LLI'776; Dr Curt Brubaker (CSIRO
Division of Plant Industry, Canbera,
ACT)

Nindethana Seed Service, WA

Nindethana Seed Service, WA

Genomic DNA; Dr Daniel Schachtman,
Department of Botany, The University of
Adelaide

Leaves; Dr Joe Wiskich, Department of
Botany, The University of Adelaide

Grown from existing seeds in the
department

Grown from existing seeds in the
department

Leaves; Sabba Spiniello, Department of
Genetics, The University of Adelaide

Grown from existing seeds in the

department

Chapter 6

Chapters 3,4, 5,6

Chapters 5, 6

Chapters 5, 6

Chapters 5, 6

Chapters 5, 6

Chapters 5, 6

Chapters 5, 6

Chapter 5

Chapter 5

Chapter 5

Chapter 5

Chapter 5

Chapter 5

Chapter 5

Chapter 5

Chapter 5

Chapter 5
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2.1.4 Enzvmes

Restriction endonucleases (and 10 x restriction buffers) were obtained from Promega and

Boehringer Mannheim. The remaining enzymes used in this study were obtained from the

following manufacturers :

PyroninY

Xylene cyanole FF

Calf intestinal phosphatase

DNaseI (grade 1)

Lysozyme

M-MLV reverse transcriptase

Proteinase K

RNaseA

RNasin@

T4 DNA ligase

T4 polynucleotide kinase

Za4 DNA polymerase

2.1.5 Radioactive Isotopes

32

[cr- P]dATP
(3000 Cilmmole; ethanolic)

1¿

lc¡c- PIdCTP
(3000 Cilmmole; aqueous)

32

[cr- P]dATP
(3000 Cilmmole; Redivue)

33

lcr- PIdATP
( 1 000-3000 Cilmmole; Redivue)

3-5

lcr- SIdATP
( 1000 Cilmmole; Redivue)

¡y-"e1o,ttt
(3000 Cilmmole; Redivue)

[L-3sS]methionine
(1000 CilmM)

ICN Pharmaceuticals Inc, Costa Mesa, CA

Bio-Rad Laboratories

Boehringer Mannheim, Germany

Boehringer Mannheim, Germany

Sigma Chemical Co, St Louis, MO

Gibco BRL, Gaithersburg, MD

Boehringer Mannheim, Germany

Sigma Chemical Co, St Louis, MO

Promega, Madison,'WI

New England Biolabs, Beverly, MA

Boehringer Mannheim, Germany

Bresatec, Adelaide, Australia

Bresatec, Adelaide, Australia

Bresatec, Adelaide, Australia

Radiochemical Centre, Amersham, UK

Radiochemical Centre, Amersham, UK

Radiochemical Centre, Amersham, UK

Radiochemical Centre, Amersham, UK

Radiochemical Centre, Amersham, UK
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2.1.6 Nucleic Acids

A number of plasmid clones and oligonucleotides were used in this study and are

presented in Table 2.2 and Table 2.3 respectively. Note that due to ambiguity in nomenclature

of sense and antisense DNA strands, the coding strand of a gene will be referred to as such

throughout this thesis whilst the opposite strand will be referred to as thc mRNA-likc strand.

Molecular weight markers and other nucleic acids were purchased from the following

suppliers:

2.1.7 Clonins Vectors

The plasmid and bacteriophage vectors used in this study are presented in Table 2.4

2.1.8 Bacterial Strains

The bacterial strains used in this study are presented in Table 2.5

2.1.9 Lntibiotics and Indicators

Calf thymus DNA

DNA ladder, 100 bp

Lambda DNA restricted with HindIlI

oligo(dA)rz rs

oligo(dT)12-1s

pUCl9 DNA restricted with HpaII

RNA size markers

Salmon sperm DNA

Unlabelled deoxyribonucleotides

Ampicillin

Chloramphenicol

IPTG

Kanamycin

Tetracycline

X-gal

Sigma Chemical Co, St Louis, MO

Promega, Madison,'WI

Progen Industries Ltd, Australia

Pharmacia, Uppsala, Sweden

Pharmacia, Uppsala, Sweden

Biotech International Ltd, Australia

Promega, Madison, WI

Sigma Chemical Co, St Louis, MO

B oehringer-Mannheim, Germany

B oehringer-Mannheim, Germany

Progen Industries Ltd, Australia

B oehringer-Mannheim, Germany

Sigma Chemical Co, St Louis, MO

Sigma Chemical Co, St Louis, MO

Progen Industries Ltd, Australia
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Table 2.2: Plasmid clones

Plasmid Insert Vector Location Reference

pCUl8

pF15

Xho3

910215-34

A 10 kb fragment of cucumber
Cucumis sativus rDNA,
including 25S, 185 genes and
transcribed spacers

A 130 bp BamWPmaCl
fragment of rye grass Secale
cereale 55 rDNA

A 3.1 kb fragment of spinach
S pinacia o I erac e ae chloroplast
rDNA, including 23S gene and
intergenic spacer

Complete rDNA repeat unit of
grapevine Vitis champini

pACYCl84 Chapter 6

pBluescript@KS(+) Chapter 4

pACYCl77 Chapter 6

pBluescript@SK(+) Chapter 6

Kavanagh and
Timmis, 1986

Lawrence and
Appels, 1986

Palmer and
Thompson, 1981;

Crouse et a\.,7978

Table 2.3a: Oligonucleotide primers to vector sequences

Primer Sequence (5'-+3') Source and Use Location

T3

T1

RSP

Plasmid primers

(-40)

ATT AAC CCT CAC TAA AG

AAT ACG ACT CAC TAT AG

AAC AGC TAT GAC CAT G

CTT TTC CCA GTC ACG AC

AGG TCG CCG CCC

PCR primer for determination of
insert orientation in pBluescript@
clones

PCR primer for determination of
insert orientation in pBluescript@,
pGEM@-T and I,GEM-11'" clones

New England Biolabs, Beverly, MA;
Sequencing of pBluescript@ inserts
and PCR primer for determination of
insert orientation in pGEM@-T
clones

Bresatec, Adelaide, Australia;
Sequencing of pBluescript@ inserts

Chapter 4, 5

Chapter 4, 5

Chapters 3,4, 5,6

Chapters 3,4, 5,6

Promega, Madison, WI;
Mapping of ÀGEM-11'" genomic
clones by partial restriction

Promega, Madison, WI;
Mapping of î,GEM-11'" genomic
clones by partial restriction

Chapter 3,4, 5

ON-R GGG CGG CGA CCT
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Primer Sequence (5'+3') Use Location

Pzt.2 GGGÀÀTTECAAAACTTCACTTGACGCTGTTGC

P17.1 CATTCGAATGAGTACAGCCATGAGC

Primers for 5'-RACE

P3.1

P3.2

P2l.l

P17.2

P17R2

PI7R3 AGAÀGCCGAGCAÀÀGCACGG

PIlF2 CCTAGGTGGTTTTGGC

Primers for LTP eenes (pX2.2)

Itpseq I ccarccAcAAcAcccccAcAcArc

Itpseq2 TTTTATGAGCCCTTTCCACC

P27F2 TGTCTCCAAÀAGAGTCGTCC

P2IP.2 ÀATAÀTGTGGTGGAAAGGGC

Itpseq- 1 CGTGTTTCT CAGTTCGTTC C

Pzt-1 GCAAÀTGCÀTCAAAAGTGCG

P2t-2 CACTGACTGCAGCAGGTTCG

GATTAGÀGGCTACTCCCCTCATCACC

GG GAATTCACCÀÀGAGAGCTÀTTAAAGAGAC C

GG CTTCCACTAGCTGGTGAACTTTCC

GGGAÀTTCGCAACTGGTCTCTCTTCAAACATG

CACCAGTTTATACACC

First strand cDNA synthesis for
pFS3

5'-RACE (PCR) for pFS3

First strand cDNA synthesis for
pFS6 group clones

S'-RACE (PCR) for pFS6 group
clones

First strand cDNA synthesis for
pFSl7

5'-RACE (PCR) for pFS17

Further sequencing ofpFSlT 5'-
RACE clones in reverse direction,
generation of a PCR product for
subcloning

Further sequencing ofpFSlT 5'-
RACE clones in reverse direction,
generation of a PCR product for
subcloning

Further sequencing ofpFSlT 5'-
RACE clones in forward direction

Sequencing into promoter; binds
mRNA-like DNA strand

Extension of sequence from ltpseql
further into promoter; binds mRNA-
like DNA strand

Extension of sequence from (-40)
primer to 3' end of gene; binds
mRNAlike DNA strand

Extension of sequence from RSP to
5' end of gene; binds coding DNA
strand

Extension of sequence from P2lR2
into 5' coding region; binds coding
DNA strand

Sequencing into 3' end of gene;

binds coding DNA strand

Extension of sequence from P2l-1
into 3'-UTR;binds coding DNA
strand

PCR amplification of 3' end of
pGhEF-14

Chapter 4

Chapter 4

Chapter 5

Chapter 5

Chapter 4

Chapter 4

Chapter 4

Chapter 4

Chapter 4

Chapter 5

Chapter 5

Chapter 5

Chapter 5

Chapter 5

Chaptcr 5

Chapter 5

GAGATTATTTGAGAGAG
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Table 2.4: Plasmid and bacteriophase vectors

Vector Source Use Reference

Plasmids

pGEM@-T

Phasemids

pBtuescript@SK(-)

Phaee

ÀGEM-11'"

¡.ZAP@II

ExAssist-^' helper
filamentous phage

Promega, Madison, WI

S tratagene GmbH, Heidelburg,
Germany (excision from
ÀzAP@II)

I,GEM- 1 1'^' BamHI arms cloning
system; Promega, Madison, WI

),"ZAP@ I di gested wi th EcoRI
and dephosphorylaetd; Stratagene
GmbH, Heidelburg, Germany

Stratagene GmbH, Heidelburg,
Germany

Cloning of PCR products

General cloning and
subcloning vector

Construction of a partial
cotton genomic library

Construction of a cotton fibre
cDNA library; cloning of
pFS l7 5'-RACE product

Rescue of phagemids from
I.ZAP@II vector

Robles and Doers,
1994

Short ¿¡ al., 1988

Frischauf et aL.,

1983;Karn et al.,
1984

Short ¿/ aL.,7988

Hay and Short,
1992

Table 2.52 Bacterial strains (Escherichiø coli\

E. coli Strain Source Use Genotype and Reference

DH-5crF'

KV/251

PLK-F'

SOLR.*,

Laboratory stock

Promega, Madison, WI

Stratagene GmbH,
Heidelburg, Germany

Stratagene GmbH,
Heidelburg, Germany

Stratagene GmbH,
Heidelburg, Germany

Host for cloning into
pGEM@-T and general
cloning

Host for propagation
of I"GEM-I1'" cotton
genornic library

Host for cloning of
ribosomal rRNA
repeat unit from
cotton

Host for excision of
phagemid from
ÀZAP@II vector

Host for propagation
of ¡"ZAP@II fibre
cDNA library

recAl, endAl, gyrA96, thïI,
hsdRll (rr-, mx*), supE44, relAl,
deoR, L(lacZYA-ar gF)U 769 lF',
aS0dlacZLMl 5l ; Hanahan, 1983

supE44, gaIK2, gaIT22, metBl,
hsdR2, mcrBl, mcrX, farg/.Sl:
Tnl0l, recDlol{

recAl ,lac-, mcrA-, mcrB-, hsd, (rk-,

mk*). gal-, supU lF', proAB,
IacfZLM 1 5, T nI 0 ( te{ )); Yanisch-
Perron et ql.,1985

el 4- (mcr A), L(mc rC B -hs dS M R-
mrr)171, sbcC, recB, recJ,
umuC : :T n5 (kan'), uv r C, lac,
gyrA96, relAl , thi-I , endAl, 

^,*, 
[P'

proAB, IacfZA,M I SlSu-; Hay and
Short, 1992

recAl, endAl, gyrA96, thi-1,
hsdRIT, supE44, relAl, lac,lF'
proAB, lacfZ LM I 5, Tn10(tet')l ;

Bullock et a|.,1987

XL1-Blue
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2.1.10 Kits and Miscellaneous Materials

Kits and other materials used in this study were obtained from the following

manufacturers:

5'-AmpliFINDER'" RACE kit CLONTECH Laboratories Inc, Palo Alro, CA

Bio-Gel P60 (50-100 mesh)

Bio-Gel P60 (100-200 mesh)

cDNA Synthesis Kit

DNA UltraFast Cleavage and
Deprotection Kit

Exassist' "/SoLR' " System

.fmol'" DNA Sequencing System

GIGAprime DNA Labelling Kit

Glass beads, 150-212 ¡tm

Hybond'^'-N+ nylon membrane

Hybond'"mAP messenger affinity paper

LambdaMap'" System

mRNA Purification Kit

Nitrocellulose

Packagene@ Lambda DNA
Packaging System

pGEM@-T Vector System

PolyATtract@ mRNA Isolation System

Sepharose CL-6B

Sequenase Version 2.0 DNA
Sequencing Kit

TNT'" T3 Coupled Reticulocyte
Lysate System

Bio-Rad Laboratories, Richmond, CA

Bio-Rad Laboratories, Richmond, CA

Pharmacia, Uppsala, Sweden

Beckman Instruments, Palo Alto, CA

Stratagene, La Jolla, CA

Promega, Madison,'WI

Bresatec, Adelaide, Australia

Sigma Chemical Co, St Louis, MO

Amersham, UK

Amersham, UK

Promega, Madison, WI

Pharmacia, Uppsala, Sweden

Schleicher and Schuell GmbH, Dassel,
Germany

Promega, Madison, WI

Promega, Madison,'WI

Promega, Madison,'WI

Pharmacia, Uppsala, Sweden

United States Biochemical, Cleveland, OH

Promega, Madison, WI

Fuji RX Medical X-ray Film, Fuji Photo Film
Co, Ltd
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2.2 Sor,urroNs. Burrnns ¡,Nn Mnnr¡.

2.2.L Solutions and Buffers

All solutions and buffers were prepared using millipore water and autoclaved

where possible, otherwise were sterilised by passage through a 0.2 ¡tm filter. Solutions

for RNA work were treated with 0.IVo (vlv) DEPC as per Sambrook et al. (1989) prior

to autoclaving. All restriction endonucleases and most other enzymes were provided with

incubation buffers. Solutions and all other buffers routinely used in this study were ¿ìs

follows:

Acid mix (slotblots) 1 volume lM HCl, I volume lM Tris-HCl pH
8.0,2 volumes 3M NaCl

Acrylamide stock 38Vo (w/v) acrylamide and 2Vo (w/v) bis-
acrylamide, deionised with monobed resin

Denaturing solution 1.5M NaCl, 0.5M NaOH

1 x Denhardt's o.02vo (w/v) Ficoll@, o.ozEo (wiv) PVP,0.o2vo
(wiv) gelatin

Diphenylamine reagent I.5Vo (w/v) diphenylamine in glacial acetic
acid, with the addition of 1.5 ml HzSO¿

DNA extraction buffer 2 x SSC, 50mM EDTA pH 8.0, 2Vo (w/v)
sarcosyl

6 x DNA loading buffer 0.25Vo (w/v) bromophenol blue, 40Vo (w/v)
sucrose

Formamide RNA loading buffer 50Vo (v/v) formamide, l7.5%o formaldehyde,
lOVo (v/v) l0 x MOPS buffer, 50 mg (w/v)
ethidium bromide

Hybridisation buffer 5 x SSPE, 5 x Denhardt's,0.5Vo (w/v) SDS,
100 mg/rnl denatured, sonicated salmon sperm
DNA

Lysing solution l0mM glucose, 25mM Tris-HCl pH 8.0,
10mM EDTA, 4 mg/nt lysozyme

Methyl green-pyroninY 0.5 Vo(wlv) methyl green, 0.1M Na-acetate pH
4.4, rcpeated chloroform extraction to remove
residual methyl violet, followed by addition of
0.2Vo (w/v) pyroninY

200mM MOPS, 50mM anhydrous Na-acetate,
10mM EDTA, adjusted to pH 7.0

l0 x MOPS buffer
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Neutralising solution

Neutral mix (slotblots)

Phenol/Chloroform

10 x polynucleotide kinase buffer

RNA homogenisation buffer

5 x RNA tracking dye

SM buffer

IxSSC

1 x SSPE

10 x STE

Stop buffer

IxTAE

1 xTBE

l xTE

1.5M NaCl, lM Tris-HCl pH '7.2,LmM EDTA

1 volume lM NaOH, I volume 1 x TE, 4
volumes acid mix

50Vo (v/v) phenol, 48Vo (v/v) chlorcform, 2Vo

(v/v) isoamylalcohol, buffered with an equal
volume of Tris-HCl pH 8.0, O.TVo (v/v) þ-
mercaptoethanol

0.5M Tris-HCL pH J.6, O.lM MgCl2, 50mM
DTT, lmM spermidine, lmM EDTA

5M guanidine isothiocyanate, 0.2M Tris-
acetate pH 8.5, 0.2Vo (w/v) sarcosyl, with
0.7Vo (v/v) B-mercaptoethanol and l Vo (w/v)
PVP freshly added

\Vo (w/v) Ficoll, 0.02Vo (w/v) bromophenol
bhrc,0.O4Vo (w/v) xylene cyanole FF

100mM NaCl, 10mM MgSOa, 50mM Tris-HCl
pH 7 .5, 2Vo (w /v) gelatin

0.15M NaCl, 0.015M Na¡-citrate, adjusted to
pH7.2 with NaOH

0.18M NaCl, 10mM NaHzPO¿, lmM EDTA
pH7.2

100mM Tris-HCl pH 8.0, lM NaCl, l0mM
EDTA

10 mM Tris-HCl pH 7.5, lmM EDTA pH 8.0,
0.27o (w/v) SDS

40mM Tris-HCl, 20mM Na-acetate, zmìLl
EDTA, adjusted to pH 7.8 with glacial acetic
acid

0.9M Tris-borate, 0.002M EDTA pH 8.0

10mM Tris-HCl pH 8.0, lmM EDTA pH 8.0

2.2.2 lledia

All liquid and solid media were prepared using millipore water and sterilised

immediately by autoclaving. The compositions of various media were as follows:

lVo (w/v) tryptone, lVo (w/v) NaCl, O.5Vo

(w/v) yeast extract, adjusted to pH 7.2 with
lM NaOH
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Luria agar (L-agar) Luria broth with the addition of l Vo (w/v)
bacteriological agar No. 1

NZY agar l%o (w/v) NZ amine (casein hydrolysate), O.5Vo

(w/v) yeast extract, O.5Vo (w/v) NaCl, IVo

(w/v) bacteriological agar No. I

NZY top agarlagarose lVo (w/v) NZ amine (casein hydrolysate), 0.5Vo

(w/v) yeast extract, 0.5Vo (w/v) NaCl, 10mM
MgSOa, 0.7Vo (w/v) bacteriological agar No. 1

or agarose

TB agar l%o (w/v) tryptone, O.5Vo (w/v) NaCl, IVo

(w/v) bacteriological agar No. 1

TB top agarlagarose l%o (w/v) tryptone, 0.5Vo (wlv) NaCl, 0.01M
MgSOa, O.7Vo (w/v) bacteriological agar No. I
or agarose

2 x YT broth l.6Vo (w/v) tryptone, I7o (w/v) NaCl, l7o
(w/v) yeast extract, adjusted to pH 7.0 with
lM NaOH

2.3 MnrHoDs

2.3.1 Plant Growth Conditions and Fibre Harvest

Cotton seeds were sown in soil at a density of 2-4 plants per 8 L pot and propagated in

growth cabinets under cycling conditions (day/night temperatures of 30oC/25oC, lighldark

cycle of 16/8 hr). The light source was fluorescent and incandescent lamps. All other plants

were grown in the greenhouse and seedlings were fertilised periodically with Osmocote. Seeds

of Australian native Gossypium species, G. sturtianum and G. robinsonii, were soaked in

dH2O overnight before dissection of the embryos from the seed coat. The embryos were

germinated on Whatmant 3MM paper in sterile conditions and in the dark for 2 days, then in

the light for 4 days before planting in soil.

Cotton flowers were tagged on the day of anthesis. Bolls were harvested at various days

postanthesis (DPA) and stored on ice before opening with a sharp knife. Fibres were

immediately removed from the seeds under cold dH2O using fine forceps, blotted on paper

towel and frozen in liquid nitrogen. Care was taken to avoid removal of the fuzz hairs or the
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seed coat. The yield from each boll was weighed before storage at -70oC. Leaf and whole

flowers were also collected from mature plants and snap-frozen in liquid nitrogen before

storage at -70oC until further use. Root and hypocotyl (seedling) tissue was harvested when

they had reached a height of approximately 5 cm.

2.3.2 General Techniaues

2.3.2a Restriction Enzyme Digests

All reactions involving restriction endonucleases were performed under conditions as

recommended by the manufacturers (Boehringer Mannheim or Promega). In general, five units

of enzyme were added per pg of DNA to a maximum enzyme volume of 2OVo of the total

reaction volume and the reaction was allowed to proceed for 2-3 hr. Spermidine to a final

concentration of 3mM and RNaseA to a final concentration of 0.5 pglpl were added to all

restrictions. Samples of plant genomic DNA were restricted with 10 units of enzyme per pg of

DNA for at least l6 hr.

2.3.2b Electrophoretic Separation of DNA

DNA was size fractionated by electrophoresis on 0.7Vo (w/v) agarose gels in submarine

gel tanks with 1 x TAE as the running buffer. Amplified DNA samples were analysed by

electrophoresis on 1.2-1.5Vo (w/v) agarose gels. Samples were loaded with I x loading buffer

and electrophoresed at 60-80 V until the bromophenol blue marker dye had migrated a

sufficient distance to allow adequate separation of the DNA fragments. Following

electrophoresis, the DNA was stained in 5 pglrnl of ethidium bromide and viewed under UV

light. Genomic DNA gels to be Southern blotted were electrophoresed at 30 V for at least 16

hr. Where applicable, sizes of DNA fragments were estimated using the Fragrap computer

program (Duggleby et a\.,1981).
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2.3.2c Recovery of DNA from Agarose Gels

DNA was eluted from agarose gels using the freeze-squeeze method adapted from

Thuring et aI. (1975). The frozen gel slice was squeezed through a26G syringe needle into the

upper compartment of an Ultrafree@-Mc 0.45 pm filter unit (Millipore) and washed through

with 200 pl of I x TAE buffer. The DNA was allowed to elute from the gel at room

temperature for 15 min. Centrifugation for 2-3 min at 7000 x g yielded a solution of DNA in

the lower tube compartment and the DNA was recovered by precipitation with ethanol.

2.3.2d Precipitation of DNA

Method 1 : Precipitation by Ethanol

DNA was precipitated by the addition of one tenth of the volume of 3M Na-acetate pH

5.2 followedby 2-2.5 volumes of cold redistilled ethanol. The DNA was left to precipitate at -

20oC for a period of 2-16 hr depending on its molecular weight. The DNA was recovered by

centrifugation at 12000 x g for at least 15 min at4oC. The pellet was washed with coldl1Vo

(v/v) ethanol, dried under vacuum and resuspended in a minimal volume of 1 x TE.

Method 2 : Precipitation by Isopropanol

In some cases, DNA was precipitated by addition of one tenth of the volume of 3M Na-

acetate pH 5.2 followed by an equal volume of cold isopropanol. The DNA was left to

precipitate at room temperature for 5 min before microcentrifugation at 12000 x g for at least

15 min. The resulting DNA pellet was washed with cold 70Vo (v/v) ethanol, dried under

vacuum and resuspended in a minimal volume of 1 x TE.

2.3.2e Purification of DNA Using Phenol/Chloroform Extraction

DNA was purified from proteins by the addition of an equal volume of

phenol/chloroform and vigorous mixing. The emulsion was centrifuged at 12000 x g for 2 mn

and the aqueous layer transferred to a new tube before the extraction was repeated.
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Contaminating phenol was removed by the addition of an equal volume of chloroform, mixing

and centrifugation as above, and the DNA solution transferred to a new tube.

2.3.2f Purification of DNA Using a CsClÆtBr Gradient

DNA from large-scale plasmid and genomic DNA preparations was purified by density

equilibrium centrifugation in a CsClÆtBr gradient. Genomic and plasmid DNA solutions to be

purified were made up to 5 rnl with I x TE and 5 g of CsCl was added and dissolved.

Following addition of 200 pl of l0 mg/rrìt EtBr, gradients were centrifuged at 40000 rpm for

40 hr at 20"C (using the Ti70.1 rotor of a Beckman ultracentrifuge). The DNA was recovered

using methods described by Sambrook et aI.(1989) and EtBr removed by butanol extraction.

The DNA was precipitated by addition of ethanol.

2.3.29 Determination of DNA and RNA Concentration

The concentration of DNA and RNA in solution was determined by UV

spectrophotometry at a wavelength of 260 qm, or in the case of freeze-squeezed restriction

fragments, by gel electrophoresis of a sample in conjunction with HindIII-digested Lambda

DNA markers.

2.3.3 Preparation of DNA Samples

2.3.3a Isolation of Genomic DNA from Plants

Total genomic DNA from the young leaves of cotton and other plants was isolated by

the method of Dellaporta et aI. (1985). G. raimondii genomic DNA was purified by

phenol/chloroform extraction and precipitation with isopropanol.

2.3.3b Isolation of Genomic DNA for Construction of a Genomic Librarv

The protocol followed for extraction of DNA from Siokra l-2 leaf tissue for

construction of a genomic library was a modification of the method used by Scott and

Possingham (1980). Approximately 5 g of leaf material was ground to a fine powder in liquid
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nitrogen and thawed into 25 ml of DNA extraction buffer. The suspension was incubated with

100 pg RNaseA and 100 pg Proteinase K for I hr at 37oC. The supernatant from a 10 min,

15000 x g centrifugation was filtered through I layer of miracloth and then subjected to

centrifugation at 60000 rpm for 3 hr at 5oC (using the Ti70 rotor of a Beckman

ultracentrifuge), The resulting pellet was dissolved in 1 rnl of I x TE and the DNA purified

using a CsClÆtBr gradient

2.3.3c Small-scale Plasmid Preparation

Method I : Alkaline Lysis Plasmid Minipreps

Plasmid DNA for general applications was prepared using the scaled-up version of the

alkaline lysis method (for 10 ml of overnight bacterial culture) as per Sambrook et aL(1989)

Method 2 : Lithium Chloride Method

Phagemid DNA from rescue of recombinant "cold" plaques was isolated using the 20-

minute lithium chloride protocol as described by He et aI. (1990).

Method3: BoilingLysis

Plasmid DNA for sequencing was prepared using the boiling lysis method of Holmes and

Quigley (1981), scaled down for 1.5 ml of a 10 ml overnight bacterial culture.

2.3.3d Large-scale Plasmid Preparation

The method used for large-scale preparation of plasmid DNA was adapted from the

alkaline lysis method of Sambrook et aI. (1989). The medium used for all bacterial cultures

was L-broth containing 100 pglml of ampicillin, and all growth stages were performed at 37oC

on a shaking platform.

A 1 ml aliquot from a 10 rnl overnight culture of bacteria was used to inoculate 50 rnl of

medium which was grown until ODooo = 0.6. A sample of 25 rnl of this culture was then added

to 500 rnl of medium and grown until ODeoo = 0.9. Chloramphenicol (75 mg) was added to
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amplify the plasmid and the cells incubated overnight. The bacterial pellet from centrifugation

for 10 min at 7000 x g was resuspended in 10 rnl of 50mM glucose, 10mM EDTA, 25mM

Tris-HCl pH 8.0, 2O mg of lysozyme added and the mixture incubated for 30 min on ice. To

complete cell lysis, 20 ml of 0.2M NaOH, I % SDS were added to the cells and the mixture

allowed to stand 5 min on icc. The lysed cells were incubated on ice for a further 60 nún after

addition of 15 rnl of 3M Na-acetate pH 4.8. Centrifugation at 27OOO x g for 20 min yielded a

supernatant from which the plasmid DNA was recovered by ethanol precipitation. Plasmid

DNA was resuspended in 5 ml of 1 x TE buffer and purified using a CsClÆtBr gradient.

2.3.3e Preparation of Lambda DNA From Plate Lysates

Recombinant ÀGEM-11'" DNA was prepared by a modification of the method reported

in Sambrook et aI. (1989). Lambda phage were plated to confluence on TB agarose plates.

The plates were each washed with 4 rnl of SM buffer at room temperature for 2 hr with gentle

shaking. The solution from four plates was combined into a 15 nil Corex@ tube and each plate

rinsed with an extra 1 ml of SM buffer before centrifugation at 8000 x g for 10 min to pellet

bacterial debris. The supernatant was transferred to a fresh tube, DNaseI and RNaseA were

added to final concentrations of 0.1 pglnrl and 1 pg/ml respectively, and the mixture incubated

at 3loC for 60 min. An equal volume of cold 2M NaCl, 2OVo (w/v) PEG 8000 was added and

the mixture incubated on ice for 60 min. Phage particles were collected by centrifugation at

11000 x g for 20 min and the pellet drained to ensure the complete removal of PEG. The pellet

was resuspended in 0.5 ml of SM buffer by vigorous vortexing and insoluble debris removed

by centrifugation at 8000 x g for 2 min. Following addition of 5 pl 0.5M EDTA and 5 ¡tl lÙVo

(w/v) SDS to the supernatant, it was incubated at 68oC for 2O min to lyse the phage. The

solution was extracted twice with water-saturated phenol, once with phenol/chloroform and

once with chloroform. Phage DNA was recovered by the addition of isopropanol, resuspended

in 100 pl 0.3M Na-acetate and reprecipitated with ethanol, and the resultant DNA pellet was
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redissolved in 50 pl 1 x TE buffer

2.3.4 Clonins Strateeies

2.3.4a Preparation of Insert DNA and Plasmid Vector

DNA fragments for ligation were generated in one of two ways. DNA was restricted to

completion with the appropriate restriction enzyme and then recovered from agarose gels using

the freeze-squeeze method or purified by phenol/chloroform extraction and precipitation with

ethanol

Vector DNA for use in ligations was digested with the appropriate restriction enzyme,

purified by extraction with phenol/chloroform and precipitated with ethanol. Completely

digested plasmid DNA, analysed on an agarose gel, was treated with calf intestinal phosphatase

(CIP) essentially as per Sambrook et aI. (1989) in order to prevent selfJigation. The 50 ¡rl

reaction was incubatedat3loC for 30 min, after which l0 pl l0 x STE, 5 ¡tllOVo (v/v) SDS

and 40 pl dH2O were added and the mixture incubated at 68oC for 15 min to deactivate the

enzyme. A phenol/chloroform extraction was canied out and the DNA precipitated by the

addition of ethanol. The final concentration of the vector was 50 ng/pl.

2.3.4b Cloning of Products Generated by PCR

5'-RACE PCR products were purified by centrifugation through a Sepharose CL-6B

chromatography column (Murphy and Kavanagh, 1988) prior to restriction with EcoRI,

purification by phenol/chloroform extraction and precipitation with ethanol. pFS3 and pFS6 5'-

RACE PCR products were cloned into pBluescript@SK(-), whilst the pFS17 5'-RACE PCR

product was purified from an agarose gel prior to the above restriction and purification steps

and ligation into EcoRl-digested and dephosphorylated ÀZAP@II vector (Stratagene). All PCR

products derived from the pFS17 5'-RACE clones were recovered from agarose gels before

cloning.
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2.3.4c Ligations

Ligations were performed using 50-100 ng of vector DNA and an equimolar amount of

inseft DNA, catalysed by 1 V/eiss unit of T4 DNA ligase in a 10 pl reaction. All ligations were

placed in aJ L insulated waterbath at 16oC and left overnight in a 4oC coldroom. Products

which resulted from amplification of pFSl7 5'-RACE clones were ligated into pGEM@-T

(Promega) following manufacturer's instructions and utilising New England Biolabs T4 DNA

ligase.

2.3.4d Preparation and Transformation of Competent E. cali

Preparation of DH5crF' and PLK-F' competent cells for transformation was performed

using the calcium chloride method as per Sambrook et al. (1989). Transformation of

competent E. coli cells with ligation mixtures was achieved using heat shock at 42oC as per

Sambrook et al. (1989). The cells were pelleted at 7000 x g for 30 sec, resuspended in 400 pl

L-broth and plated onto L-agar plates supplemented with 100 pglml ampicillin. Colonies

containing recombinant plasmids were selected by plating onto L-agar medium containing 100

¡rg/ml ampicillin with an overlayer of L-agar plus 100 pglml ampicillin, 200 ¡tglnú X-gal and

160 pglml IPTG

2.3.5 RNA Manipulation

2.3.5a Total RNA Preparation

RNA for the construction of the cDNA library from total RNA (Chapter 3) was isolated

from cotton fibres and other tissues using a method modified from that of John (1992). Cotton

tissue (1-2 Ð was powdered in a mortar in liquid nitrogen, thawed into RNA homogenisation

buffer and homogenised using a polytron on full speed for 1.5 min. Following centrifugation at

10000 x g for 5 min at room temperature, the supernatant was filtered through 2 layers of

miracloth which had been pre-wet with homogenisation buffer. Samples of 3 ml were
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transferred to polyallomer ultracentrifuge tubes and underlaid with 2 rnl of 5.7M CsCl, 100mM

EDTA pH 7.0. The tubes were centrifuged at 40000 rpm for 18 hr at 20oC (using the SW55Ti

rotor of a Beckman ultracentrifuge). The supernatant was aspirated from the RNA pellet which

was then dissolved in 0.5 rnl dH2O to which 100 U RNAsin@ and DTT to a final concentration

of 2mM had been added. Following removal of a sample for UV spectrophotometry, the RNA

was precipitated in 10 pg aliquots and stored at -70oC. The integrity of this RNA was verified

by in vitro translation, using the TNT'" T3 Coupled Reticulocyte Lysate System (Promega)

and [L-3sS]methionine (Amersham). Products from the reaction were analysed by SDS-

polyacrylamide gel electrophoresis on a Mighty Small II (Hoefer Scientific Instruments)

apparatus using established protocols (Laemmli, 1970; Sambrook et aL.,1989).

RNA for the subsequent cDNA library (Chapter 4) was prepared from all cotton tissues

using the method of 'Wan and Wilkins (1994), except that amounts of all reagents were

doubled to accommodate 1 g of tissue and a polytron was used in place of a glass tissue

grinder. RNA was stored in aliquots under SOVo (vlv) ethanol at -70oC.

2.3.5b Poly(Al+ RNA Preparation

Attempts to purify polyadenylated (poly(A)+) RNA from 10-24 DPA fibre utilised

Hybond'"mAP messenger affinity paper (Amersham) and the PolyATtract@ mRNA Isolation

System (Promega) and were performed according to the manufacturer's instructions.

Poly(A)+ RNA from leaf and 13 DPA fibre was affinity purified on oligo(dT)-cellulose

columns (mRNA Purification Kit, Pharmacia) according to the protocol from the

manufacturer

2.3.5c Electrophoretic Separation of RNA

Aliquots of 10 pg of total RNA were size fractionated by electrophoresis on denaturing

formaldehyde agarose gels. RNA samples under 80Vo ethanol were recovered by centrifugation
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at 12000 x g for 20 min at 4oC, dried in vqcuo and dissolved in 20 pl of formamide RNA

loading buffer. Following denaturation at 65oC for 5 min, samples were transferred to ice and

loaded with 1 x RNA tracking dye into a l.4Vo (w/v) agarose, 75Vo (v/v) formaldehyde, 1 x

MOPS gel. The gel was run at 50 mA with I x MOPS as the running buffer and viewed under

UV light.

2.3.6 Construction and Screenins of Cotton Fibre cDNA Libraries

Double-stranded cDNA was synthesised from total RNA (Chapter 3) and poly(A)+ RNA

(Chapter 4) using a Pharmacia cDNA Synthesis Kit, according to manufacturer's instructions

except that cDNA was passed through two spun columns to ensure complete removal of

adaptor oligonucleotides. cDNA synthesis was monitored by incorporation of 50 pCi of [oc-

32
PIdCTP (Bresatec) at second strand synthesis, followed by electrophoresis of a sample on an

alkaline agarose gel (McDonell et al., 19ll; Sambrook et al., 1989) and subsequent

autoradiography.

cDNA was ligated into EcoRl-digested and dephosphorylated ÀZAP@II vector

(Stratagene) in accordance with the protocol supplied with the cDNA Synthesis Kit

(Pharmacia). Phage DNA from a suitable ligation was packaged using Packagene@ in vitro

packaging extracts (Promega) and plated with E. coli XLI-Blue cells at a density of 1500 pfu

per 150 mm plate. Prior to library screening, a random subset of recombinant plaques from the

test plates were tested for cDNA inserts by phagemid rescue and EcoRl restriction of the

resulting plasmid. Phage were lifted in duplicate onto Hybond-N'"+ membranes and

differentially screened with 32P-labelled single-stranded cDNA probcs of total (Chapter 3) or

poly(A)+ (Chapter 4) RNAs from leaf and fibre.

Following secondary screening, recombinant pBluescript@SK(-) was rescued from

7,"Z\P@lfrusing the ExAssist'"/SOLR'" System, following manufacturer's instructions.
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2.3.7 Rapid Amplifrcation of cDNA Ends (S'-RACE)

Extension of the 5' ends of three fibre-specific cDNAs to obtain full-length cDNAs was

achieved using the 5'-AmpliFINDER'" RACE kit (CLONTECH Laboratories) following

manufacturer's instructions. Poly(A)+ RNA (2 ttÐ isolated from 13 DPA fibres was converted

into first-strand cDNA using a specific internal antisense primer designed from the cDNA

sequence. After anchor ligation, PCR was carried out using another specific internal antisense

primer and an anchor primer supplied by the manufacturer, together with Bresatec Zaq DNA

polymerase.

2.3.8 Phaee Manipulation

2.3.8a Preparation of Plating Cells for Phage

Bacterial cells for plating of phage were prepared as per Stratagene instructions for the

Predigested }"ZAP@II/EcoRI Cloning Kit and diluted to ODeoo = 0.5 with 10 mM MgSOa

before use.

2.3.8b Plating and Picking Phage

Phage and host cells were mixed and incubated at 37"C for 15-20 min prior to plating on

the appropriate medium. Phage for the screening of libraries were plated on 150 mm plates

using 600 pl of plating cells and 8 rnl top agarose, melted to 48oC. Phage for secondary and

tertiary screening, library titration or DNA preparations were plated on 85 mm plates using

200 pl of plating cells and 3 ml top agar or agarose, melted to 48oC. Phage from cDNA library

test ligations were plated on 85 mm plates as above with the inclusion of 15 pl of 0.5M IPTG

and 50 pl of 250 mg/ml X-gal to allow colour selection of recombinant phage. Plates were

incubated at37oC for between 8 and 16 hr.

Positive plaques which appeared on both the primary and duplicate lifts after

autoradiography were aligned to the agar plates. Plaques were plugged into 0.5 ntl SM buffer

6l



and 20 ¡rl chloroform using the large end of a sterile pasteur pipette and the phage allowed to

elute at room temperature for 2hr or at 4oC overnight. Phage were plated at low density on an

85 mm plate for secondary screening and the procedure repeated for a tertiary round of

purification. Pure plaques were then plated to confluency on TB agarose plates for Lambda

DNA preparation as described in Section2.3.3e.

Genomic and cDNA libraries were titred using established protocols (Sambrook et al.,

1989) and an amplified stocks prepared according to Stratagene instructions for the

Predi gested ),.ZAP@II4 EcoRI Cloning Kit.

2.3.8c Mapping of Lambda Clones

Genomic clones were restriction mapped using the LambdaMap'" System (Promega),

following manufacturer's instructions and utilising [y-32p]¿Rfp (Bresatec) and Ta

polynucleotide kinase (Bresatec) to label the probes specific for each À, arm.

2.3.9 Construction of a Partial Genomic Library from Cotton

Cotton DNA (cv. Siokra 1-2) was partially digested with .Sa¿¿3AI (Seed et ø1.,1982) and

size fractionated by sucrose gradient centrifugation as described by Ausubel et al. (1987)

except that fractions were collected through a hole pierced at the base of the centrifuge tube in

which the gradient had been established. Sucrose gradient fractions containing DNA fragments

in the size range 15 kb to 23 kb (mean size 19 kb) were pooled and the DNA was ligated to

Bam[I-digested, dephosphorylated ÀGEM-I1'" arms (Promega) in pilot reactions (Sambrook

et al., 1989). The recombinant phage were packaged using Packagenet lPromega) and plated

at high density with E coliKW251 cells.

2.3,10 Transfer of DNA and RNA to Membranes

2.3.10a S Blottine

Following electrophoresis, DNA was transferred and alkali-fixed onto a Hybond'"-N+
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nylon membrane (Amersham, UK), following the instructions of the manufacturer

2.3.10b Slotblotting of DNA for rRNA Gene Quantitation

Slotblotting of DNA samples onto pure nitrocellulose (Schleicher and Schuell) was

achieved using a Minifold II Microsample Filtration Manifold (Schleicher and Schuell). DNA

samples (1 pg) were made up to 40 pl with 1 x TE and denatured by the addition of an equal

volume of lM NaOH and incubation of the tubes at room temperature for 10 min. Samples

were cooled on ice prior to the addition of 160 pl of ice-cold acid mix. Samples were loaded

onto the slotblot under gentle vacuum and allowed to drain through, then washed with four

applications of 50 pl of neutral mix. When the last wash had soaked through, the apparatus

was disassembled, the membrane allowed to air-dry, and the DNA fixed onto the nitrocellulose

by baking invacuo at 80oC for 3 hr.

2.3.10c Slotblotting of RNA

Total RNA samples of approximately 5 Frg were slotblotted onto a Hybond-N'"+

membrane (Amersham) utilising the Microsample Filtration Manifold as above and following

Amersham instructions for RNA dotblotting.

2.3.10d Plaque Lifting

Plaques were transferred onto Hybond-N'"+ membrane (Amersham, UK) following the

manufacturer's instructions. All lifts except secondary and tertiary screens of positive clones

were done in duplicate. Briefly, the plates were chilled at 4oC for at least 2 hr. The filters were

gently laid on the plaques and left at room temperature for I min and subsequent transfers of

the same plate were left for an additional 30 sec. DNA was denatured, neutralised and alkali-

fixed onto the filters as per Amersham instructions.

2.3. I 0e Colony H)¡bridisation

Colony hybridisation was achieved using the method described by Grunstein and
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Hogness (1975). Recombinant bacterial colonies were patch plated onto an L-agar plate

supplemented with 100 pg/ml ampicillin and replica plated onto a Hybond-N'"+ membrane

(Amersham) which overlayed another such plate. Following growth of bacterial colonies

overnight at 3JoC, the nylon filter was placed colony side up on a pad of three pieces of

'Whatman@ 3MM paper soaked in lysing solution for 20 min, with blotting onto paper towel

every 5 min. The filter was transferred to a fresh pad of 3MM paper soaked in denaturing

solution plus I Vo (wlv) SDS for a total of 20 min with blotting every 7 min. This procedure

was repeated with 3MM soaked in neutralising solution before the filter was partially air-dried.

Bacterial debris was removed from the filter using absorbent cotton wool and washingin2 x

SSC. The DNA was alkali-fixed onto the filters as per Amersham instructions.

2.3. 1 0f Northern Blotting

Following electrophoresis of RNA, the gel was soaked in 0.05M NaOH, 1 x SSC for 20

min to partially hydrolyse the RNA, and the formaldehyde removed by subsequent soaking of

the gel in 20 x SSC for 45 min. The RNA was then transferred onto Nytran@-plus (Schleicher

and Schuell) polyamide membrane following the Amersham protocol for Hybond-N'"+ and

fixed onto the membrane by placing on'Whatmant 3MM paper soaked in 0.05M NaOH for 5

min. followed by a brief rinse in} x SSC and storage at 4oC.

2.3.11 Radiolabelline of DNA probes

2.3. 1 1a Oligolabelling Using Random Oligonucleotides

DNA fragments requiring radioactive labelling were purified by size fractionation on an

agarose gel and freeze-squeezing as previously described. Labelling of 50-200 ng of double-

stranded DNA was performed by primer extension of random oligonucleotides (Feinberg and

Vogelstein, 1983) using the GIGAprime DNA labelling kit (Bresatec) and [cx-32P]dATP

(Bresatec or Amersham).
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2.3.1 1b Labelling of Single-stranded cDNA Probes

To prepare single-stranded cDNA probes for differential screenin5, 2 pg to 4 pg of

poly(A)+ RNA in 3 pl of DEPC-treated H2O was heated to 65oC for 5 min and transferred to

ice for 5 min. After briefly microcentrifuging the sample, the following components were

added in order: 1 pl DTT (10mM), 20 U RNasin@ (Promega), 3.1 pl Tris-HCl pH 8.3

(400mM), 1.2 ¡tl KCI (625mM), 0.5 pl MgCl2 (500mM), 1.5 pl oligo(dT) (1.6 ¡tgl¡tl,

Amersham), 1.3 pl each of dATP, dTTP and dCTP (10mM), l2O ¡tCi [cr-32p]dAtp

(Amersham) and 1 pl MLV reverse transcriptase (200 U/pl, Gibco BRL). The mix was

incubated at 4loC for 2 hr.

2.3.1 lc End-labelling

Oligonucleotides for mapping of ÀGEM-11'" clones were endlabelled following the

Promega protocol and utilising Ta polynucleotide kinase (Boehringer Mannheim) and Iy-
1a

PIdATP (Amersham).

2.3.11d Labelling of "Cold" Clone cDNA Inserts

Inserts of "cold" cDNA clones were labelled by PCR, carried out on approximately 200

ng of plasmid DNA with 3 pCi of [a-32P]dATP (Bresatec), and using the reaction conditions

outined in Section 2.3.15 for 45 cycles. The probe was denatured by incubation at 94oC for 2

min before cooling on ice and addition to a 0.5 ml hybridisation volume.

2.3. I I e Removal of Unincorporated Nucleotides

Unincorporated nucleotides were removed from all labelling reactions except PCRs and

endlabelled oligonucleotides by spun column chromatography through Bio-Gel P60 resin

columns made from 100 pl G50-100 beads and 400 pl G100-200 beads (Bio-Rad). Columns

were packed and equilibrated with 100 pl stop buffer by centrifugation at l7O x g for 2 min.

Labelled DNA fragments were eluted by adding the labelling reaction plus stop buffer (to a
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total volume of 100 pl) to the top of the column and recentrifugation at l7O x g for 2 min.

Specific activity of the labelled DNA was determined by a scintillation count in ReadySolv'"HP

(Beckman).

2.3.12 Prehvbridisation. Hvbridisation and Washine

2.3. 1 2a Prehybridisation Conditions

All filters were prehybridised, hybridised and washed under the same conditions except

that plaque lifts were separated by nylon grids and prehybridised for at least 16 hr. Filters were

prehybridised in a solution of 5 x SSPE, 5 x Denhardt's, O.5Vo (w/v) SDS and 100 lLglrfl

denatured sonicated salmon spenn DNA at 65oC for a minimum of 2 hr. The volume of

prehybridisation solution was approximately 0.1 ml/cmz of filter.

2.3.12b Probe Denaturation and Hybridisation

Following addition of 300 pg sonicated salmon sperm DNA, the radiolabelled probe was

denatured by the addition of 34 pl lM NaOH and incubation at room temperature for 10 min.

The solution was neutraliserl hy aclding 34 pLl lM HCI and the denatured probe stored on ice.

Filters were hybridised by labelled probe at a concentration of approximately I x 106 cpm per

rnl of hybridisation solution (to a maximum volume of 6 rnl) for a minimum of 16 hr at 65oC.

Oligo(dA) (Amersham) was added to hybridisation of cDNA library clones at a concentration

of 10 pg per ml of hybridisation solution. Hybridisations were carried out at 65oC overnight.

2.3.12c Washing of Filters

Filters were washedin asolution of 2x SSC,0.17o SDS at 65oC for 30 min, 1 x SSC,

0.17o SDS at 65oC for 30 min and 0.5 x SSC,0.1% SDS at 65oC for a furrher 30 min

Southern blots subject to a high stringency wash were incubated in 0.1 x SSC, 0.17o SDS at

65oC for 2 hr
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2.3.12d Autoradiography and Stripping of Filters

Filters were covered in plastic wrap to prevent drying out and exposed to X-ray film

(Fuji RX) at -70oC for an appropriate period of time, backed by an intensifying screen (DuPont

Hi-Plus). Slotblots used for rRNA gene quantitation were exposed at room temperature

without an intensifying screen.

Southern blots and plaque lifts were stripped of probe by incubating for 10 min in 0.1 x

SSC, l7o SDS at 90oC. Northern blots were stripped of probe by pouring boiling 0.1 x SSC

onto them and allowing the solution to cool to room temperature, with mixing. All stripped

filters were rinsed in2 x SSC and stored in plastic wrap at 4oC for rehybridisation

2.3.L3 Desien and Svnthesis of DNA Olieonucleotides

All oligonucleotide primers were synthesised on 3OqM columns using an Oligo100 DNA

Synthesiser (Beckman) and purified by the method of Sawadogo and Van Dyke (1991) using a

DNA Ultrafast Cleavage and Deprotection kit (Beckman). Oligonucleotides for PCR were

adjusted to a concentration of l0pM and primers for sequencing were diluted to lFtM.

Annealing temperatures were calculated according to the formula T" = 2(A+T)+4(G+C)-5 oC

2.3.13a Primers for Sequencing

Oligonucleotide primers for sequencing were designed to unambiguous previously

sequenced regions, priming towards a region of unknown sequence. They were generally

synthesised as 20-mers at spacings of approximately 200 to 400 bp and contained a GC

proportion of at least 50Vo.

2.3.13b Primers for PCR

Oligonucleotide primers for PCR were designed to contain the same proportion of purine

and pyrimidine bases as that found in the target sequence. Efficient priming at high

temperatures was maximised by the inclusion of two G or C residues at the 3' end of the
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primers. In addition, primer pairs were checked at their 3' ends for the possibility of primer-

dimer formation and intramolecular bonding using the Pcfold (Ztker, unpublished) and

Molecule (Thompson, unpublished) computer programs. Primers used for 5'-RACE

experiments were designed using the specifications of the manufacturer of the kit.

2.3.14 Sequencine of Double-stranded DNA Temnlates

2.3.14a Preparation of Template DNA

A 3 pg sample of the plasmid DNA to be sequenced was made up to 18 pl with dH2O

and 2 pl of 10 mg/rnl RNaseA added before incubation at 37oC for l5 min. Following addition

of 5 pl lM NaOH, lmM EDTA the solution was incubated for a further 15 min at 37oC. The

denatured DNA was purified by centrifugation through a Sepharose CL-68 column (Murphy

and Kavanagh, 1988), yielding 25 ¡tl of single-stranded template DNA which was then stored

on lce.

2.3 .1 4b S equencin g Reactions

The dideoxy chain termination reaction (Sanger et aL, 1977) was pcrformcd using the

Sequenase Version 2.0 kit (United States Biochemical Corp, Cleveland, Ohio) and

¡o32P1dAtP (Amersham, Bresatec¡, ¡cx33P1dATP (Amersham) or ¡cr3sSldATP (Amersham), as

described by the manufacturer of the kit. Some sequencing was performed using the finof"

DNA Sequencing System (Promega), following manufacturer's instructions. Where possible,

sequence was confirmed by sequencing of both DNA strands. Compressed areas of GC-rich

sequence were resolved using 7-deaza-guanosine in place of dGTP in the reaction mixes

(Mizusawa et al., 1986) and 1 ¡rl each of 500 pM dATP and dTTP was added to sequencing

reactions of fibre-specific cDNA clones.

2.3.14c Preparation of Sequencing Gels

A 4Vo (w/v) acrylamide, 8M urea, I x TBE gel solution was made up to 100 rnl with
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water and degassed for 10 min under vacuum. Following addition of 78 mg ammonium

persulphate and 60 pl TEMED, the gel was mixed and poured between taped glass plates.

2.3. 14d Denaturing Gel Electrophoresis

Sequencing reactions were run on a Model 52 sequencing gel electrophoresis system

(BRL). Using 1 x TBE as the running buffer, the gel was pre-electrophoresed at 50 mA for 15

min. Following denaturation for 2 min at 90oC, 3 pl of each DNA sequencing reaction was

loaded into the gel wells and electrophoresis continued until the tracking dye had reached the

bottom of the gel plates. The gel was run between 30 mA and 50 mA but the voltage not

allowed to exceed 1700 V. The loading process was repeated for medium- and short-length

runs. Following electrophoresis, the sequencing gel was fixed in 20Vo (v/v) methanol and lOVo

(v/v) glacial acetic acid for 30 min to remove the urea. Finally, the gel was dried at 65oC for at

least 3 hr and autoradiographed at room temperature.

2.3. 14e Sequence Analysis Software

The compilation and comparison of nucleotide sequences from multiple cDNA clones

and sequencing reactions was performed using various STADEN (Staden, 1980; Staden, 1984)

programs and the GCG Sequence Analysis Software Package version 8 (Genetics Computer

Group, Madison, WI, 1984; Devereux et a1.,1984). Multiple sequence alignments were done

using the CLUSTALV program (Higgins and Sharp, 1988). Hydropathy profiles were obtained

using the DNA Strider software package and BLASTN and BLASTX were used to search

nucleotide and protein sequence databases, respectively (Altschul et aL.,1990; Gish and States,

1993).

2.3.15 Polvmerase Chain Reaction (PCR)

Reaction mixtures (25 pl) for PCR contained 0.4 mM each of dATP, dCTP, dGTP and

dTTP, 1 x PCR reaction buffer (Bresatec), 4 mM MgCl2, 0.7-1.0 pM of each primer, 1.5 U of
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Zaq DNA polymerase (Bresatec) and template DNA. DNA was amplified in a programmable

temperature controller (ARN Electronics) generally programmed as follows: initial template

denaturationwas atg|oCfor2minfollowedby25 PCRcyclesof denaturationatg4oCfor I

min, primer annealing at 45oC for 1 min and extensi on at 72oC for I min. If the product was to

be cloned, an additional cycle was carried out with an extension time of 7 min.

PCRs of plasmid and Lambda clones utilised approximately 200 ng of DNA and

amplification of cored "cold" cDNA clones utilised 12 ¡tl of a 500 pl phage suspension.

Annealing temperature varied depending on the primer pairs but was generally 45-50"C. The

extension time also varied between different amplification reactions, according to the length of

the fragment to be amplified (based on a synthesis rate of 1 kb per min).

2.3.16 Measurement of Cotton Fibre Leneths

Fibre lengths were measured using the method first described by Gipson and Ray (1969),

beginning with 5 day old bolls and continuing at 5 day intervals until bolls were aged 50 DPA.

Measurements were taken from 3-6 bolls per age and 6 seeds per boll, chosen at random

except that clearly undersized or misshapen seeds were excluded from the analysis. After

harvesting, the boll wall was carefully opened with a sharp knife and the intact locules floated

in a beaker of dHzO. For bolls 20 DPA and older, the locules were boiled for 2-5 min with 4

drops of HCI added per 100 rnl of dH2O to dissolve simple sugars and allow the seed with

attached fibre to float free. After transfer to a beaker of cold water, six seeds were gently

teased apart and each was placed on the convex side of a watchglass and the lint hairs made to

stream out with a jet of water. All lint length measurements were made from the rounded sicle

of the seed adjacent to the chalazal end, to the nearest 0.5 mm and using a centimetre rule.

2.3.17 Stainins and Measurement of Cotton Fibre Nucleoli

Seeds with attached fibres were taken from midway along the carpel and fixed overnight

in a solution of 3:1 methanol: glacial acetic acid before rinsing in'70Vo (v/v) ethanol and
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storage under 70Vo (v/v) ethanol at 4oC until use. Fibres from the chalazal (rounded) end of

each of four ovules were removed with forceps, blotted and spread onto glass slides. The f,rbres

were stained with methyl green-pyroninY (Taft, 1951; Kumick, 1952) for 10 min, a cover slip

was placed onto the fibres and excess stain removed by even pressure. Nucleolar diameter was

measured to the nearest 0.1 pm for 25 nucleoli per slide under using a light microscope set on

100 x objective and equipped with an OSM-D4 digital micrometer eyepiece (Olympus@).

2.3.18 Estimation of rRNA Gene Number

2.3. 1 8a The Diphenylamine Reaction

The diphenylamine reaction for DNA quantitation was modified from the protocol of

Burton (1956). For the DNA standard, calf thymus DNA (Sigma) was made to 100 pglnrl in

0.1 x SSC, filter-sterilised and frozen. The ODzoo of the thawed solution was determined on the

day of use and a dilution series constructed which ranged from 0 to 2O trg of DNA in 2.5 ¡tg

increments. DNA samples from each of four plants for each of six cotton varieties were

adjusted to a concentration of 1 pglpl (using UV spectrophotometry at a wavelength of 260

qm) in order to keep all volumes to be pipetted in excess of 10 pl, thereby minimising errors.

DNA standards, together with l0 pg samples of the unknown DNAs, were made up to

100 ptl with 0.1 x SSC. An equal volume of fresh lM perchloric acid was added and the

mixtures allowed to hydrolyse for 10 min at 70oC. Chilled, fresh acetaldehyde (I.6Vo (w/v) in

dH2O) and diphenylamine reagent were combined in a I:20 ratio and 400 pl of the solution

added to the DNA samples. Following thorough mixing and incubation overnight at 28oC, the

colour changes which developed were read in triplicate by UV spectrophotometry at an

absorption wavelength of 600 r1m. Average values for each of the standards were used to plot

ODooo vs DNA amounts, and the standard curve was used to calculate the amount of DNA in

the unknown samples by regression.
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2.3.18b DNA Slotblotting for rDNA Quantitarion

A known amount of standard rDNA (pGhRl) was used to construct two dilution series,

containing 8, 10, 15,20,40 and 60 ng of DNA. The dilution series, in duplicate, together with

I pg samples of the unknown DNAs, as determined from the diphenylamine reaction and also

in duplicate, were applied to a slotblot as outlined in Section 2.3.10b. Several measures were

employed to reduce variation, including randomisation of samples to reduce position effects,

loading of samples under slow vacuum to ensure even distribution of sample over slot and

dilution of DNA samples to keep pipetted volumes greater than 20 pl.

2.3.18c Scanning Densitometry and Calculation of rDNA Copy Number

After autoradiography to obtain a preliminary determination of hybridisation, an

appropriate exposure was quantified using an UltroScan XL Laser Densitometer (LKB,

Sweden). A standard curve was calculated from the amounts of pGhRl (ng) vs the peak height

measured (cm). Ribosomal gene copy numbers were calculated as shown in the following

example except that numbers were not rounded off during calculation The peak height for

Paymaster 909 for filter #l and data set #1 was 9.07319 cm, which, from the regression of the

standard curve for filter #1, data set #l translates into 26.46 qg of pGhRl DNA. A sample of

I qg of pGhRl DNA contains 0.76 x 108 copies of the 12 kb plasmid (each of which contains

a single rDNA repeat unit). The I pg of Paymaster 909 DNA therefore contains 2.06 x l}e

(26.46 xOJ6 x 108) copies of the rRNA gene repeat, which when divided by the number of

genomes in 1 pg of DNA (2.63 x 10-5; Appendix 9), gives 7833 rDNA copies per Paymaster

909 tetraploid genome.
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CHAPTER 3

Differential Screening of a Cotton Fibre

cDNA Library Constructed from Total Rl{A





3.1 INTnoDUcTION

The development of a cotton fibre is a complex process which requires the coordination

of many macromolecular events. Chief among these is the biosynthesis of the fibre cell wall, the

control of which is paramount in the determination of f,rbre characteristics. Although the major

constituent of the cotton fibre is cellulose, other components may also be of importance. As

previously discussed, there are many proteins, both structural and enzymatic, which could

conceivably be up-regulated in a rapidly elongating cell such as the cotton fibre and their

activity may influence the characteristics of the fibre. In addition, the f,rbre may contain unique

forms of these proteins which relate to specific features of the cotton fibre cell wall.

Plant cell walls are specifically adapted to suit a particular cell type, and this is often

reflected in the cell wall components and in cell wall architecture during expansion (Varner and

Lin, 1989; McCann and Roberts,1994). Genes involved in these adaptations must be regulated

specifically. There are features of the cell wall of the developing cotton fibre which make this

system unique. Mature cotton fibres lack lignin (Bacic et al., 1988) but contain callose, a

structural carbohydrate which is normally associated with stress response in higher plants, such

as upon fungal infection or wounding (Maltby et al., 1979).It is expected that cotton f,rbres

contain further unique characters, controlled by genes which are expressed specifically in fibres

but not in other cotton tissues. Such genes may have a substantial effect on the development of

the fibre and on commercially-desirable characteristics.

The manipulation of cotton fibre quality requires an understanding of the genes and their

protein products expressed in the differentiated cell. The promoters of fibre-specific genes

clearly have potential in the genetic engineering of cotton fibres and will allow accurate tissue

targeting of heterologous gene expression specifically to the fibres in transgenic plants. In

addition, promoters which are active at different times in fibre growth can be used to drive

expression of heterologous genes at a particular developmental stage.
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Differential screening of a cotton f,rbre cDNA library was carried out in order to identiff

genes which are expressed exclusively or at elevated levels in the cotton fibres. Despite the

prior isolation of several such genes (Section 1.6.2), the likely high complexity of the spectrum

of proteins made in the cotton fibre indicate that there is scope for much overlapping work,

especially on cotton varieLics brctl for Australian conditions.

3.2 Isor,lTION AND PRELIMINARY CTTNRNCTRRISATION Pur¡.rrvn FrBRE-

SPECIFIC CDNA CT,ONNS

Cotton tissues are not amenable to standard methods of RNA extraction, such as those

of Chirgwin et al. (1919) and Cox (1968), due to the presence of polyphenolics and tannins in

cotton cells (Katterman and Shattuck, 1983) which bind strongly to RNA and DNA upon cell

lysis. Extraction of intact RNA from all cotton tissues therefore proved difficult and yields

varied widely between different preparations. RNA extraction from fibres was especially

clifficult, most likely due to presence of the cell wall and in older fibres, presence of a

secondary cell wall of cellulose.

RNA in relatively reliable yields was obtained from cotton fibres using a modification of

the method of John (1992) and the integrity of the RNA was assessed using an in vitro coupled

transcription-translation system, which produced a smear of radiolabelled protein products (not

shown). Attempts to purify poly(A)+ RNA from the total RNA pool using both messenger

affinity paper and a streptavidin-based magnetic separation were unsuccessful, probably due to

the low amount of starting material. Consequently, the cDNA library was constructed from

total RNA, under the assumption that priming of cDNA synthesis with poly(T) would provide

a reasonable selection for poly(A¡+ mRNAs. RNA was derived from fibres aged 10-24 DPA

which covers a wide span of fibre development, including periods of both primary and

secondary wall synthesis. Monitoring of cDNA synthesis by incorporation of ¡o-32P1dCTP
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yielded a discrete cDNA product, which was similar in size to that obtained with the use of

control mRNA (Figure 3.1a). The band is formed as a by-product of the enzymology used to

perform the Gubler and Hoffman (1983) method of cDNA synthesis, probably involving

interactions between poly(A) fragments and oligo(dT) primers and its presence is indicative of

a cDNA product.

Cloning of the cDNA product from cotton fibres aged 10-24 DPA resulted in a library

consisting of 2.8 x 104 recombinant clones, which was differentially screened with labelled

first-strand cDNA derived from 7O-24 DPA fibre RNA and total leaf RNA. Leaf is a complex

tissue which contains many different cell types. RNA samples from leaf should therefore

contain transcripts which include the majority of so-called housekeeping genes expressed in a

cotton plant. Use of the conventional technique of +/- hybridisation (S argent, 1 987) resulted in

the isolation of four putative fibre-specific cDNA clones, together with six clones which

appeared to hybridise more strongly to the fibre cDNA probe than to the leaf cDNA probe. In

addition, many clones were identified which hybridised preferentially to leaf cDNA.

Excision of the inserts of the positive clones revealed the relatively short length of the

inserted cDNAs, which ranged in size from approximately 0.1 kb to 1 kb (not shown). To

investigate the expression patterns of the cDNA clones, RNA blot analysis was carried out

using RNA from various cotton tissues. Hybridisation patterns were compared with those

obtained using a control for RNA loading, the cotton rRNA gene cistron clone pGhRl

(Chapter 6; Figure 3.1c). The four putative fibre-specific cDNAs hybridised to transcripts

present in leaf, flower and seedling RNA in addition to fibre RNA transcripts (Figure 3.1b).

Erroneous identification of the cDNAs as fibre-specific probably arose as a result of a poor

quality cDNA library which was plated at high density and required extended exposure after

probing to identify positive plaques. In addition, the four putative fibre-specific cDNAs were

located near the perimeter of the primary plaque lift and may have been omitted from the

duplicate lift, which was then subject to probing with the leaf oDNA. Similarly, all six of the
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fibre

flower

seedling

frbre

flower

seedling

Fisure 3.1: Analvsis of nutative fTbre-snecific cDNA clones

a. Alkaline gel electrophoresis of cotton fibre cDNA, synthesised from fibres
aged10-24 DPA (lane 1) together with a positive control inlane2

b. RNA slotblot analysis of four putative fibre-specific cDNA clones. Each slot
contains 5 pg of total RNA from fibre, leaf, flower or seedling tissue (indicated at left)
and slotblots were hybridised with the specific probes as labelled.

c. RNA slotblots from part b., þbridised with the rDNA clone pGhRl.
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clones which were identified on the basis of elevated hybridisation to fibre cDNA exhibited

equal hybridisation to RNA from all cotton tissues (not shown). Hybridisation of an RNA

slotblot with a probe derived from the amplification of pBluescript@SK(-) was negative after

extended (3 days) exposure to X-ray film. However, one of the putative fibre-specific cDNAs,

pGh4, appeared to exhibit elevated transcript levels in fibre RNA (Figure 3.1b) and was subject

to sequence analysis.

Sequencing of the complete insert of clone pGh4 yielded 287 bp of sequence (Figure

3.2a) which showed significant similarity to the histone H4 gene from a variety of sources

including tomato (Brandstädter et aL.,1994), sand urchin (Busslinger et a\.,1980), Drosophila

hydei and yeast (Woudt et al., 1983). The best match was 8O.4Vo nucleotide identity to a 153

bp region of a histone H4 gene isolated from Arabidopsis (Chaboute et al., 1987). A putative

TAG termination codon was identified at nucleotide 152 of the pGh4 cDNA sequence (Figure

3.2a) and the subsequent sequence, representing the 3' untranslated region of the mRNA,

exhibited substantially decreased similarity to the histone H4 homologues from other

organisms. Accordingly, the 50 residue conceptual amino acid sequence of clone pGh4 showed

significant similarity to the carboxy-terminal regions of the histone proteins mentioned. Histone

proteins have a passive role in the packaging of DNA into nucleosome particles and may also

play a crucial role in DNA replication and transcription (reviewed in'Wolffe, 1991; Svaren and

Hörz, 1993). High levels of histone H4 mRNA have been observed in proliferating tissues

compared to mature tissues, and levels of H4 expression in particular cells are indicative of the

distribution of mitotic activity (Brandstädter et al., 1994). The synthesis of most histones is

coupled to the cell cycle and occurs only during DNA replication. Since fibre cells are non-

dividing, it is reasonable to expect that histone genes would be down-regulated in the fibres as

compared to other cotton tissues. The reason for the observed pattern of expression is

unknown but may be related to the dynamics of chromatin (Ausio, 1992) and the turnover of

histone core proteins which occurs in all cells, including those not actively dividing.
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b

a.

GGAAAC C C GTGGGGTTTTGAAGATC TTC TTGGAGAÄC GTGATTCGTGATGCAGTAAC CTA
1 ---------+---------+---------+---------+---------+---------+ 60

ETRGVLKTFLENVIRDAVTY

CAC CGAACATGCGAGGAGGAAGACTGTGAC TGCTATGGATGTGGTTTATGCAC TGAA,GAG
61- ---------+---------+---------+---------+---------+---------+ L20

TEHARRKTVTAMDVVYALKR

GCAGGGCAGGACATTGTATGGGTTTGGTGGTTAGATGATTTAGGGATTAGA,TCTTTC TAC
1,21- ---------+---------+---------+---------+---------+ + 1_80

OGRTLYGFGG*

ATGTTGGCGGATCTGGAC TAG TTC TACATGATATCAAGAÀ'TGTTTAGGATTAGGAATAGG
181- ---------+---------+---------+---------+---------+ + 240

GC TTGTAATTAÀÄGGGTGC TATTGNGATTAÀTTGG.AATTTATAATTT
241- - - - - -----+---------+---------+---------+- - ----- 287

CTCACGGCCCCTCTTTTTGGACCCANNTCGGCCGGCCGACCGGGCGAAGACATTGTCAGG
1 ---------+---------+---------+---------+---------+---------+ 60

TGGGAAGTTTGGC TGGGGC GGCACATC TGTTA.AAAGTAC GCAGTGTC C TAAGATGAGC TC
6L ---------+---------+---------+---------+---------+---------+ L20

AAC GAGAACAGAA'I'C TCGTGTGGAACAAAAGGGTAAÄAGC TC G
12L ---------+---------+---------+---------+--- 163

Fisure 3.2: Seouence analvsis of two putative fibre-snecific cDNA clones

a. Nucleotide sequence of putative fibre-specific cDNA clone pGh4. The putative TAG
termination codon at nucleotide 152 is indicated by an asterisk and the conceptual translation
from nucleotide position 2 is shown in single letter code below the cDNA sequence.

b. Nucleotide sequence of putative fibre-specific cDNA clone pGh2.
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Another putative fibre-specific cDNA clone, clone pGh2, was also sequenced.

Sequencing of the entire insert of the cDNA clone yielded 163 bp (Figure 3.2b) which, when

used to screen the nucleotide databases (GenBank and EMBL; January 1994), showed

significant similarity to 265 rRNA genes from a variety of plants including lemon (Kolosha and

Fodor, 1990), rice (Sugiura et al., 1985), tomato (Kiss e/ al., 7989) and rye (Appels et aI.,

1986) with 89Vo, 87Vo, 86Vo, 85Vo nucleotide identity respectively. This explains the similar

hybridisation patterns to cotton RNA obtained for clone pGh2 and pGhRl (Figure 3.Ib, c).

The unexpected isolation of a ribosomal RNA sequence from the fibre cDNA library prompted

the probing of a fraction of the library with the cotton rDNA clone pGhRl. The experiment

revealed a high content of ribosomal sequences in the oDNA library, constituting

approximately SOVo of the hybridising plaques. The large proportion of ribosomal sequences

can be attributed to non-specific priming of cDNA synthesis by poly(T), or the binding of

poly(T) primer to A-rich regions of ribosomal RNAs. Approximately 80Vo of a total RNA

sample is comprised of rRNA transcripts, with only 7-5Vo of the RNA attributable to mRNA

species (Galau et aL.,1981).

3.3 Cor-n-pr-noun Scnrnxruc ¡,¡qn SnounNcB ANnrysrs

The level of sensitivity of the differential screening method precludes the identification of

clones derived from medium and low abundance class mRNAs. The lower limit of the

differential screening technique is detection of abundant mRNAs which represent O.IVo of the

total mRNA population (Sargent, 1987). A significant proportion (74Vo) of the recombinant

cDNA clones in this differential screening experiment were "cold" plaques and failed to give a

hybridisation signal with either the fibre or leaf cDNA probes even after extended exposure to

X-ray film. As the library and fibre probe are derived from the same message population, the

difference in hybridisation between recombinant plaques is likely to be due to variation in the

corresponding transcript length or abundance. It is therefore assumed that many of these
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cDNAs represent transcripts of low abundance in fibre cells. cDNAs derived from low

abundance transcripts may be of interest since they might be expected to encode regulatory

rather than structural proteins. Such a protein may have a range of regulatory functions related

to development or differentiation of the fibre cell. In a screen for anther-specific clones in

tobacco, Ilodge et al. (1992) denronsLral"ccl LhaL 44Vo of "cold" cDNAs were differentially

expressed in the tobacco anther on diagnostic Northern blots but the same positive clones were

undetected in a conventional differential screening experiment.

A total of 84 "cold" clones were selected at random from the 1O-24 DPA fibre cDNA

library and of these, 62 recombinant inserts were tested for hybridisation to the rDNA probe

pGhRl (Figure 3.3a, b). Again, PCR across the inserts revealed their generally small size,

ranging from 100 bp to I kb (Figure 3.3a). A significant proportion (numbering25) of the 62

recombinant clones hybridised to pGhRl (Figure 3.3b) and were excluded from further

analysis. The remaining 37 cDNA inserts were used as probes to RNA slotblots containing

fibre, leaf, flower and seedling RNAs. No tissue-specific cDNAs were identified in the

population of 37 cold clones screened but varying hybridisation patterns were observed

compared with the positive control. A sample of these is shown in Figure 3.3c.

The clones which appeared to hybridise more strongly to fibre RNA than to RNA from other

tissues, namely cold #6, cold #59 and cold #68, were chosen for sequence analysis. The insorts

from two clones detected transcripts which were more abundant in leaf than in the other tissues

and one of these, cold #21 , was sequenced. A number of the clones with larger (300-500 bp)

inserts were also sequenced and the results, which are summarised in Table 3.1, revealed that a

high percentage of mitochondrial sequences were cloned. Sequcnccs wcre derived from one

DNA strand only and are largely incomplete except where indicated.
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Table 3.1: Sennence ena of cold cDNA clones

cDNA
Clone

RNA Slotblot
Analysis

Basepairs of
Sequence

Sequence Similarity to GenBank and

EMBL (January, 1994)

cold #7

cold #21

cold #31

cold #38

cold #39

cold#42

cold #54

cold #3

cold #6

cold #56

cold #59

cold #67

cold #68

cold #71

even

slight elevation in
fibres

even

elevated in leaf

even

even

even

even

even

?

slight elevation in
fibres and flowers

even

slight elevation in
fibres

even

343

246

*354

180

243

r29

r29

*476

314

*276

*482

x345

r33

*345

mitochondrial 18S rRNA

cytochrome b-5

(nuclear encoded)

no significant homology

chloroplast 23S rRNA

mitochondrial265 rRNA

mitochondrial 18S rRNA

mitochondrial 18S rRNA

no significant homology

mitochondrial gene coxl (cytochrome c

oxidase subunit 1)

no significant homology

translational elongation factor 1 cx

no significant homology

mitochondrial265 rRNA

no significant homology

x Insert sequenced in full and in both directions

Of the 14 clones sequenced, five (cold #3, cold #37, cold #38, cold #39 and cold #68)

contained inserts which showed significant sequence similarity to mitochondrial rRNA genes

The inserts from these clones hybridised equally to transcripts present in each of the four

cotton tissues (Figure 3.3c). The clone which hybridised preferentially to RNA from leaf tissue,

cold #21 (Figure 3.3c), appeared to encode a 235 rRNA from the chloroplast. While plastids

are found in the cells of most tissues in a green plant, the major photosynthetic organ is the

leaves and as such, leaf cells contain a large number of chloroplasts and therefore an abundance

of plastid-derived rRNA transcripts. Fibre cells constitute a non-green tissue and have few, if

any, chloroplasts (Ramsey and Berlin, 1976a). The cDNAs clones containing organellar
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Figure 3.3: Analysis of "cold" cotton fibre cDNA clones

a. Agarose gel showing PCR products which resulted from amplification across the

insert of a sample of 12 recombinant "cold" cDNA clones. Priming sites for T3 and T7, which

flank the polylinker region of pBluescript@SK(-), were utilised in this experiment and each lane

contains 10 ¡tl of a25 prl PCR reaction. Molecular weight markers (pUC19 DNA restricted

with HpaII) are shown at the left of the gel and the fragment sizes are 501 bp, 489 bp, 404 bp

331 bp, 242bp, 190 bp, 147 bp and 111 bp. Numbers at the top of each lane represent the

clone number, and the remaining lanes contain a 164 bp PCR product which results from use

of pBluescript@SK(-) DNA as a template.

b. Hybridisation of a Southern blot of the above gel with the cloned cotton rRNA cistron

pGhR1. Lanes are labelled as above and arrows indicate the position of the pBluescript@SK(-)

control.

c. RNA slotblot analysis of a selection of "cold" fibre cDNA clones. Each slot contains 5

pg of total RNA from fibre, leaf, flower or seedling tissue (indicated at left) and slotblots were

hybridised with the specific probes as labelled.

d. RNA slotblots from part b., hybridised with the rDNA clone pGhRl
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rRNA were not cross-hybridised by the nuclear rDNA clone pGhRl (Figure 3.3b) and the

sequence of the longest clone in each class of organellar transcript is presented in Figure 3.4a.

Another cold clone, #54, also appeared to encode a transcript derived from the

mitochondrial genome. The 314bp insert of cold #54 (Figure 3.4a) showed strong sequence

sirnilarity to the con'cspontling region of the cytochrome c oxidase subunit I gene (coxI) gene

from maize (Isaac et aL., 1985), wheat (Bonen et al., 1981), sugar beet (Sendaet al., 1991)

and rice (Kadowaki et al., 1989), with nucleotide identities 94Vo, 94Vo, 94Vo and 93Vo

respectively. Translation initiation and termination codons were not identified in the sequence

of cold #54 and the region of nucleotide homology occurred in the centre third of the coxl

gene, consistent with random cDNA priming by poly(T). The conceptual translation of cold

#54 (Figule3.4a) produced an amino acid sequence which showed a high degree of similarity

to coxl proteins. Cytochrome c oxidase is an enzyme complex of the inner mitochondrial

membrane. Whilst some of the seven enzyme subunits are nuclear-encoded, in plants it seems

that at least subunits I and II are encoded by mitochondrial genes. The predominance of

mitochondrial transcripts in the fibre cDNA library is in agreement with observations by

Ramsey and Berlin (I976a) who showed that the tips of elongating fibre cells contain

numerous small vacuoles, lipid bodies and organelles such as dictyosomes, ribosomes and

mitochondria.

Five of the cold clones that were sequenced contained inserts which did not show any

sequence similarity to known sequences and encode as yet uncharacterised protein products

(Figure 3.4b). The remaining two cold cDNA clones encoded transcripts derived from cotton

nuclear genes (Figure 3.4c; Figure 3.5). Cold clone #6 hybridiscd morc strongly to fibre RNA

than to RNA from leaf, flower and seedling (Figure 3.3c) and contained a 246 bp insert, of

which the first 79 bp displayed significant sequence similarity to the 3' coding region of the

cytochrome bs mRNA from Brassica oleraceø (Kearns et al., 1992) and rice (Smith et aI.,

1994), with nucleotide identities of 80Vo and 68Vo respectively. Although an open reading
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frame was not identified in the sequence of cold #6, a putative TAG stop codon was identified

at nucleotide position 7'7 and conceptual translation from nucleotide position 2 produced the

25 C-terminal residues of the cotton cytochrome b5 protein (Figure 3.4c). Cytochrome bs is a

well-conserved haem protein of around 130 amino acids which is associated with the

endoplasmic reticulum of higher plants, animals and fungi (Ozols, 1989) and there are three

published examples of plant cytochrome b5 proteins, those from cauliflower (Kearns et aI.,

7992), rice and tobacco (Smith et a\.,1994). Results from studies in tobacco suggest that there

are a number of genes encoding plant cytochrome bs and that they may be differentially and/or

developmentally regulated. The role of cytochrome b-s in the microsomal membranes of plant

cells is not well-understood, but in animals the protein functions as an electron donor in

various oxidation/reduction reactions (Rich and Bendall, I9l5). Why there seems to be a

higher concentration of cytochrome b5 transcripts in fibres than in other cotton tissues is

uncel'taln.

Tbe 482 bp insert of cold clone #59 was the longest cDNA clone sequenced (Figure 3.5)

and was lacking in both a poly(A) tail and polyadenylation signal(s). No translation initiation

codons were identified in the cold #59 insert sequence, but a putative TGA stop codon was

identified at nucleotide position 292. Conceptual translation from nucleotide position 1 of the

cDNA produced an amino acid sequence of 97 amino acids (Figure 3.5). A search of the

databases (GenBank and EMBL; January, L994) revealed that cold #59 showed significant

sequence similarity to the eukaryotic elongation factor lcr (EF-lcr). The cold #59 sequence,

renamed pGhEF-lcr, was similar to EF-lcr genes from Arabidopsis (Curie et al., 1992) and

soybean (Aguilar et al., 199I), and to EF-lcr-related mRNAs isolated from tobacco (Zhl et

al., 1994), tomato (Pokalsky et aI., 1989) and maize (Berberich et al., 1995), with 86Vo,83Vo,

84Vo,86Vo and 83Vo nucleotide identities respectively. Sequence similarity decreased markedly

after the stop codon, to levels of 40Vo to 60Vo. At the amino acid level, the 91 residue

conceptual translation of pGhEF-1c¡¿ was strikingly similar to EF-1cr proteins from Arabidopsis
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Figure 3.4: Sequence analvsis of "cold" cDNA clones

a. Sequences derived from organellar transcripts. Cold clone #3 is representative of the

three clones, also including cold #38 and cold #39, which showed significant homology to the

18S rRNA from the mitochondria of various plants. Cold clone #37,togcthcr with cold #68,

appeared to encode the 265 rRNA from the mitochondrion of fîbre cells. Cold clone #27

encoded another rRNA transcript, the 23S rRNA derived from the chloroplast genome. The

sequence of cold clone #54, encoding the mitochondrial coxl gene, includes the conceptual

translation from nucleotide position 2 which is shown in single letter code below the cDNA

sequence.

b. Sequences of the five "cold" clones which showed no significant similarity to known

nucleotide sequences. Cold clones #67 and #J7 werc identical in both sequence and length and

the sequence of one, cold#67, is shown here.

c. Nucleotide sequence of cold clone #6, which appears to encode cytochrome bs. The

putative TAG termination codon at nucleotideTT is indicated by an asterisk and the conceptual

translation from nucleotide position 2 is shown in single letter code below the cDNA sequence.
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301 ---------+---------+---------+---------+--- 343

GGACTCCACGGGGGGCAGCAGTGGGGAÄTCTTGGACAATGGCGA.AAGCCCGATCCAGCAÀ
181 ---------+---------+---------+---------+---------+ + 240

TATC GCGTGAGTGAAGAAGGCAAGGC C CGC TCGT.A.AAGC TC TT TC GTC GÀGTGCGC GATC
241- ---------+---------+---------+---------+---------+ + 300

ATGACAGGACTCGAGGAAGAAGCCCCGGCTAACTCCGTGCCAG

6l- ---------+---------+---------+---------+---------+---------+ ]20

6L ---------+---------+---------+---------+---------+---------+ L20

CCAATGATGCTTAGCTGGTCTTTTCGGATGATCAGCCACACTGGGACTGAGACACGGCCC

cold #37: mitochondrial 265 rRNA

GATC CGGGAGTCCCGTGTGGGGA.A,GGGCTCTCGCTCAACGGATCAAAGGTACGCCGGGGA
l- ---------+---------+---------+---------+---------+---------+ 60

TAACAGGCTGATGACTCCCAÀGAGCTCTTATCGACGGAGTTTGGCACCTCGATGTCGACT
61- ---------+---------+---------+---------+---------+---------+ L20

ACGTGAGTTGGGTTTAGAACNTCGTGAGCAAGTTCGGTTCCTAANCANCCGCAÄATTCCT

GCA
241- 243

cold #27: chloroplast 23S rRNA

CACCCCTAC CTCC TTTATCACTGAGCGGTCATTTAGGGCCTTAGCTGGTGATCCGGGCTG
1 ---------+---------+---------+---------+---------+---------+ 60

TTTCCTCTCGACGATGAAGCTTATCCCCCATCGTCTCACTGGCCGACCTCGACCCCTGTT

a.
cold #3: mitochondrial 18S rRNA

C GGGTGC GTAACGCGTGGAATC TGC CGAÄCAGTTC GGGCCAÄATC C TG.AAGÄÄAGC TAA.A
1 ---------+---------+---------+---------+---------+---------+ 60

AA,GCG C TGTTTGATGAGC C TGC GTAGTATTAGGTAGT TGGTCAGGTAAAGGC TGAC CA.AG

ATTTTGAGGTCATATCTAGTATTCAGAGTTTGCCTCGATTTGGTACCGCTCTACGCGCAT
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cold #54: mitochondrial coxl gene

CGCGTCGCGCTGCCCGTGCCTACTTCACCGCAGCTACCATGATCATAGCTGTCCCACTGG
1 ---------+---------+---------+---------+---------+---------+ 60

ASRCPCLLHRSYHDHSCPTG

AÀTCAAAATC TTTAGTTGGATCGC TAC CATGTGGGGAGGTTCGATACAÀTACAAÀACAC C
61 ---------+---------+---------+---------+---------+---------+ L2O

TKTFSWIATMWGGSIOYKTP

CATGTTATTTGCTGTAGGGTTCATCTTTTTNTTCACCATAGGGGGACTCACTGGAATAGT
I21, ---------+---------+---------+---------+---------+ + 1g0

MLFAVGFÏF?FTTGGLTGTV

C CTGGCAÀATTCTGGGCTAGACATTGCTCTACATGATACTTATTATGÎGGTGCACATTTC
l-81 ---------+---------+---------+---------+---------+ + 240

LANSGLDIALHDTYYVVHTS

CATTATGTACTTTCTATGGGAGCCGTTTTTAGCTTTATTTGCAGGATTTTACTAÎTGGGT
241- ---------+---------+---------+---------+---------+ + 300

fMYFLWEPFLALFAGFYYWV

GGGTAAÀÀTCTTTA
301 ---------+---- 314

GKTF

301 ---------+---------+---------+---------+---------+---- 354

b.
cold #7

TCAGAGTATGCAGACGC CAC CGGGCAGAATGAÄ,GAGGGTCTTGACGAGATTGTGGACGCA
1 ---------+---------+---------+---------+----- | -------+ 6O

61_

ATGTCACCGGA.AATGGCACCAGCAAGTTCACCCACAATGGCATTTGAAGGGTCTTTTGGA
+---------+---------+---------+----_____+____ _ __ __+ 1_20

121
C C CGGAC CAGC TA,TGAC CATTGAAGACGGTGC GGC GGAGGGAGAGGGAGAGGCAGAGGCA

+---------+---------+--------_+___:_____+_________+ l_90

18l-
GAGGGAGCAACAGAÄÀ,GTTAGATAC GCAGTACCAGTAAATTTAAATAAGGATCTCGATCC

+---------+---------+-----____+_________+____ ___ __+ 240

ATATGTTCGTTATC TTACTATTTTGGTATTTCATCCC TCATAÀÀAGAAAAGTGAAC CATA
241- ---------+---------+---------+---------+---------+ + 300

AC TGTAÄÀGTTCACGACCATAAGTAÀTATATTTATTTATTTACCTGCCCACCCA

cold,#42

GAATC TTACAAGGCATGGGCAGCTTTGGAGC TAGAGGAAGACAAACAÄGTGAAAGGAGC T
l- ---------+---------+---------+---------+---------+---------+ 60

GÄAATAAC CATGCAACAAGCAGAGGATTATTTTGAC TCGGTCATGGAÄAC C GC C GTGGAT
61- - - - - - ----+---------+---------+---------+---------+- - -- - - - --+ L20
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GAGTTCAGGCGATTCGAGG.AAGAÀATGGAACGCGAGTCA.AAAGC TGÄAC TCAGTGGTGTT
1-21, ---------+---------+---------+---------+---------+ + 180

GATGATAC TGC TGAGACAGTTAAAAÄÄATGGGGGATTTGATGGAÀAAAGGTGCAÄACATT
181 ---------+---------+---------+---------+---------+ + 240

GCGTCTAAATTGTATGTTGAAGCTGCTATGAAATCTGCAGGTTTTAATGGACTTTCACCT
241, ---------+---------+---------+---------+---------+ + 300

AACAAGGTTCATC C T TCATGAAÀÀÄAGTTATATATATATTATATTTATTTAATTTCAT T1.

301- ---------+---------+---------+---------+---------+ + 360

TTTTGTAATTTATATGTATGATTGATAAGGAACCTTGATGGGGGTTTCTTTGATGTTACT

cold #56

C T CACATATATTATTATTAACATCÄAGCAGC GC GCAGAAGCAAAATCAACAÄÀÄÀÄATTC
1 ---------+---------+---------+---------+---------+---------+ 60

TGGAÃÄTACAAATÄATGTGGATAACAAGAATATGTTCAAC GAC CAATCAGAC C C T TATCG
6I ---------+---------+---------+---------+---------+---'-----+ L20

TCATGAGAGAAATC CAATGCAAGC CAATGCAAGC CA

421 ---------+---------+---------+---------+---------+------ 416

l-81 ---------+---------+---------+------ 21-6

61, ---------+---------+---------+---------+---------+---------+ L20

ATT TTTTTTAÄTGGATTATTTGT TTTTÄATTAAÄÀTCCATGAAC TGGGTTTCA.AGA

GCACAAGAC GTTAA.AC GTCAGTGTTCAAGACGAAATAC TATTATGATATTTGTATC C GCT

CC CGTTTGCCGCCTCTAGGCTCCCTCCTATTTCGCAGCCCCTTTATCTACCCTAGTTGTG

cold #67

C GGGAAATGGTC C CGTGTTCAGGC TGAAGGAGAC TATAAAGCAAAAC TC GGAATCACAAT
1 ---------+---------+---------+---------+---------+---------+ 60

301 ---------+---------+---------+---------+----- 345

ATGTAÀTGGTTACTGTGCATT TTGTGAAC TAGGGAAATCAGTAGTATTTC TTÄ.A,TTTTTÀ
24I ---------+---------+---------+---------+---------+ + 300

C T CGTATGTATATTGAGATGC TCA.AATTAGAATAAÄATTTCÀACA
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c.

cold #6: nuclear-encoded cytochrome b5 gene

CAAGATCCTACAATTTCTTGTTCCCCTCTTGATCCTGGGCTTGGCTATTGCGGTÀCGTCA
l- ---------+---------+---------+---------+---------+---------+ 60

KILOFLVPLLILGLAIAVRH

C TATACCAAGAAAGAGTAGCTTATTAC TATAC.AGGACTTTAC C TGTTACGAGGGAAGAAT
61 +---------+---------+---------+---------+---- t 1,20

YTKKE*

t2r
CAGTGTGTGTCTCATC TGTTAGTTGAÂÀ,TAGCACAGTCATATCTTTTGTTTAATTTCCTT

+---------+--------_+_________+_________+_________+ 190

TTAGCATTTGTGTGTCGAAC TAAATACCTGTTGATGATAGC TCCATTGTCAAAAGACAAT
+---------+---------+_________+_________+____ ___ __+ 240

ATATTT
246

18l-

241_
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1
TGCCACÀCCTCTCACATTGCTGTCAAATTTTCCGAACTGTTGACCAAGATTGACAGACGA

+---------+---------+---------+---------+---------+ 60
CHTSHIAVKFSELLTKIDRR

TC TGGCAÄGGAACTC GAGAAGGAACCCAAGTTC TTGAAGAAC TGTGATGCAGGTATGGTA
61, +---------+---------+---------+---------+---------+ L20

SGKELEKEPKFLKNGDAGMV

AAGATGATTCCCACCAAACCCATGGTTGTTGAGACTTTCTCTGAATÀCCCACCACTTGGA
L21, ---------+---------+---------+---------+---------+ + 180

KMIPTKPMVVETFSEYPPLG

CGTTTTGCTGTCCGTGACATGCGCCAGACTGTTGCCGTCGGTGTCATCAAGAGTGTTGAG
l-81- ---------+---------+---------+---------+---------+ + 240

RFAVRDMROTVAVGVIKSVE

AAGAAGGAC CCAAC TGGTGC TAAGGTCAC CAAATC TGC TGC CÄÄGAAGAAATËAGAG.A

larrrcacacaclaarrATATcAcT TTTCATTACAGC TTTGGACAATTATc TTAAATTTGGA
301 ---------+---------+---------+---------+---------+ + 360

CTTTAGAA,TTTACTTTTTGTGAGACTTTTTGATTTGCTTTTTAÀACAÄÀTCCTAGTTTTA
361 ---------+---------+---------+---------+---------+ + 420

TATTTCAATGTTTTC CAATTCTGAGTGTTTATATATTATATCGATTGCTTCCAATAGCGA
421 ---------+---------+---------+---------+---------+ + 480

CA
481_ - - 482

Fisure 3.5: Sequence of the cotton EF-lcr cDNA clone pGhEF-lo

Nucleotide sequence of the cotton EF-1cr cDNA, pGhEF-1o (cold #59). The deduced

amino acid sequence, translated from nucleotide position 1, is shown in single letter code

below the DNA sequence and the putative stop codon at nucleotide position 292 is indicated

by an asterisk. The region which corresponds to the oligonucleotide primer EFP1 is boxed.
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(92Vo identity; Axelos et al., 1989), tobacco (91%o identity;Zhu et aL, 1994), soybean (92Vo

identity; Aguilar et aI., 1991) and tomato (9OVo identity; Pokalsky et al., 1989) together with

EF-lcx proteins isolated from monocots such as wheat (88Vo identity;Metz et al., 1992) and

from divergent species such as Xenopus (74Vo identity;Djé, et aL,1990), human (72Vo identity;

Brands etuL.,1986), ycasL(73Vo identity; Nagata eta\.,1984) andDrosophita(660/o identity;

Hovemann et aL,1988) (Figure 3.6).

Notably, none of the cDNA clones sequenced from the 10-24 DPA fibre cDNA library

contained poly(A) tails and this contrasts with the finding that, in plants, all mRNAs that have

been examined are polyadenylated, including histone mRNAs. The only known poly(A)-

mRNAs present in plant cells are viral in origin (Gallie and Kobayashi, 1994). One explanation

is that the truncated cDNAs result from inefficient synthesis of the second cDNA strand such

that the product terminates prior to the poly(A) tail. A less likely explanation is that the cDNA

products represent mRNA degradation products, since poly(A) tail removal constitutes one of

the earliest events in mRNA degradation (Thompson et al.,l99Z).

4 TUB Eurln TION FA

3.4.1 Role of EF-lcr in Translation

The process of translation of genetic information from mRNA to protein follows a

distinct pathway. One step, the elongation of the amino acid chain, involves a series of protein

components that have been classified according to their function as elongation factor 1 (EF-1)

and elongation factor 2 (EF-z). In eukaryotes, the cytoplasmic EF-l complex is thought to

consist of four different subunits, EF-lcr, EF-IP, EF-ly and EF-lô. EF-lcr is functionally

homologous to the bacterial factor EF-Tu which catalyses the GTP-dependent binding of the

aminoacyl tRNA to acceptor site A on the ribosome (Riis er al., 1990). This process involves

the concomitant binding and hydrolysis of GTP, the binding of aminoacyl IRNA and the
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Figure 3.6: Alignment of elongation factor 10( sequences

Sequence comparison between the conceptual translation of pGhEF-lo and the C-

termini of nine EF-1cx proteins from a selection of other plants and eukaryotes. Boxes indicate

homologous amino acids in at least seven of the sequences, including that from cotton, and

homology with the cotton fibre EF-lcr is indicated at the end of each sequence. Numbers refer

to residues in the five plant EF-1cr proteins.
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recognition and interaction with the ribosome. The multifunctional demand on EF-lo clearly

leaves little room for evolution of divergent protein structures and the striking degree of

homology between EF-1cr proteins (Figure 3.6) is interpreted as a conservation of active sites.

Some of the most highly conserved regions have been correlated with functional domains. The

most stringently conserved parts of EF-1cx occur at the N-terminus and have been assigned to

GTP binding activity, while other regions of the protein show homology to several classes of

nucleotide-binding proteins and the prokaryotic elongation factors.

Several studies have correlated the abundance of translation factors, particularly EF-1a,

with the efficiency of translation. A close relationship between the level of mRNA for EF-1o

and the rate of protein synthesis has also been reported (Pokalsky et al., 1989; Ursin et aI.,

1991 ; Kaw ahara et al., 7992; Curie et al., 1993; Morelli et al., 1994) and expression of EF- l cr

is the major limiting step in polypeptide elongation (Riis er aI., 7990).Increased amounts of

EF-14 activity are generally found in developing tissues compared to mature tissues and the

expression of EF-lcr may serve as an indicator of translational stimulation. Further, EF-lcr

transcription is induced by hormone application (Ursin et aL.,1991), wounding (Morelli et al.,

1994), cold stress (Dunn et al., 1993; Berbeich et al., 1995), hypoxic stress (Vayda et al.,

1995), exposure to light (Aguilar et aI., 1991) and other treatments that increase protein

synthesis. Conversely, the large decreases in translational activity that occur upon starvation,

fungal infection or senescence have been attributed to depletion of elongation factors or

correlated with decreased expression of EF-lcr (Webster, 1985;Mahe et a|.,1992).

3.4.2 Alternative Roles EF-lcr in Plant Cells

Besides its role in polypeptide elongation, recent evidence suggests that EF-lcx is

involved in a variety of biological processes and may be regarded as a multifunctional protein

(Durso and Cyr, 1994b). For example, a vitronectin-like adhesion protein isolated from

tobacco (Zhu et al., 1994) has been implicated in cellular processes such as plasma membrane-
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cell wall adhesion, pollen tube extension, and bacterial infection and is localised in the cell wall

but is structurally and immunologically related to EF-1cx. Numerous studies have demonstrated

the binding of EF-14 to actin filaments and microtubules in vivo and in vitro (Condeelis,

1995). Such EF-lcr/cytoskeletal interactions have prompted the hypothesis that EF-lct is

involved in feedback regulation of cytoskeletal protein synthesis (Durso and Cyr, 1994a)

Furthermore, the emerging role of EF-lcr in intracellular signalling (reviewed in Riis et aI.,

1990) has wide-ranging implications for the coordination of various cell functions, cell

division, differentiation, aging and transformation

3.4.3 Expression of EF-lcr Genes

In eukaryotes, EF-1cr is the second most abundant protein after actin, constituting 1-27o

of the total protein in normal growing cells (Slobin, 1980). The regulation of EF-lcr is of

interest because it is an example of a protein which is directly required for the synthesis of all

cellular proteins and appears to be essential for cell viability (Cottrelle et aI., 1985). In

addition, information on the mechanism of regulation of housekeeping genes in higher plants is

scarce. It is not clear to what extent EF-lo activity is controlled at the level of mRNA or

protein as examples of transcriptional, translational and post-translational controls have been

seen for EF- l cr in a variety of organisms.

The promoters of EF-lcr genes are extremely strong and may therefore have applications

in transgenics and genetic engineering. Strong promoters have been demonstrated for EF- I a

genes from human (Kim et aI., l99O) and fungal systems (Steiner and Philippsen, 1994). The

A1 gene for EF-lcx in Arabidopsis thaliana has a promoter which is extremely strong and

which mediates a transient expression about two-fold higher than that obtained using the

CaMV 35S promoter (Axelos et al., 1989). The latter is one of the strongest plant promoters

known, in both transient expression systems and stably transformed plant cells (Odell et aI.,

1988). Dissection of the A1 promoter has identified several cls-acting regulatory elements,
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which are located both upstream and downstream of the site of transcription initiation (Curie et

a1.,7991; Curie et aL, 1992; Curie et al., 1993), and two trans-acting protein factors are

required for maximal expression of the gene in transfected Arabidopsis cells. The high GUS

activity mediated by the Arabidopsis Al promoter was found to be conserved among several

angiospcrurs, suggesLive of a universal control mechanism for plant EF-1ct genes. A domain

termed the TEF1 box is shared by the promoter of an EF-lct, gene from tomato and the four

EF- 1 cr genes isolated from Arabidopsis (Curie et al., I 99 1 ; Curie et al. , 1992).

Although EF-1o is involved in so-called housekeeping functions, transcription of some

EF- 1o genes is differentially and developmentally regulated, such as during somatic

embryogenesis of carrot cells (Kawahara et al. , 1994). Members of the EF- 1 a gene family in

Xenopus and Drosophila are also regulated temporally and spatially during development

(Hovemann et al., 1988; Djé et al., 1990), which supports the notion of additional roles for

EF-1o.

3.4.4The Cotton Fibre EF-lo

The cotton fibre EF-lcr is of particular interest because of its role in the control of

translation. For genetic engineering which involves manipulation of gene expression to be

successful, the level of control of expression for the particular gene must be understood. For

example, onset of secondary wall synthesis in the cotton fibre may trigger the expression of a

particular set of genes at the translational level (Alexander et al., 1983). Proteins such as EF-

lcx may be pivotal to such a developmental switch and in turn, the expression of these genes

may be under transcriptional control and therefore more amenable to control by genetic

engineering. EF-lcr may be up-regulated in f,rbre cells and flower tissue (Figure 3.3c) but the

result is unclear and insufficient RNA material prevented Northern analysis and elucidation of

the temporal pattern of EF-1o gene expression in developing cotton fibres. The high numbers

of ribosomes and enlarged nucleoli observed in elongating fibre cells compared with adjacent
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epidermal cells (Ramsey and Berlin, 1976a; Ramsey and Berlin, I976b) suggest an increased

capacity for protein synthesis, which may be concurrent with a general increase in translation

machinery components. A tissue such as cotton fibres which are particularly active in protein

production might therefore be expected to have increased levels of elongation factor proteins

3.5 SoUTHERN ANnr,ysrs oF EF-10¿ rN THE CorroN Gnuoun

The copy number of EF-lo-related sequences in Siokra 1-2 genomic DNA was

estimated by a Southern hybridisation experiment. With each restriction enzyme used, at least

two major fragments and a variable number (2-10) of fainter bands hybridised to the pGhEF-

lcx cDNA insert (Figure 3.7). The latter represent more divergent members of the gene family

A large number of EF-10¿ pseudogenes have been reported in human, murine, porcine and

avian species (Madsen et al., 1990). In particular, the EcoRI restriction contained many

hybridising bands (Figure 3.J,lane 1). While it is unknown whether the full-length EF-14

cDNA from cotton contains an EcoRI site, the EF-lo¿ genes from other plants which have been

characterised to date lack EcoRI sites, both in their coding and non-coding sequences

Hybridisation to several DNA fragments in each lane suggests that the isolated EF-lcr

cDNA clone belongs to a family of related sequences in the cotton genome, which is in accord

with findings in other plant species. EF-lo is encoded by at least four related genes in

Arabidopsls (Axelos et aI., 1989) and carrot (Kawahara et al., 1992), four to eight genes in

tomato (Pokalsky et aI., 1989; Shewmaker et al., 1990) and at least six family members in

maize (Berberich et al.,1995).

3.6 Isol¿.TroN oF CHRoMoSoMAL GENES FoR EF-lcr FRoM Slornn L-2

Verification of the above result came from screening of a genomic library for EF-la

clones. Hybridisation of a G. hirsutum cv. Siokra l-2 partial genomic library consisting of
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Figure 3.7: Southern analysis of cDNA clone pGhEF-l cr

Genomic Southern blot probed with the pGhEF-1ø insert. Each lane was loaded

with 5 pg of total genomic DNA cut with enzymes which recognise 6 bp target sites.

Numbers on the left represent the molecular weights of wild type Lambda DNA

restricted with HindIII (kb) and lanes are G. hirsutum L., cv. Siokra 1-2 DNA restricted

with the endonucleases indicated.
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1.5 x 105 recombinants with pGhEF-lo identified 61 positive clones (not shown

could be classified into three groups according to the intensity of hybridisation

lcr cDNA. Six distinct clones, two of which gave a signal of low intensity and four of which

gave a signal of high intensity were purified and subject to further analysis. Restriction of

recombinant phage DNA with XhoI and EcoRI, combined with Southern blot hybridisation

using the cDNA insert of pGhEF-1cx as a probe, revealed that different members of the EF-1ø

gene family had been isolated (Figure 3.8a, b). The restriction enzymeXhol excised the clone

inserts which ranged in size from 15 kb (ÀL4) to 20 kb (1"L3). Use of pGhEF-lo as a probe to

the genomic clones produced one hybridising DNA fragment per clone (Figure 3.8b) except for

1"S5, in which two XhoI fragments hybridised weakly to the cDNA probe. As expected,

hybridisation was strongest to fragments in clones ),"L2, )uL3 and XIA, and weaker in clones

ÀS3 and ÀS5. Relatively weak hybridisation to l"L5 is probably a reflection of DNA loadings

on the agarose gel (Figure 3.8a). The six distinct clones represent four of the EcoRI bands

observed on the genomic Southern. Genomic DNA fragments of approximately 6 kb, 4 kb,

11.5 kb and 3 kb (Figure 3.7,lane 1) correspond to the hybridising EcoRI fragments of

genomic clones )uL3,),,L4, ÀS3 and ÀS5 respectively.

To ascertain which of the genomic clones, if any, contains the gene which encodes

pGhEF-1c, the genomic clone Southern was probed with the 3' untranslated region of the

transcript, since it is in this region that EF-1cr gene family members vary (Axelos et aI., 1989).

In a previous experiment, a probe specific for the 3' end of a tomato cDNA differentiated

between transcripts derived from different members of the EF-14 gene family (Shewmaker er

a\.,1990). Lack of appropriate restriction sites necessitated the design of a PCR primer, EFPl,

located 17 | bp from the 3' terminus of the pGhEF-1ø cDNA (Figure 3.5; Table 2.3b). Use of

EFP1 in combination with pBluescript@SK(-) primer T7 amplified, a 276 bp fragment of

pGhEF-lcr (not shown). Restriction with EcoRI yielded a 188 bp fragment which
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Figure 3.8: Southern analvsis of EF-lcr eenomic clones

a. Agarose gel electrophoresis of DNA fragments resulting from restriction of EF-lcr

genomic clones with XhoI and EcoRI as indicated. The first lane contains molecular weight

markers (Lambda DNA restricted with HindIII) with fragment sizes 23.I kb,9.4 kb, 6.6 kb,

4.4 kb, 2.3 kb and 2.0 kb. The remaining lanes each contain approximately 4 pg of

recombinant phage DNA from four strongly-hybridising plaques (lanes 1-4) and two plaques

which hybridised weakly to pGhEF-1cr (lanes 5-6):

1. )uL2;

2. )uL3:

3. )uIA;

4. ?uL5;

5. ÀS3;

6. ÀS5.

b. Southern blot of the gel depicted in a., hybridised with the insert from cDNA clone

pGhEF-lcr. Lanes and molecular weight markers are labelled as above.

c. Southern blot of the gel depicted in a., hybridised with the 188 bp PCR producr

resulting from EFP1/T7 amplification of cDNA clone pGhEF-lu. Exposure time was

approximately 20 times longer than in part a. and lanes and molecular weight markers are

labelled as above.

d. Southern blot from part c., after high-stringency washing of the filter. Exposure time

was identical to that in part c. and lanes and molecular weight markers are labelled as above.
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corresponded to EF-10( sequences and an 88 bp fragment which corresponded to pBluescript@

SK(-) polylinker (not shown).

Hybridisation of the genomic clone Southern with the 188 bp fragment produced a

pattern similar to that obtained with use of the whole cDNA probe (Figure 3.8c). The

hybridisation pattern was identical to that depicted in Figure 3.8b except for genomic clone

1,S5. The 3' end of pGhEF-lcr hybridised more strongly to ÀS5 than did the whole cDNA

insert, r'elative to the other clones (Figure 3.8b, c). A wash at high stringency removed many of

the counts on the filter but the probe bound to l,S5 was retained (Figure 3.8d) which suggests

that genomic clone ÀS5 is more similar to cDNA clone pGhEF-la than the remaining five

genomic clones.

Restriction mapping of the putative positive clone ÀS5 was undertaken in order to

confine the EF-lcr sequences to a subclonable DNA fragment. Of five restriction enzymes

tested, EcoRI, XhoI, BamHI, ,S¿cI and XbaI, three (EcoRI, XhoI and .SacI) contained

lecognition sites within the l,S5 insert sequence. Attempts to map the EcoRI sites were

unsuccessful, but the estimatcd positions of the XhoI and ^S¿cI sites suggest that" t-hc clone has a

repetitive nature (Figure 3.9). Moreover, restriction of l,S5 clone DNA with SøcI (not shown)

and XhoI (Figure 3.8a, lane 6) produced doublet DNA bands with sizes 3.5 kb and 3.4 kb

respectively. The gene(s) for EF-lct were localised by Southern hybridisation to the SacI and

XhoI dotblet DNA fragments of ÀS5 (Figure 3.9).

The suspected repetitive nature of the clone suggests that the repeat unit may be

prevalent in the cotton genome. However, probing of a cotton genomic DNA Southern with

the 3.5 kb XhoI repeat unit from ÀS5 revealed few hybridising fragments (not shown) and the

probe was ineffective against a Northern blot of cotton RNAs. Extensive efforts to subclone

the fragments of l,S5 which hybridised the cDNA clone by both gel purification of DNA

fragments and purification of the whole clone were unsuccessful. Attempts to subclone the

t04



s8x%s8
Xta

s8
Èç%

üs
%Èç

ss
Èç%

RightLeft

20 kb t.6 0.L 4.3 4.2 2.8 9kb

4.4 4.4

4.5 4.5

pGhEF-lc hybridises most strongly to

these doublets in the genomic clone

tr'isure 3.9: Partial restriction man of an elonsation factor I o senomic clone from cotton

Restriction map of genomic clone 1"S5, showing the positions of the XhoI and SøcI sites, with fragment sizes given in kb and the

region(s) hybridised by pGhEF-1cr indicated by an arro\ i.

0.3

X
I

0.2

X
I

X

^S
I

^S
I

,S
I

(Jr



EcoRI fragments of interest from genomic clones ),"L4 and l"S5 were also unsuccessful and

further analysis of the cotton fibre EF- 1a was not pursued.

3.7 SuvrvrARy AND Coucr.usroNs

Lack of a repeatable method for RNA extraction prevented purification of poly(A)+

RNAs and resulted in a cotton fibre cDNA library which was rich in ribosomal and organellar

transcripts. The predominance of cDNAs derived from poly(A)- RNAs clearly made the task of

isolating fibre-specific cDNAs more labour-intensive. In addition, pooling of RNAs from fibres

of different ages may dilute fibre-specific transcripts which might be expressed at a particular

stage of fibre development. The isolation of fibre-specific cDNAs was unsuccessful in this

lnstance.

Analysis of "cold" cDNA clones resulted in the identification of an interesting cDNA,

pGhEF-la, which most likely encodes a member of the superfamily of EF-1cr proteins. EF-1cr

is universally conserved and is abundant in tissues which are active in protein synthesis. Given

the abundance of EF-10¿ protein and mRNA in other systems, it is perplexing that the cotton

fibre homologue was isolated as a "cold" cDNA clone. Southern analysis suggests that EF-1o

is encoded by a family of related genes in the cotton genome, six of which were isolated as

genomic clones. One of the clones, ÀS5, may encode pGhEF-lcr, but this was unconfirmed

experimentally.
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CHAPTER 4

Abundant mRNAs SpecifTc to the

Developing Cotton Fibre





4.1 INTnoDUCTIoN

An initial attempt to clone fibre-specific mRNAs was unsuccessful (Chapter 3), largely

due to a lack of starting material, namely RNA. The development of a novel method for RNA

extraction (Wan and V/ilkins,1994) allowed isolation of cellular RNA in high and reproducible

yields from all cotton tissues including fibres. The following Chapter describes the

characterisation of several fibre-specific cDNA clones isolated from cotton fibres

4.2 IsolnrroN oF PurATrvE FrBRE-spECrFrc cDNA cLoNES

Differential screening of a cotton fibre cDNA library was undertaken using poly(A)+

RNA from fibres of a single age. Cotton fibres aged 13 DPA precede the transition between

the elongation and secondary wall deposition phases of fibre development (Basra and Malik,

1984) and analysis of 13 DPA fibres provides the possibility that cDNAs associated with either

or both of the two processes will be isolated. Differences in the molecular profiles of cotton

fibres during the stages of elongation (primary wall synthesis) and secondary wall synthesis are

substantial (Alexander et aL.,1983; Timpa and Triplett, 1993), but results fiom experiments by

Graves and Stewart (1988a) suggest that proteins involved in secondary wall synthesis are

present as early as 10 DPA. In addition, 13 DPA fibres are of sufficient length to be harvested

readily and lack the thick secondary walls which limit RNA extraction from older cotton fibres.

Monitoring of cDNA synthesis by incorporation of ¡cr-32P1dCTP yielded a single band of

cDNA superimposed over a smear of products (not shown), similar to the result obtained

previously (Figure 3.1a). The band, which is formed as a by-product of the enzymology used

to perform the Gubler and Hoffman (1983) method of cDNA synthesis, also occurred with the

use of control mRNA, whilst the negative control yielded negligible amounts of oDNA (not

shown). Since the band was not apparent in the absence of RNA template, its presence is

indicative of a cDNA product.
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Cloning of the cDNA product from 13 DPA fibre RNA resulted in a library consisting of

2.3 x l}a recombinant clones, which was differentially screened with labelled cDNAs from leaf

and 13 DPA fibre. Of the recombinant clones, 85Vo hybridised strongly to one or both probes

whilst 15Vo did not hybridise to either of the two probes, suggesting that these "cold" plaques

contained clones of rare mRNAs. Probing of a fraction of the library with the cotton rDNA

clone pGhRl did not identify any positives and copies of ribosomal RNA in the library were

therefore assumed to be negligible.

Use of the conventional technique of +/- hybridisation (Sargent, 1987) resulted in the

identification of 24 putative fibre-specific cDNA clones (Figure 4.1). The hybridisation pattern

of each clone was more obvious after a secondary round of plaque purification, and three

examples are shown in Figure 4.2. PCR across each insert revealed the relatively short length

of the inserted cDNAs, which ranged in size from approximately 0.2 kb to 2 kb (Figure 4.3a).

Cross-hybridisation eliminated duplicate clones and reduced the fibre-specific clone population

to six different sequence types (Figurc 4.3b). The pFSl insert hybridised five other clones in

addition to itself and clones homologous to pFS6 were the most abundant, comprising half of
tlI".

the24 fibre-specific cDNAs. Sequences homologous to pFSlT occurred in two +ery clones,

while pFS3, pFS18 and pFS20 were unique in the cDNA clone population. The clones named

in Figure 43b are representative of each clone group and will be referred to throughout this

thesis.

4.3 ExpnESSIoN PnrrnRus on TIVE FTNNN.SPECIF'IC GNruNS

To confirm the spatial and investigate the temporal expression patterns of the cDNA

clones, RNA blot analysis was carried out using RNA from various cotton tissues and from

fibres at different developmental stages. Five of the six clones (pFS1, pFS3, pFS6, pFS17 and

pFSlS) showed highly preferential hybridisation to fibre mRNA (Figure 4.4), hybndising

strongly to transcripts in fibre RNA but not to RNAs from leaf, whole flower or seedling
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pFS4

pFS3

Fibre oDNA probe Leaf cDNA probe

pFS5

Fisure 4.1: Isolation of fibre-snecific cDNA clones

A sample of the 13 DPA fibre cDNA library, differentially screened with 13 DPA fibre cDNA (left) and leaf oDNA (right).
Fibre-specific clones pFS2, pFS3, pFS4 and pFS5 are arrowed on the f,tbre autoradiograph and the corresponding areas on the leaf
autoradiograph are circled.
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pFSl

pFS3

pFS6

pFS17

pFS18

a. Agalose gel showing PCR products resulting from amplification across the

insert of each fibre-specific cDNA clone. Molecuiar weight markers (pUC19 DNA
lestlicted with HpaII) are shown on the left of each gel and the fragment sizes are 50i
bp, 489 bp,404 bp, 33I bp,242 bp, 190 bp,I47 bp and 111 bp. Numbers at the top of
each lane refer to clone nurnber and arrows indicate the position of the 164 bp

pBluescliptsK(-) control PCR product.

b. Hybriclisation of a Southern blot of the above gel with various clones from

the hbre-specific clone population, indicated at left.
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pFS3

pFS6
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1000 nt
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b

a. and b. represent independent Northern blots with 10 ttg of RNA in each lane,

secluentially hybridised with the specific probes indicated. Total RNA loadings in each

tlack wele monitored by hybridisation with oDNA clone pFS20 and shown in the lower

panel of each blot. Each clone detected a single transcript, the approximate sizes of

whicli ale indicated on the light.

The pFS17 hybridisation pattern was obtained using a S'-RACE clone, pFS17-C

(see Section 4.5.3b). The pFS18 hybridisation pattern resulted from probing with a

longer homologue, identified by rescreening the oDNA library with pFS 18.
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tissue. On longer exposure, leaf, flower and seedling tissues showed weak hybridisation signals

to each fibre-specific cDNA probe (not shown), indicating that transcription is not entirely

restricted to the fibre or that products of genes with similar sequences cross hybridise to the

cDNA probes. In most cases, genes which are expressed predominantly in one plant organ are

also active in other organs (Edwards andCoruzzi, 1990).

The temporal pattern of transcript accumulation varied between clones, as shown by

hybridisation of cDNA inserts to RNA from fibres of varying ages (Figure 4.4,lanes 6-20).

The timespan 6-20 DPA encompasses the transition from elongation of the fibre cell to

secondary wall deposition. Secondary wall synthesis begins at approximately 16 DPA, and

there is an overlap of several days between the two phases of fibre development (Section

1 .3.4). As expected, all transcripts were abundant in l3 DPA fibre tissue, which was the source

of the mRNA for the differential screen. Transcripts corresponding to pFSl, pFS6 and pFS17

increased in concentration as fibre development proceeded through primary wall synthesis, or

elongation (Figure 4.4,lanes 6-16), and decreased at the onset of secondary wall synthesis.

The synthesis and accumulation of a large number of cell wall-associated proteins are increased

during elongation, such as those observed in carrot suspension cells (McCann and Roberts,

1994). This suggests a role for the proteins which correspond to pFSl, pFS6 and pFS17 in

primary wall synthesis or elongation of the cotton fibre.

Transcripts of pFS3 were present during both the primary and secondary cell wall

synthesis stages (Figure 4.4,lanes 6-20), suggestive of a continuous role throughout fibre cell

development. The abundance of pFSlS mRNA appeared to peak at 12 to 14 DPA (Figure 4.4,

lanes 12-14), which precedes the transition between the elongation (primary wall synthesis)

and secondary wall deposition phases of fibre growth. The protein(s) encoded by pFSl8 may

therefore be involved in primary wall synthesis, secondary wall deposition or in the biochemical

and physiological changes which are associated with the transition between the two phases

(Section I.3.4). While it is unknown whether these mRNAs are translated, differing temporal
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expression patterns probably indicate a role for transcriptional control of gene expression in

cotton fibre cells. Differential stability of mRNAs may also account for the distortions

One clone, pFS20, was unique in the clone collection and did not represent a fibre-

specific transcript. Rather, pFS20 transcripts were present equally in fibre, leaf, flower and

seedling tissues, producing constitutive signals comparable with those obtained for the cotton

IDNA clone pGhRl (not shown). Hybridisation with this probe provides a useful positive

control, reflecting RNA loading (Figure 4.4). Subsequent sequencing of pFS20 yielded 210 bp

of sequence which lacked a poly(A) tail and showed at least 90Vo nucleotide identity to

mitochondrial 265 rRNA genes from a variety of plant species including maize (Dale et aI.,

1984), wheat (Falconet et al., 1988) and potato (Binder et aI., 1994). Although pFS20 was

clearly fibre-specific in the differential screen, there may have been an error in the selection of

the original plaque or in the selection of a positive plaque from the secondary screen plate of

pFS20. Secondary screening of the second batch of fibre-specific cDNAs (depicted on the right

in Figure 4.3b and including pFS20) was inefficient with respect to the first twelve clones and

hybridisation of labelled leaf cDNA to the positive control plaques was weak, making the latter

explanation probable. The majority of pFS20 hybridisation occurred to a transcript of

approximately 300 nt in size (Figure 4.4) but several larger RNA fragments also showed

homology to pFS20 (not shown). These rRNAs, together with the 300 nt rRNA species, result

from degradation of the mitochondrial rRNA into specific products (Leaver and Ingle, l97l)

pFS20 ìs therefore probably an inappropriate control for RNA loading and integrity, but

probing of Northerns with the 55 rRNA from rye, pFl5 (Table 2.2), was ineffectrve.

The estimated sizes of the transcripts specified by the five fibre-specific clones ranged

between 600 nt and 1500 nt, as indicated in Figure 4.4. Based on a comparison of cDNA

lengths of clones in each group (Figure 4.3a) and transcript size from RNA blots (Figure 4.4),

it was concluded that fullJength clones were not obtained for pFSl, pFS3, pFS17 and pFS18

However, there were several clones in the pFS6 group which contained inserts of the size
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expected for a fulllength transcript. Two such clones, pFS23 and pFS24, contained inserts

sized in the order of 650 bp (Figure 4.3a), and clone pFS13 contained alarger insert, possibly

containing a pFS6 cDNA together with one or more independent cDNAs.

4.4 Rnnrrvn ARrlvnrrucu. oF FrRRn-spECrFr C TRlwscRrprs

A limitation of the differential screening technique is that it may only be used in detection

of abundant mRNAs which represent at least 0.l%o of the total mRNA population (Sargent,

1987). The relative abundance of each fibre-specific transcript was determined by using

isolated cDNA inserts as probes to a larger sample of the 13 DPA fibre cDNA library,

consisting of 3.1 x l0a recombinants. The results are summarised in Table 4.1 .

Table 4.1: Relative abundance of fibre-specific cDNA clones in 13 DPA fibres

Representative
clone

Number of clones
ln group

Number of positive
cDNA clones

(Total 3.7 x IO4)

Transcript abundance
(Vo of cDNA)

pFSl

pFS3

pFS6

pFS17

pFSlS

6

1

l2

J

I

156

53

215

75

58

O.47Vo

O.I6Vo

0.65Vo

O.23Vo

O.I8Vo

The five families of fibre-specific transcript make up a substantial proportion of the

mRNA population in 13 DPA fibre tissue, and values greater than 0.lVo were obtained in all

cases. This conclusion is based on the assumption that each poly(A)+ mRNA is equally

clonable and that each clone contains a single cDNA insert. The likelihood of multiple inserts

was apparent in at least one fibre-specific clone, pFS13, indicating that the mRNA abundance

values may be an over-estimation and that fibre-specific transcripts may be rarer than shown

here. Relatively however, pFS6 transcripts were the most abundant fibre-specific mRNAs in 13
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DPA fibres and comprise about O.65Vo of the total mRNA population. Transcripts

corresponding to pFSl, pFS17, pFS3 and pFS3 constitute rarer classes of mRNA, comprising

0.47Vo, O.23Vo, O.l6Vo and 0.I8Vo of the total mRNA respectively. Transcript abundance

correlates positively with the number of clones in each group (Table 4.1, columns 2 and 4).

The apparent discrepancy between the isolation of only 24 original clones and large

numbers of complementary plaques in the same cDNA library (Table 4.1, column 3) arose

because only clearly identified plaques were picked. In addition, many differentially hybridising

plaques were overlooked in the original screen. Examination of the autoradiographs of the

original differential screen showed that the majority of clones identified by rescreening the

library were fibre-specific, but some plaques showed a small amount of hybridisation to the leaf

cDNA probe. It may be that the cDNA clones are detecting multitranscripts or transcripts from

a multigene family, some members of which may not be differentially expressed. This may also

contribute to an overestimation of fibre-specific transcript abundance. As expected, each clone

detected plaques corresponding to the original clones from its own group of fibre-specific

cDNAs, but cross-hybridisation between clones of different groups was not observed.

4.5 Snormru G AND SOUTHNNN AN YSIS OF FTNNN.SPECIF'IC NA cr,oxps

Sequence information for cDNA clones corresponding to each of the f,rve differentially

expressed mRNAs was used to determine potential functions of the encoded proteins. In the

cases of pFSl and pFS17, the longest clone in each group was sequenced, and the longest

single-insert clone in each group was chosen for sequence analysis. The results of a detailed

characterisation of the pFS6 clone group are presented in the following Chapter.

4.5.1 The pFSl Clone Group

4.5. la Sequence Analysis of pFS I and its Homologues

Clone pFS5 is the longest clone of the pFSl group (Figure 4.3) but was too small to
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contain the full-length pFSl transcript. ThepFS5 insert was sequenced in its entirety, yielding

a sequence of 509 bp which lacked a poly(A) tail (Figure 4.5). The reasons for a lack of

poly(A) tail have been discussed previously (Section 3.3). The sequence of pFS5 showed 96Vo

nucleotide identity with the corresponding region of a previously characterised fibre-specific

cDNA, E6 (John and Crow, 1992; Section 1.6.2). The differences included eight single

nucleotide substitutions and three deletions from the pFS5 sequence as compared to the E6

cDNA sequence (Figure 4.6). The deletions of nine, three and one bp occurred at positions

523-531, 93I-933 and 900 respectively in the E6 sequence. The 91 residue amino acid

sequence derived from clone pFS5 (Figure 4.5) is 9l%o identical to the 94 carboxy-terminal

amino acids of the E6 protein (John and Crow, 1992; Figure 4.6). A significant difference is

the in-frame deletion of nine nucleotides from pFS5 compared with E6, which results in the

absence of three amino acids from the conceptual translation product of pFS5. In addition, the

protein sequences contain five amino acid substitutions, of which two are conservative

changes. These sequence differences may be ascribable to allelic differences between G.

hirsutum L., cv. Coker 312 and G. hirsutum L., cv. Siokra I-2 or to differences between

homologues from the A and D subgenomes of G. hirsutum.

The function of the E6 protein is unknown but it has been postulated to have a unique

structural or enzymatic role in cotton fibre primary cell wall deposition. This is consistent with

results from Southern analysis, which show conservation of an E6-homologous gene in other

fibre-producing plants such as kapok (John and Crow, 1992). A direct role in cellulose

synthesis can be ruled out because the maximum rate of cellulose deposition in cotton fibre

occurs between 26 and 28 DPA, when E6 protein concentration is very low (John and Crow,

1992).

Predominance of pFSl-related transcripts early in fibre development (Figure 4.4a)

contrasts with the expression pattern of E6, which showed maximum mRNA levels in fibres

aged 15-22 DPA (John and Crow, 1992). However, early accumulation of the pFSl transcript
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C GAGAAAGGATGGAGCACCÃÀ,GGAAAAC CAGAACAACAACTACTACAACGGCAÄCATTAA
l- ---------+---------+---------+---------+---------+---------+ 60

E K G V\7 S T K E N Q N NN Y Y N G N I N

TGGCGAGAAGCAAGGCATGAGCGATAC TAGGTAC TTGGAGAATGGAAAGTACTAC TÄ,TGA
6L ---------+---------+---------+---------+---------+---------+ L20

GEKQGMSDTRYLENGKYYYD

C GTCAAGAGTGAGAACAGCTATTATCCAÄAC CAGC TCGACAAC TC.A.A,GAGGAGTTGC TTC
I21- ---------+---------+---------+---------+---------+ + 180

VKSENSYYPNQLDNSRGVAS

CAGGAÄ,C GAGTTC GATGAGAATC GT TACAACAACATGGGAAGGTAC CAC CAGAAC CAAGA
l-81 ---------+---------+---------+---------+---------+ + 240

RNEFDENRYNNMGRYHQNOE

GGAGTTCGAGGAÄAGCGAGGAAGAGTTCGAACCC TGATCACC TGTCGTACAGTATTTC TA
241 ---------+---------+---------+---------+---------+ + 300

EFEESEEEFEP*

CAT TTGATGTGTGAT TTGTGAA,GAACATCAÄÀCAÀAACAAGCAC TGGC TTTAATATGATG
301 ---------+---------+---------+---------+---------+ + 360

361
ATAAGTATTATGGTAATTAATTAATTGGCAÄAAACAACAATGAAGC TAÃÄATTTTAT TTA

+---------+---------+---------+---------+---------+ 420

TTGAGCTTGCGGTTACTTTCTTGTGATGATCTTTTTTATTTTCTAATTATATATAGTTTC
421- ---------+---------+---------+---------+---------+ + 480

CTTCGCTTTGAAATGCTAÄAGGTTTGAGA
481 ---------+---------+--------- 509

Nucleotide sequence of fibre-specific cDNA clone pFS5, showing conceptual translation

from reading frame #2 in single letter code below the cDNA sequence. The putative stop

codon, TGA, is indicated by an asterisk. Polyadenylation signal(s) were not apparent in the

sequence of pFS5, which lacked a poly(A) tail.
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correlates with the immunodetection of the E6 protein product in 'Western analysis (John and

Crow, 1992). Maximal E6 protein accumulation was observed to occur between 5 and 15 DPA

and the discrepancy between this and the maximal presence of the corresponding E6 transcript

was attributed to differential stability of the protein. The E6 protein contains several sequence

motifs that indicate potential post-translational modifications (John and Crow, 1992).

Environmentalfactorse+¡*æie#areperhapsmorelikelytoberesponsibleforthe

observed difference in pFS5 and E6 expression patterns than varietal influences. Cotton plants

of cv. Coker 312 were grown in the greenhouse (John and Crow, 1992), whereas in this

experiment, Siokra l-2 plants were grown under controlled conditions in plant growth

cabinets. The growth and development of cotton fibres are greatly influenced by environment

and environment-genotype interactions (O'Kelley and Carr, 1953; Gipson and Joham, 1969;

Gipson and Ray, 1969) and the effects of factors such as temperature, soil moisture and light

are well-documented (Section 1.1.4)

John and Crow (1992) suggest that E6 is the most abundant "fibre-specific" transcript in

cotton fibres. Since our results suggest that pFs6-related transcripts are the most abundant

fibre-specific mRNA in fibre tissue (at least in fibres aged 13 DPA), this may constitute further

evidence for environmental and varietal differences between G. hirsutum L., cv. Coker 312 and

G. hirsutum L., cv. Siokra 1-2.

4.5.1b Identification of pFSl Genomic Clones

Screening of a Siokra I-2 partial genomic library consisting of 1.6 x 105 clones revealed

28 positive plaques, which varied in their size and intensity of hybridisation to the pFS 1 probe

(not shown). The promoter of the pFSl homologue, E6, has been extensively characterised

and shown to direct the expression of a reporter gene in a tissue-specific and developmentally-

regulated fashion in transgenic cotton plants (John and Crow, 1992). Consequently, further

analysis of pFS 1 genomic clones was not pursued.
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Fisure 4.6: Seouence comnarison cDNA clones nFSS and E6

Alignment of the pFS5 sequence with the fulllength E6 cDNA sequence, with nucleotide

differences indicated by asterisks below the sequence alignment. The sequence of pFS5

terminates at nucleotidc posiLiolr 986 in Ltle E6 sequence. The conceptual translation of the E6

cDNA in single letter code above the cDNA sequence and the putative polyadenylation signal

in the sequence of E6 is double underlined. The putative stop codon TGA is indicated by a (r).
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E6
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E6
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E6
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E6
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MGSSPKLFS
ACACACACAÀGTAÀÀ,GCATTAGCAAC CATAGCCATGGGTTC C TCAC CAJ\.AÄCTC TTC TC T 60

MSILFLFAPFSMOTHAREYF
ATGTCTATCCTCTTCCTTTTTGCCCCCTTCTCCATGCAÃA.TCCATGCTAGAGAGTACTTC 1_20

SKFPRVNINEKETTTREQKH
AGCAÀATTCCC.AAGAGTTA.A'CATCAATGAGAÄAGAGACAACAACCAGAGAGCAAAAGCAC 1 8 O

ETFVPQTTOKPEEAEPRFIP
GAGAC C TTC GTTC C CCAGAC CACC CA.AAAGC CAGAAGAAC AAGAGC C AAGGTTCATTCC T 2 4 O

ETANGYGLYGHESGSSRPSF
GAÄACCCAÄÀATGGTTATGGCCTTTACGGCCACGAGTCAGGCTCAAGCCGGCCCAGTTTC 3 O O

TTKETYEPYVTPVTFHPDEP
ACCACCAAAGAAÀCCTATGAACCCTATGTCACCCCTGTTATATTCCACCCTGATGAGCCC 3 6 O

YNSIPESSNNKDTYYYNKNA
TATAACAGCATCCCCGAATCCTCCAACAATA.AAGACACTTACTACTACAACAAGAÄTGCC 42 O

Y E S T K O O NL G EA T F T E K GVü S
TAC GAGTC CAC TAAGCAGCAAAAC TTGGGCGAGGC CATTTTCAC C GAGAAAGGATGGAGC

- - - - CGAGA.AAGGATGGAGC

TKENANNNYYNGNNGYNNGE
AC CAAGGAAAÄCCAGAACÄACAÄC TAC TACAACGGCAACAATGGTTACAA,CAATGGC GAG
ACCÄA,GGAÂÀACCAGAACAACAACTACTACAACGGCAACATT- - - - - - - - -AATGGCGAG* *********

KOGMSDTRYLENGKYYYDVK
AAGCAAGGCATGAGCGATAC TAGGTAC TTGGAGAATG GAAAGTACTAC TATGAC GTC.AAG
AAGCAÀGGCATGAGCGATAC TAGGTAC TTGGAGÄÀTGGAAAGTACTAC TATGAC GTCAAG

SENNYYPNRFDNSRGVASRN
AGTGAGAACAAC TATTATC CAAAC CGGTTCGACAAC TCAAGAGGAGTTGCTTCGAGGAAC
AGTGAGAÄ.CAGC TATTATCCAAACCAGC TC GACAACTCAAGAGGAGTTGC TTCCAGGAAC****

EFNENRYNNMGRYHQNOEEF
GAGTTCA.A.TGAGAATCGTTACAACAACATGGGAAGGTAC CAC CAGAACCAAGAGGAGTTC
GAGT TC GATGAGAATC GTTACÀ.A,CAACATGGGAAGGTAC CAC CAGAÂ,CCAAGAGGAGTTC

*

EESEEEFEP.
GAGGAÄAGC GAGGAAGAGTTCGÀÀC C CTGATCACC TGTCGTACAG TATTTC TACATTTGA
GAGGAAAGC GAGGAAGAGTTCGAAC CC TGATCACC TGTCGTACAG TATTTC TACAT TTGA

TGTGTGATTTGTGAAGAACATCAAACAÀÄACAÀGCAC TGGC TTTAATATGATGATAAGTA
TGTGTGATTTGTGAÀ,GAÄCATCAAACAAÃACAAGCACTGGCTTTAATATGATGATÄ.AGTA

TTATGGTAA,TTAÄTTAÄ,TTGGCA.AA.AACAACAATGAÀ,GC TA,AAATTTTATTTATTGAGCC
TTATGGTAATTA.A,TTAATTGGC AÂÃÄACÄACAATGAAGC TAÄAÀTTTTATTTATTGAGC -

TTGCGGTTAATTTCTTGTGATGATCTTTTTTTTTATTTTCTÄÀTTATATATAGTTTCCTT
TTGCGGTTACTTTCTTGTGATGATCTTTTT - - - TATTTTCÎÀÀTTATATATAGTTTCCTT* ***

TGC TTTGAAATGC TAAAGGTTTGAGAGAGTTATGTTC

480
16

540
6/

600
1-2'7

660
1_87

120
24''l

780
301

840
367

900
426

960
483

E6
pFS5

TAÄCTTTATCA.A.A,CA.A,TTTTTGAATÄÀ.AA.A,TGTGAGTATATTGTAAC 1 O 6 7
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Southern analysis of genomic DNA using pFS 1 as a probe produced two major

hybridising fragments, together with several minor bands of hybridisation (Figure 4.7). The

gene encoding pFSl is probably present as one or two copies in the genome of G. hirsutumL.,

cv' Siokra l-2,b:ut there may be several related sequences in the genome, with weak homology

to pFS 1. The two genes may each be derived from one of the two ancestral diploid genomes

which constitute the genome of G. hirsutum flMendel, 1989). This result is in agreement with

Southern results obtained by John and Crow (1992) for E6, in which one or two hybridising

fragments were identified in restricted Gossypium genomic DNA.

4.5.2 Cotton Fibre-specific Clone pFS3

Clone pFS3 was unique in the fibre-specific cDNA clone population and did not

hybridise to any other inserts (Figure 4.3b). Sequencing revealed an insert of 539 bp, including

a poly(A) tail of 21 adenine residues (Figure 4.8). The transcript size of pFS3 was estimated

from a Northern blot at approximately 700 nt (Figure 4.4), so despite the identification of two

putative AUG initiation codons near the 5' terminus of the sequence (Figure 4.8), pFS3 was

not expected to contain the full-length cDNA. Two putative polyadenylation signals (5'-

AATAA'I'-3') were identified at the 3' end of the sequence, positioned 26 bp and 23 bp

upstream from the site of polyadenylation. Screening of the nucleotide databases (GenBank

and EMBL, September 1994) with the pFS3 cDNA sequence revealed no significant homology

to any known sequences.

4.5.2b Isolation of the Full-length pFS3 cDNA by 5'-RACE

In order to obtain the fulllength pFS3 cDNA, 5'-RACE was carried out, using primers

specific to the pFS3 mRNA sequence (Figure 4.8; Table 2.3b). An EcaRI site was

incorporated into the 5' end of the PCR primer, P3.2, to allow cloning of the 5'-RACE pCR
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23.tkb -

9.4kb 
-

6.6 kb 
-

4.4k1D 
-

2.3 kb 
-2.0k1D 
-

Fisure 4.7: Southern analysis of fibre-specific cDNA clone pFSl

Genomic Southern blot probed with the pFSl insert. Each lane was loaded with

10 pg of total genomic DNA from G. hirsutum L., cv. Siokra l-2 cut with restriction

enzymes, as indicated, that do not contain recognition sites within the pFS5 sequence.

Numbers on the left represent the molecular weights of wild type Lambda DNA

restricted with HindIII (kb).
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t_

GCCAATGGCTCGGATTGGGACCTCTGCAGCTCACATTGTGTTGGCAÀ,TATTTGCTGTGGC
+---______+_________+_________+_________+_________+ 60

CATGTTTGTTGTGTCCGGGACCATGGCACAGGATATTGCTCCTTCTCCTGCAATGGCTAC
61 ---------+---------+---------+---------+---------+-------__+ LzO

CGGAGCAGGCTCTGCTTTGCCGGTTTCCGCTGTCTTCTTATGCTCTTCCATGTTGGõI
12I ---------+---------+---------+---------+---------+ + 1gO

TTGAATTCAÀAGCTTTTCAAGACTTTATGACATTGGCTA

24L
CCCTTÄATTTCACTCTCAC aMa

301
ATTTGGGTGTTAT CAA.TTTTCAATTTCTC TA.AAGTTTTAGATATC TC TATATATATCATG

+-________+_________+_________+_________+_________+ 360

T TACATTAGTGACATA.AATTTGATT TTGT.AÄTGTAATTGGTGTGATTT TC T TATATATCA
361 ---------+---------+---------+---------+---------+ + 420

TAGATATATAAGGGTATTGATCCTATTTCTTTTGTATTCATATTATGCAGTTTGCTTTGC
42I ---------+---------+---------+---------+---------+ + 480

481_

Fisure 4.8: Nucleotide sequence of cDNA clone pFS3

Complete insert sequence of fibre-specific cDNA clone pFS3. The putative

polyadenylation signals overlap each other and are in bold and double underlined and the

regions complementary to 5'-RACE cDNA primer (P3.1) and the 5'-RACE PCR primer (P3.2)

are boxed. Possible ATG initiation codons at nucleotide positions 83 and 113 in the 5'end of

the sequence are underlined.
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product into a plasmid vector. The 5'-RACE experiment resulted in a single amplification

product of approximately 350 bp in length (Figure 4.9a, lane 5) which was absent in the

negative control (Figure 4.9a,lane 6). Since the PCR primer was designed 174 bp from the 5'

terminus of the pFS3 cDNA sequence (Figure 4.8), the 350 bp product contained

approximately 175 bp of additional 5' sequence. This would result in a full-length pFS3

sequence of approximately 770 bp, which is compatible with an estimated transcript size of 700

nt (Figure 4.4a). The generation of a 338 bp amplification product for the positive control

(Figure 4.9a,lane 2) indicated that cDNA synthesis was successful but absence of such a band

after the cDNA purification step (Figure 4.9a,lane 3) revealed that a loss of cDNA during

purification or an error in the PCR reaction (such as lack of inclusion of a primer) had

occurred. A few additional cycles of amplification may have resulted in an observable PCR

product, since PCR using control DNA after purification and anchor ligation yielded the

expected product of approximately 500 bp (Figure 4.9a,lane 4).

A Southern blot of the pFS3 5'-RACE gel was probed with the insert of pFS3, which

showed strong hybridisation to the 5'-RACE PCR product and the pFS3 plasmid DNA (Figure

4.9b, lanes 5 and 7). Subsequent cloning of the 350 bp pFS3 5'-RACE PCR product resulted in

the identification of four positive plasmid clones (Figure 4.9c, d), three of which, pFS3-26,

pFS3-39 and pFS3-49, appeared identical and contained inserts of approximately 300 bp in

size (Figure 4.9c,lanes 3-5). The fourth clone, pFS3-59, appeared to contain an insert with an

internal EcoRI site (Figure 4.9c, lane 6) which together result in an inappropriate insert of

approximately 500 bp. All insert fragments hybridised strongly to a pFS3 probe (not shown).

PCR amplification across each insert using T3 and T7 primers resulted in a single, major PCR

product in each case which were unexpectedly large, a result which is consistent with presence

of multiple inserts in each clone. A product of estimated size 750 bp was generated for clones

pFS3-26, pFS3-39 and pFS3-49 and a product of 650 bp was generated for clone pFS3-59

(not shown). Clearly then, each 5'-RACE clone contained two PCR products. The products
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Fieure 4.9: Clonine of the 5' end of cDNA clone pFS3

a. Agarose gel showing products resulting from PCR amplification of 5'-RACE products
of pFS3. Lanes 2-6 arc each loaded with a 10 pl sample of PCR product from a reaction
volume of 50 ¡rl and the lanes are:

L Molecular wcight markcrs (pUCl9 DNA restricted with HpaII),with fi'agrncnl sizes
501 bp,489bp,404bp 331 bp,242bp,190bp, l47bp and 111 bp;

2. TFR control cDNA prior to purification, utilising gene-specific primers which amplifl
a product of 338 bp;

3. TFR control cDNA after the purification step, utilising gene-specific primers which
amplify a product of 338 bp;

4. TFR control cDNA after both purification and anchor ligation, utilising one gene-
specific primer together with the anchor primer. A product of 480 bp should be
amplified;

5. 5'-RACE PCR of pFS3 cDNA, utilising gene-specific PCR primer P3.2 together with
the anchor primer.

6. Negative control reaction, using the same primers as those used in the experiment, but
without the addition of a cDNA template;

l. A I pg sample of uncut pFS3 plasmid DNA, included as a positive control for the
subsequent Southern analysis.

b. Southern blot of the gel in pafi a., hybridised with the pFS3 cDNA insert. Lanes are
numbered as in part a.

c. Colony hybridisation of putative pFS3 5-RACE clones, probed with the pFS3 insert.
Positive clones pFS3-26, pFS3-39, pFS3-49 and pFS3-59 are indicated by arrows, and the
positions of positive and negative control colonies are indicated by a (+) and (-) respectively.

d. Agarose gel showing the pFS3 5'-RACE clones identified above. Each lane is loaded
with approximately 2 ¡tg of plasmid DNA restricted with EcoR[ and the lanes are:

1. Molecular weight markers (Lambda DNA restricted with HindIII) ,with fragment sizes
23.1 kb,9.4 kb,6.6 kb, 4.4 kb, 2.3 kb and 2.0 kb;

2. Molecular weight markers (pUC19 DNA restricted with HpaII) ,with fragment sizes
501 bp, 489 bp, 4O4bp 331 bp, 242bp,190 bp, 147 bp and I 1 I bp;

3. Clone pFS3-26;

4. Clone pFS3-39;

5. Clone pFS3-49;

6. Clone pFS3-59;

7 . A I pg sample of pBluescript@SK(-), restricted with EcoRI.
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were identical in size in three of the clones (Figure 4.9d, lanes 3-5), but the two inserts differed

in size in clone pFS3-59 (Figure 4.9d,1ane 6)

4.5.2c Sequence Analysis of Four pFS3 5'-RACE Clones

In order to resolve the nature of the 5'-RACE PCR inserts and to obtain the sequence of

the full-length pFS3 cDNA, the four clones were sequenced in their entirety. Insert sequence

lengths ranged from 511 bp (pFS3-59), to 582 bp (pFS3-26), and all four clones contained two

independent 5'-RACE PCR products, arranged in the same orientation with respect to each

other and varying in their lengths. Alignment of the eight PCR product sequences revealed

some sequence differences as well as some length variation (Figure 4.10). There are four base

substitutions, in which one of the sequences differs from the others by a single nucleotide.

These minor sequence differences may be attributed to Taq DNA polymerase errors during

PCR or to reverse transcription errors during first-strand cDNA synthesis. All 5'-RACE

products contained appropriate EcoRI sites and were flanked by a 5'-GTG-3' sequence at their

5' ends, which is the remnant of the anchor sequence, and the P3.2 sequence at their 3' end

(Figure 4.10). As expected, overlapping regions were found between the sequences of the 5'-

RACE clones and that of pFS3. With the exception of two single nucleotide substitutions, one

in pFS3-49a and one in pFS3-59b, the sequences were identical to pFS3 in the region of

overlap.

There is substantial variation in the length of the PCR products, with the pFS3-59b

sequence providing only 11 bp of additional pFS3 clone sequence (a S'-RACE PCR product of

266bp). The remaining seven inserts can be divided into three categories (Figure 4.10). The

first of these contains pFS3-39a and pFS3-39b and provides an extra 74 bp of 5' pFS3

sequence. The second contains four of the inserts, pFS3-26a, pFS3-49a, pFS3-49b and pFS3-

59a, all of which provide an extra 78 bp of sequence. The final group, containing the pFS3-26b

insert, extends the pFS3 clone sequence by 81 bp and is the largest 5'-RACE product which

r30



pFS3 -2 6a
pFS3 -2 6b
pFS3-39a
pFS3-39b
pFS3 -49a
pFS3 -49b
pFS3 -5 9a
pFS3 - 5 9b
conEiensus

pFS3 -2 6a
pFS3 -2 6b
pFS3 -3 9a
pFS3 - 3 9b
pFS3 -49a
pFS3 -49b
pFS3 -59a
pFS3 -59b
conEiensuS

pFS3 -2 6a
pFS3 -2 6b
pFS3 -3 9a
pFS3 -3 9b
pFS3 -49a
pFS3 -49b
pFS3-59a
pFS3-59b
consensus

pFS3 -2 6a
pFS3 -2 6b
pFS3 -3 9a
pFS3 -3 9b
pFS3 -49a
pFS3 -49b
pFS3 -5 9a
pFS3 -5 9b
corrsensus

TCGTAAGTTGGTGAAT
TCGTAAGTTGGTGAÀT
TCGTAAGTTGGTGAAT
TCGTAAGTTGGTGAAT
TCGTAAGTTGGTGAAT
TCGTAAGTTGGTGAAT
TCGTAAGTGGGTGAAT

GÀÀTTCGTG- - -AAACAACCTTTCTATTCTCAATTTCCCCATCTCTCTCGTCTCTGGGTC
G.AÀTTCGTGGACAAACAACCTTTCTATTCTCAATTTCCCCATCTCTCTCGTCTCTGGGTC
G.AÀTTCGTG- - - - - - -AACCTTTCTATTCTCAATCTCCCCATCTCTCTCGTCTCTGGGTC
GAÀTTCGTG- - - - - - -AACCTTTCTATTCTCAATTTCCCCATCTCTCTCGTCTCTGGGTC
GÀÀTTCGTG- - -AÄAC.AACCTTTCTATTCTCAA,TTTCCCCATCTCTCTCGTCTCTGGGTC
GAATTCGTGA- -AAACAACCTTTCTATTCTCAATTTCCCCATCTCTCTCGTCTCTGGGTC
GA.ã,TTCGTG- - -A.AÀCAACCTTTCTATTCTCAATTTCCCCATCTCTCTCGTCTCTGGGTC

GÀCÀÀÀCÀÀCCTTTCTÀTTCTCÀÀTTTCCCCATCTCTCTCGTCTCTGGGTC 5 1**

TGGCTCGGATTGGGACCTCTGCAG
TGGCTCGGATTGGGACCTCTGCAG
TGGCTCGGATTGGGACCTCTGCAG
TGGCTCGGATTGGGACCTCTGCAG
TGGCTCGGATTGGGACCTCTGCAG
TGGCTCGGATTGGGACCTCTGCAG
TGGCTCGGATTGGGACCTCTGCAG
TGGCTCGGATTGGGACCTCTGCAG
TGGCTCGGÀTTGGGÀCCTCTGCÀG ]-1 ]-

pFS3

CTCACATTGTGTTGGCAÄ,TATTTGCTGTGGCCATGTTTGTTGTGTCCGGGACCATGGCAC
CTCACATTGTGTTGGCAÀ.TATTTGCTGTGGCCATGTTTGTTGTGTCCGGGACCATGGCAC
CTCÀCATTGTGTTGGCAATATTTGCTGTGGCCATGTTTGTTGTGTCCGGGACCATGGCAC
CTCACATTGTGTTGGCAATATTTGCTGTGGCCATGTTTGTTGTGTCCGGGACCATGGCAC
CTCACATTGTGTTGGCAATATTTGCTGTGGCCATGTTTGTTGTGTCCGGGACCATGGCAC
CTCACATTGTGTTGGCAATATTTGCTGTGGCCATGTTTGTTGTGTCCGGGACCATGGCAC
CTCACATTGTGTTGGCAATATTTGCTGTGGCCATGTTTGTTGTGTCCGGGACCATGGCAC
CTCACATTGTGTTGGCAATATTTGCTGTGGCCATGTTTGTTGTGTCCGGGACCATGGCAC
CTCÀCÀTTGTGTTGGCÀÀTÀTTTGCTGTGGCCÀTGTTTGTTGTGTCCGGGACCÀTGGCÀC ]- 7 1

AGGATATTGCTCCTTCTCCTGCAATGGCTACCGGAGCAGGCTCTGCTTTGCCGGTTTCCG
AGGATATTGCTCCTTCTCCTGCAATGGCTACCGGAGCAGGCTCTGCTTTGCCGGTTTCCG
AGGATATTGCTCCTTCTCCTGCAATGGCTACCGGAGCAGGCTCTGCTTTGCCGGTTTCCG
AGGATATTGCTCCTTCTCCTGCAATGGCTACCGGAGCAGGCTCTGCTTTGCCGGTTTCCG
AGGATATTGCTCCTTCTCCTGCAATGGCTACCGGAGCAGGCTCTGCTTTGCCAGTTTCCG
AGGATATTGCTCCTTCTCCTGCAÄTGGCTACCGGAGCAGGCTCTGCTTTGCCGGTTTCCG
AGGATATTGCTCCTTCTCCTGCAATGGCTACCGGAGCAGGCTCTGCTTTGCCGGTTTCCG
AGGATATTGCTCCTTCTCCTGCAATGGCTACCGGAGCAGGCTCTGCTTTGCCGGTTTCCG
ÀGGÀTÀTTGCTCCTTCTCCTGCÀÀTGGCTÀCCGGAGCÀGGCTCTGCTTTGCCGGTTTCCG 234

CTGTCTTCTT
CTGTCTTCTT
CTGTCTTCTT
CTGTCTTCTT
CTGTCTTCTT
CTGTCTTCTT
CTGTCTTCTT
CTGTCTTCTT
CTGTCTTCTT

ATGCTCTTCCA

ATGCTCTTCCA
280

pFS3 -2 6a
pFS3 -2 6b
pFS3 -3 9a
pFS3 -3 9b
pFS3 -49a
pFS3 -49b
pFS3-59a
pFS3 -5 9b
consensus

Figure 4.L02 pFS3 S'-RACE clone sequences

Alignment of the eight insert sequences derived from pFS3 5'-RACE clones pFS3-26,
pFS3-39, pFS3-49 and pFS3-59, together with a consensus sequence. The sequence of 5'-
RACE PCR primerP3.2 is boxed and EcoRI restriction sites S'-GAATTC-3' are in bold, as are

the anchor sequences 5'-GTG-3'. The 5' end of the pFS3 sequence is indicated by an arrow,
and nucleotide differences between the 5'-RACE inserts are indicated by asterisks below the
consensus sequence. Numbers refer to the consensus sequence, which was constructed using
the alignment of the eight sequences together with the 5' end of the longest clone, pFS3-26b.
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was cloned in this experiment. The length variants may have arisen by premature termination of

the reverse transcriptase, mRNA degradation, or by degradation of the cDNA product at any

number of stages in the 5'-RACE procedure. Alternatively, the variant cDNAs may represent

distinct pFS3 transcripts from the same gene or from two of more members of a pFS3 gene

family.

4.5 2d Full-l sth 3 cDNA

The sequence of the fullJength cDNA, designated cFS3, was constructed using the

consensus RACE clone sequence (Figure 4.10) combined with the pFS3 cDNA clone sequence

(Figure 4.8) and is shown in figure 4.11. The sequence was 621 bp in length, including the

poly(A) tail of 2l bp. The extra sequence information provided by the S'-RACE clones does

not contain any AUG initiation codons. The longest open reading frame identified in the three

forward reading frames, termed ORF1, encodes a polypeptide of 66 amino acids with a

calculated molecular weight of 6553 Da and a pI of 7.5 (Figure 4.lI). A hydroparhy profile

(Kyte and Doolittle, 1982) of ORFI revealed the generally hydrophobic nature of the protein

and the conceptual amino acid sequence showed a predominance of alanine residues,

constituting 27Vo of the protein. Neither of the two initiation codons identified in the cFS3

sequence conform to a consensus sequence which surrounds initiation codons (Kozak, 1984;

Lütcke et al., 1987). The longest protein possibly encoded by cFS3, ORF2, has a conceptual

amino acid sequence which extends from the beginning of the cDNA sequence and terminates

after the stop codon of ORF1 (Figure 4.11). ORF2 lacks an initiation codon in the cFS3

sequence, implying that the fulllength pFS3 5'-RACE product has yet to be isolated. This is

consistent with the poor correlation between an estimated pFS3 transcript size of 700 nt and a

putative full-length cDNA of 621bp. The 103 amino acid polypeptide encoded by ORF2 has a

calculated molecular weight of l1,I22Da and a pI of 8.3, with no distinguishing features in its

amino acid composition.
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Neither of the conceptual translation sequences showed homology to sequences in the

protein databases (PIR, SwissProt and GenPept, September 1994). Furthermore, the sequences

lacked any amino acid patterns (motifs) which may have provided a suggestion as to their

possible function(s) in the cotton fibre. Small regions of sequence derived from the three

forward reading frames of cFS3 showed some similarity to the H+-transporting ATP synthase

ftom Trypanosoma brucei (Corell et al., 1994) but the best of the alignments (ten identical

residues and seven conserved residues in an overlap of 17 amino acid residues) has an

associated probability of lITo that the similarity is due to chance (Altshul et a\.,1990; Gish and

States, 1993). In addition, corresponding nucleotide similarity was not observed, with no

substantial similarity found to cFS3 by any sequences in the nucleotide databases (GenBank

and EMBL, September 1994). The 3' untranslated regions associated with ORF1 and ORF2

are 314 bp and 289 bp in length respectively, both of which seem unusually large.

There are several possible conclusions which may be drawn from the sequence analysis

of fibre-specific clone pFS3. Firstly, the fulllength cDNA clone may have been isolated and it

encodes a novel protein product of 66 amino acids defined by ORFl. V/hilst this seems short

for a mature protein, genes encoding metallothionein proteins which range in size from 45

amino acids to 8l amino acids have been recently isolated from Arabidopsis (Zhou and

Goldsbrough, 1995). Moreover, an 88 amino acid protein has been isolated from tomato and

appears to represent a novel class of cell wall proteins (Domingo et aI., 1994) . The protein is

deposited specifically in cells containing lignified secondary cell walls such as tracheary

elements, and may have a function in reinforcement of the walls of such cells. Secondly, it may

be that the full-length cDNA has been obtained but there are errors in the sequence which

result in disruption of the reading frame which contains ORFl and formation of stop codon(s).

Such errors may result in a truncated open reading frame or a conceptual translation which is

derived from an incorrect reading frame and may have occurred as a result of misincorporation

by reverse transcriptase. The possibility of sequencing errors also cannot be discounted. In
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Fieure 4.11: Nucleotide sequence of full-leneth cDNA clone cFS3

Sequence of the putative full-length fibre-specific clone cFS3, constructed from the

RACE clone consensus sequence and that of the pFS3 cDNA. The 5' end of the pFS3

sequence is indicated by an arrow and the target sites for restriction enzymes NcoI, EcoRI,

HintlI[ and EcoRV are shown in bold and are at nucleotide positions 163, 286, 293 and 422

respectively. The first putative polyadenylation signals is in bold and the second, which

overlaps the first, is double underlined and the regions complementary to the oligonucleotide

primers used for 5'-RACE are boxed.

Possible ATG initiation codons at the 5' end of the sequence are underlined and the

predicted sequences of the longest open reading frames, ORFI and ORF2, are shown in single

letter code below the cDNA sequence. Stop codons are shown by asterisks.
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ORF2

ORF2
ORFl

ORF2

6l- ---------+---------+-
VNSVVTS

GAC AAAC AACCTTTCTATTCTCAATTTCCCCATCTCTCTCGTCTCTGGGTCTCGTAÄGTT
1- ---------+---------+---------+---------+---------+---------+ 60

TNNLSTLNFPISLVSGSRKL

GGTGAATAGTGTTGTAA A IÚ

------+---------+---------+ + 1,20
ANGSDWDLCSSHC

MARIGTSAAHT
pFS3

NcoI
TGTTGGCAATATTTGCTGTGGCCATGTTTGTTGTGTC CGGGACCÀTGGCACAGGATATTG

L2L ---------+---------+---------+---------+---------+ + l-80
ORF2 VGNTCCGHVCCVRDHGTGYC
ORF]- V L A I FAVAM F VV S G TMA O D I

CTCCTTCTCCTGCAÀTGGCTACCGGAGCAGGCTCTGCTTTGCCGGTTTCCGCTGTCTTCT
181- ---------+---------+---------+---------+---------+ + 240

ORF2 SFSCNGYRSRLCFAGFRCLL
ORF]- A P S P AMAT GA G S A L PV S ÀV F

TATGCTCTTCCA
EcoRI HindIÍI

TTGÀÀTTC.A.ãÀGCTTTT
24L ---------+---------+---------+---------+---------+ + 300

ORF2 MLFHVGLFNS SLGALNSKLF
ORF1LCSSMLVSLTALLVH*

CAAGAC TTTATGACATTGGC TAC C C TT.AA

TAATATTTGGGTGTTATCAATTTTCAATTTCTCTAAAGTTTT

EcoRV
AGÀTATC TC TATATATATCATGTTACATTAGTGACATÄÀATTTGATTTTGTAATGTAATT

42L ---------+---------+---------+---------+---------+ + 480

GGTGTGATTT TC TTATATATCATAGATATATAAGGGTATTGATCCTATTTC TTTTGTATT
48L ---------+---------+---------+---------+---------+ + 540

CATATTATGCAGTTTGCTTTGCTTTGCCTTTTGTAÀTÀÀTA ATTTTTTTTTGGGTGGTTG
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eithel' of these scenarios, the pFS3 transcript length, estimated from a Northern blot, is an

overestimation and the most likely transcript size is nearer to the cFS3 sequence length (621

bp) than to 700 nt.

Another possibility is that cFS3 does not represent the fullJength pFS3 mRNA. The full-

length 621 bp cFS3 sequence is not consistent with the length of the pFS3 mRNA detected on

RNA gel blots (Figure 4.4a) and this result suggests that the full-length pFS3 transcript has yet

to be isolated. However, a second 5'-RACE experiment, in which the cDNA extension time

was increased, did not increase the size of the 5'-RACE product (not shown). In this case, the

5' end of the cFS3 sequence is missing and the correct reading frame, encompassing ORF2,

may encode a novel protein product.

Another explanation and the most plausible, is that the pFS3 cDNA clone is chimeric and

consists of two or more different cDNAs which ligated together. However, despite presence of

an EcoRl site at nucleotide 204 of the pFS3 sequence (Figure 4.8; Figure 4.ll), there was no

evidence of the cDNA linker sequence (5'-GAATTCGCGGCCGC-3') or of an adjacent NotI

site to indicate ligation of two independent cDNAs. Intcrnal poly(A) tails were also not

apparent from the pFS3 sequence. It is possible that two inserts, which are rendered blunt-

ended in the cDNA synthesis reaction, combined to form clone pFS3. In this case, the extreme

3' end of cFS3 may correspond to pFS3, but the 5' end, including the P3.I and P3.2 5'-RACE

primers, is an unrelated sequence which does not affect the fibre-specific hybridisation pattern

of the pFS3 probe (Figure 4.4a). The conceptual amino acid sequence derived from such a

clone, if any substantial ORFs were present, would be chimeric, possibly out of frame, and may

not contain homology to known protein sequences.

FurLher experiments would involve isolation and sequence analysis of fibre-specific pFS3

homologues from the 13 DPA cotton fibre cDNA library. Comparison of the resulting

sequences with that of pFS3 would identify region(s) of the latter clone which represent the

fibre-specific transcript. A pair of 5'-RACE primers designed to anneal to this sequence would
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result in the isolation of the full-length fibre-specific transcript.

4.5.2e Southern Analysis of Fibre-specific Clone pFS3

Southern analysis of pFS3 revealed a simple organisation of pFS3 genomic sequences,

with a maximum of two copies of the pFS3 gene in the cotton tetraploid genome (Figure 4.12).

Restriction of genomic DNA with enzymes which do not cut the pFS3 insert (BamHI, BglII,

XbaI, SøcI and XhoI) resulted in one or two hybridising fragments per sample of genomic

DNA (Figure 4.12,lanes 2,3, 6,8 and 9). Enzymes which do cut within the pFS3 sequence

(Figure 4.11) generally produced at least two genomic DNA fragments with homology to

pFS3 (Figure 4.l2,lanes 1 ,4,5 andT).

Screening of a 1.6 x 10s clone Siokra l-2 partial genomic library with the pFS3 insert did

not identify any positive plaques. This is not unexpected since, based on a cotton tetraploid

genome size of 3.5 x 106 kb (Geever, 1980), 8.5 x 106 clones would be required to give a99Vo

chance of identifying a particular single-copy sequence (Clarke and Carbon, 1976).

4.5.3 The pFS17 Clone Group

4.5.3a Initial Characterisation of pFS l7 Homologues

Three fibre-specific cDNA clones were shown to contain sequences homologous to the

representative and shortest clone, pFS17. In addition to pFS17, inserts from clones pFS12 and

pFS 14 hybridised to a pFS l7-derived probe (Figure 4.3b). Clone pFS 12 contained a very short

insert with an estimated size of approximately 150 bp (Figure 4.3a) but the insert of pFS 74, on

the other hand, was the largest of the 24 fibre-specific cDNA clones and was estimated at

approximately 1.5 kb in length (Figure 4.3a). Given an estimated transcript size for pFS17 of

1500 nt (Figure 4.4), one might expect that clone pFS14 contains the full-length pFS17 cDNA.

The inserts of pFS 12 and pFS 17 were sequenced in their entirety, yielding ll2 bp and 160 bp

respectively (Figure 4.13a). Comparison of the two sequences revealed that the sequences

were identical except that pFSl2 was truncated at the 3'end and four of the five 3'-terminal
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Figure 4.12: Southern analysis of -fibre-specific cDNA clone pFS3

Genomic Southern blot probed with the pFS3 insert. Each lane was loaded

with 10 pg of total genomic DNA from G. hirsutum L., cv. Siokra 1-2 cut with

enzymes which recognise 6 bp target sites, as indicated. Numbers on the left represent

the molecular weights of wild type Lambda DNA restricted vnth HindIII (kb).
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nucleotides diverged in sequence from that of pFS17. The basis for this divergence is

unknown, but the lack of poly(A) tail on clone pFS12 is probably due to premature termination

of second-strand cDNA synthesis, as discussed in Section 3.3.

The insert of pFS14 was sequenced from both ends and as expected, the resultant

sequences did not overlap. Sequence from the RSP of pBluescript@SK(-) yielded 386 bp of

pFS14 insert sequence, of which 101 bp showed sequence similarity to the inserts of pFS12

and pFS17 (Figure 4.13b). The sequences of pFSlT and pFS14R were identical except that

pFS l4R appeared truncated at the 3' end of the cDNA, probably terminating at nucleotide 101

of the pFS17 sequence (Figure 4.13a, b). Following this region was a stretch of 23 T residues,

which is not part of the pFS17 sequence and cannot constitute the poly(A) tail of the pFS14

transcript. It is clear from the sequence pFS14R that pFS14 is a chimeric clone which contains

at least two independent cDNA inserts, and that the series of T residues corresponds to the

poly(A) tail of a second insert, which is in opposite orientation to the pFSl7-like insert.

Sequence from the (-40) primer of pBluescript@SK(-) into the pFS 14 insert yielded 429 bp of

sequence (Figure 4.13c) which did not show any similarity to the pFS17 or pFS14R sequences.

Sequence information from the fibre-specific clone pFSl7 was used in an attempt to

determine potential function(s) of the encoded protein. However, the sequence of pFSl7

identified no definitive homologies in the nucleotide databases (GenBank and EMBL,

September 1994), probably due to incomplete sequence information. Similarly, the first 254 bp

of the pFSl4R sequence (Figure 4.13b) failed to identify any similar sequences in the

databases. Use of the 132 bp pFS14 sequence upstream (3') of the pFSl7 section to screen

nucleotide databases (GenBank and EMBL, December 1994) was also inconclusive. Minor

similarity was found to generally AT-rich sequences, such as those from mitochondrial

genomes.

The 429 bp of sequence derived from the opposite end of pFS 14 (pFS 14F; Figure 4.13c)
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Fieure 4.13: Sequencine of the nFSL7 eroup clones

Nucleotide sequences of the three pFS17 group cDNA clones. The 160 bp of pFS17

sequence includes a poly(A) tail of 24 adenine residues, and the pFSl4R sequence included an

internal poly(A) tail, but the sequence of clone pFS 12 lacked a poly(A) tail.

a. Alignment of the sequences of cDNA clones pFS 17 and pFS 12, with single nucleotide

differences indicated by asterisks below the alignment. A putative TAA stop codon at

nucleotide position 24 in the pFS 17 sequence is underlined and the regions complementary to

the 5'-RACE cDNA primer (Pl7.l) and the 5'-RACE PCR primer (P17.2) overlap by two

nucleotides and are boxed.

b. Partial sequence of cDNA clone pFSl4 from the RSP of pBluescript@SK1-),

designated pFS14R. The 101 bp of sequence which is identical to the sequence of pFS17 is in

bold and underlined and extends from nucleotide 154 to nucleotide 254 of the pFS14R

sequence.

c. Partial sequence of cDNA clone pFS14, from the (-40) primer of pBluescript@SKq-)

and designated pFSl4F. The conceptual amino acid sequence is shown in single letter code

below the cDNA sequence and the putative site of signal sequence cleavage is indicated by an

arrow. The three possible ATG initiation codons are underlined.
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did not contain pFSl7-like sequences, but showed significant homology to expansin genes

from several plant species including Arabidopsis, cucumber, rice and pea (Newman et aI.,

1994; Shcherban et aI., 1995). The best match was 70.2Vo nucleotide identity with the

corresponding 379 bp region of an expansin gene recently identified in cucumber (Shcherban er

al., 1995). An incomplete ORF was identified in reading frame two of the pFS14F nucleotide

sequence (Figure 4.13c), with three possible AUG initiation codons. The remaining two

reading frames contained several stop codons. The position of the functional initiating codon is

unknown but is assumed to be the first AUG, at nucleotide position 2O in the pFSl4F

sequence, since nucleotides in the vicinity of the start codon best match the consensus

translation start site 5'-TAAACAATGGCT-3' (Joshi, 1987b) and the "first AUG" rule holds

for the vast majority of plant genes (Kozak, 1984; Joshi, 1987b). The conceptual amino acid

sequence of 135 residues showed significant similarity to the N-terminal sequences of expansin

proteins from cucumber (Shcherban et al., 7995), Arabidopsis (Shcherban et aI., 1995), rice

(Shcherban et aI., 1995) and pea (Michael A J, unpublished) with amino acid identity of 75Vo,

65Vo, 72Vo, J3Vo, JZVo, JOVo and 69Vo respectively (Figure 4.14). The alignment shown in

Figure 4.14 constitutes approximately half of the mature expansin proteins, since they attain a

Iength of around 230 amino acid residues (Shcherban et aL, 1995). Amino acid similarity

decreased markedly over the seven C-terminal amino acids of the pFSl4F sequence (Figure

4.14) and may indicate presence of a sequencing error in the latter part of the sequence, or

junction with another, unrelated cDNA.

Analysis of the predicted amino acid sequence of pFS l4F revealed an N-terminal region

with sevelal of the features characteristic of eukaryote signal peptides (Nothwehr and Gordon,

1990). Naurely, signal sequences consist of a highly hydrophobic central core of 7-16 amino

acids, flanked by charged residues and with a short block of relatively polar residues which

immediately precede the cleavage site. They may be 20-40 amino acids in length. The cleavage

site typically has a bulky aromatic residue at the -2 position relative to the cleavage site, and
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Figure 4.14: Analvsis of a putative expansin from cotton

Amino acid sequence alignment of a putative cotton expansin with the coffesponding

regions of seven expansin-like proteins from cucumber (CuExSl, CuExS2), Arabidopsis

(AtExl , AtEx2, AtEx6), rice (RiExB) and pea. Mature proteins, after signal peptide cleavage,

are shown and numbering refers to the cotton expansin preprotein sequence. Boxes indicate

homologous amino acids in at least seven of the sequences and identity with the deduced

amino acid sequence of pFS14F is indicated at the end of each sequence. Seven of the eight

highly conserved cysteines present in the N-terminal half of expansin proteins are contained

within the pFS14R conceptual translation and are denoted by asterisks.
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small, neutral residues at amino acid positions -l and -3 in the signal sequence (von Heijne,

1986). Proline residues are not found between residues -3 and +1 of the cleavage site. The

predicted signal sequence cleavage site was obtained according to von Heijne (1983) and

occurs between amino acids 30 and 31 of the protein encoded by pFSl4R (Figure 4.13c). In

plants, the presence of the signal sequence, together with absence of an endoplasmic reticulum

signal KDEL or HDEL (Denecke et aI., 1992) is sufficient to direct the protein to the

extracellular matrix via the endoplasmic reticulum-Golgi secretory pathway. Secretion of the

cotton fibre expansin is consistent with previous findings that expansins are associated with

plant cell walls (McQueen-Mason et aI., 1992) and is in agreement with a proposed role in cell

growth.

Expansins are a unique class of cell wall proteins first isolated In 1992 from cucumber

hypocotyls (McQueen-Mason et aL, 1992). Extensive and convincing studies by Cosgrove and

coworkers (reviewed in McQueen-Mason, 1995) have elucidated the role of expansins as

"wall-loosening" enzymes. Their putative mode of action involves a novel non-hydrolytic

mechanism which disrupts the hydrogen-bonding between the xyloglucan backbonc of the cell

wall and the cellulose microfibrils (Cosgrove, 1993; Fry, 1994; McQueen-Mason and

Cosgrove, 1995). The resultant relaxation of the cell wall polymeric network facilitates the

turgor-driven expansion of plant cells (Section 1.3.3b). Phylogenetic analysis of expansins

suggest that they constitute an ancient multigene family that arose before the evolutionary

divergence of monocotyledons and dicotyledons (Shcherban et al., 1995). Although the exact

mechanism of action of expansins is unknown, functional regions have been inferred from

conserved sites in the protein sequence and the spacing of eight conserved cysteines in the N-

temrinal half of the proteitr (Figure 4.14) suggests a particular folding configuration for

expansin proteins (Wright et al., 1991; Shcherban et al., 1995). Expansin-like proteins are

expected to be important in the development of such cells as cotton fibres, which undergo a

rapid rate of cell elongation and, despite the fact that the cotton expansin cDNA which forms
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part of the pFS14 clone may not be differentially expressed, the nature of the sequence

warrants further investigation.

The region upstream (5') of the pFSl7-homologous section of pFS14R may be further

pFS17 sequence, or it may be sequence derived from another cDNA insert which blunt-end

ligated to the pFS17 insert during the cDNA synthesis procedure. The remaining insert(s) do

not affect the fibre-specificity of pFS 74 as a whole, since the clone was hybridised only by fibre

cDNA in the differential screen (not shown). The pFSl7-homologous region is clearly

sufficient to confer the fibre-specificity of pFS 14, since only 1 12 bp of pFS 12 was sufficient to

confer fibre-specificity on the latter clone. Additional inserts may also encode fibre-specific

cDNAs but this is unlikely given the rarity of fibre-specific cDNAs, and a more plausible

explanation is that they encode low-level transcripts in all cotton tissues and therefore did not

affect the isolation ofpFSl4 by differential screening

4.5.3b Isolation of the Full-leneth pFS 17 gDNA by 5'-RACE

Despite the possibility that clone pFS14 contained an extended pFS 17 homologue of 254

bp, the only region which can be confirmed as encoding a fibre-specific cDNA is that l0l bp

which was identical in sequence to pFSlT and pFSl2 (Figure 4.13b). In any case, pFS14

cannot contain the full-length pFS17 cDNA, since the corresponding transcript size was

estimated at 1500 nt (Figure 4.4).

5'-RACE was carried out in order to clone the remainder of the pFS17 transcript, using

oligonucleotide primers designed to the pFS17 sequence (Figure 4.13a; Table 2.3b).5'-RACE

PCR generated a single amplified DNA fragment of approximately 1 kb in size, superimposed

upon a smear of PCR products (Figure 4.l5a,lane 3). A S'-RACE PCR product of 1.1 kb does

not reconcile with an estimated transcript length of 1500 nt, given that primer Pl7.2 is located

99 bp from the presumed 3' terminus of the pFS17 mRNA (Figure 4.13a).It may be that the

transcript size was overestimated from the Northern blot (Figure 4.4b) in a similar way to that

145



Fisure 4.1 5: of the 5' end of cDNA clone nFSl7

a. Agarose gel showing products resulting from PCR amplification of S'-RACE products

of pFSl7. Lanes 2-5 are each loaded with a 10 pl sample of PCR product, from a reaction

volume of 50 pl and the lanes are:

l. Molecular weight markers (pUC19 DNA restricted with HpaII) ,with fragment sizes

501 bp, 489 bp, 404bp 331 bp, 242bp,190 bp, 147 bp and 1 I I bp;

2. TFR control cDNA after both purification and anchor ligation, utilising one gene-

specific primer together with the anchor primer, which amplify a product of 480;

3. 5'-RACE PCR of pFSlT cDNA, utilising gene-specific PCR primer P17.2 together

with the anchor primer;

4. Negative control reaction, using the same primers as those used in the experiment, but

without the addition of a cDNA template;

5. A I pg sample of uncut pFSlT plasmid DNA, included as a positive control for the

subsequent Southern analysis.

b. Southern blot of the gel in parl" a., hybridised with the pFS 17 cDNA insert. Lanes are

numbered as in part a.

c. Agarose gel showing products resulting from modification of 5'-RACE PCR reaction

conditions. Lanes 2-10 are each loaded with a 10 pl sample of PCR product, from a reaction

volume of 50¡J and the lanes are:

1. A combination of molecular weight markers (Lambda DNA restricted with IlindIII),

with fragment sizes 23.1 kb,9.4 kb,6.6 kb, 4.4 kb,2.3 kb and 2.0 kb, and pUCl9

DNA restricted with HpaII,with fragment sizes 501 bp, 489 bp, 404 bp 331 bp,242

bp, 190 bp,147 bp and 1 1 I bp;

2. PCR reaction using normal reaction conditions, as for part a.;

3. PCR reaction using normal reaction conditions, together with a decreased amount of

template cDNA;

4. PCR reaction with an increased primer annealing temperature of 65oC;

5. PCR reaction with an increased primer annealing temperature of 65oC, together with a

decreased amount of template cDNA;
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6. PCR reaction with an increased extension time of 3 minutes;

7. PCR reaction with an increased extension time of 3 minutes, together with a decreased

amount of template cDNA;

8. PCR reaction with an increased primer annealing temperature of 65oC, together with

an increased extension time of 3 minutes;

9. PCR reaction with an increased primer annealing temperature of 65oC, in combination

with an increased extension time of 3 minutes and a decreased amount of template

cDNA;

10. and 11. Negative control reactions, using the same primers as those used in the

experiment and reaction conditions as for lane 6, but without the addition of a cDNA

template.

d. Agarose gel electrophoresis of putative pFSlT S'-RACE clones. Each lane is loaded

with approximately 2 ¡tg of plasmid DNA restricted with EcoR[ and the lanes are:

l. A combination of molecular weight markers (Lambda DNA restricted with HindIII),

with fragment sizes 23.1 kb,9.4 kb,6.6 kb, 4.4 kb,2.3 kb and 2.0 kb, and pUC19

DNA restricted with HpaII,with fragment sizes 501 bp, 489 bp, 404 bp 331 bp, 242

bp, 190 bp,147 bp and 1 I 1 bp;

2. Molecular weight markers (100 bp DNA ladder), consisting of fragments that range in

size from 100 bp to 1000 bp in 100 bp increments, plus an additional fragment of

1500 bp;

3.- 12. Putative pFS17 5'-RACE clones A-J;

13. A 1 pg sample of pBluescript@SK1-¡, restricted with EcoRI.
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proposed for pFS3. Absence of products in the control reaction which lacked DNA (Figure

4.15a, lane 4) showed that the experimental reaction was specific and contained no

contaminant DNA. PCR of positive control cDNA resulted in a single amplification product of

the expected size, approximately 500 bp (Figure 4.I5a,lane Z). Southern analysis verified the

identity of the pFS17 5'-RACE PCR product (Figure 4.15b). The pFS17 probe hybridised

strongly to the pFS17 5'-RACE product and the background smear in addition to uncut pFSl7

plasmid. Hybridisation of probe pFS17 to the heterogeneous population of PCR products

showed that the latter was not the result of non-specific priming of cDNA synthesis from

diverse mRNAs.

The basis for the smearing and for the generation of PCR products longer than expected

is unknown. The annealing temperature for the cDNA primer is low (cDNA synthesis occurs at

52oC, whilst the calculated annealing temperature for PI7.l is 67oC¡ so priming of cDNA

synthesis may occur from several regions in the pFS17 transcript. Longer products may arise

from ligation of several single-stranded cDNA products during the anchor ligation reaction.

Absence of such a smear from 5'-RACE reactions of pFS3 (Section 4.5.2b) and pFS6 (Section

5.4) clones indicates that this is a phenomenon which is peculiar to the pFS17 cDNA sequence

and the Pll.l and Pll.2 5'-RACE primers. PCR parameters were altered in an attempt to

optimise generation of the 1.1 kb product and minimise background products. The extension

step of the PCR was increased from 2 minutes to 3 minutes in an effort to reduce the amount

of any short PCR products, and the annealing temperature was increased from 60oC to 65oC

(that calculated for primer P17.2) to minimise generation of non-specific products. The

modifications, when used in combination with each other and with normal reaction conditions,

did not appreciably improve the yield of the 1 kb product in comparison with the background

smear (Figure 4.15c). Reduction in the amount of anchored cDNA template also did not

improve the result, but a further reduction in the amount of ligation mix may have lessened the
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smear somewhat (5'-AmpliFINDERrM RACE manual, CLONTECH). It may be that PCR

conditions require further modification or that the smear products observed are generated in

the cDNA reaction or prior to the PCR reaction.

The band of interest was excised from the agarose gel and the limited amount of insert

was cloned into EcoRI -ctt ?vZAP@II (Stratagene), yielding ten positive plaques of which three,

pFSlT-C, pFS17-D and pFS17-F contained inserts of the expected size (Figure 4.15d). The

majority of clones contained small (approximately 100 bp) inserts and pFSl7-B contained an

insert of intermediate size, around 700 bp (Figure 4.l5d,lane 4). All inserts hybridised strongly

to a pFS l7 probe in Southern blot analysis (not shown).

4.5.3c Sequence Analysis of Three pFSlT S'-RACE Clones

In a group of 18 restriction enzymes, only two, ClaI and KpnI, contained recognition

sites in 5'-RACE clone pFSlT-C, and sites were located very close to the inserlvector

junction (not shown). Subcloning was therefore difficult and the three pFSl7 5'-RACE clones

were sequenced using pBluescript@SK(-) primers, followed by oligonucleotide primers

designed from the existing sequence. Primers Pl1R2, P17R3 and Pl7F2 (Table 2.3b) were

designed to sequence derived from a single DNA strand and although efficient sequencing

and/or PCR primers, subsequent sequencing revealed inaccuracies in primer design in the latter

two cases. Clones pFS17-C, pFS17-D and pFSl7-F yielded Il34bp, Il42bp and 1133 bp of

sequence respectively, and an alignment of the three sequences, together with a consensus

sequence, is shown in Figure 4.16. Initial sequencing of pFS17-C revealed a repeat structure

which confounded primer design and further sequence analysis. Sequencing difficulties were

resolved by PCR, in which the region of interest was subcloned by generation of a PCR

product using an internal sequencing primer (Table 2.3b) together with the appropriate

flanking primer, T3 or T7 (Table 2.3a).

As expected, the sequences of all three clones contained a 60 bp overlap with the
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sequence of pFS 17, to which they were identical. In addition, the consensus sequence (Figure

4.16) was identical to the conesponding region of pFS14 (Figure 4.13b), implying that

pFS14R does indeed contain 254bp of extended pFSlT sequence. Differences between the

sequences, indicated by asterisks (Figure 4.16), can be attributed to Taq DNA polymerase

errors during 5'-RACE PCR since in the nine cases, one clone mismatched the other two by a

single nucleotide substitution.

The clones showed minor sequence and length heterogeneity at their 5' termini (Figure

4.16). All three clones contained EcoRI sites and 5'-GTG-3' anchor sequences as expected, and

pFSl7-C contained an additional anchor sequence and EcoRI site (Figure 4.16), presumably

due to ligation of an anchor doublet with the cDNA during the 5'-RACE process. Clones

pFSl7-C and pFS17-F were identical at their 5'termini except for an additional G residue in

pFSl7-C. This probably arose by reverse transcription of the 5' cap-G structure into a terminal

C residue, which gives rise to an uncoded G residue in the complementary strand sequence

(Hirzmann et aI., 1993). The sequence of pFS17-D deviates from the other two clones by an

omitted A residue and presence of an additional nine bp at the 5' end (Figure 4.16), the origin

of which is unknown. It may be that pFS 17-D encodes a fullJength pFS 17 transcript, whereas

clones pFS17-C and pFS17-F are truncated, apparently at the same position. However, the

extra sequence in clone D is considered to be a cloning artifact. A KpnI site was detected near

the 5' end of each cDNA, as expected from restriction mapping of clone pFS17-C, and a ClaI

site was absent in the sequences of pFS17-D and pFS17-F but present in the extra anchor

sequence which formed part of pFS l7-C (Figure 4.16)

4.5.3d The Full-length pFS17 cDNA

A 1132 bp sequence for the full-length pFS17 transcript, designated cFS17, was

constructed from the 5'-RACE consensus sequence and the pFS17 sequence, and is shown in

Figure 4.17. The repetitive nature of the sequence was clearly apparent and this repetition
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Fieure 4.16: Sequences of pFSL7 S'-RACE clones

Alignment of the three insert sequences derived from pFS 17 5'-RACE clones pFS317-C,

pFSl7-D and pFSl7-F, together with a consensus sequence. The sequences corresponding to

5'-RACE PCR primerPlT.2 andPllF2 are boxed, together with sequeuces colnplertrentaly to

the sequencing primers P17R2 and P17R3. The 5' ends of the pFS 17 ancl pFS 14 sequences are

indicated by arrows. Differences between the sequences are indicated by asterisks below the

consensus and numbering refers to the consensus sequence.

The KpnI site 5'-GGTACC-3' (present in all clones and at nucleotide 75 in the consensus

sequence) and the cIaI S'-ATCGAT-3' site (present only in pFSlT-C) are in bold. EcoRI

restriction sites 5'-GAATTC-3' are also in bold, as are the anchor sequences 5'-GTG-3'.
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pFSl-7 -C
pFSl 7 -D
pFSl 7 -F
consensuS

18 ---------+---------+---------+---------+---------+---------+'77
KpnI

pFS 1- 7 -C ACAACACACTTGCTAGTATTCCTACTTGGAGTGGTGACTCTCACCACTCCCACATTTGGT
pFS 1 7 -D ACAACACACTTGCTAGTATTCCTACTTGGAGTGGTGACTCTCACCACîCCCACATTTGG'T
pFS 1 7 - F ACAACACACTTGCTAGTATTCCTACTTGGAGTGGTGACTCTCACCACTCCCACATTTGGT
consensus ÀCÀÀCÀCACTTGCTÀGTÀTTCCTÀCTTGGAGTGGTGÀCTCTCÀ,CCÀCTCCCÀCATTTGGT

7 8 ----- ----+---------+---------+---------+---------+- - - - - - - - -+ t3'7
pFS 1 7 -C ACCTATGAGTCACC.A.AATTATGGGA.AACCCCCTACTCCTGTATTCAAGCCTCCCAAGGTG
pFS 1 7 -D ÀCCTATGAGTCACCAÄÀTTATGGGAÀACCCCCTACTCCTGTATTCAAGCCTCCCAAGGTG
pFS 1 7 -F ÀCCTATGAGTCACCAAATTATGGGAAACCCCCTACTCCTGTATTCAAGCCTCCCAAGGTG
consensua ÀCCTÀTGAGTCÀCCÀ.à.ATTÀTGGGÀÀÀCCCCCTÀCTCCTGTÀTTCÀÀGCCTCCCÀÀGGTG

l-38 ---------+---------+---------+---------+---------+ + 1-97
pFSl 7 -C AÀ-A,CCACCACCATATGAACCTAAGCCACCAGTGTATGAACCACCAÀAÂÂAGGAGAAGCCT
pFS 1 7 -D AÄ,ACCACCACCATATGAACCTAAGCCACCAGTGTATGAACCACCAAÄÀÀAGGAGÄAGCCT
pFS 1 7 - F AÀACCACCACCATATGAÀ,CCTÀAGCCA,CCAGTGTATGAACCACCAÄÄAAAGGAGAAGCCT
consensus .àÀÀCCÀCCÀCCÀTÀTGÀÀCCTÀAGCCÀCCÀGTGTÀTGãÀCC.ACCÀÀÀÀ.4-ÀGGÀGAÀGCCT

l-98 ---------+---------+---------+---------+---------+ + 257
pF S 1 7 - C GAACCTAAGCCACCGGTTTATGCACCTCCAÂAGAAAGAGAAGCATGGACCCAAACCACCA
pFS17 -D GAACCTAAGCCACCGGTTTATGCACCTCCÀÄÀ,GÄÄAGAGAÀGCATGGACCCAAACCACCA
pFS17 -F GAACCTAAGCCACCGGTTTATGCACCTCCAAAGA.AAGAGAAGCATGGACCCAAACCACCA
consensus GÀÀCCTÀÀGCCÀCCGGTTT.ÈTGCÀCCTCCÀ-AÀGÀÀÀGIAGÀÀGCÀTGGÀCCCÀÀACCÀCCÀ

ClaI
+---------+---------+---------+---------+---- - - - - -+ 1-7

GÀ.ã,TTCGTGTC TGAAGGTTC CAGAÀTCGATAGTGAÀTTCGTGGAAGAC TCAATGATGTCT
GAÀTTCGTG -----GGAA.AAGC--CGAGACTCAATGATGTCT
GÀÀTTCGTG ----_--AAGACTCAATGATGTCT

ÀÀGÀCTCÀ.ã,TGÀTGTCT
*

--+ 31-7

-+---------+ 497

pFS17-C ATGTA
pFS17-D ATGTA
pFS17-F ATGTA
conserrsus ATGTÀ

438 -----
pFSl-7-C GTATA
pFS17-D GTATA
pFSl-7-F GTATA
CONSENSI]S GTÀTA

TGAÀ,CCTC
TGAGCCTC
TGAACCTC

----+---
TGAACCTC
TGAACCTC
TGAACCTC

CAAAGAÄ.GGAGAAGC
CÂÄAGAAGGAGAAGCCT

PT7F.2

318 ---------+---------+---------+---------+---------+ + 37'7
pFS 1 7 -C AAGA-AAGAGGAGCCTAAACCTÄÄACCACCAGTATATGAACCTCCAAAGAAGGAGAAACCT
pFSl 7 -D AAGAAAGAGGAGCCTAAACCTAAACCACCAGTATATGAACCTCCAAAGAAGGAGA.AACCT
pFSl-7 -F AAGAÀAGAGGAGCCTAÀACCTAAACCACCAGTÀTATGAACCTCCA-AAGA-A,GGAGAÀACCT
conser¡aus ÀÀGÀÀÀGÀGGÀGCCTA.A-ACCTÀ.àÀCC.ACC,A,GTATATGAÀCCTCCiA.ãÀGÀÀGGÀGÀÀÀCCT

378 ---------+---------+---------+---------+---------+ + 437
pFS17 -C GAGCCAAAACCACCGATTTATACACCTCCA.AAGAAAGAGAAACCTGAACCCA.AA,CCACCC
pFS 1 7 -D GAGCCAA.AACCACCGATTTATACACCTCCAÀAGAAAGAGAAACCTGAACCCAAACCACCC
pF S 1- 7 - F GAGCCAAÃACCACCGATTTÄTACACCTCCAÄAGAÀAGAGAÀACCTGAACCCAAACCACCC
consensr¡E GAGCCÃÀ.4.ÈCCÀCCGÀTTTÀTÀCÀCCTCCiAÀÀGA.AÀGIAGÀÀÀCCTGAÀCCCÀÀÀCCÀCCC

------+-
ATACACCTCCA
ATACACCTCCA
ATACACCTCCA

P17R3

498 ---------+---------+---------+---------+---------+ + 557
pFS17 -C AAGA.AAGAGAAACCTGAACCCAAACCACCAGTGTATGAÀCCTCCAAAAAAACCTCCAÀTG
pFSl-7 -D A,¡\GAÌU\GAGAI\I\CCTGAACCCAAACCACCAGTGTATGAACCTCCA,AAAA,AACCTCCAATG
pFSl-7 -F AAGAÄAGAGAAACCTGAACCCAAACCACCAGTGTATGAACCTCCAAAAAAÀ.CCTCCAATG
consensr¡s AÀGA.àÀGÀGÀÀÀCCTGÀ.ACCCÀÀÀCCÀCC.ÈGTGTÀTGAÀCCTCC.à.à.4ÀÀ.ãÀCCTCC.AÀTG
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55 B ---------+---------+---------+---------+---______+_________+
PFS ]. 7 -C TACGAACCTAAGCCACCAAÄACCACCGGTTTATACACCTCCA.A.A,GAÄAGAGAAACCTGAA
PFS17 _D TACGAACCTAAGCCACCAAÄACCACCGGTTTATACACCTCCAÃ.AGAAÄGAGAÃÄ,CCTGAÄ,
PFSl-7 _F TACGAACCTAAGCCACCAAAACCACCGGTTTATACACCTCCAÀAGAAÀ,GAGÀÃACCTGAA
CONE ENE lrs TÀCGåÀCCTAÀGCCÀCCÀAÀÀCCACCGGTTTÀTÀCÀCCTCCÀ.ãÀGÀÀå,G]AGÀÀÀCCTGÀÀ

61-8 ---------+---------+---------+---------+-________+_________+
PFS 1 7 -C CCCAÀACCACCAATGTATGAACCTCCAAAAAGACCTCCAATGTATGAACCTÀÄGCCACCG
PFS17 _D CCCAAACCÀCCAÀTGTATGAA,CCTCCAAAAÄAÀCCTCCAATGTATGAACCTAAGCCACCG
PF S 1 7 - F CCCAAACCACCAATGTATGAACCTCCAÀÀAAÀACCTCCAATGTATGAACCTAAGCCACCG
conEensug ccc.àÀÀccÀcc.àÀTGTÀTGÀÀccrccÀ.A.8ÀA.âÀCCTCCÀÀTcr¡,TGÀÀCCT.AÀcCC.ACCc

*

6L7

öt I

618 ---------+---------+---------+--------_+_________+ + -t3i
PFS17-C AAGCCACCGGTTTATACACCTCCAAAGÄÀAGÀAAAÀCCAGAACCCÀAGCCACCAATGTAT
PFS 1 7 -D AAGCCACCGGTTTATACA,CCTCCAAÄGAAÀGA.AAAACCAGAACCCAAGCCACCAATGTAT
PFS17 -F AÄGCCACCGGTTTÀTACACCTCCAAÀ,GAAÀGAÄÄAACCAGAACCCAAGCCACC.AA,TGTAT
CONSENSI¡S .AÀGCCÀCCGGTTTÀTÀCÀCCTCCÀ.ÈÀG]A.àÀG]AÀÀÀÀCCAGAÀCCCÀå,GCCIACCÀÀTGTã,7

pFSl 7 -C
pFS17 -D
pFS17 -F

9'7I
pFSl 7 -C
pFSl-7 -D
pFSl- 7 -F
consensus

738 ---------+---------+

----+----- +

CÄÀCC TC C CAACAAC C CÀCCAATATA
CAAC CTC C CAACAACC CAC CAATATA
CAAC CTCCCAACAACCCACCAATATA

CACCAGTTTA
A

+------ ---+ 797
TGCA.
TGCA
TGCA

L037

cons ensus CÀÀCCTCCC.àÀCÀå,CCCÀCCÀÀTÀ

?oa

PL7F2

+---------+
pFS 1- 7 -C CCACCAAAGGAAGAAÄÀGCCAÄAACC

+ 857
1UåUpFS17-D CCACCAÄÀGGAAGAA.AAGCCÀÄAACCTAÄÀCCACCAGTTTA

pFS17 -F CCACCAÀ.AGGAAGAAAAGCCAÀAACCTAÀÀCCACCAGTTTA
CONSENS1rS CCACC.AÀ.AGGAÀGÀ.AÀ]AGCC.ã.ãÀÀCCTÀÀÀCCÀCCÀGTTTÀ

r¡FS14

858 ---------+---------+---------+-________+_________+ + 9L1
PFS 1 7 - C CCACCATACGGTCACTATCCAGGACATCCACCTTTGGGGAAGCCTCAATAGAAÎGCTCCC
PFS J- 7 _D CCACCATACGGTCACTATCCAGGACATCCACCTTTGGGGAAGCCTCAATAGAÄTGCTCCC
PFSl- 7 _F CCACCATACGGTCACTATCCAGGACATCCACCTTTGGGGAAGCCTCAATAGAATGCTCCC
CONSEf¡S!¡S CCÀCCÀTÀCGGTCÀCTÀTCCÀGGÀCÈTCCÀCCTTTGG¡GIGÀÀGCCTC.ÈÀTÀGÀÀTGCTCCC

9l-B ---------+---------+---------+---------+--------_+ + 9j7
PFS17 -C ATCGACTAGCCATICCCAACAATTGAGCTACAAGAGAAATTAGT.A,TTTATAATÀAGAGGA
PFSl-'/ _D ATCGACTAGCCATTCCCAACAATTGAGCTACTAGGAÀ.AATTAGTATTTATAATAAGAGGA
PFS17 -F ATCGACTAGCCATTCCCAACAATTGAGCTACTAGAÀAAATTAGTATTTATAATA.ê,GAGGA
CONSENSIIS ÀTCGÀCTÀGCCÀTTCCCÀ.ã,C.ÈATTGÀGETÀCTÀGAÀ.AÀÀTTÀGTÀTTTATÀÀTÀÀGÀGGÀ

**

------+--

ACTGCCGGCTGA
ACTGCCGGCTGA
ACTGCCGGCTGA

TTCTTGTA
TTCTTGTA
TTCTTGTATGGAA

pFS17

103 8
pFS17-C
pFSl 7 -D
pFSl 7 -F
cof¡senE us

t_056
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explains the lack of restriction enzyme sites within the S'-RACE clones. Analysis of the pFS17

cDNA sequence between the putative stop codon and the polyadenylation site failed to detect

a consensus polyadenylation signal, 5'-AATAAA-3'. However, putative polyadenylation

sequences have been identified in several plant genes which diverge considerably from the

animal consensus fu\TA..¿q.r{ and departure from the canonical sequence can be tolerated

(Heidecker and Messing, 1986; Joshi, 1987a; Rothnie et al., 1994). Several AATfuq.A-like

motifs can be identified in the cFSlT 3'untranslated region, one or more of which may be

functional. The sequence 5'-AATAAG-3' is present 165 bp upstream of the polyadenylation

site and the sequences S'-AATGAG-3' and 5'-AATATC-3' are present 28 bp and 21 bp

upstream of the cleavage site respectively (Figure 4.I7)

Several open reading frames were identified in the cFS17 sequence, the largest of which,

designated preFSPRP, encodes a putative polypeptide of 299 amino acids (Figure 4.17) with a

calculated molecular weight of 34028 Da and a pI of 10.5. The two possible start codons

occur at nucleotide positions 9 and l2 in the cFS17 sequence and an appropriate stop codon,

TAG, was present at nucleotide 906. The second of the two putative initiation codons in

cFS17 is in optimum context. That is, an A residue is present at the -3 position relative to the

initiation codon, and it best matches the consensus translation start site 5'-TAAACAATGGCT-

3' (Joshi, 1987b), The first methionine codon is in suboptimum context, however the "first

AUG" rule has been found to hold for approximately 92Vo of plant genes, as determined by

Kozak (1984) and confirmed by Joshi (1987b) and the position of the functional initiating

codon is assumed to occur at nucleotide position 9 in the cFS17 sequence.

A comparison of the fulllength pFS17 cDNA sequence with sequences in the databases

(GenBank and EMBL, October 1994) revealed significant similarity at both the nucleotide and

amino acid levels to plant proline-rich proteins (PRPs) including those isolated from Medicago

trunculata (Wilson and Cooper,1994; 'Wilson et aL,1994), carrot (Ebener et aL,1993), alfalfa

(Löbler and Hirsch, 7993), tobacco (Keller and Lamb, 1989) and several soybean PRPs (Datta
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Fieure 4.17: Nucleotide sequence of full-leneth cDNA clone cFSl7

Nucleotide sequence and conceptual translation of the putative full-length fibre-specific

cDNA clone cFS17 (cFS17), constructed from the 5'-RACE clone consensus sequence and

that of pFS 17. The 5' ends of the pFS 17 and pFS 14 sequences are indicated by arrows and the

regions complementary to the S'-RACE cDNA primer (P|7.1) and the 5'-RACE PCR primer

(P11.2) overlap by two nucleotides and are boxed. Putative polyadenylation signals near the 3'

terminus of the cDNA are double underlined.

The predicted sequence of the longest open reading frame, designated preFSPRP, is

shown in single letter code below the cDNA sequence and the stop codon TAG is designated

by an asterisk. The putative signal peptide cleavage site is marked with an anow.
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AAGAC TCAATGATGTC TACAÄCACAC TTGC TAGTATTC CTAC TTGGÀGTGGTGAC TC TCA
1 ---------+---------+---------+---------+---------+---------+ 60

MMSTTHLLVFLLGVVTL

TCAAGC C TC C CAAGGTGAÀAC CAC CAC CATATGAACC T,AAGCCACCAGTGTATGAAC CAC

C CACTCCCACATTTGGTACCTATGAGTCACCAAATTATGGGAAACCCCCTACTCCTGTAT
61 ---------+---------+---------+---------+---------+---------+ )-20

T T P T F GlT Y E S P N Y G K P P T P V
I

FKPPKVKPPPYEPKPPVYEP

CAAA.AÀ.AGGAGAAGC C TGAAC C TAAGC CACCGGTTTATGCAC CTCCÄAAGAÄA,GAGAAGC
l-81 ---------+---------+---------+---------+---------+ + 240

PKKEKPEPKPPVYAPPKKEK

ATGGAC C CAAAC CAC CÀATGTATGAAC CTC CA.AAGAAGGAGAAGC CTGAGC CAAAGCCAC
24L ---------+---------+---------+---------+---------+ + 300

HGPKPPMYEPPKKEKPEPKP

CAGTTTATACAC C TC CAÀAGAÀAGAGGAGCC TAAACC TAAAC CACCAGTATATGAACC TC
301 ---------+---------+---------+---------+---------+ + 360

PVYTPPKKEEPKPKPPVYEP

C A.AAGAAGGAGAAACCTGAGCCAAAACCACCGATTTATACÀCCTCCAAAGAÀAGAGAAAC
361 ---------+---------+---------+---------+---------+ + 420

PKKEKPEPKPPTYTPPKKEK

CTGAACCCA.AACCACCCGTATATGAACCTCC AAAG AAGGAGAAGCCCGAGCCAÄ.GGCCAC
421, ---------+---------+---------+---------+---------+ + 480

PEPKPPVYEPPKKEKPEPRP

C GGTTTATACAC C TCCAAAGAAÀGAGAÀ.A.C C TG.AÀ,CCCAAAC CAC CAGTGTATGAÄC C TC
481 ---------+---------+---------+---------+---------+ + 540

PVYTPPKKEKPEPKPPVYEP

C fuU\,¡UUU\CCTC CAATGTACGAACCTAAGCCACCAÄA.ACCACCGGTTTATACACCTCCAÀ,
541, ---------+---------+---------+---------+---------+ + 600

PKKPPMYEPKPPKPPVYTPP

AGAÀAGAGAAAC C TGAAC C CA.AAC CAC CAATGTATGAAC C TC CAAAAÀAACC TC CAATGT
601 ---------+---------+---------+---------+---------+ + 660

KKEKPEPKPPMYEPPKKPPM

ATGAACCTAAGCCACCGAAGCCACCGGTTTATACACCTCCAAAGA.AAGAAAÀACCAGAAC
661, ---------+---------+---------+---------+---------+ + 720

YEPKPPKPPVYTPPKKEKPE

C CAAGC CAC CAATGTA,TCAAC CTC C CAA,CAAC C CACCAATATATGAGC CAÂÄÀC CACC TA
'721, ---------+---------+---------+---------+---------+ + 780

PKPPMYQPPNNPPIYEPKPP

AGC CAC CAGT TTATGCAC CAC CAAAGGAAG.AÄÄAGCCAAAACC TÀÀAC CÀC CAGTTTATG
781, ---------+---------+---------+---------+---------+ + 840

KPPVYAPPKEEKPKPKPPVY
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84L --
D

+
PAH

TGAGC CAC CATACGGTCAC TATCCAGGACATCCACC TTTGGGGAAGC
------+---------+---------+ +---------+ 900

EPPYGHYPGHPPLGK

9 6L - - - - -----+---------+---------+-----

pFS14

C TCAATAGAATGC TC C CATCGAC TAGC CATTCCCAACAATTGAGC TAC TAGAAÄÄ.A.TTAG
901 ---------+---------+---------+---------+---------+ + 960

PQ*

TATTTATAAÎÄAGAGGAAC TGTAGT
-----+ 1020

pFS17

AA

TTATTCTATATC TTC TTC TTTC TCÄ¿,TGAGCAAîATCC TGATGATTTCAAATAAAAAAAA

ÄÀAÂÀÄÂÃÄÀÄÀAÄÀ
L141- ---------+----- l-l-60
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et aI., 1989; Datta and Marcus, 1990; Hong et al., 1990). The repetitive nature of PRPs

renders sequence comparison difficult, as multiple alignments can be constructed for each

pairwise sequence comparison. Nevertheless, the highest degree of sequence similarity was

found to a soybean oDNA coding for a repetitive proline-rich protein SbPRPI (Hong et aI.,

l98l) with 57Vo nucleotide identity over a 385 bp overlap. At the protein level, the pTeFSPRP

and SbPRPI sequences were 47Vo identical over a I54 amino acid overlap.

4.5.3e Proline-rich Proteins in Plant Cells

PRPs (Section 1.4.2a) represent a class of cell wall proteins, the members of which have

a preponderance of hydroxyproline residues. They are characterised by the occurrence of Pro-

Pro repeats that are contained within a variety of larger repeat units, generally pentapeptide

units of the form Pro-Pro-X-Y-Lys, where X and Y can be valine, lysine, tyrosine, histidine

and glutamic acid (Keller, 1993; Showalter, 1993). Some PRPs (such as SbPRPl, SbPRP2 and

SbPRP3 from soybean) are composed only of tandem repeats of the above form whereas

others, such as carrot p33 (Chen and Varner, 1985) and PvPRPI from bean (Sheng et aI.,

1991), contain unique regions of sequence interspersed with the repetitive elements.

The pTeFSPRP sequence displays many of the features conìmon to plant cell wall PRPs.

Analysis of the predicted amino acid sequence revealed an N-terminal region with several of

the features characteristic of eukaryote signal peptides (Nothwehr and Gordon, 1990) and the

predicted signal sequence cleavage site of pTeFSPRP was calculated according to von Heijne

(1983) and confirmed by alignment of the N-terminal sequence of FSPRP with those of PRPs

present in other dicotyledonous plants (Figure 4.18a). Presence of the signal sequence,

together with absence of an endoplasmic reticulum signal KDEL or HDEL (Denecke et aI.,

1992) suggests that the pTeFSPRP mature protein, like other PRPs, is targeted to the secretory

pathway in fibre cells and thus localised in the extracellular matrix.

Hydropathy profiles (Figure 4.18b) of the pTeFSPRP amino acid sequence showed that
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Fieure 4.18: A cotton fibre-specific PRP

a. N-terminal sequence alignment of the mature cotton fibre PRP, FSPRP, with N-
terminal sequences found in PRPs of other dicotyledonous plants. Amino acids are indicated by
single-letter nomenclature and the amino acids which are in bold type indicate identity with the
FSPRP sequence. The first repeat unit in the three soybean PRPs is underlined.

b. Comparison of the hydropathy plots of a cotton fibre-specific PRP with the
homologues from soybean (SbPRPl; Hong et aI., 1987) and carrot (DcPRPl; Ebener et al.,
1993). The horizontal scale indicates the number of amino acid residues and the vertical one
the relative scale, according to Kyte and Doolittle (1982). Points above the horizontal line
correspond to hydrophobic region and points below this line are hydrophilic. SbPRPI contains
43 repeats of a sequence consisting primarily of PPVYK, whereas the less well-defined
repetitive elements in DcPRPI are interspersed with unique regions of sequence.
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the hydrophobic signal sequence is followed by a highly hydrophilic region which is

representative of the mature protein. Assuming that the cleavage site of the protein is between

amino acid residues 23 and 24 (Figures 4.ll and 4.18a), the mature protein, designated

FSPRP, has2l6 amino acids with a calculated molecular weight of 31561 Da and a pI of 10.5,

which fall into the range reported for other plant cell wall PRPs. Also apparent from the

hydropathy profile is the repetitive nature of the protein sequence, which is typical of plant

PRPs (Figure 4.18b) but which can diverge widely between PRPs from different plants.

PRPs show a large degree of heterogeneity in their amino acid compositions and PRPs

may even tolerate the loss of integral repeat units (Showalter and Rumeau, 1990; Keller,1993;

Showalrer, 1993; Schmidt et aL, 1994). The FSPRP protein is highly enriched in proline (111

residues, 4OVo),lysine (59 residues,2TVo), glutamic acid (33 residues, I2Vo) and tyrosine (23

residues, 8Vo), and therefore resembles those PRPs isolated from soybean, which lack histidine

and serine but have high levels of tyrosine and lysine. FSPRP has a greater amount of acidic

amino acids (such as Glu) than the majority of soybean PRPs. Particularly interesting in the

FSPRP deduced amino acid sequence is its repeat structure. The FSPRP repeat unit appears to

be related to the plant PRP motif PPVYK (Showalter, 1993). Josè and Puigdomènech (1993)

classified PRPs into four groups based on the repeat unit sequence, and the sequences may

diverge widely from the general element PPVYK. V/ith the aid of the hydropathy profile

(Figure 4.18b), it is possible to divide the pTeFSPRP protein into four regions based on repeat

sequence structure (Figure 4.I9). The first includes the hydrophobic signal peptide and the 28

N-terminal residues of the mature protein, both of which have little or no repeat sequence

(Figure 4.19a). The centre region of the protein consists of two distinctparts. The first (Figure

4.19b) contains small repeats of 15 residues each, within which can be identified regions similar

to the general element PPVYK (Josè and Puigdomènech, 1993). In a similar way, the repetitive

pentapeptides in a soybean PRP (Hong et aL.,1990) and in the homologue from alfalfa (IMilson

and Cooper, 7994) are arranged into longer decapeptide repeats. The second repetitive region
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A. MMSTTHLLVFLLGWTLTTPTFG S PNYGKP PT PVFKP PKVKPP PYE PK
Ît""

b. PPVYEPPKKEKPEPK
PP\ryA,PPKKEKHGPK
PPMYEPPKKEKPEPK
PP\TYTPPKKEEPKPK
PPVYEPPKKEKPEPK
PPIYTPPKKEKPEPK
PPVYEPPKKEKPEPR
PPVYTPPKKEKPEPK
PPVYE

c P PKK P PMYE PK P PK P P\TYT P PKKEKPE PKBPI/IYE
P PKKP PMYE PKP PKPP\TYTPPKKEKPE PKPPIÍYQ
P PNNP P T YE PKP PKP P\TYAP PKE EKPKPK P P\rYD

d. APAHEPPYGHYPGHPPLGKPQ*

Fisure 4.19: The repeat structure of a cotton fibre-specific pRp

The amino acid sequence of a cotton fibre-specific PRP, divided into four regions or

domains, based on their apparent repeat unit structure and the hydropathy profile of

preFSPRP. Sequences reminiscent of the general PRP element, PPVYK, are underlined.

a. Amino acids I to 51 of the pTeFSPRP conceptual amino acid sequence, lacking in

repeat structure. The putative signal peptide cleavage site is marked with an arrow.

b. Amino acids 52 to 176 of the pToFSPRP conceptual amino acid sequence, arranged in

tandem repeats of 15 amino acids each. Included is the intervening region between the blocks

of repeats, consisting of five amino acids.

c. Amino acids 777 to 218 of the pTeFSPRP conceptual amino acid sequence, arranged

in tandem repeats of 34 amino acids each.

d. Amino acids 279 to 299 of the pTeFSPRP conceptual amino acid sequence, lacking in

repeat structure.
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consists of three direct tandem repeats of 34 residues each and of the sequence

pp(KA{xK/N)p p(M/r)yEp KppKp pvy(r/A)p PK(KÆ)EK P(E/K)PKP P(M/V)Y(Q tDlE)

(Figure 4.19c). The carboxy terminus of the FSPRP protein, like the amino terminus, is

apparently devoid of a repeat structure (Figure 4.19d).

PRPs are encoded by a small multigene family in several plant species, the members of

which are tightly regulated and exhibit cell- and tissue-specific patterns of expression as well as

developmental regulation (Keller, 1993; Showalter, 1993; Schmidt et aI., 1994). PRPs are best

characterised in soybean, for which several different cDNAs (Hong et aI., 1987; Averyhard-

Fullard et a1.,1988; Datta et aL, 1989) and three different genomic clones (Hong et aI., 1987;

Datta and Marcus, 1990; Hong et aL,1990) have been isolated. Individual PRP mRNAs are

expressed differentially in the apical, elongating and mature regions of the soybean hypocotyl

(Wyatt et a1.,1992).

Regulatory studies indicate that members of the PRP gene family from several plants arê

involved in various aspects of development, ranging from germination to the early stages of

nodulation, and expression is often limited to specific cell types or organs (reviewed in

Showalter and Rumeau, 1990). In addition to their developmental regulation, several PRP cell

wall proteins have been implicated in plant defense reactions and as a response to wounding.

For example, insolubilisation of PRPs has been observed in wounded bean hypocotyls and after

fungal elicitor treatment of soybean cell cultures (Bradley et aI., 1992). PRP expression in

carrot (Chen and Varner, 1985; Ebener et aI., 1993), bean (Sheng et a1.,1991) and soybean

(Kleis-San Francisco and Tierney, 1990) is wound inducible. Immunolocalisation of cell wall

PRPs in several plant species seems to indicate that PRP localisation is related to the pattern of

lignification (Ye et aI., l99l), however some of the cells in which soybean PRP gene

expression is found have only primary walls which are not lignified (Wyatt et aL, 1992).

Moreover, work in this thesis has isolated a PRP which is abundant in cotton fibres, a cell type

which lacks lignin. These data, together with the complex patterns of expression observed for
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members of PRP gene families, preclude a simple correlation of PRP function with a known

cell wall structure. It is possible that PRPs could play different roles in different cell types.

The precise function of PRPs is therefore unknown, but a general role in the

strengthening of plant cell walls is envisaged. PRPs are not solubilised by high salt (Datta et

al., 1989) and are thought to be bound to the cell wall in complex structures. They may form a

cross-linking network, as proposed for extensins (Fry, 1986; Cooper et a1.,1987), or they may

interact with other components of the cell wall. Support for the latter hypothesis comes from

the demonstration that many proline-rich proteins isolated from bacterial and mammalian

systems are involved in binding processes which are generally mediated by the proline residues

@illiamson, 1994). PRPs, typically with tandemly repeated sequences 5-8 residues in length,

have been demonstrated to bind cytoskeletal proteins such as actin. In addition, mammalian

salivary and some fungal PRPs probably function to bind plant polyphenols (Murray et al.,

1994). Such a cross-linking network would strengthen the cell wall against environmental

stress and pathogen attack (Bradley et a|.,1992)

4.5.3f A PRP Specific to Cotton Fibres

Proteins such as PRPs, which presumably have a structural role in plant cell walls, are

expected to be abundant in rapidly elongating cells such as cotton fibres, since such growth

requires a continuous supply of wall materials. An increase in mRNA levels of a barley PRP

has been observed in cells of the leaf extension zone of a slender mutant (Schünmann et al.,

1994). The slender phenotype is characterised by an increased leaf extension rate, resulting in

part from epidermal cells which are both longer and narrower than wild type. Expression of

several PRP genes is responsive to auxin, a plant growth factor which is involved in the

enhancement of cell elongation and enlargement (Hong et aL, 1987; Ebener et aL, 1993) and

has been implicatedin control of cotton fibre development (Section 1.3.3c). It is notable that

FSPRP transcripts are abundant early in fibre development, during elongation, and that mRNA
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levels decrease at the onset of secondary wall synthesis when mainly cellulose is deposited

(Figure 4.4b). However, it is unknown whether the levels of FSPRP correlate with the

abundance of its mRNA and previous work has identified the possibility of post-translational

gene regulation in cotton fibres (John and Crow, 1992; John and Keller, 1995). Interestingly,

SbPRPI in soybean is predominantly expressed in epidermal cells and in the seed coat (Wyatt

et a1.,1992).It would be of interest to determine whether FSPRP expression occurs in all cells

of the seed coat or whether expression is confined strictly to fibre cells.

The nucleotide sequence of cFS17 and the deduced amino acid sequence did not show

significant similarity to a proline-rich protein previously isolated from cotton fibres, H6 (John

and Keller, 1995). The H6 gene, like pFS17, is expressed predominantly in cotton fibre cells

and the transcript is present during early primary cell wall formation. Cotton protein H6

contains 17 copies of a repetitive pentameric motif of (Ala/Ser)(Thr/Ser)Pro Pro Pro which is

clearly different from the FSPRP repeat unit(s) and places H6 in the arabinogalactan-binding

group of proteins or AGPs (Section 1r4.2a). The appearance of the H6 protein coincides with

the onset of secondary wall synthesis and suggests a translational regulation of H6 expression,

as well as transcriptional regulation, and a possible role for the protein in the assembly of the

cell wall matrix.

Yet another fibre-specific protein, B6 (John, 1995), contains two proline-rich peptide

regions, both of which are dissimilar to the repeats identified in the FSPRP sequence. The 86

mRNA is present during both the primary and secondary cell wall synthesis stages of fibre

development and the encoded protein contains a hydrophobic N-terminus which may be

indicative of presence of a signal peptide. The function of the B6 protein in fibre cells is

unknown.

4.5.3g Isolation of a Putative pFS17 Genomic Clone

The insert fragment from pFSl7 was used to screen a partial genomic library consisting
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of 1.6 x 10s recombinants, resulting in a single isolate which only weakly hybridised the probe.

The positive clone was previously identified in the screening of the genomic library with the

pGhEF-1cx insert (clone ÀS5) and its characterisation is described in Section 3.6. Both probes

showed weak hybridisation to the genomic clone l"S5 and pFS17, like pGhEF-lc¡¿, hybridised

to the XhoI and SacI doublet fragments of ÀS5 (Figure 3.9). pFS17 also hybridised a 3.1 kb

Xholfragment which is attached to the short arm of ÀGEM-11'" in clone l,S5 (Figure 3.9),

together with the corresponding12 kb EcoRI fragment and2.8 kb SacI fragment. Since pFS17

hybridises more strongly to both these fragments than does pGhEF-lo, it may be that the 2.8

kb S¿cI fragment of l,S5 contains sequences unique to the pFSl7 probe, or regions that are

more similar to the pFS17 sequence (Figure 4.13a) than to the pGhEF-lcr sequence (Figure

3.e).

It is possible that l"S5 contains the gene which corresponds to the fibre-specific pFS17

cDNA. The repeat unit of approximately 4.5 kb is sufficient in size to contain the coding

regions for the 1.2kb pFS17 cDNA, in addition to possible coding regions for an EF-1cr gene.

However, given the relatively weak hybridisation of pFSlT to the genomic clone, and the equal

hybridisation of an apparently unrelated sequence, l,S5 is unlikely to contain the FSPRP gene.

Further characterisation of genomic clone ÀS5 was not pursued beyond the work outlined in

Chapter 3. Probing of the genomic library with the complete 1.2 kb cDNA may result in

isolation of further positives which hybridise more strongly to probe sequences and are

therefore better candidates for the fibre-specific PRP gene.

Anal

Presence of a PRP gene family in cotton was confirmed by Southern analysis. Probing a

Southern blot of restricted cotton genomic DNA with the pFS 17 insert resulted in two to five

hybridising genomic fragments for each enzyme (Figure 4.20). The cotton genome contains a

small PRP gene family, the members of which have varying degrees of similarity to the pFS17

r66
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2.0 kb 
-

Figure 4.20: Southern analysis of fibre-specific cDNA clone pFSl7

Genomic Southern blot probed with the pFSl7 insert. Each lane was loaded

with 10 pg of total genomic DNA cut with restriction enzymes which do not contain

recognition sites within the cFS17 sequence. Numbers on the left represent the

molecular weights of wild type Lambda DNA restricted with HindlII (kb) and arrows

indicate genomic fragments of a similar size as those hybridised by pGhEF-lcr. Lanes

are G. hirsutum L., cv. Siokra 1-2 DNA restricted with endonucleases as indicated.
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CDNA clone. Observation of low-level hybridisation to mRNAs in cotton tissues other than

fibres (Figure 4.4b) implies that pFS17 may be detecting transcripts from another member of

the PRP gene family, depicted in Figure 4.20.

The pFS17 Southern, as expected, contained some hybridising bands which were similar

in size to those obtained when an identical Southern was probed with pGhEF-la (Figure 3.7;

arrowed in Figure 4.20). Restriction of genomic DNA with EcoRI resulted in a commonly

hybridising fragment of around 12 kb in size, and restriction with BgIII (a common band of
i "ol sL-- r,- F$t^,,,c-s.1 ) 6of showw ì',r, Fgu^N-r.f

approximately 9 kb), NcoI (a common band of approximately 9 kb), XbaI (common bands ofA-^

approximately 6 kb and 7 kb), HindIII (a common band of approximately l0 kb) and SacI

(common bands of approximately 4 kb and 18 kb) also resulted in genomic fragments which

hybridised both probes. The 4 kb SacI band corresponds in size to the 4.5 kb restriction

fragment (doublet) of 55 and most likely corresponds to this fragment of the genomic clone.

The majority of the hybridising genomic DNA fragments were unique to each clone,

suggesting that, whilst there are sequences common to both pFSlT and pGhEF-1cx contained

in a single genomic fragment, 1"S5, there are sequences unique to each clone which are widely

dispersed throughout the genome.

4.5.4 Cotton Fibre-specifTc clone pFS18

pFSl8, Iike pFS3, did not detect similar sequences in any other fibre-specific cDNA clones

(Figure 4.3b). The insert of pFS 18 was fully sequenced and at 127 bp, was among the shortest

of the fibre-specific cDNA clones (Figure 4.21). The sequence was AT-rich, with'76Vo AT,

and a sequence identical to the polyadenylation consensus sequence 5'-AATAAA-3' was

identified at nucleotide position 76 in the pFS 18 sequence.

Database searches with the pFSl8 sequence failed to identify any closely related genes or

cDNAs (GenBank and EMBL, September 1994). This is not unexpected given the length of

168



CTTTTTGTTTC TTGATCTATAATATTATATTTGGC CAAATTTCTCATTTTC CAGATGTAG
1 ---------+---------+---------+---------+---------+---------+ 60

AÄÄÀAÄA
L2r ------- r¿ I

Fieure 4.2L: Nucleotide sequence of cDNA clone pFSl8

Complete insert sequence of fibre-specific cDNA clone pFS18. The putative

polyadenylation signal is double underlined and a possible stop codon TGA is in bold.
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the sequence and the possibility that, while a putative TGA stop codon is present in the pFS18

sequence (Figure 4.21), the clone may not contain any coding sequences. pFS 18 may represent

only the 3' untranslated region of the corresponding fibre-specific mRNA. The sequence of

pFS18 diverged from fibre-specific cDNAs isolated from other cotton varieties (John and

crow, 1992; Delmer et al., 1995; John, 1995; John and Keller, 1995; Ma et al. 1995)

suggesting that pFS 18 is a novel fibre-specific cDNA. Despite the fact that pFS 18 was clearly

fibre-specific in the differential screen (Figure 4.2), it lvas an ineffective probe to Northern

blots of cotton RNAs.

The AT-rich nature of the sequence rendered pFSl8 unsuitable for 5'-RACE

experiments, since 5'-RACE requires two primers of at least 25 bp each, both with GC

contents of 45-65Vo. The sequence of pFS18 \¡/as too short to allow design of primers which

did not undergo extensive intra- and inter-molecular hydrogen bonding. In addition, primers

complementary to pFS 18 would have a low binding specificity due to their low GC content

and would most likely amplify the 5'ends of cDNAs other than pFS18.

In an effort to obtain a full-length cDNA clone, longer pFS18 homologues were isolated

from the 13 DPA fibre cDNA library. One homologue was used to demonstrate the fibre-

specific expression of pFS18, and its temporal expression through fibre development (Figure

4.4b) was determined. pFS l8 transcripts peak in concentration at around 12-14 DPA, at a time

immediately prior to onset of the secondary wall synthesis phase of fibre growth. It is unknown

whether the appearance of the pFS 18 protein correlates with its accumulated transcript, but it

is nevertheless tempting to speculate that the pFS18 protein has a role in secondary wall

synthesis such as the one proposed for a fibre-specific GTP-binding protein (Delmer et al.,

1995; Section 1.6.2).

4.5.4b Isolation of a Putative pFS18 Genomic Clone

In order to isolate genomic sequences corresponding to cDNA clone pFS18, a Siokra
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7-2 partial genomic library consisting of 1.6 x 10s clones was screened with the pFS18 insert'

Three clones showed weak hybridisation to the probe, one of which was the pGhEF-lo

genomic clone l,S5 (Chapter 3). Since two other cDNA clones, pGhEF-lcr and pFS17 also

show weak homology to î,S5, the observed weak hybridisation by pFS18 to ÀS5 can be

considered to be non-specific. The three cDNA clones which hybridise l"S5 do not show any

significant pairwise sequence similarity other than that they are all AT-rich.

Of the remaining two positives, ÀFS 18(A) was purified and partially restriction mapped

(Figure 4.22). It was apparent from the restriction patterns that clone ¡,FS18(A) had an

unusual structure in that the left arm of the ÀGEM-I1'" vector appeared to contain a single

internal BamHI site. Complete digests using combinations of the three enzymes failed to

resolve the map. Thrc 4.6 kb BamHI fragment was uncut in double digests with SøcI and XhoI,

and oligonucleotide ON-L annealed to a fragment of approximately 4.6 kb in a complete

BamHI restriction of ÀFS18(A) DNA (not shown). Bacteriophage vectors such as wild type

lambda, ?,,ZAP@I (Short et a\.,1988) and Àgt10 (Huynh et al., 1985) possess BamHl sites at

nucleotide position 5510 in the sequence of their left arms, but the genomic cloning vector

used in this study, ¡,GEM-11'", is a derivative of EMBL3 (Frischauf et a|.,1983) and contains

two BamHI sites, which are present in the duplicated multiple cloning site. In addition,

restriction with SøcI did not produce the expected 9 kb derivative of the right arm of

ÀGEM-11'", although a2O kb restriction fragment corresponding to the left arm of the vector

was produced (not shown). Similarly, restriction of ì,FS18(A) DNA with XhoI did not

generate either of the vector arms. The only conclusion which can be drawn is that the ÀGEM-

I l'" used in construction of the genomic library contains a small amount of contaminant arms

from a phage other than I"GEM-I1'" and it is into these that the 14.2 kb },FS18(A) insert was

cloned.

Southern experiments showed that the insert from pFS18 had the greatest amount of
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homology to sequences in the 4.5 kb SacI fragment of ÀFS18(A) (Figure 4.22). pFSl8 also

hybridised weakly to l,S5 DNA, showing approximately equal hybridisation to each of the

three SøcI and XhoI insert restriction fragments (not shown). The degree of hybridisation by

pFS18 was similar to each of the genomic clones (not shown), and the insert from clone

pGhEF-lcx (Chapter 3) showed a comparable degree of hybridisation to l,S5 and IFS18

sequences (not shown)

Attempts to subclone the 4.5 kb SøcI fragment of }"FS18(A) into a plasmid vector were

unsuccessful and since probe pFS 18 showed a similar degree of hybridisation to each of the

genomic clones ¡,FS l8(A) and 1"S5, the characterisation of ÀFS 18(A) was not pursued further

Use of longer pFS18 cDNA homologues to rescreen the genomic library may result in the

isolation of further genomic clones which are better candidates for the pFSl8 gene than

ÀFS18(A) and ÀS5

4.6 SuvrvrARY AND CoNcr,usroNs

Five fibre-specific cDNA clones were isolated by differential screening of a oDNA library

from cotton fibres, a developmentally synchronous population of non-dividing cells. The genes

corresponding to these cDNAs were expressed preferentially in fibre cells and exhibited

differing patterns of temporal expression during fibre development. All of the cDNA clones

correspond to abundant transcripts in fibre cells 13 days after anthesis. Observation of low-

level hybridisation to mRNAs in cotton tissues other than fibres may indicate a basal level of

expression in all tissues, or cross-hybridisation to transcripts from other diverged members of

the gene family, as may be the case for pFS1, pFS3 and pFS17.

Conceptual translations of three of the clones showed significant amino acid sequence

similarity to previously characterised plant proteins and all three detected transcripts which

were most abundant in the primary wall synthesis, or elongation, phase of fibre development.
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The function of pFS 1, which showed homology to a previously reported fibre-specific

sequence (John and Crow, 1992), is unknown but the protein is thought to play a structural or

enzymatic role in fibre development.

Appearance of fibre-specific proline-rich protein (PRP) transcripts during elongation of

the fibre cell is consistent with a presumed structural role for FSPRP in the strengthening of

the cell wall. Such an event would occur during primary wall synthesis, as secondary wall

synthesis in cotton fibres consists primarily of cellulose deposition. It should be emphasised

that the FSPRP cDNA has not been shown to encode a cell wall protein. However,

circumstantial evidence strongly suggests that the pFS17 cDNA encodes a protein destined for

the cell wall as its conceptual translation shows numerous properties similar to PRPs from

other higher plants. Based on sequencing studies of large numbers of fibre-specific cDNA

clones, John and Keller (1995) suggest that H6, an AGP-like fibre-specific protein, is the major

proline-rich protein in fibre. However, our results suggest that in G. hirsutum L., cv. Siokra 1-

2, FSPRP is the major proline-rich protein in the walls of cotton fibres.

Scqucnce analysis of the remaining two clones suggests that they rruy cncode as yet

uncharacterised protein products. Since pFS3 transcripts are detectable in fibres aged 6 DPA

to 20 DPA, it is conceivable that the protein has a general role in fibre development and may

be involved in both primary wall synthesis and secondary wall deposition. The abundance of

pFS18 mRNA appeared to peak at 12 to 14 DPA, prior to the time of transition between the

elongation (primary wall synthesis) and secondary wall deposition phases of fibre growth,

suggestive of a function for the pFSl8 protein in secondary wall deposition and possibly in the

deposition of cellulose microfibrils.

In a similar study, John and Crow (1992) did not detect any subset of genes that are

expressed during a given developmental stage, prompting the suggestion that most of the

genes in cotton fibres are active throughout the development of the fibre cell. In contrast, we

have isolated only one fibre-specific cDNA, pFS3, whose transcripts are present in abundance
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throughout the development of the fibre, up to 20 DPA. Transcripts corresponding to the

remaining four genes vary in abundance as the fibre develops, suggestive of temporal control

of gene transcription in addition to spatial control. Results obtained in these experiments thus

indicate a role for transcriptional control of gene expression in cotton f,tbre cells, in addition to

the translational control observed for other fibre-specific genes (John and Crow, 1992; Iohn

and Keller, 1995).
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CHAPTER 5

Selective Expression of a Lipid Transfer

Protein Gene in Developing

Cotton Fibre Cells





5.1 INTnoDUCTIoN

Five fibre-specific cDNA clones were isolated by differential screening of a cDNA library

from cotton fibres and their partial characterisation is described in the previous Chapter. The

fibre-specific transcripts were abundant in fibre cells and exhibited differing patterns of

temporal expression during fibre development, but were essentially absent from other cotton

tissues. Transcripts corresponding to one clone, pFS6, represented the most plentiful class of

fibre-specific cDNAs and is the most abundant fibre-specific mRNA in 13 DPA cotton fibres

(Table 4.1).

Described in this Chapter is the characterisation of fibre-specific cDNA clones within the

pFS6 group, together with the isolation and characterisation of the full-length pFS6 cDNA and

the partial characterisation of two corresponding genes from the Siokra 1-2 genome.

5.2 SnounNcn Axnlvsrs or pFS6-nnlarED cDNA CLoNBS

Sequence information for cDNA clone pFS6 was used in an initial attempt to determine

potential function of the encoded protein. However, screening of the nucleotide databases

(GenBank and EMBL, December 1994) with the I49 bp sequence of pFS6 was uninformative.

The short length of the pFS6 sequence and presence of a putative termination codon TGA at

nucleotide position two implied that the clone did not contain any coding sequences and

consisted of 3'UTR only.

Further pFS6Jike cDNA clones were sequenced in order to obtain a pFS6 sequence

which extended into the coding region of the pFS6 mRNA. Twelve pFS6-related fibre-specific

cDNA clones were identified in the differential screen, ranging in size from approximately 100

bp (pFS9) to 800 bp (pFS13) (Figure 4.3). Eight of the clones, pFS2, pFS6, pFS8, pFS13,

pFSl9, pFS21, pFS23 and pFS24, were sequenced, the results of which are summarised in

Table 5.1 and presented as an alignment in Figure 5.1. The inserts of all pFS6 homologues

depicted in Figure 5.1 except pFS13 and pFS23 were sequenced to completion.
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Figure 5.1: Sequencing of the pFS6 group clones

Alignment of nucleotide sequences of eight pFS6 group cDNA clones, not including

poly(A) tails, together with a consensus sequence, pFS6c. Numbering refers to nucleotides in

this consensus sequence. Putative TGA stop codons in each sequence are underlined and the

regions complementary to the S'-RACE cDNA primer (Pzl.I) and the 5'-RACE PCR primer

(P21.2) are boxed. Sequence differences between the clones are marked with asterisks below

the consensus sequence and putative polyadenylation signals are double underlined.

Of the clones with multiple inserts, pFSl3, pFS23 and pFS24, only the relevant sequence

is shown in the alignment. The partial sequence of cDNA clone pFS13 from the RSP of

pBluescript@SK(-) is shown, and extends from nucleotide 1 to nucleotide 255 of the pFS6c

sequence. The additional 5' sequence of pFS13R was not incorporated into the pFS6c

consensus sequence since the possibility of a multþle insert in this region could not be

excluded.
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pFS2
pFS 6

pFSS
pFSl-3
pFS19
pFS2 1
pFS23
pFS24

AGCTC CCTCGCACCCTGCATTGGTlACTTGACAGGGAAîGGTGCTGGTGGCGTTCCCCCA

+ + + +---------+---------+ 36
pFS2
pFS6
pFSS
pFS13
pFS19
pFS2 1
pFS2 3
pFS24
pFS6c

pFS2
pFS6
pFSB
pFS13
pFS19
pFS2 1
pFS2 3
pFS24
pFSSc

pFS2
pFS 6

pFSS
pFS13
pFSl-9
pFS2 1
pFS23
pFS24
pFS6c

pFS2
pFS6
pFSS
pFSl-3
pFSl-9
pFS2 1
pFS2 3
pFS2 4
pFS6c

pFS2
pFS6
pFSS
pFS13
pFS19
pFS2l_
pFS2 3
pF524
pFS6c

::T::r::::::::iTTTT:l:i3ffi8i:333:3:3:ffiEffi:i33å3î3333:ffi
--------TCAA

cTc.A-ã,cTccGccGcccÀ.AÀclAÀcÀccÀGAccGGcÀÀ

31 ---------+---------+---------+---------+---------+---------+ 96
- _ _ - _ - -GCÄÀÀ'TGCATCAAÄAGTGCGGCCGCCGGCATTICTGGCATCAACTATGGTATT

GCAGCTTGCAAATGCATCAÀÀ.AGTGCGGCCGCCGGCATTTCTGGCATCAÄ,CTATGGTATT
GCAGCTTGCAÄA,TGCATCAAÄAGTGCGGCCGCCGGCATTTCTGGCATCAACTATGGTATT
GCAGCTTGCÄÄATGCATCAÀAAGTGCGGCCGCCGGCATTTCTGGCATCAACTATGGTATT

97 ---------+---------+---------+---------+---------+---------+ 156
GCAAGCGGACTC CCAGGCAAGTGCGGTGTCAACATC C C TTACAAGATCAGC C CTÀGCAC T

;;^"õã; ;;;;;;;¡il;;:33i3i:ffi 3åi:::iiå8ffi3åi3å3333iâ3:å3i
GCAAGCGGACTCCCAGGCAAGTGCGGTGTCAACATCCCTTACAAGATCAGCCCTAGCACT
GC.AAGCGGAC TCCCAGGCAAGTGCGGTGTCAACATCCCTTACAAGATCAGCCCTAGCACT

L57 ---------+---------+---------+---------+---------+ + 2L6
GAC TGCAACAGC GTCA.A,G TGAAGTTTTGGCATGGAÀÀGTTCACCAGCTAGTGGAAGC CAA,

- - - - - - - -GTGAAGTTTTGGCATGGAÄAGTTCACCAGCTAGTGGAAGCCAA
GACTGCAACAGC GTCAAGTGAAGTTTTGGCATGGAAAGTTCACCAGC TAGTGGAAGCCAA
GAC TGCAACAGCGTCAAGTGAAGTTTTGGCATGGAAAGTTCACCAGCTAGTGGAAGC CAA
GAC TGCA.A,CAGC GTCAÀG TGAÀGTTTTGGCATGGAAAGTTCAC CAGC TAGTGGÀAGC CAJ\
GAC TGCAACAGC GTCAAGTGAÀGTTTTGG CATGGAAAGTTCAC CAGC TAGTGGAAGC CAA
- TC TGCAACAGC GTCAAG TGAAGTTTTGGCATGGAAAGTTCAC CAGC TAGTGGAAGC CÄA

CAA

21-'7 ---------+---------+---------+---------+---------+ + 276
AATAÀ,C GATAGC TÀCAGAATAAATÀTGGATGTTA.AÀATTC CAGAGTTGTGGGTTGTGTAC
AATAÀC GATAGC TACAGAATAÄATATGGATGTTAA.AATTCCAGAGTTGTGGGTTGTGTAC
AATAACGATAGC TACAGAATA.AATÀTGGATGTTAÄÀATTC CA,GA,GTTGTGGGTTGTGTAC
AATAACGATAGC TACAGAATAAATATGGATGTTAAAATT - - - - - - -
AAT.AÄCGATAGC TACAGAATAÄÀTATGGATGTTAAÄATTC CAGAGTTGTGGGTTGTGTAC
AATAACGATAGC TACAGAATAÄATATGGATGTTAAAATTCCAGAGTTGTGGGTTGTGTAC
AATAACGATAGC TACAGAATAAATATGGATGTTAAAATTC CAGAGT TGTGGGTTGTGTAC
AAT AACGATAGC TACAGAATÀAATATGGATGTTAAAATTCCAGAGTTATGCGTTGTGTAC
.ãÀTÀÀCGÀTÀGCTÀCÀGÀÀTÀÀÀT.ATGGÀTGTTÀ.4.4ÀTTC CÀGAGTT GTGGGTTGTGTÀC**
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pFS2
pFS6
pFSS
pFS13
pFSl_9
pFS2l_
pFS2 3
pFS2 4
pFS6c

2''17 ---------+---------+---------+---------+---------+ + 329
TATGC C GC TTTATGCGAC TACGTAÄTATTA.A,CTTTATC TACAAAT TAATATCA -
TATGCCGCTTTATGCGACTACGTAATATTAACTTTATCTA-AAATTA- - - - - - -
TATGCCGCTTTATGCGACTACGTAATATTAACTTTATCTACAAATTAATATCACTCGTCT

TATGC CGC TTTATGCGAC TÀCGTAATATTAAC TTTATCTACAÄ.A,TTÄÄTATCAC TCGTC T
TATGC CG C TTTATGCGAC TACGTAATATTAACTTTATC TACÀÄATTÀATATCA -
TATGC CGC TTTATGCGAC TACG TAATATTAAC TTTATCTACAAATTAATATCA -
TATGC CGC TTTATGCGAC TACGTÀATATAATC TTTÄTC TAC.AÄATTAGTATCA -
TÀTGC CGC TTTÀTGCcÀC TÀCcT.A.A,TÀtgÀÀCTTTÀTCTACÀ.â.à.TjEETÀTCÀ****

CCATTTCCCA

CCATTTCCCA

pFS2
pFS6
pFSB
pFSl-3
pFS19
nE'e 1 1

pFS2 3
pFS2 4
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Table 5.L Sequencine of the pFS6 eroup clones

Category
of

transcript
length

pFS6
clone
group

Fibre-
specif,rc

cDNA
clone

Poly(A)
tail

Insert
size (bp)

Features of note

Short Group I pFS6 149 (A)rs

Medium Group II pFS2 286 (A)rs

(A)zq

(A)z

(A)tz

pFS2l 296

pFS23 l7l

Group III pFS24 131

Long Group IV pFSS 221

Defining and shortest clone, has a

single nucleotide deletion relative
to the Group II sequence

Longer than pFS6 by six 3'-
terminal nucleotides

Identical to pFS2 but extended 10

bp further into the coding sequence

Contains multiple inserts but 171

bp is the limit of identity to pFS2

Identical to the Group II clones in
length but contains five nucleotide
substitutions; comprises multiple
inserts

Identical to the Group II sequence

except for an additional 17 bpto
the 3'end

Identical in sequence to pFSS but
lacks a poly(A) tail

pFS19 346

(A)oo

Unknown Unknown pFS13 339 Incomplete at the 3' end but
otherwise identical to the Group II
sequence; comprises multiple
inserts

Sequence alignment of the eight clones revealed variation in both sequence and length at

their 3'ends (Figure 5.1) and enabled the clones to be divided into four groups (Table 5.1).

Three length variants were observed in addition to some minor sequence differences between

the clones. An intermediate class of transcript encompasses clone Groups II and III and

includes pFS2, pFS21, pFS23 and pFS24 which are 6 bp longer than pFS6, the shortest cDNA

(Group I). Since half of the sequenced clones were intermediate in length, this length was

incorporated into a consensus sequence for the pFS6Jike clones, designated pFS6c (Figure

5.1). The remaining clones, pFSS and pFS19, constitute a class of cDNA, Group IV, which is
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23 bp longer than pFS6. The classification of pFSl3 is unknown due to an incomplete

sequence at the 3' end. Five nucleotide substitutions were observed in pFS24 and a deletion of

one nucleotide from the pFS6 sequence was observed (Figure 5.1) compared with the putative

consensus sequence.

There are several explanations for the sequence and length divergence between the pFS6

homologues. The length differences may have arisen as a result of cloning artefacts and the

single nucleotide differences observed in pFS6 and pFS24 may result from reverse

transcriptase errors during cDNA synthesis. In particular, the single nucleotide deletion from

pFS6 (Figure 5.1) may have occurred as a result of enzyme slippage during transcription of the

gene or reverse transcription of the mRNA. However, since most of the sequence differences

occur in pFS24, they are clearly not random, as would be expected if the differences were due

to enzyme or sequencing error. Alternatively it may be that the different pFs6-like cDNA

classes represent transcripts from distinct but closely-related members of a fibre-specific gene

family in Siokra l-2. The genes may have diverged in both sequence and length, possibly

without affecting the coding regions of the genes.

Another explanation is that the three cDNA length variants result from alternative use of

the three putative polyadenylation sites within the cDNA sequences. Analysis of the 3'

untranslated regions of the cDNAs revealed the presence of a polyadenylation signal sequence

5'-AAUAAA-3', 89 nt upstream from the site of polyadenylation. In addition, there are two

divergent polyadenylation signals, 5'-AAUAUU-3' and 5'-AAUUAA-3', which occur 23 nt

and 4 nt upstream from the site of poÌyadenylation respectively (Figure 5.1). Multiple

polyadcnylation sites are a common feature of plant genes, and in some cases, these are used

differentially during development. In genes with multiple poly(A) sites. each site is controlled

by a different Aü\UA\rA,A-like element (Mogen et aL,1992), and it is thought that the relative

effectiveness of each motif may be influenced by cis-acting sequence elements, located

upstream or downstream of the cleavage site. The defining feature of most cleavage and
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poly(A) sites in plant genes is probably the occurrence of a YA dinucleotide (Y - pyrimidine)

in a U-rich sequence context (reviewed in Hunt, 1994). Such a feature is present in all three

putative polyadenylation sites of the consensus pFS6 cDNA sequence.

In contrast to mammalian systems, polyadenylation signals in plant genes are ill-defined

and results from several experiments suggest that variation from the canonical signal,

AAUAAA, can be tolerated (V/u er aI., 1993; Rothnie et aI., 1994; Li and Hunt, 1995). In

some cases, variant signals aÍe used preferentially (Heidecker and Messing, 1986).

Compilational analyses of plant nuclear gene sequences suggest that conservation is restricted

to the first three nucleotides only, AAU (Joshi, 1987a).In addition, AAUAAA-like elements in

plant genes can be situated very near to their associated polyadenylation sites (Rothnie et aL,

1994; Li and Hunt, 1995). Taken together, the data suggests that all three putative

polyadenylation signals identified in the pFS6 consensus sequence may be functional. The third

putative signal, AAUUAA, may be utilised by the longest (Group IV) transcripts in this

sample, namely pFSS and pFS19 (Figure 5.1).

The pFS6 consensus sequence was used to identify the protein encoded by the group of

fibre-specific cDNA clones. The sequence of pFS6c showed significant similarity at the

nucleic acid level (GenBank and EMBL; March, 1995) to cDNAs encoding phospholipid

transfer proteins (LTPs), a class of plant proteins thought to be involved in the biogenesis of

cellular membranes (Arondel and Kader, 1990). In particular, the pFS6c nucleotide sequence

is very similar (91Vo) to that of GH3, a cotton fibre-specific LTP cDNA recently isolated

from Gossypium hirsutum L., cv. DESl l9 (Ma et aI., 1995: Section I.6.2). The 58 residue

conceptual translation of pFS6c shows 9IVo amino acid identity to the corresponding region

of the GH3 protein, containing five amino acid substitutions of which only three are to amino

acids with similar physical properties.

Notably, the cotton fibre-specific LTP cDNA isolated from cv. DES119, GH3 (Ma et

aL, 7995), can be classified as a member of the Group III pFS6-homologous clones which
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contains only pFS24 (Figure 5.1; Table 5.1). The length of GH3 is intermediate, placing it in

either Group II or Group III, but the 131 3'-terminal nucleotides of the GH3 sequence is

identical to the sequence of pFS24 and differs from the pFS6 consensus sequence. It may be

that GH3 and pFS24 are of the same LTP gene subfamily, whilst at least one other family

member is defìned by the remaining pFSó clones and the consensus sequence pFS6c.

5.3 SBoUENCE ANnrvsrs oF PF 56-r. Cr,oNns wITH Mur,rrpr,E INSERTS

Three of the pFS6 group clones which were sequenced, pFS13, pFS23 and pFS24,

contained multiple inserts as a result of cloning artefacts during cDNA synthesis. The pFS13

clone insert was expected to consist of multiple cDNAs since its size of approximately 800 bp

(Figure 4.3a) exceeded the estimated transcript size for pFS6 of 650 nt (Figure 4.4a). As was

the case for clone pFS14 (Section 4.5.3a), the non-pFS6 inserts do not affect the fibre-

specificity of pFS13 as a whole, since the clone was hybridised only by fibre cDNA in the

differential screen (not shown). Sequencing of pFS l3 yielded 293 bp (designated pFS 13F) and

339 bp (designated pFS 13R) from the (-40) and RSP of pBluescript@SK(-) respectively. There

was no evidence for multiple inserts such as presence of poly(A) tails, EcoR[ sites or NorI sites

with associated anchor sequences in either pFS13F or pFS13R and as expected, the sequences

did not overlap. The pFS 13R sequence (Figure 5.1) was identical to that of pFS6 except that it

was truncated at the 3' end, terminating at nucleotide 82 of the pFS6 sequence. Further

sequencing would reveal into which of the classes of pFS6-homologous transcripts it falls. The

remainder of the pFSl3R sequence was identical to that of pFS19 and extended the 5'end of

pFSl9 by 84 bp (Figure 5.1).

The293 bp pFSl3F sequence (nol. shown) ditlnot show amy sequence similarity to the

pFS6 group clones but a search of the nucleotide databases (GenBank and EMBL; January,

1996) revealed significant similarity to ADP-ribosylation factors (ARFs) from a variety of

plants. The cotton fibre ARF is homologous to several ARFs isolated from Arabidopsis
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(Regad et aI., 1993; Newman et al., 1994) and rice (Higo et al., 1994; Inoue et al., 1994:.

Sasaki et aI., 1994), in addition to those from Chlamydomonas reinhardrli (Memon et aL,

1995), potato (Szopa and Müeller-Röeber, 1994), maize (Verwoert et aI., 1995) and carrot

(Kiyosue and Shinozaki, 1995). The best match was a nucleotide identity of 86Vo with an

Arabidopsis ARF mRNA (Regad et aL, 1993) which incorporated the first 121 bp of the

pFS 1 3F sequence.

ADP-ribosylation factors constitute a family of GTP-binding proteins which have been

implicated in vesicle-mediated protein transport between the endoplasmic reticulum and the

Golgi compartments of yeast and mammalian cells (Balch et al., 1992). ADP-ribosylation

factors are distinct from the ras superfamily of GTP-binding proteins which contains two

cotton fibre-specific members (Delmer et al., 1995). It has also been postulated that ARFs

function as molecular switches that can be turned on by GTP and off by hydrolysis of GTP to

GDP. In this way they could control cell processes such as cell proliferation, differentiation and

intercellular vesicular transport (Verma et al., 1994). In cells of higher plants, as in other

eukaryotic cells, the Golgi apparatus is involved in the transport of storage proteins to the

vacuoles. Another function of the Golgi apparatus, unique to plant cells, is the synthesis of

complex cell wall polysaccharides, hemicelluloses and pectins (Moore et aI., 1991). Plant

ARFs and other small GTP-binding proteins should play a key role in these processes and may

have one or more of the above functions in cotton fibre cells.

Sequencing of clone pFS23, estimated in size at approximately 700 bp (Figure 4.3a),

revealed that it too contained multiple cDNA inserts. The 178 bp derived from the RSP of

pBluescript@SK(-), pFS23R, was identical to pFS2, placing it in clone Group II, and included a

poly(A) tail of seven adenine residues (Figure 5.1). Extensive cross-banding in the remainder

of the pFS23R sequence and in the pFS23 sequence obtained from the (-40) primer of

pBluescript@SK(-), presumably derived from an unrelated cDNA or cDNAs, prevented

determination of its nature.
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Similarly, the 464 bp pFS24 clone contained multiple inserts but without obvious

breakpoints between the independent cDNAs. The terminal 131 bp of pFS24 was identical to

the sequence of pFS2 except for five nucleotide differences which made the clone unique and

placed it in the third group of pFS6 homologues (Figure 5.1). The 261 bp of non-pFS6

sequcllce (not shown) showed a significant degree of similarity to an anonymous partial cDNA

sequence from the Arabidopsis expressed sequence tag (EST) collection (Newman et al.,

1994) and has no known function. The sequences showed 75Vo nucleotide identity over a I93

bp overlap.

5.4 Iso TION OF'THE LENGTH P cDNA RY 5'-RACE

Comparison of cDNA lengths (Figure 4.3a) with an estimated transcript sjze of 650 nt

(Figure 4.4a) indicated that a full-length cDNA was not present in the pFS$-related cDNA

clone sample. The remaining portion of the pFS6 mRNA was isolated via rapid, amplification

of cDNA ends (5'-RACE), using oligonucleotide primers complementary to the pFS6

consensus cDNA sequenco. The resultant 500 bp 5'-RACE PCR product (Figurc 5.2a, b) was

cloned and two positive clones, pFS6-30 and pFS6-56 (Figure 5.2c, d), were sequenced in

both directions.

An alignment of the S'-RACE clone sequences (Figure 5.3) includes an additional insert

of 111 bp which was excised by EcoRI from clone pFS6-56 (Figure 5.2d,, lane 3) and is

presumably a truncated 5'-RACE product which was cloned during the ligation step of 5'-

RACE PCR product cloning. The sequence of pFS6-56b showed a high degree of sequence

divergence (five single nucleotide substitutions; Figure 5.3) from the sequence of pFS6-30 and

the larger of the two inscrts of pFS6-56. Comparison of the pFS6-56b sequence with the

pFS6-like cDNA clones (Figure 5.1) revealed identity to pFS24 and GH3 (Ma et al., 1995) n.

the corresponding region, except for a single nucleotide substitution at position 46 in the

pFS6-56b sequence (Figure 5.3). Clearly, insert pFS6-56b is derived from extension of an LTp
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6RNA which is a member of the Group III pFS6 homologues, also containing pFS24 and

GH3. The minor sequence difference may be attributable to a difference in LTP alleles between

the cultivars G. hirsutumL., cv. DESl19 and G. hirsutum L., cv. Siokra l-2. A 5'-RACE

experiment which specifically targeted the pFS24 transcript or the identification of a full-length

5'-RACE product which extends pFS6-56b may result in isolation of a fulllength clone

identical in sequence to GH3.

Sequencing of the pFS6-30 insert and the larger insert of pFS6-56 both yielded44S bp of

sequence which, as expected, overlapped with the consensus sequence of the pFS6 cDNA

(Figure 5.3). In addition, the 5'-RACE derived sequence was identical to that of clone pFS13

(Figure 5.1). The two RACE clones were identical except for a single nucleotide substitution

at position 104, which results in substitution of a C in pFS6-30 for a T in pFS6-56 (Figure

5.3). The difference in sequence is most likely due to a Taq DNA polymerase error during

PCR but it is unknown which of the two clones contains the error. Sequencing of a third 5'-

RACE PCR product would resolve the discrepancy.

The full length cDNA, designated cFSltp, was constructed from the sequences of clones

pFS6 and pFS6-30 (Figure 5.4). The sequence contains a single, long open reading frame

which potentially encodes a I2O amino acid polypeptide, designated FSLTP, with a calculated

molecular mass of 11613 Da and a pI of 8.4. The putative initiation codon, at nucleotide

position 78 in the cFSltp sequence, contains a purine at the -3 position and a GCT triplet at

position +1 relative to the start site, which is a highly conserved feature of plant initiation

codons (Heidecker and Messing, 1986; Joshi, 1987b; Lütcke et al, 1987). Two other

candidates for initiation codons are in suboptimum context and are both downstream of the

putative functional AUG, located at nucleotide positions 90 and 106 in the cFSltp sequence

(Figure 5.4). As already discussed, initiation of translation occurs at the first AUG triplet of

over 9'7Vo of eukaryote mRNAs (Kozak, 1984) and over 90Vo of plant mRNAs (Heidecker and

Messing, 1986; Joshi, 1987b).
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5.2: Cloni of the 5' end of A

a. Agarose gel showing products resulting from PCR amplification of 5'-RACE products

of pFS6. Lanes 2-J are each loaded with a 10 pl sample of PCR product, from a reaction

volume of 50 pl and the lanes are:

l. Molecular weight markers (pUC19 DNA restricted with HpaII) ,with fragment sizes

501 bp,489 bp, 404bp 331 bp, 242bp,190 bp, 147 bp and 111 bp;

2. TFR control cDNA after both purification and anchor ligation, utilising one gene-

specific primer together with the anchor primer. A product of 480 bp should be

amplified;

3. 5'-RACE PCR of pFS6 cDNA, utilising gene-specific PCR primer P21.2 together with

the anchor primer;

4. Negative control reaction, using the same primers as those used in the experiment, but

without the addition of a cDNA template;

5. A I pg sample of uncut pFS2 plasmid DNA, included as a positive control for the

subsequent Southern analysis.

b. Southern blot of the gel in part a., hybridised with the pFS2 cDNA insert. Lanes are

numbered as in part a.

c. Colony hybridisation of putative pFS6 5'-RACE clones, probed with the pFS2 insert.

Positive clones pFS6-30 and pFS6-56 are indicated by arrows, and the positions of positive

and negative control colonies are indicated by a (+) and (-) respectively.

d. Agarose gel showing the pFS6 5'-RACE clones identified above. Each lane is loaded

with approximately 2 ¡tg of plasmid DNA restricted with EcoR[ and the lanes are:

1. Molecular weight markers (Lambda DNA restricted with HindIII), with fragment sizes

23.1kb,9.4kb,6.6 kb, 4.4kb,2.3kb and 2.0 kb;

2. Clone pFS6-30;

3. Clone pFS6-56;

4. A | ¡rg sample of pBluescript@SK(-), restricted with EcoRI.
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I
pfs6-3 0
pfs6-56
pfs 6 -5 6b

+---------+---------+---------+---------+---------+ 51
GAÀTTCGTGGACGACA.A,TCAGCAATAGTAC TAC TAC TC CAAGCAAGCATTT TC C TTACAA
GÀÀTTCGTGGACGACAATCAGCAATAGTAC TAC TAC TC CAAGCAAGCATTTTC C TTACAÀ,
GÀ.ã,TTCGTG

2 ---------+---------+---------+---------+---------+---------+ 1l-1
GTTTGTTTTTCTTGTGATTAATCGATATGGCTAGCTCÀATGTCCCTTAAGCCTGCATGTG
GTTTGTTTTTCTTGTGATTAATCGATATGGCTAGCTCAATGTCCCTTAAGCTTGCATGTG

5
pfs6-30
pfs6-56
pfs6-56b

1_1_2

pfs6-30
pfs6-56
pfs6-56b

112
pfs6-30
pfs6-56
pfs 6 -5 6b

pfs6-30
pfs6-56
pfs6-56b

+---------+---------+---------+---------+---- - - - - -+ 1'7 L

TGGCGGTGTTGTGCATGGTGGTGGGTGCACCCCTGGCTCAAGGGGCCGTÄACCTGTGGTC
TGGCGGTGTTGTGCATGGTGGTGGGTGCACCCCTGGCTCAAGGGGCCGTAACCTGTGGTC

+---------+---------+---------+---------+---- - -- - -+ 23I
AAGTCACAÀGCTCCCTCGCACCCTGCATTGGTTACTTGACAGGGÀATGGTGCTGGTGGCG
AAGTCACAAGCTCCCTCGCÀC CC TGCATTGGTTACTTGACAGGGAÀTGGTGCTGGTGGC G

TTCC
TTCC

pfs6-30
pfs6-56
pfs 6 -5 6b

292

2 tr1

¡¡FS6c

+---------+---------+---------+---------+---------+ 351
ACCGGCAAGCAGCTTGCAAATGCATCAAÀ,AGTGCGGCCGCCGGCATTTCTGGCATCAACT

T::::T::i::ï1::il::1t:ïT:t::::::::::::ilii3i333åiEffi3l, n
*

pfs6-30
pfs6-56
pfs6-56b

pfs6-30
pfs6-56
pfs6-56b

CTAGCAC
CTAGCAC
CTAGCACTGAC

+---------+---------+---------+---------+---------+
ATGGTATTGCAAGCGGACTCCCAGGCAAGTGCGGTGTCAACATCCCTTACAAGATCAGCC
ATGGTATTGCAAGCGGACTCCCAGGCAAGTGCGGTGTCAÀCATCCCTTACAAGATCAGCC
TTGGCCTTGCAA,GCGGACTCCCAGGCAAGTGGGGTGTCAACATCCCTTACAAGATCAGCC
* )k* *

4L1_

74

448

L11

DFS6

Figure 5.3: Alisnment of pFS6 S'-RACE clone sequences

Alignment of the three insert sequences derived from pFS6 5'-RACE clones pFS6-30 and

pFS6-56 . The region complementary to the 5'-RACE

PCR primer sequence P21.2 is boxed and EcoRI restriction sites 5'-GAATTC-3' are in bold, as

are the anchor sequences 5'GTG-3'. Putative TGA stop codons in each sequence are

underlined. The 5' end of the pFS6c and pFS6 sequences are indicated by arrows, and

sequence differences between the 5'-RACE clones are indicated by asterisks below the

sequence alignment. Numbers refer to nucleotide positions in the insert sequences.
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1
GAC GACAATCAGCAATAGTAC TAC lAC TC CAAGCAAGCATTT TC C TTACAAGTTTGTTTT

+---------+---------+---------+---------+---------+ 60

TC TTGTGATTAATC GATATGGCTAGC TCAA

C TGGC TC,AAGGGGC CGTÄACC TGTGGTCAÀGTCACAA
1801-21- - - - - - - - - - + - - - -- - - - -+ - - - - - - - - -+- - - - - -- - -+ - - - - - - - - -+ - - - - - - - - -+

b_L

GTTGCTGCGGCGGCATÀÀÀA
241- - - - - ----*+---------+

GCCGGIK

LCMVVGAPLAQG AVTCGQVT
1

GC TC CCTCGCACCCTGCATTGGTTACTTGACAGGGAATGGTGCTGGTGGCGTTCCCCCAG
181- ---------+---------+---------+---------+---------+ + 240

SSLAPCIGYLTGNGAGGVPP

pFS6c

CAGC TTGC.AÀATGCATCAAAAGTGCGGC CGC CGGCATTTC TGGCATCA.AC TÀTGGTATTG
301 ---------+---------+---------+---------+---------+ + 360

AACKCTKSAAAG]SGTNYGI

CAAGCGGACTCCCAGGCAAGTGCGGTGTCAACATCCCTTACAAGATCAGCCCTAGCACTG
361 ---------+---------+---------+---------+---------+ + 420

A S G I, P G K C GVN T P Y K I S P S T

421, - -- - - - - --+- --------+---------+---------+---------+---------+ 480
DCNSVK*

ATAAC GATAGC TACAGAATAAÄTATGGATGTTAAÄATTC CAGAGTTGTGGGTTGTGTAC T
481 ---------+---------+---------+---------+---------+ + 540

ATGC CGCTTTATGCGACTACGT A ATATTAACTTTATCTACAAATJT^AATATCA.AA.AÂÄÀAA

Fisure 5.4: Sesuence of the full-lensth DF56 fibre-snecifïc cDNA

Nucleotide sequence and deduced amino acid sequence of the full-length cotton LTP

cDNA, cFSltp, constructed from the pFS6 cDNA consensus sequence and the sequence of the

pFS6-30 clone. The putative signal peptide cleavage site is marked with an arrow and the

pFS6c sequence indicated. The regions complementary to the oligonucleotide primers used for

5'-RACE and primer ltpseql are boxed and putative polyadenylation signal(s) are double

underlined. The nucleotide which differed between the two 5'-RACE clone sequences is

circled.
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The nucleotide sequence of the full-length cDNA clone cFSltp shows 95Vo identity to

that of GH3, a cotton fibre-specific LTP cDNA preuiousíy isolated from G. hirsutum L., cv.

DES119 (Ma et al., 1995; Figure 5.5). The 120 amino acid conceptual translation of cFSltp

shows 88Vo amino acid identity to GH3, containing 14 amino acid substitutions, 10 of which

are conservative changes. One of the differences corresponds to the single bp mismatch

between the 5'-RACE clones. The GH3 sequence matches that of pFS6-56, having a T at

nucleotide position 104, instead of the C present in RACE clone pFS6-30 (Figure 5.5). It may

be that the remaining 31 single nucleotide changes are attributable to allelic differences

between the cultivars G. hirsutumL., cv. DESI19 and G. hirsutum L., cv. Siokra 1-2, but

results from this study suggest that fibre-specific LTPs form a small subfamily, of which cFSltp

and GH3 are both members. One of the fibre-specific cDNA clones, pFS24, may be the GH3

homologue in Siokra l-2 and it appears that a partial 5'-RACE product, pFS6-56b, is an

extension of pFS24 (Figure 5.5). The cFSltp class of transcript is defined by the majority of the

pFS6-homologues together with the 5'-RACE clones pFS6-30 and pFS6-56, while GH3,

pFS24 and pFS6-56b define a second class of fibre-specific LTP. Different LTP isoforms have

been isolated from broccoli (Pyee and Kolattukudy, 1995), rape seedlings (Tsuboi et a|.,1991)

and tobacco (Koltunow et aI., 1990; Fleming et al., 1992), and these isoforms also differ in

their expression patterns. However, two LTP genes isolated from barley (Skriver et aI., 1992;

Kalla et al., 1994) differ in sequence but both exhibit aleurone-specific expression and they

may belong to the same LTP gene family.

In addition, the cotton fibre LTP sequence is similar to those found in spinach (Bernhard

et al., 1991), tobacco (Fleming el uI., 1992), tomato (Torres-Schumann et aL, lgg}), broccoli

(Pyee et al., 1994) and carrot (Sterk et a\,,1991) with which it shares amino acid identities of

77Vo, 64Vo, 63Vo, 57Vo and 54Vo respectively (Figure 5.6a). In particular, the eight cysteine

residues are strictly conserved (Figure 5.6a), which makes it likely that the proteins fold into

analogous three-dimensional structures, mediated by disulphide bridges (Tchang et aI., 1988;
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Shin ¿/ al.,1995).In addition to the conserved cysteines, some sequence stretches and relative

positions of cysteine and proline residues are highly conserved among LTPs and may play an

important role in their structure and function. The charged portion rzpBqz+ and the

hydrophobic amino acid sequence eSLPGKCGVNIPYT0s (numbers refer to FSLTP) have been

described as probable sites of interaction for the phospholipid phosphate group and the acyl

chains respectively (Tchang et aI., 1988). The conceptual amino acid sequence of cFSltp also

shows a high degree of sequence similarity with LTPs from monocots such as rice (Vignols er

al., 1994; 53Vo identity) and barley (Linnestad et aI., I99l; 43Vo identity). The high

conservation among the LTP protein sequences from several dicots and monocots suggests

that the LTP gene family arose prior to the evolutionary divergence of monocots and dicots

some 150 million years ago.

After the AUG translation initiation codon, there is a stretch of 26 amino acids which

contains many of the features characteristic of signal peptides (Nothwehr and Gordon, 1990).

The putative cleavage site of the signal peptide was predicted according to von Heijne (1983)

and confirmed by alignment with homologues from other plants (Figure 5.6a). Assuming that

cleavage occurs between amino acids 26 and 2l of FSLTP (Figure 5.4; Figure 5.6a), the

mature protein consists of 94 residues with a calculated molecular weight of 9092 Da and a

basic pI of 8.4, which is consistent with data reported for other LTPs.

A hydropathy plot of FSLTP revealed a generally hydrophobic protein, with only 2-3

hydrophilic regions and few charged residues, comparable to hydropathy plots of other plant

LTPs (Figure 5.6b). Also apparent is the N-terminal hydrophobic domain which is typically

associated with signal peptides and present in all LTPs characterised to date. This pattern is

very consistent in the tobacco homologue, with which the cFSltp open reading frame shares

647o amino acid sequence similarity, and also in carrot to which it is less similar (54Vo). The

other cotton LTP (GH3; Ma et aI., 1995) is by far the most similar to the mature FSLTP

protein at the amino acid level (87Vo) and yet appears significantly different from FSLTP and
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Nucleotide sequence comparison between two fibre-specific cDNAs which encode LTPs,

together with the sequence of cDNA clone pFS24 and 5'-RACE product pFS6-56b.

Differences are indicated by asterisks below the sequence alignment. GH3 was isolated from

G. hirsutum L., cv. DES119 (Ma et a1.,1995) and the remaining sequences were derived from

clones isolated from G. hirsutum L., cv. Siokra l-2 in this study. Numbering of nucleotides on

the scale refers to cFSltp and GH3. The sequence of pFS24 is identical to GH3 in the region of

overlap, as is pFS6-56b with the exception of one nucleotide. The sequences of GH3 and

cFSltp diverge at 32 nucleotide positions.
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cFSl-tp
GH3
pfs24
pFS6-56b

61
cFSltp
GH3
pfs24
pFS6-56b

]-21,
cFSltp
GH3
pfs24
pFS6-56b

cFSltp
GH3
pfs24
pFS6-56b

cFSltp
GH3
pfs24
pFS6-56b

3 0l_
cFSltp
GH3
pfs24
pFS6 -5 6b

3 61_

cFSltp
GH3
pfs24
pFS6-56b

1 ---------+---------+---------+---------+---------+---------+ 60
GACGACAÄ,TCAGCAATAGTAC TAC TAC TC CAAGCAAGCATTTTCC TTACAAGTTTGTTT T
GACGACAATCACCAATAGTTCTACTACTCCAAGCAAGTATTTTCCTTAGACGTTTGTTTT

+---------+---------+---------+---------+---- -----+ 1-20

TCTTGTGATTAATCGATATGGCTAGCTCÄATGTCCCTT.AAGCCTGCATGTGTGGCGGTGT
TCTTGTGATTAATCGATATGGCTAGCTCAÀTGTCCCTTAAACTTGCATGTGTGGTGGTGT

+---------+---------+---------+---------+---------+ l-80
TGTGCATGGTGGTGGGTGCACCCCTGGCTCÀAGGGGCCGTAACCTGTGGTCAÄGTCACAA
TGTGCATGGTAGTGGGTGCACCCCTGGCTCÄAGGGGCCGTAACCTCTGGTCAAGTCACAA

l-81 ---------+---------+---------+---------+---------+ + 240
GCTCCCTCGCACCCTGCATTGGTTACTTGACÀGGGAATGGTGCTGGTGGCGTTCCCCCAG
ACTCCCTCGCACCCTGCATTAATTACTTGAGAGGCAGTGGTGCTGGTGCCGTTCCCCCAG

241 ---------+---------+---------+---------+---------+ + 300
GTTGC TGCGGCGGCATAÄ.AATC TCTCAACTC CGC CGC C CAÀACAACAC CAGAC CGGCAÀ'G

GTTGCTGCACGGGCATCA.AATCTCTCAACTCCGCCGCC CAAACAACACCAGTCCGGCAAG

421_ --

+---------+---------+---------+---------+---------+ 360
CAGCTTGCAAATGCATCAAÀAGTGCGGCCGCCGGCATTTCTGGCATCAACTATGGTATTG
CAGCTTGCAGATGCATCAAAI\GTGCGGCCGCCGGCATTAC TGGCATCAÄCTTTGGCCTTG

-TACTGGCATCAACTTTGGCCTTG 2 3

+---------+---------+---------+---------+---- --- - -+ 420
CAAGCGGACTCCCAGGCAAGTGCGGTGTCAACATCCCTTACAAGATCAGCCCTAGCACTG
CAAGCGGACTCCCAGGCAAGTGCGGTGTCAACATCCCTTACAA,GATCAGCCCTAGCACTG

CAAGCGGACTCCCAGGC.AÀGTGGGGTGTCAACATCCCTTACAAGATCAGCCCTAGCACTG 8 3

-+ 480+

cFSÌtp
GH3
pfs24
pFS6-56b

4 81-

cFSltp
GH3
pfs24
pFS6-56b

5 41-
cFSltp
GH3
pfs24
pFS6-56b

ACTGCAACAGCGTCAAGTGAAGTTTTGG - - - - - -
P2L.2

1v
Lt_l_

P2L.1

+ - - - - -- - --+---------+---------+---------+---------+ 540
ATAAC GATAGC TACAGÀATAÀÀTATGGATGTTAAÀATTC CAGAGTTGTGGGTTGTGTAC T
ATAAC GATAGC TACAGAÄTAAè,TATGGATGTTAAAATTC CAGAGTTATGCGTTGTGTACT
ATAACGATAGCTACAGÀATAÄÄTATGGATGTTAAAATTCCAGÀGTTATGCGTTGTGTACT 7 9

+---------+---------+---------+---------+-- 592
ATGC CGC TTTATGC GAC TACGTAATAITAAC TTTATC TACAAÀryTAATATCA
ATGC CGC TTTATGC GAC TACGTAATATÀATC TTTATC TACAÀAryTAGTATCA
ATGCCGCTTTATGCGACTACGTAATATÀATCTTTATCTACA.AÄTTAGTATCA 1 3 1
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Fieure 5.6: Analvsis of the L20 amino acid FSLTP protein

a. Sequence comparison of seven plant lipid transfer proteins. Boxes indicate

homologous amino acids in at least six of the sequences and homology with G. hirsutum L.

FSLTP (mature peptide only) is indicated at the end of each sequence. Putative signal peptide

cleavage sites are marked with an arrow and the highly conserved cysteine residues are

indicated with asterisks.

b. Comparison of the hydropathy plots of two cotton fibre-specific LTPs with the

homologues from carrot and tobacco. The horizontal scale indicates the number of amino acid

residues and the vertical one the relative scale, according to Kyte and Doolittle (1982). Points

above the horizontal line correspond to hydrophobic region and points below this line are

hydrophilic.
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the other LTPs in hydropathy profile. It may be that sequencing errors contribute to changes in

the amino acid sequence of the GH3 protein, producing an atypical hydropathy profile for a

generalised LTP

5.5 Lprn TruNsrnR PRoTETNS rN Pr.aNrs

Lipid transfer proteins have been characterised in a number of higher plants and have

several features in common which are shared by the cotton fibre LTPs. These include low

molecular mass (9 kDa), high (basic) isoelectric point and high sequence conservation. Plant

LTPs show a broad specificity for lipid substrates and are abundant proteins which may

comprise up to 4Vo of the total soluble protein within a cell (Kader, 1990). Northern analysis of

plant LTP genes reveals complex expression patterns which are often characterised by a high

tissue specificity. The fibre-abundant expression pattern of two LTP genes in cotton is another

example which demonstrates the diversity of expression patterns for lipid transfer proteins in

plants. For instance, there are LTPs whose expression is restricted to the tapetal cells of the

anther (Koltunow et al., 1990), to epidermal cells of somatic embryos (Sterk et al., 1991), to

petal and carpel tissues (Kotilainen et aL.,1994), or which are induced during seed germination

(Linnestad et al., 1991;Tones-Schumann et aI., 1992). Plant LTPs are generally encoded by

multigene families of at least two non-allelic members, with different genes of the family

encoding similar proteins that may have distinct expression patterns and"/or functions

Lipid transfer proteins are characterised by their ability to catalyse the exchange of lipids

between natural or artificial membranes in vitro (reviewed in Kader, 1990). Because of their

ability to transfer lipids in vitro, LTPs have been assumed to play a role in membrane

biogcncsis by mcdiating transport of phospholipids from thcir sitc of synthcsis to organellar

and cellular membranes. However, a cytoplasmic role for LTPs is not easily reconciled with

presence of the signal peptide. A number of different functions have been attributed to LTPs,

including stress response associated with low temperatures (Hughes et aI., 1992), drought
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(Plant et aL.,199I) or salt treatments (Torres-Schumann et aI., 1992). LTPs may also have a

defense activity as potent inhibitors of bacterial and fungal plant pathogens (Molina and

García-Olmedo, 1993; Segura et al., 1993; Cammue et aL.,1995). It is probable that different

LTP isoforms fulfill different functions which are not mutually exclusive and which relate to

the expression pattern of the particular LTP gene in plant cells. Members of an LTP family in

wheat are phosphorylated by a plant calcium-dependant protein kinase which may relate to

protein processing and function, lipid transfer function or the anti-microbial function of the

protein (Neumann et a1.,1994).

Secretion of the protein has been demonstrated in the cases of spinach (Bernhard et aI.,

1991), barley (Mundy and Rogers, 1986) and carrot (Sterk et aI., l99l). LTPs isolated from

both Arabidopsis and broccoli have been located within the cell wall and in particular, the

waxy cuticle (Pyee et al., 1994; Thoma et al., 1993). A role for LTPs in the transport of cutin

monomers to the outer epidermal cell wall was therefore suggested (Pyee et al., 1994; Sterk et

al., l99I; Thoma et aL, 1993). Cutin is the insoluble polymeric structural component of the

cuticle of most aerial parts of plants, serving to prevent water loss from epidermal cells and

providing a mechanical barrier to pathogen ingress (Kolattukudy, 1981). It is composed of

esterified hydroxylated fatty acids, and cutin monomers, derived mainly from palmatic and/or

oleic acid, are likely to be transferred to the growing cutin polymer in the form of acyl-CoA

esters (Kolattukudy, 1981). LTPs isolated from rape seedlings (Østergaard et aI., 1993;

Østergaard et aL, 1995) and carrot embryo cultures (Meijer et al., 1993) have been

demonstrated to bind both fatty acids and their acyl-CoA derivatives, supportive of a function

for LTPs in cutin synthesis.

The induction of an analogous activity during cotton fibre development may be related to

the extensive cutin deposition which occurs during the elongation phase of growth (Seagull,

1993; Section 1.3.3a) and is consistent with an abundance of pFS6 transcripts early in fibre

development (Figure 4.4a). The protective cuticle is absent in other cotton cell types except
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epidermal cells. LTP gene expression in epidermal cells may account for the low levels of LTP

transcripts present in leaf, flower and seedling tissue.

5.6 Isor,¿.TIoN oF PurA pFS6 GnNovrrc Cr,oNns

Screening of a G. hirsutum cv. Siokra l-2 partial genomic library of 1 x 105

recombinants with pFS6 yielded two independent positive clones, IFS6(A) and ÀFS6(B), in

addition to ÀS5. As with cDNA clones pFS17 and pFS18, hybridisation of pFS6 to ÀS5 is

probably spurious and results from the AT-richness of the sequences or perhaps the poly(A)

tails (see also Sections 4.5.39 and 4.5.4b). Hybridisation of pFS6 was much stronger to

ÀFS6(A) and },FS6(B) than to 1,S5, both on a Southern blot of the three restricted genomic

clones and in the genomic library screen (not shown). Restriction of DNA samples from both

positive clones with EcoRI, SacI, XbaI, XhoI and BamHI showed that all enzymes contained

recognition sites within the inserts except for BamHI (not shown). Double and triple digests

using combinations of the four restriction enzymes indicated that clones ÀFS6(A) and ÀFS6(8)

were virtually identical, with minor differences in the restriction fragment sizes. Restriction

mapping of both genomic clones confirmed that IFS6(A) and ÀFS6(B) are independent

isolates of the same clone which are oriented in the opposite directions in the ÀGEM-11'"

vector.

Probing of a Southern of ÀFS6(B) DNA with the pFS6 insert confined the region of

homology to the 2.2kb Xholfragment, the 12kb SacI fragment and the 4.9 EcoRlfragment of

¡"FS6(B), the latter of which is attached to the long arm of I,GEM-11'" (Figure 5.7b; Figure

5.8). When a longer pFS6 homologue, pFS2, was used as a probe to the same Southern, it

hybridised several restriction fragments of ì,FS6(B) in addition to those detected by pFS6

(Figure 5.7c). The additional homology is confined to a 2.7 kb XhoAEcoRI fragment (Figure

5.8) by virtue of pFS2 hybridisation to the 4.8 kb EcoRI fragment, the 12 kb ,SacI fragment
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and the 5.3 kb XhoI fragment of ÀFS6(B) (Figure 5.7c, lanes 1,2 and 4). The presence of two

regions in the genomic clone with homology to pFS2 was suggestive of a large intron near the

3' end of a single LTP gene or the presence of two distinct LTP genes separated by a distance

of at least 4.8 kb, as determined by restriction mapping (Figure 5.8). LTP genes often contain

an intron near the stop codon, but the longest intron thus far observed is 980 bp in ItpI of

tobacco, which interrupts two exons of ll2 amino acids and 2 amino acids (Fleming et al.,

1992). Probing of ÀFS6(A) Southerns with pFS6 and pFS2 produced identical hybridisation

patterns to those depicted in Figure 5.7 (not shown).

In addition, hybridisation of ÀFS6(B) with a probe generated from the extreme 5' end of

cFSltp (not shown) resulted in a pattern which was identical to the one produced by probing

with pFS2 (Figure 5.7c).In summary, both the 2.2 kb XhoI and 2.1 kb XhoUEcoRI fragments

of ÀFS6(B) contain sequences similar to the 5' end of an LTP cDNA, but only one of these,

X2.2, shows similarity to the 3' end of the cDNA (pFS6). It can be deduced that the 18 kb

genomic DNA fragment cloned in 1,FS6(B) contains at least two LTP genes separated by a

distance of at least 4.8 kb. The 2.2kb XhoI fragment contains sequences homologous to pFS6,

whereas the2.7 kb XhoUEcoR[ fragment also contains an LTP gene but one which is truncated

at the 3' end or shows sequence divergence after the putative stop codon. LTP genes contained

within genomic fragments X2.2 andXEz.l were designated FSItpl and FSltp2 respectively. A

similar tandem arrangement of LTP genes has been observed in the genomes of both tobacco

(Fleming et a\.,1992) and Sorghun (Pelèse-Siebenbourg et a|.,1994).

5.7 CIoNING oF SUB OMIC DNA F'UCVTNNTS

In order to define the structure and organisation of the putative LTP genes, the

fragments of ÀFS6(B) that hybridised to the pFS2 cDNA were subcloned into a plasmid vector

(Figure 5.9a). The genomic fragments which lie adjacent to the regions of interest were also

subcloned (Figure 5.9b, c and d), since they may contain promoter sequences which
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a. Agarose gel showing DNA fragments resulting from restriction of I,FS6(B). The first

and last lanes contain molecular weight markers (Lambda DNA restricted with HindIII) with

sizes as indicated in kb. The remaining lanes each contain approximately 3 pg of DNA digested

with the following restriction endonucleases:

7. EcoRI;

2. SacI;

3. XbaI;

4. XhoI;

5. EcoRI+ SacI;

6. EcoRI+XbaI;

7. EcoRI+ XhoI;

8. .S¿cI + XbaI;

9. SacI + XhoI;

10. XbaI + XhoI;

11. SacI + XhoI + XbaI;

72. EcoRI + XhoI + SacI;

13. EcoRI+XhoI+XbaI.

b. Southern blot of gel depicted in a., hybridised with the insert from clone pFS6. Lanes

are labelled as above.

c. Southern blot of gel depicted in a., hybridised with the insert from clone pFS2. Lanes

are labelled as above.
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correspond to the putative LTP genes. Prior to sequence analysis, the polarity of the LTP

genes in each subclone and in the genomic clones was determined using PCR (Figure 5.10).

Primers ltpseql , P21.7 and P21.2 (Table 2.3b) were used in combination with

pBluescript@SK(-) primers T3 and T7 (Table 2.3a). PCR using }.FS6(B) DNA utilised a T7

priming site in the long arm of ÀGEM-11'", which is adjacent to the X2.2 fragment of

ÀFS6(B) (Figure 5.8). The results are summarised below.

Table 5.2: Determination of LTP sene orientation in eenomic clone and subclones

Clone Primer combination
for PCR

Approximate size of major
amplification product (kb)

Sequence amplified

pXEZ.7 ItpseqlÆ3 1.2 5'coding region and
promoter of FSltp2

entire insert of plasmid
subclone

5'coding region and
promoter of FSItpl

?
,|

coding region and
promoter of FSItpI
? non-specific primer
binding
entire insert of plasmid
subclone

? non-specific primer
binding

Itpseql/T7
Pzr2n3
Pzr.2n1
Pzr.ln3
Pzt.1n1
T3n7

ItpseqlÆ7
Pzt.2n3
Pzt.2n7
P21.1n3
P2t.lnl
T3n7

1.5

1.5

?

?

3.0

1.1pX2.2 ItpseqlÆ3

ItpseqlÆ7
Pzr.2n3
PT.2n7
Pzl.rn3

Pzr.tn]

T3n7

ÀFS6(B) ltPseqlÆ3

1.5

1.5

1.5

0.1

2.2

1.5

1.5

1.5

?
,l

Priming of PCR from plasmid subclones pX2.2 and pXE2.7 with T3 in combination with
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Fieure 5.9: Subclonine of ÀFS6(B) restriction fraements

The colony hybridisations shown illustrate several strategies for subcloning of ÀFS6(B)

restriction fragments. The top row of colonies corresponds to the gel-purified 2.2 kb XhoI

fragment of },FS6(B), cloned into pBluescript@SK(-) and the second row consists of colonies

resulting from ÀFS6(B) DNA restricted with XhoI and cloned into pBluescript@SK(-). The

remaining clones, with the exception of negative and positive controls which are indicated by a

(-) and (+) respectively, result from restriction of ¡,FS6(B) DNA with both EcoRI and XhoI

followed by cloning into pBluescript@SK(-).

a. Colony hybridisation probed with the insert from clone pFS6 together with the 5'-

RACE clone pFS6-30 insert in order to identify subclones which contain LTP sequences.

Several positives are apparent but the subclone designated pX2.2 corresponds to clone #9 and

the subclone designatedpXE2.T is clone #28.

b. Colony hybridisation from part a. probed with the 2.1 kb XhoI doublet fragment of

¡"FS6(B) in order to identify the 2.8 kb XhoI or 2.7 kb XhoIlEcoRI fragment which flanks

pX2.2. Several positive clones were identified (arrowed), based on their hybridisation to this

probe but absence of hybridisation to the fullJength cDNA probe (above). Subclone pEX2.7

corrcsponds to clone #88.

c. Colony hybridisation probed with the XhoI 2.0 kb fragment of ÀFS6(B) in order to

identify sequences which flank pXE2.7. One positive clone, designated pXZ.O (clone #17) is

indicated by an affow.

d. Colony hybridisation using the 6.3 kb XhoI fragment of },FS6(B) in order to subclone

the sequences adjacent to pXE2.7 and on the opposite side to pX2.O. Several clones which

hybridised to this probe in addition to the full-length cDNA probe were identified (arrowed)

and the subclone, designated pEX3.6, corresponds to Grunsteins clone #163.

e. Schematic diagram of ),FS6(B), showing partial restriction map and relative positions

of subcloned DNA fragments.

208



a.

c.

e.

px2.2
XwtÆX

b.

d.

pxB2.7
XE

-+

-+

-+

-+

Rå
ú
a
tlÈx

=EUYtù
úoull

E
ñ

Eç
Ëtx

a
t\ÈfTR

I - I ll
2.2 2.7 0.1 2.0

f,wf'
pEX2.7

2.7 2.3 0.70.6 r.8 2.s

EX
pEX3.6

f,wf,
pX2.0

209



l"F56(B) and plasmid subclones nX2.2 and nXE2.7

a. Agarose gel showing products resulting from PCR amplif,rcation of genomic

clone ¡,FS6(B) and plasmid subclones pX2.2 andpXE2.7. Each lane is loaded with a 10

pl sample of PCR product from a reaction volume of 25 pl except for the first lane

whiclr contains molecular weight markers (Lambda DNA restricted with HindIII), with

fi'agment sizes23.Ikb,9.4 kb,6.6 kb,4.4kb,2.3 kb and 2.0kb, togetherwitha 100 bp

ladder which consists of fragments ranging in size from 100 bp to 1000 bp in 100 bp

increments, plus an additional fragment of 1500 bp.

Template DNA is as indicated, amplified using the following primer pairs:

1.ltpseql/T3;

2.ltpseqllTT;

3.P21.21T3;

4.P21.21T7;

5.P2I.IIT3;

6.P2I.IIT7;

7.T31T7.

b. Schematic digram of pBluescriptSKO subclone pX2.2 (not to scale), showing

directions of primers and position of coding (I ) and promoter sequence (*'*'**).
Primers designed within the cFSltp sequence are indicated in bold, with primers

complementary to pBluescriptsK(-) sequences (-) in normal type.

c. Schematic digram of pBluescriptSK(-) subclone pXE2.7 (not to scale),

showing directions of primers and position of coding (I ) and promoter sequence

(X***). Primers designed within the cFSltp sequence are indicated in bold, with

primers complementary to pBluescriptsK(-) sequences (-) in normal type.
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T7 resulted in DNA fragments which corresponded in size to the entire inserts, 2.2 kb and 2.7

kb respectively (Figure 5.10a, lane 7). Minor PCR products of greater size than this are evident

in almost all lanes and derive from amplification of the entire plasmid clone. As expected,

amplification of },FS6(B) DNA using T3 and T7 primers was negative (Figure 5.10a, lane 7).

Use of primer ltpseql in combination with T3 or T7 allowed the orientation of each gene

to be deduced and indicated approximately the length of promoter sequence which could be

obtained from each subclone. PCR primin g of pX2.2 with ltpseq 1 and T3 amplified a fragment

of 1.1 kb (Figure 5.10a, lane 1) which was absent in a similarreaction utilising T7 instead of

T3 (Figure 5.10a, lane 2). Promoter sequences of FSItpl therefore lie adjacent to the T3

promoter of pBluescript@Src1-) (Figure 5.10b) and given the position of primer ltpseql in the

cFSltp sequence (Figure 5.4), the 1.1 kb PCR product contains approximately 800 bp of

promoter sequence. Similarly, PCR priming of pXE2.7 with ltpseql and T3 amplified a DNA

fragment of 1.2 kb (Figure 5.10a,lane 1). From this we can deduce that the promoter region of

FSltp2 also lies adjacent to the T3 promoter of pBluescript@SK(-) and at the EcoRI end of

pXE2.7 (Figure 5.10c). The 700 bp product (Figure 5.10a, lane2) observed from ltpseqlÆ7

priming of pXE2.7 is due to arbitrary binding of the primer(s) to pXE2.7 sequences. The gene

FSltp2 is therefore oriented 3' to 5' in the ÀFS6(B) genomic clone.

Use of ¡"FS6(B) DNA as a template in the reactions produced some minor bands but did

not result in any significant amplification. The 1.5 kb product, which is present in both P21.2

reactions for all three DNA samples (Figure 5.10a, lanes 3 and 4), is presumed to be a product

which results from multiple priming by P21.2. A binding site for P21.2 must be present in the

promoter region of each of the LTP genes, located 1.5 kb upstream from the binding site

within the coding region. The position of the latter site relative to the first is conserved in both

the pX2.2 and pXE2.7 subclones. PCR reactions in which the annealing temperature was

increased to 50oC failed to abolish the band (not shown).

PCR of pXE2.7 using primer P21.1 in combination with either T3 or T7 did not result in
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amplihcation of any DNA sequences (Figure 5.10a, lanes 5 and 6). This is consistent with the

result that pFS6, which contains PzlJ sequences, does not hybridise to pXE2.7 (Figure 5.7b,

lane 7) and with the hypothesis that pXE2.7 contains an LTP gene, FSItp2, which is truncated

or divergent in sequence at its 3'end. PCR of pX2.2 with P21.1 resulted in products both in

combination with T3 and T7 primers (Figure 5.10a, lanes 5 and 6). Priming with P21.1Æ3

amplified a product of approximately 1.5 kb and priming with P21 .l/'17 amplified a fragment

of approximately 700 bp in length. However, since P21.1 and ltpseql prime in the same

direction (Figure 5.4), a product is only expected using T3. A product size of 1.5 kb is in

agreement with the P2I.2 and ltpseql priming sites separated by a distance of 400 bp (Figure

s.4).

The polarity of frägmentX2.2 in },FS6(B) was also deduced as follows. If the 5' end and

promoter region of the gene were adjacent to the long arm of ÀGEM-11'", then PCR products

of 1.5 kb and 1.1 kb wouldbe generated in PCR reactions with T7 together with P21.1 and

Itpseql respectively. Absence of such products (Figure 5.10a, lanes 2 and 6) implies that the

promoter region of FSItpl is adjacent to the XhoUEcoRI fragment of ÀFS6(B) and that the

genes are oriented in the same direction. Confirmation of this orientation came from PCR

experiments using primers PZI-I and ltpseq-l (Table 2.3b), which bind to the coding DNA

strand and prime DNA synthesis towards the 3' end of the gene. A 1.1 kb fragment of ì,FS6(B)

was amplifiedusing primers T7 andP2l-l (not shown) and a 1.5 kb fragment was generated

using primers T7 and ltpseq-l (not shown). It can be infened that the direction of transcription

for both genes, if they are transcribed, is from right to left in Figure 5.8. This LTP gene

organisation mirrors that in Sorghum, where the genes are in tandem and transcribed in the

same direction (Pelèse-Siebenbourg et al., 1994).In the genome of tobacco, the two genes,

one of which encodes a truncated protein product, are transcribed in opposite directions

(Fleming et aL.,1992).

The sequences of subclones pX2.2 and pXE2.7 were determined using the above
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primers, together with those designed from the cFSltp andpX2.Z sequences (Table 2.3b)

5.8 Csnn,r oF FSltnI

5.8.1 The Codine Reeion of FS/fp1

Subclone pX2.2 (containing a putative gene designated FSItpl) was sequenced in its

entirety to yield 2I74bp of sequence (Figure 5.11). An additional 300 bp of FSItpl promoter

sequence was obtained from the adjoining 2.7 kb XhoUEcoRI fragment of ¡,FS6(B) (Figure

5.8). FSltpl encodes a putative protein product of I2O amino acids and like FSLTP, the

conceptual translation contains features of LTP proteins including presence of a signal peptide

at the N-terminus. No other significant ORFs were detected in the sequence of clone pX2.2.

FSltpl contains an intron of 80 bp which occurs at the C-terminus of the protein, between

amino acids 118 and 119 of the conceptual translation, and an insertion of 33 bp was detected

in the 3' untranslated region of the gene which is absent from pFS6 group transcripts (Figure

s.1 1).

The existence of an 80 bp intron in the cotton FSltpI gene, which separates two exons

encoding 1 18 and 2 amino acids (Figure 5.1 1), is in agreement with the presence of introns in

other LTP genes. The barley, tobacco, sorghum, broccoli and rice LTP genes are interrupted

by an intron in the same position (Linnestad et al., I99I; Fleming et aL, 1992; Pelèse-

Siebenbourg et al., 1994;Pyee et aI., 1994;Yignols ¿r aI., 1994).The FSltpI intron has the

features of plant intron splicing consensus sequences (Brown, 1986), being flanked by the

nucleotide sequences 5'-AG/GU-3' and 5'-UGCAG/G-3' at the 5' and 3' junctions respectively.

In particular, the GU dinucleotide at the 5' splice site and the AG dinucleotide at the 3' splice

site are absolutely conserved and found in all introns, with very rare exceptions. These

sequence features are lacking in the 33 bp insertion, which is in the 3' untranslated region of

FSLtpL Intron recognition in plants is dependant on AU-motifs within introns and presence of

such motifs can compensate for suboptimal splice sites, resulting in processing of introns
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containing splice sites which deviate strongly from the consensus (Goodall and Filipowicz,

1989; Goodall and Filipowicz, 1991; Luehrsen and'Walbot, 1994). However, no AU-tracts are

present in the 33 bp insertion of FSItpl.In addition, a length of 33 bp is unusually short for a

plant intron, which have a minimum length of around 70 bp but can extend for many kb

(Goodall and Filipowicz, l99l).Introns shorter than 70 bp do exist (Goodall and Filipowicz,

1991), but it is unknown how efficiently such introns are processed in vivo

All dicot introns characterised thus far are AU-rich and must contain at least 60Vo AU

overall to be recognised and spliced effectively in vivo (Wiebauer et al., 1988; Goodall and

Filipowicz, 1989; Goodall and Filipowicz,l99l). Both the 80 bp intron and the 33 bp insertion

of FSltpl satisfy this criterion. The intron is TOVo AU, whilst the insertion is 6lVo AU,

compared with 45Vo for the protein coding region of the gene. However, it seems probable that

the 33 bp insertion of FSltpl is not an intron but a region of sequence which is present in some

members of the LTP gene family and absent in others. If FSItpI encodes a fibre-specific

mRNA, this 33 bp is spliced out of a primary transcript to give the mature pFS6-group

transcript(s) isolated from the cDNA library.

There are two sequence alignments possible between pX2.2 and cFSltp which differ in

the regions flanking the 33 bp insertion of FSltpI. Firstly, there may be a deletion in the 3'

UTR sequence of FShpI compared with the cDNA sequence, such that the surrounding

nucleotides are identical between the two sequences. If the single nucleotide deletion is not

considered in the alignment, then there are two nucleotide mismatches between the genomic

and cDNA sequences in this region. The latter of the two alignments is depicted in Figure 5.12

and has been considered in all sequence comparisons between FSItpI and cFSltp.

Like cFSltp, the putative translation initiation codon of FSItpI resembles the consensus

sequence determined for plant initiation codons, AACAAUGGC (Joshi, I98lb; Lütcke et aI.,

1987) and matches in five out of nine nucleotide positions. The 3' UTR of FSltpl contained

three putative polyadenylation signals, located at nucleotide positions 577, 676 and 685 in the
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FSltpl

Complete sequence of plasmid subclone pX2.2, combined with 300bp of sequence from

the XhoIlEcoRI flanking fragment of the genomic clone. TheXhoI site which separates the two

subclone sequences is at nucleotide postition -800 to -795 and is in bold.

The putative transcription start site has been designated +1 and the polyadenylation site,

as determined by comparison with the cDNA, is at nucleotide position 705. A putative TATA

box at nucleotide position -33 to -28 and putative CCAT boxes at positions -527, -248, -179, -

163, -143 and -93 in the promoter are in bold and underlined as are three putative

polyadenylation signals in the 3' region which identical to those in the cFSltp cDNA. The

predicted amino acid sequence of the longest ORF is shown in single letter code below the

DNA sequence and both the intron and 33 bp insertion are in lower case lettering. The putative

signal sequence cleavage site is indicated by an arrow. A sequence related to the consensus for

the start of transcription of plant genes extends from nucleotide position -7 to - I and is in bold

italics, as is a GU-rich cluster from nucleotide position 718 to724 in the 3' UTR of FSltpl.

AT-rich regions found upstream of all the genes encoding LTPs are italicised and

underlined. The region adjacent to the TATA box which shows homology to elements in LTP

promoters from broccoli, Arabidopsis and tomato is also in italics. Imperfect myb and myc

protein binding sites, located at nucleotide positions -918 and -463 respectively, are double

underlined.

Primer sequences utilised for sequencing of the subclone are boxed. Those which

allowed sequencing of the coding st¡and of DNA are named below the relevant sequence,

while primers which allowed sequencing in the opposite direction (of the mRNAlike strand)

are named above the relevant sequence (see also Table 2.3b).
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ATACGTATTTAATA
-1_095 +---- -1081

TGGGAATAAATTGTATTAGGATTATTC TA.AÀAAGTATAGTTTGÀGGCAC CAATAÀÀATAG

TAC CACGTCATTA.AA,TTTTAÀAGACAATAAAGTATTATTATACAC TCATC TATATCTAAT
-t020 +---------+---------+---------+---------+---------+

ATTTTC TC TAAC TTAATTTCAC TTTAATTAÀATTACTTAAAATÄAtrTGC TTTTTAÄATTA

-96r

-840

XhoI
C TTGAAC TCÄÀAC C C TGAAC C TTGAAC C TTGAAC C CÄÀACCTCGAGGTTTAAGGTTTGGG

+---------+---------+---------+---------+---------+ -78I

-780
TTTGAGATTTAAGGTTCAGGGTTCAGTTTTGGTTTTGGGCTTTGAGTTCAGGGTTCAAGG

+-------- -+- -- -- - ---+---------+---------+---------+ -721

-1 20
T TTAGGTTCAGGGTTCAAGGGTT C.A.A,GGGTTCGAGATTACÄÀGTTTGGGTTCÀAGGTTAC

+---------+---------+---------+---------+---------+ -66r

-660
AGATTATGAGTTTGAGGTTCGCGGTTCGAGTTTATGATGCAAGTGTTTGGGGTTATAGTT

+---------+---------+---------+---------+---------+ -601

-600
TGGGGTTT TAAGGTTTTTAT TTAGGGTTTGGGATTCTAGAC TCAAGGTTCAGGGTA.AÄAA

+---------+---------+---------+---------+---------+ -54t

ATTTATTAAÄATTATGTGTCÀ.ÈTGACATGAAAAATATTGTîGA.A.ATATTATTAÁA TAAT T

ATAGATGA
-480 -42r

ltpseq2

G T T TATAATAATAAT T rcATATC TTTAÄÀÀTTTGATAATGTGACAATTTTATTTGTAACT
-420 +---------+---------+---------+---------+---------+ -361

AAAAAACC T TAAT T T T TAATArcATC C TGAAÀÀC TATATTTGATAGCATC TTTTATTGGT

TAÄACGAAC TC TTTTATTC TGTTACÄ.AATTTTGGTAATTAT TTTATCC TÄÂAC C TC GAAC

A.AAGCTAC TAATATCAGAÃAAC CG GTAACACTAGGACÄÀGGC TAÀ,TATGATGCATTAATC

AACGGAGTAAT TCAGCÀTTAGTGATGAAGATGAÄAGTGGTAGACAC.AÄAC CTTTTTCAÀA

-12!

I 1_

TGAÀ,T TGGGACAAC TAC CAACGC CTAACCÀTATTC T

217



CGCAACÄÄTCAGCAATACTACTACTACTCCAAGCAAGCATTTTCCTTACAAGTTTGTTTT
1 ---------+---------+---------+---------+---------+---------+ 60

b1

481

ç Á1

TCTTGTAATTAATCGATATGGCTAGCTCAATGTCCC
+---------+---------+---------+---------+---------+ 1_20

MASSMSLKLACVVV
ltpeeql

CCCTGGCTCAAGGGACCGTAACCTGTGGTC.AAGTCACAG
1_21 +---------+---------+---------+---------+---------+ l_80

L C M V V G A P L A Q G1T V T C G Q V T
I

GC TCCCTCGCACCCTGCATTAATTACTTGAGAGGGAATGGTGCTGGTGCCGTTCCCCAAG
181- +---------+---------+---------+---------+---------+ 240

GSLAPCINYLRGNGAGAVPQ

GTTGCTGCAGCGGCÀTCAAÀTCTCTCAACTCCGCCGCCCAAACAACACCAGACCGGCAAG
24L +---------+---------+---------+---------+---------+ 300

GCCSGIKSLNSAAQTTPDRO

CAGC ATGGTATTG
3 01_

CAAGCGGACTC CCAGGCAAGTGCGGTGTCAACATCCCTTACAAGATCAGCCCTA@I
361 +---------+---------+---------+---------+---------T 420

ASGLPGKCGVNIPYKTSPST

at gagt tgtttcatt.gcttatgc ttattaaLtqctcaacattta
421_

360

540

600
TAACGATAGCTACAGÄ¿,TÀAATATGGATGTTA.AÄATCCa

6 01-

t c c ata ggga tagcagaggagt tatc c taat TTAGAGTTGTGCGTTGTGTÀCTAGGTCGC
+---------+---------+---------+---------+---------+

TTTTTGCGACTATGT Ä À T Aî'TATCTTTATCTACAÀ.ATIAATATCÀCTCATTATTTTG ?G?

7 21_

f TCfl CTATACCCTTCTCTCAAGCATTTTATATCAACATTCACGTAGTCTAATAATAATG
+---------+---------+---------+---------+---------+

7BI
AÄÄAT CATGATTAC TCAACCCAAAGT TTAATTAAATCAÀTTTATGCAC CGGTTC TGTTCT

+---------+---------+---------+---------+---------+

(]Õ-L

660

780

880

TTAGTTGCATGTACCGGATGCAATCCCCATTGAAATCTGTTTTGTAATTGAAAGGTTATA
+---------+---------+---------+---------+---------+ 940

CAACTTGCTATATCTATCGACATATTTTTAATTGAÄAAATGTTGGGTTCATTCTTACATT
+---------+---------+---------+---------+---------+ l_000
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10 01

TT TTTAÄATGAAAATATCÀÀGTTTTATA.A.AÀÀTATAATTAAGAGAGATTATTCATC TGAT
l-061 +---------+---------+---------+---------+---------+ 1'L20

CATTTîGA,GATGTGGATCAAAGTTCATGATCATTGTGCATAGACGTTTTATTGAGATTAA
Lt2t +---------+---------+---------+---------+---------+ 1-l-80

C TAATTAÄATTGGGC TCTATGATCCGCTTG.AAC TTGTCCAACTC GTGGÄACATATGGAGA

---+---------+---------+---------+---------+---------+ 1-060
P2LF2

ACTTTAAATCTTTGAAGTGGAC GACTC TTTTGGAGACATTATTATATGTGATTGTGTTTC

AGAGTAATTAÀTGTAAATCC TAAGGGATAÀAGATGTATÄGAGTTTAAAAC CC TTAAGAC T
l-301 +---------+---------+---------+---------+---------+ 1360

CATC T TGTAGATAAGTACTAATCTCAÀTCGTTGATGTAATTCAATC TATAC TATTGGATC
1,36L +---------+---------+---------+---------+---------+ L420
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a cotton LTP sene. FSltpI

Sequence comparison between the pFS6 consensus sequence and the relevant region of

genomic subclone pX2.2. The 28 single nucleotide substitutions are shown in bold type and

both the intron and 33 bp insertion of FSltpl are in lower case lettering. The predicted amino

acid sequence of the ORF encoded by FSltpI is shown in single letter code below the DNA

sequences and the 14 amino acid changes are indicated in bold type. The putative signal

sequence cleavage site is indicated by an arrow.

All other sequence features are marked as in Figure 6.1I
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-60
px2.2

1

Fxz.2
cFSltp

6t
px2.2
cFSl-tp

1,21_

px2.2
cFSltp

t- 81
px2.2
cFSl-tp

2 41,
px2.2
cFSltp

3 01-

px2.2
cFSltp

36]-
px2.2
cFSltp

421,
px2.2
cFSltp

481,
px2 -2
cFSItp

54L
px2.2
cFSltp

TCCATATCCCTTCACAAÄACTTTTGG CTÄ-UA¿¿¿A C C C TC C TACCCTCGGGCCCTAACCA

+---------+---------+---------+---------+---------+ 60
CGCÀACAATCAGCAATACTAC TACTAC TC CAAGCAÀGCATT TTCC TTACAAGTTTGTTTT
GACGACAATCAGCAÄTAGTACTACTAC TC CAAGCAAGCATTTTCC TTACAAGTTTGTTTT

+---------+---------+---------+---------+---------+
TCTTGTAATTAATCGATATGGCTAGCTCAATGTCCCTTAÄGCTTGCATGTGTGGTGGTGT
TCTTGTGATTAATCGATATGGCTAGCTCAATGTCCCTTAAG@TGCATGTGTGGCGGTGT

MASSMSLKI,ACVVV
PÀ

1_20

+---------+---------+------ -- -+ -- - - -----+---------+
TGTGCATGGTGGTGGGTGCACCCCTGGCTCAAGGGÀCCGTAACCTGTGGTCAAGTCACAG
TGTGCATGGTGGTGGGTGCACCCCTGGCTCAAGGGGCCGTAACCTGTGGTCAAGTCACAÀ
L C M V V G A P L A O GlT V T C G O V T

rÀ

+---------+---------+---------+----- - -- -+--- ------+
GC TC C C TC GCAC C CTGCATT.ã.ATTAC TTGAGAGGGA.ATGGTGCTGGTGCCGTTCCC CÀAG

GCTCCCTCGCACCCTGCATTGGTTACTTGACÀGGGAATGGTGCTGGTGGCGTTCCCCCAG
GSLAPCINYLRGNGAGAVPQ
SGTGP

180

240

+---------+---------+---------+---------+---------+
GTTGCTGCÀGCGGCATCAÀ.A,IpTCtCeaCTCCGCCGCCCAAACAACACCAGACCGGCAAG
GTTGCTGCGGCGGCATNVI tTFTCTCAACTCCGCCGCCCAAACAACACCAGACCGGCAAG
c c c s G r Kls L N s AA o T T P D R a

c -€ pFSSc

300

660

720

+---------+---------+---------+---------+---------+
CAGC TTGCA.AATGCATCAÄÀAGTGCGGC CGC CGGCATTCC TGGCATCAACTATGGTATTG
CAGCTTGCAAATGCATCAAAAGTGCGGCCGCCGGCATTTCTGGCATCAACTATGGTATTG
AACKCIKSAAAGTPGfNYGI

s

360

+---------+---------+---------+---------+---------+
CAAGCGGACTCCCAGGCAAGTGCGGTGTCAACATCCCTTACAAGATCAGCCCTAGCACTG
CAÄ,GCGGACTCCCAGGCAAGTGCGGTGTCA.ACATCCC TTACAÀGATCAGCCCTAGCACTG
ASGLPGKCGVNTPYKTSPST

420

+---------+---------+---------+---------+---------+ 480
ACTGCAGCAGgLtc gtatgagttgtttcattgcttatgcttattaattgc tcaacattta
ACTGCAÀCAG

+---------+---------+---------+---------+---------+
at gttgtgttttttgttgtttcatt TgcagGGTTAAGTGAAGTTTTGGCATGGAAAGTTC

CGTCAAGTGAAGTTTTGGCÀTGGAÄAG TTC
VK*

540

+---------+---------+---------+---------+---------+
ACCAGC TAGTGGAAGC CA.AAATAACGATAGC TACAGAATAAATATGGATGTTAÀÀATCC A

AC CAGC TAGTGGAAGC CAAAATAACGATAGC TACAGAATÀAATATGGATGTTÄÀA.A,TTC

600

DCSR
NS

6 01_

px2.2
cFSltp

66r
px2.2
cFSltp

72L
2

+---------+---------+---------+---------+---------+
tc c atagggatagc agaggagt tatcc taat TTAGAGTTGTGCGTTGTGTACTAGGTCGC

CAGAGTTGTGGGTTGTGTAC TATGCC GC

+---------+---------+---------+---------+---------+
TTTTTGCGAC TATGTAAT.UIIATC TTTATCTACAAATIAATATCAC TCATTATTTTGTGT
TTTÀTG CGAC TACGTAAT.UITA]A,C TTTATCTACAÀATJTÄÀ,TATCA

T TC TTCTATAC C C TTCTCT CAAGCATTTTATATCÄÄCATTCACGTAGTCT.AÄ,TAATAÄTGpx2
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pX2.2 sequence (Figure 5.11). The signals are identical to those detected in the cFSltp cDNA

sequence and all three may be functional in vivo. A GU-rich sequence located 13 bp

downstream of the putative polyadenylation site (Figure 5.11) is reminiscent of a well-defined

cls-acting sequence found commonly in mammalian genes which, together with the

polyadenylation signal AATfuA.A,, controls mRNA 3'-end processing (Keller, 1995). A similar

GU-like cluster with consensus sequence YGUGUUYY (where Y is a pyrimidine) has been

identified downstream of poly(A) sites in several plant genes (Joshi, 1987a).

There are 28 nucleotide differences between the cDNA sequence cFSltp and the

sequence of gene FSItpl (Figure 5.12), which result in only 95Vo simllanty between the fibre-

specific mRNA and the candidate gene. Of the 28 nucleotide substitutions, 16 occur in the 26I

bp portion of cFSltp sequence which is derived from the 5'-RACE clone (Figure 5.4; Figure

5.12), so that 94Vo identity exists between the mRNA and the 5' section of the gene. This

suggests that t'everse transcriptase or Taq DNA polymerase errors account for a proportion of

the discrepancies between the cDNA and the gene. A misincorporation during the early rounds

of amplification might appear in every clone derived from that particular product, which may

be the case for the pFS6 5'-RACE clones. One of the differences corresponds to the single

nucleotide mismatch between the two RACE clones and may be attributed to a Taq DNA

polymerase error during PCR. The FSItpl sequence matches that of pFS6-56, having a T at

nucleotide position 104, instead of the C present in RACE clone pFS6-30. The remaining 12

nucleotide changes are confined to the 331 bp sequence derived from the pFS6 consensus

cDNA sequence (Figure 5.12) and these are clustered near the intron-exon boundaries,

resulting in 987o nucleotide identity for the 3' section of the gene. Furthermore, the protein-

coding region of the genomic clone contains 15 of the 26 nucleotide substitutions, resulting in

12 amino acid substitutions (Figure 5.12) and only 90Vo amino acid identity between the open

reading frames of the cDNA and the candidate gene.

The nucleotide differences, together with the 33 bp insertion in the 3' UTR of FSItpl,
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suggest that the gene which encodes the pFS6 group fibre-specific LTP transcripts has yet to

be isolated. In addition, FSItpI is even less similar in nucleotide sequence to GH3 (Ma et al.,

1995) than to cFSltp such that FSItpl is unlikely to encode either of the two cotton fibre-

specific LTPs. Notably, FSltpl cannot encode the longest class of pFS6 transcript, represented

by cDNA clones pFS8 and pFS6 (Figure 5.1; Table 5.1). If the extended length of pFSS and

pFSl9 is not due to cloning artefacts, then they must be encoded by an LTP gene other than

FSltpl.

5.8.2 The Promoter of a Cotton LTP Gene. FS//pI

Typically, the regulatory elements that are responsible for directing specific transcription

initiation reside within the 5' promoter region of a gene. Characterisation of promoter regions

is therefore crucial to gaining an understanding of the basis for differing LTP gene expression

patterns and, more pertinent to this study, for fibre-specific expression patterns. The 5' flanking

region of FSItpl contains a 5'-TATAAA-3' motif, located at nucleotide positions -33 to -28

relative to the putative transcription start site (Figure 5.11) that resembles the Goldberg-

Hogness TATA box (Efstratiadis et aI., 1980). The presence of TATA sequences in

mammalian genes is indicative of an inducible gene versus a housekeeping gene (Dynan, 1936).

However, most of the plant genes studied thus far are inducible, making a similar comparison

impossible. Upstream from the putative cap site are several CCAT and CATT motifs that may

be related to the CAAT box sequence 5'-GG(CÆ)CAATCT-3' (Shenk, 1981). However, the

sequence similarity in each case is poor and it may be that the FSltpI gene does not contain a

CAAT-like sequence, an observation not uncoÍrmon among plant genes (McClure et al.,

1989).

The putative transcription start site of FSltpI was determined by comparison between

genomic and cDNA sequences and its position corroborated by the presence of several features

common to plant genes. Partial homology to the consensus sequence for the start of

transcription, 5'-CTCATCA-3' (Joshi, 1987b), was found 20 bp downstream of the TATA
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box, at nucleotide position -7 in the pX2.2 sequence (Figure 5.1 1). The sequence is adjacent to

the putative start of FSl.tpl transcription as determined by comparison with the cDNA clone

sequence. Joshi (1987b) showed that the length of the leader sequence in a compilation of 73

plant genes varied from 9 nt to 193 nt, with a predominant length of 40-80 nts, and the leader

sequences were generally AT-rich. Corespondingly, the putative leader sequence of FSltpI is

77 bp in length and consists of 66Vo AT compared with an AT content of 45Vo for the coding

region of the gene. In addition, the mean distance of 32+7 nts between the putative TATA box

and transcription start site (Joshi, 1987b) is maintained for FSItpl which has 29 bp in this

region (Figure 5.1 l).

Approximately 1 kb of the 5' non-coding region of FSItpl was sequenced and found to
ow.!y

be AT-rich, consisting of en$ 68Vo AT compared withn45Vo AT for the protein-coding region

of FSltpl. Accordingly, the promoter sequence shows significant homology to telomeric

repeats and mitochondrial sequences in the nucleotide databases (GenBank and EMBL;

January, 1996), particularly over the first 700 bp of the FSltpl promoter. AT-rich regions have

been identified in several plant LTP promoters including FSltpl (Linnestad et al., 1991

Vignols et aL, 1994;Figure 5.11) and may constitute a novel class of cis-acting regulatory

element which ìs present in a diverse set of plant genes (reviewed in Forde, 1994). The region

adjacent to the TATA box (Figure 5.11) shows homology to region IV identified in the

broccoli LTP genes (Pyee and Kolattukudy, 1995), which is also present in corresponding

Arabidopsis and tobacco LTP promoter sequences (Fleming et a1.,1992).

Putative regulatory elements involved in LTP gene expression have been identified only

frcrm barley LTP genes. Short nucleotide sequences with homology to myb and myc protein

binding sites have been detected upstream of the barley Ltpl and Ltp2 genes and have be.en

suggested to be involved in the regulation of their expression (Linnestad et aI., l99l; Kalla et

al., 1994). Although two related sequences were identified in the cotton FSItpl promoter

(Figure 5.11), they present differences with the consensus sequences of these sites and such
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modifications are usually sufficient to disrupt the efficiency of the site (Roth et aI., 1991)

Another sequence motif present in the barley promoter is common to several genes expressed

in aleurone layers and may be a site for activator protein binding (Linnestad et aI., I99l)

Generally however, few regions were found in FSItpl which show similarity to other

plant Ltp promoters. Given that LTP genes exhibit such differing expression patterns, it seems

reasonable that they will be subject to distinct regulatory mechanisms. A comparison between

the promoter regions of cotton fibre-specific genes is required in order to determine whether

there is a common cis regulatory element that functions to confer the differential gene

expression. Several fibre-specific genes have recently been reported (Delmer et al., 1995; John,

1995; John and Crow, 1992; John and Keller, 1995;Ma et a1.,7995), but identification of

possible control regions in cotton fibre-specific promoters is hampered by a lack of sequence

information. Promoter regions of cotton fibre-specific genes have been shown to direct tissue-

specific activity of GUS in both transient expression studies and in transgenic cotton plants

(John, 1995; John and Crow, 1992)

5.9 SroUENCE AN¡.vsrs oß Fsltp2

Partial sequencing of the pXE2.7 subclone (containing a second putative gene designated

FSltp2) utilised primers ltpseql, ltpseq-l ,PZI-I andP2l-2 and yielded 1092 bp of sequence

which was derived mostly from one DNA strand only (Figure 5.13). The sequence contained

an open reading frame which was similar to both FSLTP and the conceptual translation of

FSItpl but which contained a stop codon after amino acid 115 of putative protein, and may

therefore encode a truncated LTP product. A sequencing error'in the vicinity of this putative

stop codon cannot be ruled out. The 348 bp coding sequence of FSItp2 was different from the

consensus cDNA sequence cFSltp, with at most 897o nucleotide identity, and the 24 amino

acid substitutions in the 115 residue protein results in only 78Vo identity between FSLTP and

the conceptual translation of FSItp2. The low degree of similarity to the cDNA and the
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Partial nucleotide sequence of genomic subclone pXE2.7, with the conceptual translation

of a truncated LTP shown in single letter code below the DNA sequence and the putative TGA
stop codon indicated by an asterisk. The polyaclenylation site as determined by comparison

with the cDNA is at nucleotide position 1040. The TGA termination codon which corresponds

with cFSltp and FSltpI is at nucleotide position 807 and is also indicated by an asterisk.

A putative TATA box at nucleotide position 254 to 259 in the promoter is in bold and

underlined. Primer sequences utilised for sequencing the internal regions of the subclone are

boxed. Those which allowed sequencing of the mRNAJike strand of DNA are named above

the relevant sequence, while primers which allowed sequencing in the opposite direction (of
the coding DNA strand) are named below the relevant sequence (see also Table 2.3b).
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1- ---------+---------+---------+---------+---------+---------+ 60

61 ---------+---------+---------+---------+---------+---------+ L20
CATTAGTG.A,TGAAGATGAÀAGTGGTCGATACAAÄC CTTTTC CAA.A,GCATT.AAACACAC TC

AÀCCAT.AAGC TGAAACATGAAAÄAGA.AAG,AÀAGA.A.AC C TTGGCATTAAATTGGGC CAGC T

AC CAGNGCCT^AAC CATATTC TATTCGT TCCCTTCÀC

-+---------+---------+---------+---------+---------+ 660
K??ATGISGYNYSTAAGLPG

TCGÄCTTTTGGCTATAATÄACCCTCCTACCTTCAATCCTTATCCACGCAACAATCAGCAA
241, ---------+---------+---------+---------+---------+ + 300

TAGTACTACTACTCCAAGCGAGCATTTTCCTTACTAGTTTGTTTTCTTGTGACTAATTGÄ.
301- ---------+---------+---------+---------+---------+ + 360

TATGGCTAGCTCAÀTGTCCCTTAAGCTT
36I ---------+---------+---------+---------+---------+ + 420

MASSMSLKLTCVVVFCMVVG
Itpseql

TNNACCCCTGGCTCAAGGGGCCATAAGTTGTGGTCA,AATCACAAGCNCCCTCGCACCCTG
421 ---------+---------+---------+---------+---------+ + 480

?PLAQGATSCGOITS?LAPC

CATTGCTTACTTGAÀAGGGAATGGTGCTGGTTCTGCTCCCCCAGCTTGCTGCAACGGCAT
48]- ---------+---------+---------+---------+---------+ + 540

fAYLKGNGAGSAPPACCNGI

CAGATCTCTCAAC

TTTCTGGCTACÀACTATAGCACTGCAGCCGGACTCCCAGG
6 01_

CAÄ.GTGCGGTATCAACATC C å

TC TAATTTA.AÀC TAGGTTTCTTTGAAATTACGGAA.A.AAGA.AAATGACCCAAAGTTTATC G

721, ---------+---------+---------+---------+---------+ + 780

C TTATGGCAATTGATTTATTAÀTTTATGAATGTTTTGTTTGGTGTGGTTGCATTTGCAGC
781 ---------+---------+---------+---------+---------+ + 840

*

AT TAAGTGAAGTGTGGTCATGGÄAGTTGGGATCAGCTAATGGAAGGGAAATAGTGATGTC
841 ---------+---------+---------+---------+---------+ + 900

GACAGAÄ.TAAÄÄÄTGAATGT TAAA.AATCCÀTAGC GGTAC TATTCATTGTTGGAGTTATC C
901 ---------+---------+---------+---------+---------+ + 960

TGTT TT.A,GAGTTAGTGGTAATGTACAAGGTCGCATATGNATATATAATAC TATC TTTACC
96L ---------+---------+---------+---------+---------+ + 1020

TAC TC TAÀATATTAATATCAC TC TCAC TAGTTNTTCCTCTATATATATAC TCTTCATTTC
L021" ---------+---------+---------+---------+ +---------+ 1-080

TTTTCTTTTTCTT
1081 ---------+--- 1093
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truncated protein product rule out FSltp2 as a gene which encodes any of the fibre-specific

cDNAs isolated.

FSltp2, whilst it encodes a truncated protein, has some of the features of FSltpI. The

two genes can be aligned in the coding region and show 89Vo sequence identity. However,

from the stop codon of FSltp2 onwards the sequence similarity ends and an alignment shows

stretches of homology intermixed with long fragments having no homology (not shown). The

3' region of the two genes have an overall sequence similarity of approximately 70Vo. This is

consistent with the results of Southern and PCR experiments (Section 5.6; Section 5.7) which

suggested that FSItp2 is truncated or diverged in sequence at its 3' end. The sequence

immediately upstream of the putative initiation codon ATG is more highly conserved between

genes FSltpl and FSltp2, with a nucleotide similarity of 90Vo, but FSItp2 has a slightly

modified TATA box (Figure 5.13). Since promoter sequences near the TATA box are often

essential for gene activation, these changes in FSltp2 may render the gene inactive. It is not

known whether either of the LTP genes identified in this study is transcribed. A schematic

diagram which summarises the organisation of FSItpt and, FSttp2 on the ÀFS6(B) genomic

fragment is shown in Figure 5.14.

The genomic DNA fragment which contains FSltp2 is not hybridised by cDNA clone

pFS6 (Figure 5.7b,lane 7) and results summarised above indicate that the sequence of FSttp2

deviates from that of cFSltp. Presumably then, the 650 nt LTP transcript detected in fibre

tissue (Figure 4.4a) is not derived from gene FSltp2, since the probe used to detect the mRNA

was pFS6. Use of pFS2 as a probe to a Northern blot did not detect any additional transcripts

and produced a result identical to that of pFS6 (not shown). It may be that FSItp2 is a

pseudogene or an inactive I-TP counterpart or is expressed at low levels in fibre, leaf, flower

and/or seedling tissue or in cotton tissues which have not been examined.
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5.10 SoUTHERN AN¿,r-ysrs op Frgnn-spncrnrc cI)NA Clo¡rn pFS6

The cFSlLp transcript, whilst being abundant in fibre tissue, is also present at low levels in

leaf, whole flower and seedling tissue (Figure 4.4a). This may be indicative of a multigene

family in cotton, in which the different members are differentially expressed or encode

divergent mRNA species. Southern analysis using cFSltp as a probe to cotton genomic DNAs

identified at least six hybridising genomic DNA fragments (Figure 5.15, lanes l-8), which

indicates that LTPs are encoded in G. hirsutum cv. Siokra l-2 by a gene family. The

complexity of the gene family in allotetraploid cotton is a consequence of the presence of two

distinct subgenomes. Genes derived from both the A and D subgenomes are present. In

addition, evolution of polymorphic sites may also have occurred since hybridisation occurred

1-2 million years ago (Wendel, 1989). This result contrasts with that of Ma et at. (1995), who

suggest that the cotton LTP gene is present in one or few copies in G. hirsutum cv. DES 1 19.

Small LTP gene families have been detected in a variety of plants, and multiple LTP genes

have been isolated from the genomes of barley (Linnestad et aI., 1991), tobacco (Fleming er

al., 7992), sorghum (Pelèse-Siebenbourg et aL, 1994) and broccoli (Pyee and Kolattukudy,

199s).

Restriction fragments which corresponded in size to the LTP sequences in the genomic

clone },FS6(B) could be identified in the Siokra 1-2 genome. The 4.8 kb EcoRI fragment of

¡,FS6(B) was evident (Figure 5.15a,lane 1) as was the l2kb SøcI fragment (Figure 5.15a, lane

8). An identical hybridisation pattern was obtained in other tetraploid cotton varieties, G.

hirsutum cultivars Siokra 1-4, Siokra L-22, CS7S, Strumica 5086 and Paymaster 909, as well

as another species, G barbadense cv. Pima 5-6 (not shown), which suggests that the LTP gene

family is highly conserved in the tetraploid members of the genus Gossypium. cFSltp

homologues were also detected in the Australian diploid species G. robinsonii and G.

sturtianum (Figure 5.15a; lanes 9-10), but only weak hybridisation occurred to sequences in

other plant genomes tested such as carrot and Arabidopsis (not shown). This is not surprising
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since the cFSltp sequence shows at most 63Vo nucleotide identity (in the region which encodes

the mature polypeptide) to homologues from other plants (Bernhard et al., 1991; Section 5.4).

Gossypium hirsutum is a l-2 million year old allotetraploid derived from two diploid

ancestors. G. herbaceum and G. raimondli are the two diploid species with genomes closest to

the A and D subgenomes of the allotetraploids (reviewed inEndrizzi et al., 1985). Probing of

restricted genomic DNA from G. raimondii with cFSltp produced several hybridising DNA

fragments (Figure 5.15a, lane I2), which suggests that the G. raimondii genome contains

several LTP-related genes. The hybridisation pattern was identical in DNA samples from two

G. raimondii plants (not shown) and some of the hybridising fragments were similar in mobility

to those detected in G. hirsutum. In particular, the three EcoRI fragments of G. raimondii

which hybridised most strongly to the probe (Figure 5.15a, lane 12) appear to be also present

in the genome of G. hirsutum cv. Siokra 1-2 (Figure 5.15a, lane 1). The cFSltp probe

hybridised weakly to DNA fragments in the diploid genome of G. herbaceum (Figure 5.15a,

lane 11), with a restriction pattern which differed from that of G. raimondii (Figure 5.15a, lane

12). Some of the bands detected in G. herbaceum appear also to be present in the tetraploid

genome of G. hirsutum.

A 2.8 kb XhoI fragment of ÀFS6(B), designated X2.8, was also used to probe the

Southern blot of cotton genomic DNAs. The probe is specific for the EcoRI fragment which

contains FSltpI and should detect sequences which are adjacent to FSltpI (Figure 5.14), to the

exclusion of FSltp2 sequences. Initial probing with X2.8 detected many regions of homology in

all cotton genomes, resulting in a smear of hybridisation in each lane of DNA, upon which

were superimposed discrete bands of hybridisation (not shown). Again, the pattern of

hybridisation appeared identical for all the G. hirsutum varieties and for the single G.

barbadense variety. Some of the sequences contained within the 2.8 kb XhoI fragment of

ÀFS6(B) are therefore repeated and probably dispersed throughout the cotton genome. A wash

at high stringency removed much of the bound X2.8 probe, with the retention of a single band
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Figure 5.15: Genomic oreanisation of cotton LTP genes

a. Genomic Southern blot probed with cFSltp sequences, derived from clones pFS6 and

pFS6-30. Each lane was loaded with 10 pg of total genomic DNA cut with enzymes that do

not cut within the cFSltp sequence. Numbers on the left represent molecular weights of wild

type Lambda DNA restricted with HindIII (kb). Lanes 1-8 contain DNA from G. hirsutumL.,

cv. Siokra 1-2 restricted with: 1. EcoRI ,2. BamH\3. BgIII, 4. EcoRY, 5. NcoI, 6. XbaI,7.

HindIII and 8. SacL Lanes 9, 10, I I and 12 contain samples of DNA from G. sturtianum, G.

robinsonii, G. herbaceum and G. raimondii respectively, restricted with EcoRI.

b. Genomic Southern blot from part a. probed with the gene-specific probe X2.8,

derived from clone ÀFS6(B). Lanes are labelled as above.
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of hybridisation per restriction enzyme (Figure 5.15b, lanes 1-8), each of which corresponded

to a particular band on the Southern probed with the entire LTP cDNA clone (Figure 5.15a,

lane 8).

The FSltpI sequences are confined to an EcoRI fragment of approximately 8 kb in

Siokra l-2 DNA, which is also present in the G. raimondii genome (Figure 5.15b, lane 12) but

absent from the genome of G. herbaceum (Figure 5.15b, lane 1l). Taken together, these

results tgj"=l that the FSltpl gene originated from an ancestral gene present in the diploid D

genome of G. raimondii.

5.11 SUvTMARY Co¡rcr,usIoNs

A full-length cDNA clone, which corresponds to a gene expressed preferentially in

cotton (Gossypium hirsutum) fibre cells, has been isolated and characterised. The nucleotide

sequence includes an open reading frame of 120 amino acids, encoding a polypeptide which is

a member of a conserved group of plant lipid transfer proteins (LTPs). The clone isolated from

Siokra l-2 and described in this Chapter defines at least one new class of fibre-specific LTP

and differs significantly from the LTP previously isolated from G. hirsutum cv. DES119.

Southern hybridisation indicated that LTPs are encoded in G. hirsutum cv. Siokra l-2 by at

least six genes which code for similar mRNAs and that the LTP gene family is highly conserved

in two members of the genus Gossypium. LTP genes were also present in the diploid ancestors

of the tetraploid G. hirsutum. Most of the hybridising fragments were common to G. hirsutum

cv. Siokra 7-2 and G. raimondli, suggesting that the majority of LTP homologues in the

tetraploid genome of G. hirsutum are derived from the genome of G. raimondii.

The results fi'our aualysis of a genonúc clone, ¡,FS6(B), confirm that at least two cotton

LTP genes are present in the same genomic region, with the two open reading frames

separated by a distance of about 5 kb. Close linkage of genes FSltpl and FSltp2 suggests that
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the LTP genes arose by gene duplication and divergence, similar to many other gene families in

higher plants.

Sequencing of FSltpl revealed an open reading frame similar, but not identical to, the

cFSltp cDNA. The genomic sequence contained a 3' insertion which is absent from the fibre-

specific LTP cDNAs and lacks the conserved features of introns, making it unlikely to be

spliced from an FSltpI primary transcript. FSltpI encodes an appropriate translational start

site, stop codon, polyadenylation signal(s) and a putative TATA box, together with some

regions similar to the promoter sequences of other plant LTP genes. The sequence divergence

between cFSltp and FSItpl and presence of a putative 33 bp insertion in the 3' untranslated

region of FSltpI may indicate that the gene which encodes cFSltp has yet to be isolated. The

amino acid sequense corresponding to FSItp2 appears to encode a truncated LTP of 115

amino acids and cDNAs corresponding to FSItp2 were not detected in the cDNA library.
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CHAPTER 6

Control of Ribosomal RNA

Synthesis in the Cotton Fibre





6.1 INTnoDUCTION

The processes of cell expansion and cell division require large increases in the synthesis

of specific proteins and consequently, may require an increase in the amount of ribosomes and

ribosomal RNA (rRNA) per cell. Substantial cell elongation occurs during the development of

a cotton fibre and considerable synthesis of proteins occurs during fibre development (Huwyler

et al., l9l9). More numerous ribosomes and rough endoplasmic reticulum observed in the

fibre cells of cotton than in adjacent non-differentiated epidermis (Ramsey and Berlin, I976a)

confirms an increased capacity for protein synthesis. Nucleoli, the sites of rRNA gene

transcription and transcript processing, are prominent early in fibre cell development and their

apparent disappearance at 20 days after anthesis (Peeters et aL, 1988) suggests that the

amount of ribosomes synthesised in the early stages of cotton fibre elongation may determine

the subsequent rate of cell elongation. In addition, the size of the nucleolus at early stages of

fibre development has been shown to be associated with the final length of the cotton fibre

(Peeters et aL.,1981; Peeters et aL.,1988)

Results from studies of cotton fibre nucleoli therefore suggest that the availability of

ribosomes, which is substantially controlled by increased rRNA gene transcription and

accumulation, is correlated with increased fibre growth. The implication of ribosomal RNA

synthesis and accumulation in fibre growth warrants an investigation of rRNA metabolism at

the molecular level. There are many levels at which the accumulation of rRNA may be

controlled (Timmis et aI., 1912; Timmls and Ingle, 1975), including the number of actively

transcribed rRNA genes, the rate of transcription, the efficiency of processing the 40S

precursor to the mature rRNAs and the stability of the resultant rRNA product.

6^2 Assn'.ssMENT oF.F'TBRE LRN(]TH IN SOME AUSTNIUAN COTTON

Cur.rrv¿,Rs

Prior to an investigation of rRNA genes and their transcription in cotton fibres, it was
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essential to obtain cotton cultivars which varied significantly in the lengths of their mature

fibres. Six varieties were obtained which were thought to differ in their final fibre lengths: G

hirsutum cv. Siokra L-22, Siokra 1-4, CS7S, Strumica 5086 and Paymaster 909, and a single

G. barbadense variety, Pima 5-6 (Table 2.1). The Australian commercially cultivated varieties

are almost exclusively medium-long staple varieties, of which Siokra l-4 and Siokra L-22 were

the longest at 30.0 and 30.5 mm respectively (CSD Variety Handbook, 1992-1993). At the

time of this study, Siokra 1-4 was the most extensively-cultivated commercial variety in

Australia. CS7S, with a final fibre length of around 28.5 mm (CSD Variety Handbook, 1992-

1993), was the commercial cultivar with the shortest fibres and was developed as a specialist

short-season variety for cooler climates. Strumica 5086, an early-maturing variety which

originated in Eastern Europe, and Paymaster 909, a short-season variety from Texas, LJSA, are

not cultivated commercially in Australia and are short staple varieties, with fibre lengths of

around 23-25 mm (Peter Reid, pers. comm.). Varieties of G. barbadense, or Egyptian cotton,

are generally classified as long staple and possess fibres with lengths of around 35 mm

(Thomson, 1979;Langer and Hill, 1982; Peeters et al.,1987)

Since reliable and accurate fibre length infonnation was only available for the three

commercial cultivars, fibre lengths were ascertained in order to confirm previous

measurements and verify reputed differences between the fibre lengths. Fibre length for G

barbadense cv. Pima 5-6 was unable to be determined experimentally because propagation of

fruiting plants \üas unsuccessful under both growth cabinet and greenhouse conditions.

Likewise, plants of the cultivar Paymaster 909 failed to thrive and the variety was removed

from the analysis, leaving Strumica 5086 as the single short staple cultivar. The method

adopted for determination of fibre length in the four remaining G. hirsutum varieties was the

same as outlined by Schubert et al. (1973) and first described by Gipson and Ray (1969)

Length measurements were restricted to fibres from the chalazal region of the seed, on the

rounded side. Although fibre development within a boll is generally considered to be
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synchronous, fibres of the distal (micropylar) half of the seed begin elongation 1-2 days later

than those in the chalazal portion (Figure 1.1). Fibre length data for each of four G. hirsutum

cultivars, Siokra 1-4, Siokra L-22, CSTS and Strumica 5086 are presented in Appendices l-4,

with a summary in Table 6.1

Table 6.1: Fibre leneths in four cotton varieties

Boll age

(DPA)
Cotton variety (G. hirsutum)
and fibre length in mm

Siokra L-22 Siokra l-4 CSTS Strumica 5086

5

10

15

20
25
30
35

40
45
50

2.29 + 0.54
9.10 + 1.79
20.31 + 3.23
27.0'7 + 2.27
29.33 + I.l9
29.35 + 1.56
30.08 + 1.47

29.07 + 2.02
29.55 + 1.63

29.93 + 1.33

2.28 + 0.46
9.19 t 1.30
20.06 + 3.42
28.96 + 1.55

26.85 + 1.33

28.08 + LOj
21.85 + 1.81

28.83 + 1.46

28.15 + 1.22

27.75 + 1.85

2.13 + 0.34
IO.I7 + 1.42

20.65 + 2.62
24.88 + l.2l
25.05 + 1.76

26.05 + 1.52

26.90 + 1.61

25.94 + 1.52
25.77 + 1.40

25.95 + 1.99

2.17 + O.4l
8.62 + 1.25
18.32 + 1.77

22.88 + l.l4
21.93 + l.l4
23.30 + 2.98
22.80 + 1.63

22.55 + 2.17
22.81 + 1.88

23.33 + 2.32

The results, presented graphically in Figure 6.1, indicated that the attained lengths of

fibres from each of the three commercial cultivars are in agreement with variety specifications

(CSD Variety Handbook, 1992-1993). As expected, seeds of G. hirsutum cv. Strumica 5086

had the shortest fibres, with a final length of approximately 23 mm, which differed significantly

from the fibre lengths attained in both Siokra L-22 and Siokra l-4. A significant difference was

also obtained between the final lengths of fibres from CSTS and Siokra L-22. All of the four G.

hirsutum varieties were expected to differ significantly from the long staple fibres of G

barbadense Pima 5-6. Fibre elongation had virtually ceased by 2O DPA (Figure 6.1) and since

the few days prior to the cessation of elongation overlaps with secondary wall synthesis, the

results are in agreement with published observations on onset of secondary wall synthesis at

approximately 16 DPA. Conformity of this result with those obtained from field-grorwn plants
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suggests that the growth cabinet conditions used in these experiments are compatible with field

conditions.

6.3 AN,tLYSrs oF Nucr.nor.AR Vor. IN YOUNG F'Tenns oF'THREE CoTToN

Cur,rrvrns

The size of the nucleolus has been assumed to reflect its overall activity but may also

indicate the degree of coordination between transcription of rRNA genes, processing of

primary ribosomes to form nascent ribosomal particles and transport of these particles to

nucleoplasm and cytoplasm. Generally, rapid protein synthesis is correlated with an increase in

nucleolar size and in some plants, changes in number, size and shape of nucleoli have been

noted in differentiating cells (Ghosh, 1987).

During the initial stages of cotton fibre development the nucleus and nucleolus enlarge

considerably (Peeters et al., 1987). After reaching a maximum between 2 and l0 DPA,

depending on the variety, the size of the nucleolus gradually decreases to attain a constant size

at around 20 DPA (Peeters et aI., 1987; Peeters et al., l99l). Numerous studies of early fibre

development in different cotton cultivars have suggested a close relationship between nucleolar

growth and final fibre dimensions. In addition, the observation that both final fibre dimensions

and nucleolar volume are normally distributed suggests that large and small nucleoli in a fibre

population belong to long and short fibres respectively (Delange et al., 1978; Peeters et al.,

1981;' Peeters et aL.,1988).

Characterisation of three Australian cotton cultivars was carried out in order to

determine whether their fibre development with respect to nucleolar volume is in agreement

with that described for other varieties. The nucleolar size in fibres from the G. hirsutum

varieties Strumica 5086, CSTS and Siokra L-22 was examined at early stages of growth by

light microscopy (Figure 6.2). Nucleoli were prominent in fibres aged 2-14 DPA but were

difficult to locate after 74 DPA when substantial fibre elongation had occurred. Small nucleoli

243



Fisure 6.2: Nucleoli in developins cotton fibres

Squashed preparations of stained cotton fibres in the early stages of development, viewed

using light microscopy.

a. Fibres aged2 DPA from G. hirsutum cv. Strumica 5086. Extensive cell elongation has

occurred and fibres can be clearly seen radiating from the epidermal layer of the ovule wall.

The cytoplasm is visible in a thin rim in the fibre tips and between the cell wall and tonoplast,

or vacuole membrane, with nuclei and prominent nucleoli (arrowed) located midway down the

fibres.

b. Fibres aged 4 DPA from G. hirsutum cv. Strumica 5086, showing nuclei and nucleoli,

with vacuoles, halfway down the elongated fibre cells.

c. Nucleus and nucleolus from a 10 DPA fibre of G. hirsutum cv. CS7S, showing

presence of alarge, spherical nucleolar vacuole.
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were visible in G. hirsutum fibres up to 25-30 DPA but were not observed in 40-50 DPA fibres

in any of the three varieties.

Vacuoles were conspicuous (Figure 6.2a, b) and are a common occurrence in the

nucleoli of cotton fibres in the early stages of elongation (Ramsey and Berlin, 1976a).

Nucleolar vacuoles are often seen in highly active nucleoli (Risueño and Medina, 1986;

Risueño et al., 1988; Risueño and Testillano, 1994) but it is not clear from the literature

whether nucleolar vacuolation is linked to incorporation or release of nucleolar material

Conflicting results (Johnson, 1969; Deltour and Brouchart, 1971;Rose et aI., L972; Shaw et

aI., 1995) seem to preclude a simple relationship between rRNA gene transcription and the

degree of vacuolation of nucleoli. It has been hypothesised that vacuoles result from

quantitative or qualitative changes in processing or transport of ribosome precursors rather

than being simply related to rates of ribosomal RNA synthesis (Rose et al., 1972 DeLange et

aL.,1978).

In order to reduce the effects of variability in fibre length which occurs between different

bolls on a fruiting branch and between seeds in a locule (Porter, 1936; Davidonis and Hinojosa,

1994), only one boll per fruiting branch was used. In addition, only seeds from a position

midway within the carpels of a boll and only bolls of the 2nd, 3rd and 4th fruiting branches of a

plant were collected. As for fibre lengths, nucleolar measurements were restricted to fibres

from the chalazal region of the seed, on the rounded side. Following staining by methyl green-

pyroninY, which stains nuclei blue-green and nucleoli arose-red colour (Taft, 1951; Kurnick,

1952), the nucleolar diameters of 25 nucleoli from four seeds of each boll aged2-I2 DPA were

examined for a total of 100 measurements per sampling. For bolls aged 14 DPA, 25 cells from

one seed only were examined and 16 DPA fibres were only inspected for the variety Siokra L-

22. The data, presented in Appendices 5-7 and graphically in Figure 6.3, is summarisod in

Table 6.2.
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Figure 6.3: Nucleolar growth profiles in three cotton cultivars

Graphical representation of nucleolar growth in young fibres of three cotton cultivars, measured ftom2 DPA to I6DPA at2

day intervals. Each point on the graph, except for fibres aged 14 and 16 DPA, represents an average of diameter measurements from 100

different nucleoli. Each point for fibres aged 14-16 DPA represents measurements from25 nucleoli.
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Table 6.2: Nucleolar diameter in young fïbres of three cotton varieties

Fibre age

(DPA)
Cotton variety (G. hirsutum)
and nucleolar diameter in pm

Siokra L-22 CSTS Strumica 5086

2

4

6

8

10

l2
t4
16

5.46 t 0.60
5.64 + 0.89
7.46 + 0.67
6.51 + 0.52
6.61 + 0.82
6.30 + 0.58
5.29 + 0.49
5.25 + O.6I

6.34 + 0..51

6.01 + 0.46
6.12 + 0.75
5.85 + 0.59
5.76 + 0.50
6.40 + 0.61
5.95 + O.3l

7.02 + 0.59
1.96 x.0.75
7.30 + 0.62
6.24 + 0.53
6.02 + 0.58
5.80+ 0.55
5.82 + 0.38

The values obtained for nucleolar diameters in this study are consistent with nucleolar

volumes obtained in previous studies (Peeters et al., 1991) and several general observations

can be made from the results obtained. The nucleolar growth profiles clearly differed between

the three G. hirsutum varieties Siokra L-22, Siokra 1-4 and CS7S. Nucleolar size in fibres of

CSTS appeared to remain constant over the time period examined with a possible peak at

approximalely 12 DPA (Figure 6.3). The mean nucleolar diameter in Strumica 5086 and Siokra

L-22, on the other hand, reached a maximum at approximately 4 DPA and 6 DPA,

respectively, before declining (Figure 6.3). This is in agreement with previous studies on

varieties of G. hirsutum, wl-tich have shown that nucleoli increase in size to peak between 2 and

10 DPA, depending on the variety (Delanghe et a\.,1978; Peeters et aL.,1987; Peeters et al.,

I 988).

The largest nucleoli were observed in fibres from Strumica 5086, which has the shortest

fibres of the three cultivars (Figure 6.1), and nucleolar size in fibres of Strumica 5086 peaked

prior to that of the remaining varieties (Figure 6.3). This is in accorcl with experiments by

Peeters et al. (1987) in which nucleoli of a short-staple cotton species, G. arboreum, reached a

peak early in fibre development. Interestingly, Siokra L-22 and Strumica 5086, which differ in

their fibre lengths (Figure 6. 1), also differ in their nucleolar volume profiles. The growth of the
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nucleolus was delayed in Siokra L-22 when compared with Strumica 5086, and the size of the

nucleolus increased more rapidly in Siokra L-22 than in Strumica 5086 (Figure 6.3).

In conclusion, a positive correlation between the maximal nucleolar volume and f,rnal

fibre length was not apparent. Moreover, particular nucleoli could not be correlated with

particular fibres since the changes in nucleolar size are observed within the first 20 DPA after

anthesis while fibre development continues until 40-55 DPA, and it is impossible to follow a

single fibre in its entire development.

6.4 EsrruATroN oF' Rrnosovral RNA Gnun NuusnR rru N CULTIVARS

WHICH DTNNNN IN THEIR FrÌ.¡,q.L FINNB LNNCrrr

One possible level at which rRNA gene expression may be controlled is in the number of

ribosomal RNA genes per genome. If present, such differences between cotton varieties may

cause variation in the ribosome complement between fibre cells which could contribute to

differences between their final fibre lengths. The number of rRNA genes in several cotton

genomes was investigated by quantitative hybridisation to genomic DNA samples in

comparison with known loadings of the cloned rDNA repeat unit. Previous estimates put the

number of rRNA cistrons at 300-400 copies per cotton haploid genome (Walbot and Dure,

1976;Baker et aL.,1995) but more recent work by'Wendel et aI. (1995) estimated the number

of rDNA repeats in diploid and allotetraploid cotton at approximately 3800 rDNA repeats per

haploid genome.

6.4.1 Clonins of the rDNA Repeat Unit from Cotton

Use of a heterologous probe in such an experiment would detect the highly conserved

18S, 5.8S and 25S rRNA genes of the rDNA repeat, with the omittance of divergent spacer

sequences (Section 1.5.1). A heterologous probe is thus not ideal for a quantitative

experiment. In order to detect the entire gene repeat from cotton, a probe specific for the
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cotton rRNA gene, including the transcribed and untranscribed spacer regions, was used. An

extensive search of the literature failed to provicle evidence for the. cloning of rRNA genes

from cotton other than the 55 rRNA genes (Qi ¿r aI., 1988). The rDNA repeat unit from the

genome of G. hirsutum, cv. Deltapine 90, an improved cultivar developed by Deltapine

Australia Pty Ltd (Table 1.1), was theref'ore cloned.

The structure of the cotton rDNA repeat unit was assessed by hybridising restricted

cotton genomic DNA with the rRNA gene from cucumber (Kavanagh and Timmis, 1986). As

expected, cross-hybridisation to sequences in the cotton genome was extensive and the probe

detected several genomic DNA fragments for each restriction enzyme (Figure 6.4a,lanes L, 2,

4-10). A smear of hybridisation in the last four tracks is due to partial restriction by enzymes

PstI, SalI, PvuII and SmaI and in the cases of PsrI and Smal, results from the extensive

methylation of cytosine residues in plant genomic DNA (Gruenbaum et al., 1981). The

exception was XbaI, which produced a single main band of hybridisation, sized at

approximately 9 kb (Figure 6.4a,lane 3) and it was assumed that the restriction enzyme XbaI

digests the rDNA cistron once per 9 kb repeat unit. This repeat unit size is in the range

reported for other dicotyledonous pÌants, whose repeat units vary in size from between 8 kb

and 12 kb (Vedel and Delseny, 1987) and is compatible with a previous estimate of 9.4 kb for

the length of the cotton rDNA repeat unit (Wendel et a1.,1995).

Cloning of the size-selected DNA fragment, which was evident as a prominent band on

an agarose gel containing cotton genomic DNA restricted with XbaI (not shown) yielded two

positive clones, pB 15 and pB50 (Figure 6.4b), both of which contained inserts of around 9 kb

in size (not shown). One of the clones, pB15, was chosen for further analysis and renamed

pGhRl. Restriction of DNA from pGhRl iclentified several enzymes which contained

recognition sites within the insert (Figure 6.5a). At least one DNA fragment in each lane was

similar in size to that obtained for the corresponding enzyme on the genomic Southern (Figure

6.4a). For example, the 4 kb EcoRI fragment of pGhRl (Figure 6.5a, lane 11) corresponds to a
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a. Genomic Southern blot probed with the insert from cucumber rDNA clone

pCU18. Each lane was loaded with2 pg of total genomic DNA from G. hirsutum L. cv.

Deltapine 90 restricted with endonucleases as indicated. Numbers on the left represent

the molecular weights of wild type Lambda DNA restricted vnth HindIII (kb).

b. Grunsteins blot of putative cotton rDNA clones, hybridised with the pCUl8
insert. Positive clones pB15 and pB50 are indicated by arrows, and the positions of
positive and negative control colonies are designated by a (+) and (-) respectively.

b.
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Fisure 6.5: Phvsical mapping of the cotton rDNA repeat unit

a. Agarose gel showing DNA fragments resulting from restriction of pGhRl. The first

lane contains molecular weight markers (Lambda DNA restricted with HindIII) with fragment

sizes as indicated in kb. The remaining lanes each contain approximately 2 pg of recombinant

plasmid DNA digested with the following restriction endonucleases: 1 XbaI;2. SphI;3. SacI;

4. SmaI; 5. SalI; 6. PvuII; 7 . HindIII;8. EcoRV; 9. KpnI; lO. BamHI; lI. EcoRI; 12. ClaI and

13. PstL

b. Agarose gel showing DNA fragments resulting from restriction of pGhRl for

restriction mapping. The first lane contains molecular weight markers (Lambda DNA restricted

with HindIII) with fragment sizes as indicated in kb. The remaining lanes each contain

approximately 2 pg of recombinant plasmid DNA, digested with the following restriction

endonucleases: l. SaII;2. SaII + SphI; 3. SphI; 4. SalI + XbaI; 5. SphI + XbaI; 6. SaII + XbaI

+SphI;7.EcoRI;8.EcoRI +XbaI;9.EcoRI+SaII; l0.EcoRI +SphI;lI.ClaI;12.EcoRI+

ClaI and 13. CIal + SphI.

c. Southern blot of the gel depicted in a., hybridised with the 18S cucumber rRNA gene

derived from clone pCU18. Lanes and molecular weight markers are labelled as above.

d. Southern blot of the gel depicted in b., hybridised with the 18S cucumber rRNA gene

derived from clone pCU18. Lanes and molecular weight markers are labelled as above.

e. Southern blot of the gel depicted in a., hybridised with the 25S cucumber rRNA gene

derived from clone pCUl8. Lanes and molecular weight markers are labelled as above.

f. Southern blot of the gel depicted in b., hybridised with the 25S cucumber rRNA gene

derived from clone pCU18. Lanes and molecular weight markers are labelled as above.
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genomic DNA fragment of a similar size (Figure 6.4a; lane 1) which hybridised strongly to the

heterologous rDNA probe.

The restriction enzymes which contained three or fewer sites in the cotton rDNA repeat,

namely EcoRI, SphI, SaII and ClaI, were used to map clone pGhRl (Figure 6.5b; Figure 6.6)

and the clone was physically mapped using probes specitic f'or each gene region, derived from

the cucumber rDNA repeat clone pCU18 (Figure 6.5c, d, e, f). The insert size of pGhRl

derived from restriction mapping was estimated at 9.8 kb. Probing with the 25S rRNA gene

located the cotton 25S sequence to the 3.8 kb EcoRI fragment of pGhRl (Figure 6.5e, f). The

25S gene terminates within the 0.9 kb EcoRV.Sa[I fragment and the 0.6 kb ClaIlEcoRI

fragment of pGhRl (Figure 6.6). Probing with a fragment of pCU18 specific for the 18S rRNA

gene determined the corresponding cotton sequence to be within the 1.5 kb EcoRI fragment of

pGhR1, directly adjacent to the fragment which contains the 25S rRNA gene (Figure 6.5c, d;

Figure 6.6).

The physical map of pGhRl was confirmed by subcloning of the 1.5 kb EcoRI which

contains the l8S rRNA gene from cotton. Sequencing from both ends of the subclone

produced 382 bp and 256 bp of sequence (Figure 6.7), both of which, as expected, showed a

striking (greater than 90Vo) degree of similarity to 18S rRNA genes from many plants

(GenBank and EMBL; September 1994). A more recent search of the databases (GenBank and

EMBL; March 1996) identified a 1757 bp 18S rRNA gene recently sequenced from a G.

hirsutum genome (Nickrent and Soltis, 1995). The 382 bp of sequence derived from pGhRl

showed 98Vo ntcleotide identity to the cotton 18S rRNA gene but terminated approximately

250 bp short of the 3' terminus of the previously characterised cotton 18S gene. Since

transcription of the 40S pre-rRNA proceeds from the promoter through the 18S gene, the

internal transcribed spacers and the 5.8S gene and beyond the 25S rRNA gene (right to left in

Figure 6.6), the 3' end of the 18S gene extends into the adjacent CIaUEcoRI fragment of

pGhRl (Figure 6.6). In a similar way, the 256 bp of pGhRl sequence derived from the
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a.

TGCAACAÀAC C C C GAC TTC TGGAAGGGATGCATTTATTAGATAÄÄAGGTCGACGCGGC TT
1- ---------+---------+---------+---------+---------+---------+ 60

TGCTGCTCTGATGATTCATGATAA,CTCGACGGATGCGACGGCCTTTGTGCGGCGACGCAT
61 ---------+---------+---------+---------+---------+---------+ L20

CATTCAÀATTTCTGCCCTATCAACTTTCG.A.TGGTAGGATAGTGGCCTACTATGGTGGTGA
1,21, ---------+---------+---------+---------+---------+ + l_80

CGGGTGACGGAGAAT TAGGGTTCGATTC C GGAGAGGGAGCC TGAGAAACGC TACCACATC
1Bl- ---------+---------+---------+---------+---------+ + 240

CAAGGÄÀGGCAGCAGG
241- ---------+------ 256

b.

C TCGTTGAAGAC CAÀCAATTGCAATGATC TATCC C CATCACGATGA.AATTTCAÀAGATTA
l- ---------+---------+---------+---------+---------+---------+ 60

CCCGGGC CTGTCGGCAÀGGCTATAGACTCGTTGAATACATCAGTGTAGCGCGCGTGCGCC
6t ---------+---------+---------+---------+---------+- --------+ 120

CAGÀACATCTAAGGGCATCACAGACCTGTTATTGCCTCAAÄCTTCCTTGCCCTAAÄAGGC
1-2I ---------+---------+---------+---------+---------+ + 180

ATAGTC CCTCTAÄ,GAAGCTAGCCACGGAGGATCACCTCCGTGTAGCTAGTTAGCAGGCTG
181 ---------+---------+---------+---------+---------+ + 240

AGGT C TC GTTCGTTAAC GGAATTAAC CAGAC.A.A,ATCGCTCCACCAÀCTAÀGAACAGGC CA
24L ---------+---------+---------+---------+---------+ + 300

TGCACCACCACCCATAGAÄTCAAGAAA,GAGCTCTCAGTCTGTCAA,TCCTTACTATGTCTG
301- ---------+---------+---------+---------+---------+ + 360

GACCTGGTÀAGGTTCC
361 ---------+------ 376

Fisure 6.7 Seauence of the 18S gen resion of cotton rDNA reDeât clone

pGhRl,

a. Par[ial sequcncc of the 18S subclone of pGhRl, from the (-40) primer of

pBluescript@SK(-).

b. Partial sequence of the 18S subclone of pGhR1, from the RSP of pBluescript@St<1-).

The reverse complement of the sequence depicted above showed homology to 18S rRNA

sequences.
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opposite end of the subclone (Figure 6.7b) showedgSVo nucleotide identity to the 5' end of the

cotton 18S rRNA gene (Nickrent and Soltis, 1995), but terminated approximately 170 bp short

of the 5' end of the gene. Since XbaI defines a single rDNA repeat unit, the remaining 170 bp

of the 18S gene should be located at the other end of the pGhRl clone, contained in the 2.8 kb

XbaUEcoRI fragment (Figure 6.6). The small amount of hybridisation which occurred to the

2.8 kb XbaUEcoRI fragment by the 18S probe (Figure 6.5d, lane 8) lends support to this

hypothesis, but the lack of similar hybridisation to the 3.0 kb XbaASphI (Figure 6.5d, lane 5)

and 5.4 kb XbaUSalI (Figure 6.5d, lane 4) fragments of pGhRl suggest that the remaining

portion of the l8S gene may be present on a small XbaI fragment which was not detected by

Southern analysis (Figure 6.4a,lane 3). The lengths of ITSl and ITS2, which flank the 5.8S

coding region (Figure 1.4) are approximately 180 bp to 250 bp in plants, including cotton

(Torres et aI., 1990; Wendel et al., 1995) and are compatible with the physical map of pGhRl

in Figure 6.6.

The sequence differences observed between the cotton 18S genes may be due to

sequencing errors, since only one DNA strand of pGhRl was sequenced, or may reflect

intraspecific sequence heterogeneity in the l8S rRNA genes of cotton. Examples of

polymorphism in the rDNA coding regions of other organisms have been reported (Kolosha er

al., 1986), but to the contrary, the 5.8S gene shows strong sequence conservation in several

diploid and tetraploid cotton varieties (Wendel et al., 1995), making the former explanation

most likely

6.4.2 The Diphenvlamine Reaction for Ouantitation of DNA

A quantitative hybridisation experiment is reliant on precise determination of DNA

amounts in solution. UV spectrophotometry at a wavelength of 260 qm is a standard

procedure for determination of DNA concentration which is dependent upon the nature and

quantity of other components in the extract. Since both the cotton genomic DNA samples and
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the plasmid clone pGhRl were known to be contaminated with RNA, the Burton (1956)

diphenylamine reaction was employed to accurately determine the concentration of cotton

genomic and pGhRl clone DNA against a known standard. The diphenylamine reaction is a

simple spectrophotometric method which is widely utilised for estimating DNA content in

tissue extracts and aìthough not entirely specific for deoxyribose, the reaction is not affected by

carbohydrates present in the extract (Ingle, 1963).

Pilot reactions were performed to calculate the range of standards required such that the

values obtained for the unknowns, adjusted to a concentration of approximately 1 WgllLl using

the reading from UV spectrophotometry, fell within the range of the standards. The DNAs of

unknown concentration (cotton genomic DNA and pGhRl plasmid DNA) were then run in

triplicate against the known standards, which were also run in triplicate. Final data from the

diphenylamine reaction is presented in Appendix 8a. The regression calculated for the standard

curve was used to derive the unknown DNA concentrations in pg of DNA per pl (Appendix

8b; column 7). DNA concentration calculated by the diphenylamine reaction was invariably less

than half the value calculated by standard UV spectrophotometry, most likely due to RNA

contamination of the DNA samples which would elevate the spectrophotometric reading at260

qm. Following determination of DNA concentration using the diphenylamine reaction, DNA

solutions were diluted and adjusted to standard concentrations to be used throughout the

hybridisation experiments.

6.4.3 Assessment of Cross-hybridisation bv pGhRl to Plastid rDNA Sequences

Higher plants are characterised by three distinct genomes located in different cellular

compartments: the nucleus, chloroplasts and mitochondria. Ribosomes exist in the organelles in

addition to the cytoplasm, and the constituent rRNAs are encoded by the organellar genomes.

The plastid (chloroplast) genome is represented by a circular DNA molecule of approximately

150 kDa (Palmer, 1985; Shinozaki et aL.,1986), within which are two inverted repeats of a2O
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kb sequence containing the plastid-specific ribosomal RNA genes. The number of chloroplasts

per cell and the number of genomes per chloroplast varies widely between cells and is largely

dependent upon the age of the tissue (Scott and Possingham, 1980). Quantitation of the

number of ribosomal RNA genes in a particular nuclear genome therefore requires a probe

specific for the nuclear rRNA genes, to the exclusion of the plastid-derived homologues.

Evidence suggests that the distinctive rRNA species encoded by the mitochondrial genome are

divergent from their nuclear counterparts (Gray et al., 1983) and were therefore not expected

to hybridise the nuclear-derived pGhRl. pGhRl did not hybridise mitochondrially-derived

rRNA transcripts isolated from a cotton fibre cDNA library (Section 3.3).

An experiment designed to assess the cross-hybridisation of pGhRl to plastid rDNA

sequences exploited the differences in methylation status between the nuclear and organellar

genomes. The nuclear genome of many higher plants is extensively methylated at cytosine

residues (Doerfler, 1983; Gruenbaum et al., 1981) such that 5-methylcytosine may account for

25Vo to 35Vo of cytosine residues. In contrast, the chloroplast DNA of these species is

generally unmethylated (Smillie and Scott, 1969; Scott and Possingham, 1980). Use of the

restriction endonuclease HpaII, which cannot cleave CCGG sequences when the internal

cytosine residue is methylated, distinguishes between the two methylation states (Nelson and

McClelland, 1987). Restriction of total plant DNA with Hpall results in cleavage of the

unmethylated plastid genome while the extensively methylated nuclear genome remains

essentially intact. Total DNA from the six experimental cotton cultivars, G. hirsutum, cv.

Siokra 1-4, Siokra L-22, CS7S, Strumica 5086, Paymaster 909 and G. barbadense, cv.Pima

5-6 in addition to G. hirsutum cy. Deltapine 90 was restricted with HpalI and XbaI, and the

resultant Southern probed with the insert from pGhRl (Figure 6.8a, b). Identical hybridisation

patterns were produced in the six G. hirsutum varieties (Figure 6.8b, lanes 1-6) and in the

single G. barbadense variety (Figure 6.8b, lane 7), and as expected, cotton rDNA repeat units

were cleaved inefficiently by HpaII but were digested to completion with XbaI. Most of the
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a. Agarose gel electrophoresis of total DNA from several cotton genomes. Lanes labelled X and H contain I pg of DNA restricted with,YbaI
and 2 pg of DNA restricted with HpaII respectively and the cotton varieties are: 1. Deltapine 90 2. Strumica 5086; 3. Paymaster 909; 4. CSTS; 5.

Siokra I-4;6. Siokra L-22 artdT.Pima 5-6. The first lane contains molecular weight markers (Lambda DNA restricted with HindIII) with fragment
sizes as indicated in kb and lane 8 contains 2 ¡t"g of unrestricted DNA from G. hirsutum cv. Deltapine 90.

b" Southern blot of the gel depicted in a., hybridised with the 9 kb insert from pGhRi. Lanes and molecular weight markers are labelled as

above.

c. Southern blot of the gel depicted in a., hybridised with the 3.1 kb insert from spinach chloroplast IDNA clone Xho3. Lanes and molecular
weight markers are labelled as above.



hybridisation occurred to the 9 kb repeat unit band in the XbaI-restricted DNA (Figure 6.8b,

lane X). Hybridisation of pGhRl to HpaII-restricted DNA occurred mainly to high molecular

weight, unrestricted DNA (Figure 6.8b, lane H) which presumably represents rRNA genes

derived from the nuclear genome. In addition to the high molecular weight smear of DNA,

three distinct low molecular weight bands are evident, which were absent from the control of

unrestricted genomic DNA (Figure 6.8b, lane 8). The bands may be attributed to unmethylated

nuclear DNA or to rRNA genes derived from the plastid genome.

Evidence for the former explanation came from Southern hybridisation using an IDNA

probe derived from the spinach chloroplast, Xho3 (Crouse et aL,1978; Palmer and Thompson,

1981). Probing of HpalI-restricted cotton genomic DNAs with Xho3 produced three distinct

low molecular weight bands of hybridisation (Figure 6.8c, lane H) which are plastid in origin.

The bands did not conespond in size to those observed when HpaIl-cut genomic DNA was

probed with nuclear IDNA sequences (Figure 6.8b, lane H). The low molecular weight

fragments which resulted from hybridisation with pchRl (Figure 6.8b) conceivably represent a

proportion of the rRNA genes which are nuclear in origin but are unmethylated. Methylation of

plant nuclear rRNA genes at CpG, CpCpG or CpNpG motifs is widely considered to play a

role in the regulation of their transcription (Scott et a\.,1984; Section 1.5.4). In plants with a

relatively large number of rDNA repeats, a high percentage of the rDNA (greater than 70Vo)

appears completely methylated at these sites and is probably packaged in a highly condensed

lh-
and transcriptionallynactive heterochromatic form (Hemleben and Zentgraf, 1994). The small

percentage of repeats which is completely unmethylated are proposed to represent the actively

transcribed portion of rDNA.

In addition, only after extended exposure was a small amount of hybridisation observed

to unrestricted nuclear DNA by the plastid probe (not shown), and no hybridisation was

observed to the 9 kb XbaI fragment which contains the rDNA repeat unit from the cotton

nucleus (Figure 6.8c, lane X). Hybridisation of Xho3 occurred to high molecular weight bands
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in the XbaI restrictions (Figure 6.8c, lane X) which correspond to rRNA genes located on the

plastid genome. Interestingly, variation between the chloroplast rRNA genes of the G.

hirsutum varieties and those of Pima 5-6 was evident in that Pima 5-6 DNA lacks the second

band of hybridisation to Xho3 (Figure 6.8c, lane X). It may be that the chloroplast rDNA

repeat units in cotton have an Xbalpolymorphism.

In summary, the implications from this experiment are that chloroplast rDNA sequences

do not cross-hybridise rRNA genes of nuclear origin and, likewise, pGhRl does not cross-

hybridise chloroplast rRNA genes. Quantitation of rRNA genes in total cotton DNA utilising

pGhRl should not therefore be confused by cross-hybridisation to chloroplast sequences.

The slotblotting procedure involves treatment of DNA samples with NaOH, which

should hydrolyse contaminant RNA in the genomic and plasmid DNA samples. A pilot

experiment was undertaken to determine whether this was indeed the case and to ascertain the

effects of RNA contamination on the quantitation experiment. Two 4 pg samples of total RNA

from leaf tissue were applied to a slotblot, one of which was denatured with formaldehyde in

the usual way for RNA slotblotting whilst the other underwent treatment which was identical

to that used for the DNA samples. The rRNA transcripts in the denatured RNA sample

exhibited strong hybridisation to the pGhRl probe (not shown) whereas the latter sample did

not produce a hybridisation signal (not shown). It appears that the RNA in the treated sample

did not adhere to the nitrocellulose membrane and was probably hydrolysed by the NaOH used

in preparation of the sample for slotblotting. In addition, Southern analysis showed that the

purified pGhRl insert did not cross-hybridise to vector (pBluescript@SK(-)) DNA, even with

an overload of pBluescript@SK(-) DNA and with extended exposure to X-ray f,rlm (not

shown).

In summary, the control reactions demonstrated that hybridisation by pGhRl to slotblot
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DNA samples can be fully attributed to rRNA genes present in the nuclear genome of cotton.

Hybridisation to rRNA genes of organellar genomes or to rRNA gene transcripts present in the

contaminating RNA can be assumed to be negligible.

6.4.5 Estimation of rRNA Gene Number in Several Cotton Cultivars

The number of rRNA genes in several cotton genomes was investigated by quantitative

hybridisation to genomic DNA samples in comparison with known loadings of the cloned

rDNA repeat unit. A calibration series of pGhRl was devised which would allow regression

analysis of a standard curve and subsequent calculation of the number of rRNA genes in each

DNA sample, based on intensity of hybridisation to the pGhRl ribosomal probe. The

experiment utilised a slotblotting apparatus, onto which were loaded duplicate 1 pg samples of

each of the genomic DNAs. Calculation of the number of cotton genomes in 1 pg of DNA is in

Appendix 9 and was estimated assuming 3.8 pg of DNA per cotton tetraploid genome

(Geever, 1980).

It is noteworthy that estimates of the genome size of cotton by several different workers

using different techniques vary widely. For example, Walbot and Dure (1976) estimated the

DNA amount at 0.795 pg of DNA per haploid cell, while Geever's (1980) estimate was 0.95

pg of DNA per haploid cell. In a more recent study, Galau et at. (1988) rJvtaluated the data of
^

the previous two workers to arrive at a value of 0.94-1.0 pg of DNA per haploid genome, a

result which was also obtained by Firoozabady (1986). Michaelson et al. (1991) estimated the

haploid genome size of G. hirsutum cv. Tamcot CAMD-E at around 3.03 pg of DNA and 2.8

pg of DNA, using scanning microspectrophotometry and flow cytometry respectively. Both

these values clearly differ from those of the previous workers. Other estimates, also determined

by flow cytometry, vary from 2.2 to 3 pg of DNA per lC DNA amount, depending on the

particular variety under study and the standard DNA used (Bennett and Leitch, 1995). Using

Feulgen cytophotometric techniques, Edwards et aI. (I974) and Kadir (1976) obtained 5-fold
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differences between the genome sizes of G. hirsutum and G. barbadense. However, variation

in genome size may simply reflect technical shortcomings or may be due to certain assumptions

made in computing genome size and are to be viewed with caution (Bennett and Leitch, lg95).

For the purposes of this experiment, Geever's (1930) results were used since they have been

confirmed independently by Galau et aL. (1988).

As for the diphenylamine reaction, a series of pilot experiments was carried out in order

to calculate the range (DNA amounts) required of the standards. The resultant films were read

using an LKB UltroScan XL Laser Densitometer to produce a series of peaks, each of which

corresponded to a slot of DNA on the filter (not shown). The measure of absorbence is

generally the integrated area under each peak, but in this case appeared to be an unsuitable

measure because the baseline was not appropriate for all peaks. In order to ascertain a suitable

method for measuring the densitometer output, 24 peaks were selected at random and the peak

height correlated with both the weight of the paper in the cutout peak (which served as an

accurate measure of the area under the peak and was calculated from the base of the peak)

(Figure 6.9a), and the integrated area, as calculated from the baseline set by the LKB

densitometer software (Figure 6.9b). The Pearson Correlation Coefficients 11 and 12 for weight

andintegratedarearespectively(Bailey, 1959;Figure6.9)werebothstatisticallydifferentfrom

0 and from each other, yet only 12 wâs statistically different from 1. In conclusion, integrated

area and area under the peak are different. Poor correlation between peak height and

integrated area suggests that the latter should not be used as a measure of peak area, as it is an

artifactual value generated by the immovable LKB scanning software. In contrast, there is

good correlation between peak height and peak area, and peak height can therefore be used to

estimate the area under the peak.

Two experimental slotblots were loaded independently, each containing two dilution

series of plasmid pGhRl, both in duplicate. Each filter contained I pg samples of cotton

genomic DNAs, also in duplicate and positioned at random on the slotblot. Following
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a. Correlation between peak height and peak area (as measured by the weight

of each peak) of 24 randomly-selected densitometer peaks. The calculated Pearson

Correlation Coefficient (r¡), a measure of the linear association between the two

variates, is 0.98875, on22 degrees of freedom (Bailey, 1979).

b. Correlation between peak height and integrated area (as calculated by LKB

software) of 24 randomly-selected densitometer peaks. The calculated Pearson

Correlation Coefficient (rr) for this set of data is 0.88025 , on 22 degrees of freedom

(Bailey,I979).
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hybridisation by the insert from pGhRl (not shown), an appropriate exposure to X-ray film

was scanned twice using the densitometer. The data for filters 7 and,2, which includes standard

values and peak heights, are presented in Appendices 10 and l1 respectively. Two sets of data

were removed from the analysis of each cotton variety on each filter. Samples for which the

hybridisation signal was difluse or uneven across the slot were omitted, or the slot with the

lowest value was removed, since in these cases the DNA may have been ineff,rciently vacuumed

onto the slot. Statistical analysis of the peak height measurements was carried out by the

Statistical Consulting Group, University of Adelaide, using repeated measures analysis of

variance (Appendix 12).

There are several conclusions which can be drawn from statistical analysis of the data.

Firstly, there are significant differences between the two sets of densitometry scans,

represented by data set #l and data set #2 (data set #2 is generally higher than data set #l;

Appendix 10, 11) and the four sets of results were separated (Appendix 13). Consequently,

final calculations of gene numbers (Table 6.3) were based on the output from statistical

analysis (boxed in Appendix 12) using four independent calibration curves (Appendix l3).

Cotton variety Data set and rRNA gene number per
unreplicated tetraploid nucleus

Summary

Filter#1, Filter#1, Filter #2, Filter #2,
data set #l data set #2 data set #l data set #2

Average St. dev
gene

number

Fibre
length
(mm)

Paymaster 909
Strumica 5086
CSTS

Siokra l-4
Siokra L-22
Pima 5-6

1647
1592
5772
6182
6355
8555

7886
7832
6062
7044
6629
8769

6592
6531
4497
s625
5148
1606

6705
6639
4459
s668
5157
7792

7208
7149
5198
6280
5822
8181

654
659
839
139
781
568

23
23
26
28
30
33

Notably, the difference between data sets did not cause any significant differences

between the results obtained for each variety nor to their differences in gene number relative to
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each other (Table 6.3). There are no significant differences in rRNA gene number between

plants of the same variety as has been reported in several plant species (Rogers and Bendich,

1987a, Rogers and Bendich, 1987b).

Significant differences were observed between the cotton varieties in rRNA gene copy

number. The genome of Pima 5-6 contains the highest number of rRNA genes (Table 6.3) and

differs significantly from all the G. hirsutum varieties except Paymaster 909 and Strumica

5086. The rRNA gene number estimated for CSTS also differs significantly from values

obtained for Paymaster 909 and Strumica 5086. The remaining varieties do not differ

significantly from each other and in the case of Paymaster 909 and Strumica 5086, are virnrally

identical. The two varieties which differ significantly in their final fibre lengths (Figure 6.1),

Siokra L-22 and Strumica 5086, do not have different rRNA gene numbers. Intraspecific

variation in rDNA number n G. hirsutum is not surprising and is common in plants. For

example, the number of rRNA genes has been found to vary by as much as 95-fold between

individuals within a single population of broad bean, Vicia faba (Rogers and Bendich, 1987b).

The numbers of IRNA genes do not, however, correlate with final fibre length of the cotton

varieties under study (Figure 6.10a).

There are significant differences between the results on each filter in terms of absolute

gene numbers (Table 6.3). The values obtained from Filter #2 are generally lower and are not

corrected by the standards. Standard values between the two filters differ by approximately

0.3, whereas the genomic DNA samples differ in their absorption by approximately 2. This is

most likely caused by pipetting or dilution errors for the calibrations on one of the filters and

indicates that absolute gene number remains an unknown quantity. In a relative sense however,

the filters give the same answer, best visualised as a correlation (Figure 6.10b) and statistically,

the filters are consistent with respect to differences in gene numbers between the varieties.

It should be noted that the calculation of rDNA copy number includes the assumptions

that the G. hirsutum and G. barbadense cultivars have the same genomic size as those in cited
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a. Correlation of estimated rRNA gene number in six cotton varieties with

final fibre length. Experimental values for fibre length were used for the varieties

Siokra L-22, Siokra 1-4, CSTS and Strumica 5086, whilst published data was used for
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b. Correlaúon of rRNA gene number estimates between the two filters.

8000

7000

6000

5000

4000

3000

2000

1000

0

WWffiffiffiffiffiffiffiffiWffi

ffiWffi

ffiffi

268



work and that total DNA content does not vary greatly among individuals. The rRNA gene

numbers obtained in this experiment are between the previous estimates of Walbot and Dure

(1916), Baker et aI., (1995) and 'Wendel et al. (1995). The rRNA gene copy number was

estimated by Walbot and Dure (1916) in the variety Coker 201 (using hybridisation and

reassociation kinetics) at 300-350 copies per haploid genome, and Baker et al. (1995) arrived

at a similar value for G. hirsutum using hybridisation of genomic clones to a heterologous

rDNA probe. Our estimate ranges from around 1300 to 2000 copies per haploid genome,

whilst the estimate of Wendel et al. (1995) is higher, at approximately 3800 repeats per

haploid genome. These primary differences are most likely attributable to different estimates

used for the size of the haploid genome of cotton.

6.5 SutvlvlARy AND Co¡¡cr-usloNs

This Chapter describes the results of a preliminary investigation into control of ribosomal

RNA synthesis in the developing cotton fibre. A range of cotton varieties reported to show

varying fibre lengths were cultivated for examination of their f,ibre cell length and nucleolar

size. Fibre length was measured in four varieties, two of which, Siokra L-22 and Strumica

5086, differed significantly in their final fibre lengths. Nucleolar analysis was carried out on

three Australian cotton cultivars in an attempt to verify previous work which is suggestive of a

correlation between nucleolar volume and final fibre length. The three G. hirsutum varieties

under investigation, Strumica 5086, Siokra L-22 and CS7S, are characterised by different

nucleolar growth profiles and the time of onset of increase and decrease in nucleolar size

differed between varieties with differing fibre length. However, individual nucleoli could not be

correlated with particular fibres and a positive correlation (or otherwise) between maximal ,,

nucleolar volume and final fibre length could not be inferred from the experiment.

The number of rRNA genes in six cotton cultivars was estimated by comparative

slotblots. Significant differences were observed between several varieties, suggestive of
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intraspecific variation in rRNA gene number in cotton, but the values obtained did not

correlate with final fibre length. The absolute values for rDNA copy number are within the

range of previous estimates.

Interestingly, Siokra L-22 and Strumica 5086, which differ in their fibre lengths, also

differ in their nucleolar volume protîles. They do not however differ in their numbers of rRNA

repeats and it may be differential rRNA expression which causes the differences in nucleolar

profiles. Transcription may differ between the varieties and may be correlated with the

nucleolar size at various stages of fibre development.
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CHAPTER 7

Concluding Discussion





7.1 A¡¡lr.Ysrs on Gnrun ExpnnsSIf)N c Corrou Frnnn Dnvnr,opMENT

Cotton fibres are differentiated from single ovule epidermal cells and initiate growth at

about the time of anthesis, affirming a precise synchrony and homogeneity of growth during

their development in cotton bolls. The increasing consumer demand for quality and

performance translates into new demands on cotton as a fibre, but prior to the use of genetic

manipulation as a tool in cotton fibre improvement, an understanding of the molecular and

genetic mechanisms which control commercially important characteristics is required. The

work presented in this thesis was primarily aimed at the isolation and characterisation of genes

that are predominantly expressed in the fibre cell, under the assumption that some of these

genes will be specifically related to the development of the fibre.

7.L.1 Complementarv DNA Clones to Fibre-specific mRNA Species

The differential screening of a cDNA library derived from the fibres of an Australian

commercial cultivar Gossypiumhirsutum cv. Siokra 1-2 resulted in the isolation of hve fìbre-

specific messenger RNAs as cDNA clones. Transcript accumulation varied between clones,

suggesting that expression of fibre-specific genes is under temporal and spatial regulation

coupled with fibre cell differentiation. Screening of the cDNA library with each of the fibre-

specific oDNA clones showed that all five fibre-specific transcripts are abundant in elongating

fibre cells.

Sequencing of three of the clones revealed significant similarity to known plant proteins.

The sequence of pFS I showed significant sequence similarity to a previously characterised

fibre-specific cDNA, E6. The function of the protein encoded by E6 and pFS 1 is unknown but

it has been suggested to have a unique structural or enzymatic role in cotton fibre primary cell

wall deposition.

Clone cFSltp, representing the most plentiful class of fibre-specific cDNA, was identified

as encoding a lipid transfer protein (LTP) based on its similarity to LTP mRNAs and genes

from a variety of plants. The fibre-specific LTP cDNA sequences fell into two classes. One of
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twelve clones sequenced was virrually identical to a fibre-specific LTP isolated from another

cotton cttltivar, whilst the remaining 11 clones defined a new LTP gene subfamily. LTPs

identified from both Arabidopsis and broccoli have been located in the cell wall and, in

particular, to the waxy cuticle where insoluble cutin may prevent water loss from epidermal

cells and provide a mechanical barrier to pathogen ingress. The induction of an analogous

activity during cotton fibre development may be related to the extensive cutin deposition which

occurs during the elongation phase of growth and is consistent with an abundance of LTP

transcripts early in fibre development.

A full-length pFS17 sequence was constructed from the original pFS17 clone sequence

and a consensus sequence derived from three 5'-RACE clones. The 1100 nucleotides

contained a long open reading frame, potentially encoding a polypeptide of 299 residues,

FSPRP, which showed significant sequence similarity to a family of plant proline-rich proteins

(PRPs). The precise role of PRPs in plants is unknown but, like LTPs, they are targeted to the

cell wall and are thought to have a cross-linking or defence-related function. The primary

structure, developmental regulation and tissue specificity of FSPRP suggests that it may have a

function in the primary wall deposition phase of cotton fibre development.

Screening of databases with sequences of the remaining two clones, pFS3 and pFS18,

was uninformative, implying that they may encode novel protein products. Despite the

sequencing of several 5'-RACE clones, it may be that the full-length pFS3 cDNA has yet to be

isolated. The persistence of pFS3 transcripts in fibres aged from 6 DPA to at least 20 DPA is

suggestive of a possible role for the encoded protein in either elongation or secondary wall

deposition or both.

7.1.2 Ribosomal RNA in Cotton Fibres

Studies have shown that ribosomal RNA metabolism may be related to cotton fibre

development and a preliminary investigation was carried out of rRNA genes in several

Australian cotton cultivars. The nucleolar size in fibres from three G. hirsutun varieties,
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differing in their final fibre lengths, was measured at early stages of growth. The mean

nucleolar diameter reached a maximum at different times after anthesis and declined gradually,

confirming previous work. One of several levels at which accumulation of rRNA may be

controlled is by quantitative variation in the number of copies of the rRNA gene. The rDNA

repeat unit from G. hirsutum var. Deltapine 90 was cloned and used to estimate the number of

rRNA gene copies in six cotton varieties. Significant differences were observed between some

of the varieties, but these did not correlate with final fibre length

The rate of rRNA gene transcription and the efficiency of precursor processing have not

been addressed in this project. Future work might involve a direct investigation of the number

of active transcription complexes by nucleolar dispersal and silver staining (Haaf et aI., 1991)

In addition, biosynthesis and efficiency of processing of pre-rRNA could be determined by

determination of the specific activity of the ATP pools in the initial and processed products of

transcription (Ni Ghogain et aI., 1982) and the halfJife of the ribosomes determined by pulse-

chase or continuous labelling experiments. Several trans-acting factors involved in RNA

polymerase I transcription initiation have been identified in vertebrates (Reeder, 1990) and an

investigation of plant homologues may also be fruitful

7 .2 FuTURE PRoSPECTS FoR GENETIc ENcT¡qnnRTNG oF CoTToN

Knowledge gained from this work contributes to our understanding of cotton fibre

development and may have significant agricultural and commercial ramifications for the

Australian cotton industry. Future work should focus on the obtaining of promoters which

correspond to the fibre-specific cDNAs described in this study. Two members of the LTP gene

family have thus far been identified in the genome of Siokra l-2, but it appears unlikely that

either encodes the fibre-specific transcripts of interest.

The first step in the evaluation of fibre-specific promoters is isolation of the

corresponding genes followed by verification of tissue-specific expression patterns by transient
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expression in cotton plants. Previous experiments with cotton gene promoters have utilised

promoter sequences of 2.5 kb (John and Crow, 1992) and2.3 kb (John, 1995), but as little as

101 bp was sufficient to direct anther-specific expression in transgenic tobacco (Koltunow er

al., 1990). Several hundred bp of the immediate 5' flanking regions of plant genes are generally

suflìcient to confer the appropriate pattern of expression on heterologous reporter genes

(Willmitzer, 1988). Transformation techniques based on particle bombardment allow

epidermally transformed plants (McCabe and Martinell, 1993), which could provide useful data

for the evaluation of fibre-altering genes such as the ones isolated in this study.

Cotton crops are extremely vulnerable to bacterial and insect pests, some of which

specifically attack the cotton boll. Development of transgenic plants which express resistance

genes in susceptible regions will result in a reduction in the massive chemical input necessary

for efficient cotton production. Foreign genes, potentially from any source, may be transferred

into cotton plants and accurately tissue-targeted to the fibres without detrimental effects on

overall plant vigour. In addition, the genes identified in this study are expressed at distinct

times in fibre development and their temporal expression patterns could be exploited in

transgenics. Promoters which drive pFS6, pFS17 and pFSl gene expression could be used to

express heterologous genes early in fibre development, during cell elongation. pFSl8

expression, on the other hand, peaks at 12-14 DPA whilst pFS3 transcripts were detected from

6 to 20 DPA.

Future research efforts will also aim to determine whether there is a common cls

regulatory element in fibre-specific promoters which is sufficient to direct tissue-specific

transcription. Manipulation of such control regions may result in the specific alteration of the

sequential progression of several genes or the timing and,/or level of expression of a particular

gene. A gene's structure might also be modified to give novel protein products. The ability to

decrease the expression of a gene in a transgenic plant has potential utility in the study of plant

gene expression and function as well as in crop improvement and offers a method for
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constructing a mutant.

Transferral of intact genes into heterologous plant hosts has been the subject of a number

of experiments (Willmitzer, 1988). Future work might also involve transferral of the intact LTP

gene into a heterologous host such as Arabidopsis to determine whether the tissue-specific

expression is retained, perhaps in the trichomes. In addition, it would be of interest to ascertain

if the expression patterns of fibre-specific genes such as PRPs and LTPs differ between

cultivars which vary in their fibre characteristics or between varieties with wild type and

mutant fibres. A drawback to the use of differential screening techniques is that they only allow

isolation of abundant mRNAs. It may be that the crucial proteins in fibre development are rarer

regulatory proteins and may be identified by techniques such as differential display.

Characterisation of "cold" clones from a fibre cDNA library may also prove fruitful in this

respect.

7.3 FrNaL Srnrnvrnurs

Many of the aims outlined prior to the conìmencement of this research have been

achieved and results from this project provide a foundation for future work on fibre-specific

promoters. Further characterisation of the clones described here and isolation of additional

genes may help in gaining further insight into the developmental processes which occur in

elongating cotton fibres, and will eventually allow breeders to respond rapidly to changes in

spinning technology and to increase the rate of fibre improvement more generally
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AppnNnrx 1

Cotton fibre measurements: G. hirsutum, cy. Siokra L-22

Cotton Fruiting
plant branch

(approx.)

Fibre length of 6 seeds (mm) Ave. length for
boll (mm)

Boll age
(DPA)

St. dev. for
boll (mm)

2.33
2.42
2.33
2.58
1.75
2.33
9.67
10.33
9.75
6.61
20.67
21.50
23.67
15.67
23.17
17.17
26.25
30.33
27.08
27.00
24.67
28.33
29.00
30.67
29.33
30.92
30.00
29.00
28.t7
28.67
31.33

29.67
30.50
28.58
30.33
26.6'1

28.17
3l .00
30.83
28.67
28.92
28.17
30.17
3l .00
29.50
30.83
29.17
30.33
29.67
29.67

0.75
0.49
0.41
0.49
0.27
0.52
0.98
1.03

0.76
L5l
1.37

1.38
1.37
1.37
0.68
1.47

1.08
1.21

r.56
1.10
t.2t
2.58
0.89
1 .51

1.21

0.80
1.26
1.79
1.17

1.21

1.03
1.03

1.52
1.43

1.03
1.21

1.33
0.89
0.75
1.63
1.63

t.72
1.47
0.89
1.05

0.93
1.47

l .51

t.21
1.21

3.53221.5
2.52322
2.522.532
322.532
221.51.52
23232

10.5 l0 10.5 8 9
121010109
9.5 10 1099
76848
2t 22 19 22 2l
20 21 22 21 2t
22 22 25 24 24
l8 1.6 15 16 15

24 24 23 23 22.5
19 16 l',l 15 18

25.5 25 2't 26 26
32 30 29 3t 29
26 27 29 26 29
27 26 27 27 29
26 25 24 23 24
31 26 28 32 27
28 29 30 28 29
28 31 32 31 32
30 28 30 28 29
31 30 3l .5 3t 32
29 29 32 29 3l
31 30 29 28 30
27 28 30 27 28
30 28 28 29 30
30 31 31 31 32
30 30 28 29 30
32 30 28 30 32
29 29 29.5 28 30
32 31 29 30 30
25 26 28 26 28
26 28 29 28 30
32 31 32 30 30
31 32 30 30 31

30 29 28 27 3t
27 29.5 30 27 29
29 27 28 28 26
32 30 31 28 3t
3t 30 30 31 32
30 30 31 29 29

3 1 .5 29.5 3t 31 30
29 31 30 27 30
29 31 31 28 31

30 3t 29 29 28
28 30 29 29 31

5

5

5

5

5

5

10

l0
l0
10

t5
l5
l5
l5
15

15

20

20
20

20
20
25
25
25

25

30
30
30
30
30

35

35

35

35

35

40
40
40
40
40
45
45
45

45
45

50

50
50
50
50

2

3

2
3

1.5

2
l0
ll
1l
7

l9
24
25
14

22.5
t8
28

31

25.5

26
26
26
30
30
31

30
30
26
29
27

33
3l
3l
26
30
27
28
31

31

27
31

31

29

32
28

32
28

32
3l
3l

19

t9
20
19

2

4
l4
l6
J
3

t3
13

10

2
2

2

14

l7
4
4
l0
9
8

6
2

l3
2

3

2
I
8

9
2

2

I
2
5

2

5

10
4
4
I
2

8

2

2
I
I
6

4
3

4
5

8

8

4
5

7

5

3

5

4
-t

7
5
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1
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Appnxnrx 2

Cotton fibre measurements: G. hirsutum, cv. Siokra 1-4

Cotton
plant

Fruiting
branch

(approx.)

Boll age
(DPA)

Fibre length of 6 seeds (mm) Ave. length for
boll (mm)

St. dev. for
boll (mm)

1

I
2

1

1

5

3

I

5

J

5

5

2

5

2

4

2

2

4

1

3

5

3

2

2

5

I

1

J

5

2

1

3

I

I

3

3

l8

27

5

5

5

l0
l0
l0
10

l5
15

15

20

20

20

20

25

25

25

25

30

30

30

35

35

35

35

40

40

40

40

45

45

45

45

50

50

50

50

ll
9

9

15

19

22

l3
17

15

t6
l8
19

t4
13

l0
9

4

5

8

l5
5

10

8

1

3

3

2

3

4

3
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I

3

7

7

2

I

J

2

2

9

9

6

9

t9
t9
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30

25

21

30

26

26

28

25

28

28

28

27

28
a1

27

30

30

27

3l
28

27
)'7

27
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27

27

27

1.5

2.5

2
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14

24

28

29

30

30.5

24

27

28

28

25

29

28

29

30

27

26

3l
28

29

28

31

29

28

29

29

26

27

28

2.5

J

J

10.5

9

10

9

2t
22

30

25.5

30

29

27

26

28

28.5

27

27

28.5

31

28

24

28

26

28

30

31

3t
29

28

30

26

29

28

1.5

2

2

9

7

9

l0
20

2t
25

29

30

32

29

26.5

27

26

25

28

28

28.5

28

3l
26

27

30
.,1

28

28

29

27

30

30

30.5

25

28

30

2
2.5

2.5

l0
9

9

8

20

18

26

29

28

30

28

30

26

28

27

29.5
,o
27

30

30
)'7

28

3l
29

28

28

29

28

29

28

31.5

24.5

27

28

2

2.5

2.5

l0
7.5

9

ll
l6
20

r5
29

28

29

30

2',7

26

29

27

29

29

29

29

29

26

25

3l
27

30

29

29

28

29

29

30

25

26

28

2.08
2.42

2.33

10.08

8.25

8.83

9.58

18.50

18.83

22.83

29.17

27.58

29.61

29.42

26.75

26.50

27.50

26.61

28.00

28.33
.t1 0.1

28.58

29.83

26.83

26.17

30.17

27.83

28.33

29.00

29.50

28.33

28.67

28.50

29.92

25.58

27.33

28.17

0.58
0.38

0.41

1.11

0.88

1.47

1.11

t.52
2.64

4.07

0.75

1.96

r.63

0.92
1.94

0.5s

1.22

1.37

1.58

0.82

0.80

LOz

t.t7
0.75

L47
r.l1
1.47

l 03

1.26

1.22

l.5l
l 03

1.05

r.o7

0.92

l 03

0.98
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Appnnrrx 3

Cotton fïbre measurements: G. hirsutum cv, CSTS

Cotton
plant

Fruiting
branch

(approx.)

Boll age
(DPA)

Fibre length of 6 seeds (mm) Ave.length for St. dev. for
boll (mm) boll (mm)

5

2

2
5

2
2

5

2
2

5

2

2

4
8

2

2
2

3

3

4
1

4
3

6
3

I

4
I

4
7

5

1

I
3
)
4
2

3

I

2

2

5

5

5

I
5

7

2

3

1

I
I

t5
13

l0
3

l8
l5
16

11

3

l6
t2
13

3

I

10

13

l1
5

2

4
4
4
4
4
I
4
8

6
2

I

3

I

5

3

I
5

2

3

4
4
5

5

I

2

3

2

4
2

I
2

2

I

J

2.5
2
2
ll

12.5

9
9

8

18

24

23
2l
16

26

26
25
25
26
25

27
26
23
28

25
29
28

26
27
28
29
28
26
25
26
29

24
29
26
26
26
24
24
28

27
25
27
25
2'l
t9
26
25

2

2

1.5

2.5
l0
13

l0
t0

10.5
25
25

2t
2t
l8
26
24

23.5
23
24
25

24
23
26
27

24
26.5
27

25
25
28
29
30
25
26
26
27

28.5
27
25

27
25

25
26
23
23
26

2'l
28
25
28
25
25

2

2

2

2

10

t2
ll
ll
9

22

23
22
18

18

27
25
25
27
23

27
26

23.5
25

26
28
24
28

25
24
26
29
30
25
27
25
25

29
25
26

24
25

24
24

27.5
23

26
26
29
26
27

25.5
27

1.5

2

2.5
2

I 1.5

l0
8

ll
8.5
22

21

24
18

17

25

25
24
26
26

23

22
24
25

26
25.5
25
26

24
25
27
27

28.5
28
26
27
27

26.5
29.5
28

25
27

25
25.5
28
26
25
27
23

29
27
26
26

2.5
2

2
2.5
t0
ll
9
1l
l0
22

23
22

17.5
t7
25
25
22
23
25

26
2l
26
28

26
25
27
27

23
24
28
27
30
26
2',7

26
2',7

24
27
26

25
25

26
28
26
26
25

26
28
29
26
26
26

2

2.5
2
2

t2
l2
8

9
8

t9
22
23
l8
t9
26
26
23
24
25

24
25

22.5
24

24
26
25
25

26
26
27
27
28
25
25
25

25
25.5
28

25
26
25

25

25
26
25

26
26
26
24
26
24
25

0.52
0.26
0.32
0.26
0.88
1.08

l.l'l
0.98
1.05
2.50
t.4l
1.05
1.63
1.05

0.75
0.75
1.t7
1.63
1.t7
t.4t
2.32
l .51

1.72

1.33
1.36
1.80

l.l7
Lt7
l.t7
0.82
t.l0
l.o2
t.t7
0.89
0.75
l 5l
2.t6
t.63
1.10

1.05
0.84
0.75
1.50
1.91

1.67

0.55
0.55
2.26
2.07
3.27
0.80
0.82

5

5

5

5

l0
l0
10

10

l0
15

l5
l5
l5
l5
20

20
20
20
20
20

25
25

25

25

25
30
30

30
30
30
35
35
35
35

35

35

40
40
40

40
40

40
45

45
45
45
45
50
50
50

50
50

2.17
2.17
2.00
2.17
10.75
11.7 5

9.17
10.17

9.00
21.33

23.00
22.50
18.92
17.50

25.83
25.t7
23.75
24.67
24.83
25.00
24.17
24.t7
25.t7
26.17
25.58
26.08
26.83
24.83
25.t7
27.33
28.00
29.08
25.83
26.00
25.83
26.67
26.25

27.58
26.00
25.50
25.50
24.83
25.42
26.42
25.00
25.50
26.50
26.50
26.67
25.50
25.42
25.67
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AppnNtrx 4

Cotton fibre measurements: G, hirsutum, cy. Strumica 5086

Cotton
plant

Fruiting Boll age
branch (DPA)

(approx.)

Fibre length of 6 seeds (mm) Ave. length for
boll (mm)

St. dev. for
boll (mm)

,)

,ì

4
,)

l8
15

16

11

3

t6
6

2

6

I

7

13

t4
4

6
t0
4
6

-1

8

2

5

13

4
6

8

8

l0
6

8

5

5

5

5

l0
10

l0
10

l0
l5
l5
15

t5
15

20
20
20
20
20
25
25
25
25
25
30

30
30
30

30
35
35
35
35
35
40
40
40
40
40
45

45
45
45

45

50
50
50
50
50

2.42
2.r7
1.83
2.25
t0.75
1t.75
9.17
10.17

9.00
20.67
16.33
18.83
18.58

17.17
23.17
25.00
22.67
22.08
21.50
22.33
22.00
22.17
21.50
21.67

22.67
24.25
27.67
20.17
21.75
23.08
24.25
22.00
22,Q0

22.67
2t.75
25.83
22.00
20.67

22.50
24.00
21.42
25.17
2t.42
22.33
26.67
24.t7
22.83
2t.33
21.67

0.49
0.4r
0.26
0.27
0.88
1.08
1.17
0.98
r.05
1.03

0.82
0.75
0.92
1.33

L47
2.10
0.82
t.02
0.77
1.37
0.89
1.17
1.38
1.03

1..7 5

0.76
2.25
1.72
0.88
0.66
t.l7
1.79
1.67

1.86
1.47
|.17
0.55
Lt7
1.97
1.41

1.28
r.17
0.80
1.21

0.82
2.04
1.4'.7

l 03
0.82

33222.52
232222
21.5222t.5
2.522.5222.5
1l 10 10 ll.5 10 t2
12.5 13 t2 10 I I 12
9l0il898
9 l0 ll 11 ll 9
8 10.5 9 8.5 l0 8

t9 2t 21 20 21 22
17 1.6 15 16 t7 l7
t8 19 l8 19 19 20
19 19 17.5 t8 20 18

15 I7 t9 18 t7 l'l
24 21 24 23 25 22
27 25 22 26 23 27
23 22 22 24 23 22
22 21.s 24 22 22 2l
21 20.5 22 2t 22.5 22
21 24 22 21 24 22
2t 22 22 21 23 23
21 23 22 22 21 24
24 21 22 20 21 2t
21 22 22 23 22 20
23 24 20 25 22 22
25 25 24 24 23 24.5
31 30 26 26 27 26
23 20 19 t8 2t 20
22 2t 23 22.5 21 21

23 22 23 24 23.5 23
25 24 24.5 25 25 22
19 24 2l 22 23 23
22 24 19 22 23 22
25 25 22 2t 21 22
22 22 23 21.5 23 19
27 24 26 27 26 25
23 22 21.5 22 22 21.5
21 18.5 21 20.5 21 22
20 23 22 26 22 22
24 25 24 26 22 23
21 20 22 22.5 20 23
25 26 25 24 27 24
22 2t 20 21.5 22 22
22 23 24 23 21 21

26 27 27 28 26 26
27 24 2l 25 23 25
25 24 21 22 22 23
21 2t 22 2t 23 20
23 2't 22 2t 22 21

2

4
4
6

3

1

I

3

6

I

4
I

3

5

4
2

5

2

2

2

5

2
2

1

2

3

7

5

2

2

I

6

5

4
4
4
5

3

3

2
2

J

8

4
I
1

6
6

4
2

I
I

4
1

3

2
2

3

I

1

I

I

7
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Appn¡qnD( 5

Nucleolar diameter measurements: G. hirsutum) cv. Siokra L-22

Fibre age 2
(DPA)

4 6 I t4 16

Seed I 2 3 4 I 2 3 4 1 2 3 4 I 2 3 4 I 2 3 4 | 2 3 4 1 I

10 t2

6.36
s.96
6.53
6.83
6.08
6.84
6.55
6.84
5.81
5.66
5.65
5.54
6.09
5.44
6.64
5.95
6.25
6.22
6.27
6.79
6.6t
6.34
5.69
6.22

7

5.08 6.02
6.18 5.63
4.64 6.1

4.8 5.97
5.37 s.62
4.65 6.16
4.98 4.73
4.64 5.55
5.79 6.1

4.3 5.62
4.7 6.13
4.78 6.71
4.64 6.t3
5.66 5.5
4.82 5.75
4.26 5.47
4.38 6.18
4.07 6.27
4.99 6.t8
4.7 6.21
4.6 6.38
4.84 6.1

4.65 6.82
5.97 6.18
6.83 5.57

5.07
5.78
5.15
5.17
5.58
5.05
5.22
4.3r
5.r7
5.17
5.14
5.5r
6.11
5.15
5.13
4.01
5.52
5.94
5.9

4.85
5.12
4.96

5.96
5.74
4.93
4.7

6.23
5.24
6.2

5.93
6.74
6.7s
6.67
5.15
6.r8
5.02
6.86
5.65
4.71

5.78

5.22
4.7

5.11
5.44
s.99
6.25
5.58
5.24
5.72
5.4

5.28
5.41
5.27
5.32
6.1

5.88
s.89
5.94
6.15

1..)
oo
Ltt

Diameter
(pm)

5.5 5.67
5.23 4.83
4.87 6.t8

4.9

6.3
5.r7
4.46
5.29
5.14
4.79
4.79
4.8
6.14
5.t7
5.8

4.99
4.84
5.66
5.1

4.34
4.71

5.2
4.57
4.54
4.78

6.73
6.01
6.84
6.63
5.64
6.24
6.7

6.69
6.97
6.31
6.56
6.73
'7.46

6.92
6.56
6.89
6.77
7.05
6.89
6.49
6.26
7.06
6.68
6.85
6.42

5.08
6.18
4.64
4.8

5.37
4.65
4.98
4.64
s.79
4.3
4.7

4.78
4.64
s.66
4.82
4.26
4.38
4.07
4.99
4.7
4.6

4.84
4.65
5.97
6.83

7.8
7.45
t.83
8.07
7.86
7.06
7.74
8.07
7.09
7.39
7.35
7.39
7.6t
7.45
7.08
7.93
6.89
7.01

7.63
7.7

6.73
7.23
6.52
6.47
6.09

7.33

6.58
'7.98

8.03
6.9s
6.62
8. l7
8.05
6.95
7.46
7.4
8.r2
8.05
8.01

7.35
6.92
8.13
6.67
7.67
7.26
6.86
7.24
7.25
6.76
6.64

9.14
9.13
6.39
8.51

7.82
8.9

6.81
7.08
6.t2
7.2

8.47
8.63
6.48
7.63
7.8

7.74

8.14
8.08
7.63
8.13
6.81
6.16
8.1 I
7.25
6.72
8.41

7.23
8.01

6.34
s.92
6.21

5.37
4.92
4.45
4.85
4.73
5.3

6.03

6.68
6

6.73
5.84

6.02
5.96
6.21
6.49
6.5

6.01
6.57
6.7

6.82
6.14
5.77
6.15
5.58
6.4

6.68
8.24
6.84
6.94
7.15

5.92
6.46
5.81
6.38
7.39
6.72
6.41
7.01
6.9s
6.38
6.41
5.2

5.84
6.12
5.42
5.44
5.82
5.84
7.28
6.03
6.16
6.54
6.69
6.33
6.21

6.07
7.12
7.51
7.31
7.08
5.91
7.tl
6.66
7.56
6.87
7.26

7

7.05
6.86
6.74
7.48
6.12
6.74
6.35
1.t9
1.03
6.98
6.3

6.73
5.48

6.93
7.16
7.02
8.08
6.36
6.87
6.t4
7.92
7.43
6.29
7.06
6.56
7.23
7.25
7.89
7.69
6.99
7.68
6.46
6.98
7.55
7.9
4.7
6.84
7.57

7.6

8.06
6.6

7.81

7.15
7.2

6.64
6.64
7.07
7.08
7.67

7

5.41
5.14
4.93

5.36
5.l l
4.14
5.83
4.56
5.79
5.62
5.71
6.09
5.7

5.87
6.08
5.98
5.18
4.85

6.03
5.8

5.96
5.33
6.02
6.07
5.85

s.78
6.12
6.08
6.45
5.97
6.21
6.47
5.86
6.39
6.5

6.48
6.3

6.16
5.91
5.98
6;76
6.11
6.36
6.34
6.73
6.33
6.54
6.24
6.37
6.s8

5.9
5.64
5.57

6
6.02
6.92
5.79
5.25
7.09
7.2

5.78
6.58
6.7

6.59
6.2

6.74
8.72
5.51
5.31
4.35
6.36
1.26
6.02
7.84
6.39

4.6
5.11
5.52
5.03
5.12
5.43
4.52
5.8

5.19
4.67
5.82
5.16
5.55
s.59
6.35
5.47
6.09
4.44
5.15
4.19
4.91
5.74
5.44
5.03
5.15

6.26
5.03
6.46
5.77
6.39
5.16
6.17
5.38
4.48
5.27
4.83
4.9

4.27
5.04
4.44
5.45
4.89
4.39

5.55
5.06
5.58
5.55
4.8

4.94
5.19

6.01

6.03
6.19
5.76
5.85
5.7
6.22
6.07
6.45
5.17
5.76
6.12

.73 5.98

.89 s.s8

.56 6.89

.24 6.95

.67 6

.74 6.6

.4r 6.37

.72 6.tt

.81 6.41

5.84
5.69
6.4

6.37
6.61
5.96
6.59
6.t6
6.37
6.16
5.52
6.14
6.28
6.16
5.6

6.69
6.98
6.68
6.8

6.38

5.94
5.58
6.27
5.24

7.16
1.07
6.72
6.47
1.r7
6.77
6.72
7.0'l

5.03
5.78
5.35
5.01
5.3

5.76
4.42
5.05
4.81
5.1

5.49
5.48

5.65 6.25
5.22 5.9

8.09
8.02
7.03
7.32
1.51
6.62
6.82
7.33
7.69

7

6
7

8

6
6

7
7
8

5

8

I

5.43
6.32
6.01
7.53
Lt5
6.5

7.31
6.37
6.87
6.8111 6

5.25 5.08 6.77
5.63 5.s6 6.67

6.04 s.8 6.14

.18 5.

.96 5.

.09 5.

86
9l
87

32



Appn¡Drx 6

Nucleolar diameter measurements: G. hirsutttm, cv. CSTS

Fibre age 2
(DPA)

4 6

Diameter 6.03
(pm) 7.28

6.71
6.4r
7.25
7.21
6.31

6

5.65
5.6
s.62
5.02
s.88
5.48
5.24
6.6',7

5.18
5.M
5.42
5.53
5.45
5.56
5.62
6.46
5.45
5.61
6.02
5.56
6.21
5.56
5.89
6.54
5.5

5.82
6.06
6.04
5.74
6.86
5.77
6.01
6.51
s.69
5.83
6.05
5.76
5.82

5

5.76
5.96
5.83
6.12
5.88
6.07
5.96
6.58
5.44
6.56
6.03

6.93
7.35
1.1

7.18
8.39
6.4

1.15
6.49
6.79
6.22
6.62
6.92
1.tt

7

7.12
1.25
7.2
7.46
ó.8
7.46
6.91

6.33
6.59
6.6r
6.21

5.3

5.78

5. l6
5.53
5.03
5.28
5.98
5.5

5.41
5.77
5.55
6.11
5.94
5.54
5.03
5.73
5.6
5.5s
5.17
5.33
4.82
5.46
5.06
5.62

5.26

8

5.35
5.44
5.54
5.36
5.63
5.45
5.14
5.82
5.44
s.45
5.05
5.35
5.63
5.39
5.66
5.66
5.28
5.71
5.7
6.3
6.32
5.16
5.03
5.5s
5.79

10

7.47
5.49

6.07
6.74
6.12
6.12
6.81
6.04
5.81

12 t4

Seed I 2 3 4 I 2 3 4 I 2 3 4 I 2 3 4 I 2 3 4 I 2 3 4 1

5.53
6.34
5.89
6.26
5.6

5.61
6.28
6.43
6.89
6.12
5.81
5.92
5.91
5.s6
5.74

6.74
6.26
6.25
5.965.84

5.94
6.04
6.08
7.21

5.59 6.t3
5.65 6.35

6.41 5.94
5.86 5.97
5.87 5.78
5.86 6.49
6.23 6.35
5.46 6.7
6.44 6.61
5.54 6.31
6 6.51

6.35 6.53
6.69 6.04
6.01 6.36
5.28 6.24
6.15 6.65
5.81 6.78
5.55 6.6
5.38 6.47
5.7 6.79
7.21 6.66
6.34 5.98
6.31 5.63
6.48 7.08

6.6 6.29

7.34
7.2
7.58
7.1

7.84
6.62
6.7
5.89
6.36
s.96
6.33
5.81
6.r6
6.01
6.26
6.42
5.81

l..J
oo
o\

6.03
6.95
7.04
6.06
6.03
5.89
6.31
6.01

6.42
6.33
s.55
6.31
6.42

5.71

5.r7
5.54
5.43
4.71
5.65
5.45
5.76

5.58
5.25
6.53
5.87
5.77
6.35
5.77
5.35
5.96
6.03
5.64
5.89

5

6
5

5

5

5

5

6

5

5

5

5

5.33
5.55
5.14
5.63
5.21

5.02
5.32
6.18
5.46
5.41
5.24
5.79
5.24
5.84
s.67
5.74
5.86

5.2
1.05

7.01
5.94
1.Ot
5.76
6.16
6.41
6.53
6.42
6.32
6.42
6.81
6.61
6.94
7.09
6.22
6.42
7.58
6.27
6.73
6.43
6.34
6.12
5.91

5.55
5.6

7

6.51
6.56
6.68
7.4

7.61
6.75

5.3
5.18

6.19
5.9s
5.85
5.93
6.18
6.39
6.57
5.54
6.88
7.06
6.21
6.66
6.r8
6.72

6
6.2

6.88
6.66
6.28
6.99
6.38
6.03
6.83
6.39
6.04

7.12
6.99

6.s2
6.83
6.57
6.7

7.22
7.54
6.28
7.41

.89

6.1
7.63
7.57
6.59
6.31
6.2

7.31
6.51
6.42
6.26

1.65
8.14
7.27
7.3',7

6.02
7.96
5.35
5.6

6.19
6.76
7.03
6.tt
6.29
5.41
6.37
6.57
5.87
6.3
6.14
6.47
7.07
5.72
5.76
6.2r
5.33

5.6
s.68
5.51
6.t2
5.97
6.04

6.26
5.73
6.06
5.89
6.21
5.76
5.6
.51

.89

.99

.88

.57

.62

.06

.66

.54

.86

.47

6.27 5.92
4.93 5.61

.05 s.45

6.05
5.51
5.33
5.4
6.25 5.08 7.09 s.24
5.58 6.31 6.17 5.21

6.29 5.14
5.31 5.46
5.35 5.25
5.54 5.37
5.1 5.75
5.68 5.27
5.08 5.62
5.95 5.72
6.13 5.1

5.78 5.31
5.69 5.46
5.59 5.57
5.77 5.27
5.19 5.48
5.37 5.63
5.92 5.41
5.66 5.64
5.13 s.49
5.89 7.28
5.8 5.36
5.78 5.56
5.82 6.4t
5.41 6.75

5.3 7.tt 5.67
s.08 5.97 6.57
5.91 6.4 6.09
5.83 7.55 6.1

5.44 6.15 6.68
6.06 6.11 5.67
5.53 6.49 6.23
s.83 6.83 5.31
5.47 1.34 6.35
5.85 6.55 7.39
5.22 5.41 5.84
6.33 6.t7 6.33
4.92 6.66 5.64
5.72 5.99 5.7

5.9
5. t5
6.69
5.67
5.58
5.45
6.l l
6.06
5.3
5.9
5.36
s.06
5.3

5.49
s.78
5.57
5.57
5.52
5.19
6.3
5.42
5.59
6.06

.63

.55

6

6

.44

.53

.05

.04

6
5

6

6
5

5

5

6

6

5

5

5

5

5

5

5

5

6.87
6.54

6

6.02
6.01
6.52
6.23
6.78
6.49
6.38
7.25

ó.38

6.48
5.41
6.06
6.39
6.92
6.27
6.41
7.02
6.67
5.8r
5.78
6.91

6.44
6.44
6.31
6.24

6.03
5.56
6.33
6.77
6.99
6.66
6.21
6.06
5.7
6.12

6.22
6.38
5.22
5.62
5.94
5.77
6.15
4.85

7
7
7
7
7

l8
.29

.21 6.17

.72 6.46

.17 5.7

.39 s.98

.34 6.r5

.89 5.68

.99 6.19

.78 5.8

.54 s.69

.76 6.08

.73 5.82

.47 6.22

.74 6.92



Appn¡¡orx 7

Nucleolar diameter measurements: G. hirsutum, cv. Strumica 5086

12 t4

6.55
6

6.28
5.41
s.90
5.47
6.01
5.98
6.41

10864

9.28
8.09
7.78
9.04
8.44
8.98
8.88
8.62
8.66

8.2
8.29
6.72

8.27
9

1.96
8.01

Fibre age 2
(DPA)

1

5.12
5.75
5.58
5.54
s.95
6.17
5.22
5.23
5.53
5.52
5.81
6.15
6.11
5.95
6.13
5.74

5.l l 6.96
5.86 5

5.72 6.07
6.45 6.58
5.43 5.43
6.08 6.41
5.75 s.87
5.17 6.38

7 5.58
5.4 6.07

6.08
5.61
5.27
5.65
5.19
5.33
6.04

5.2
5.3

5.6
5.68
5.63
5.72
5.44

Seed

Diameter
(pm)

9.03 6.76
8.36 7.78
8.22 7.86
9.17 7 .49

34
4.79 6.23
4.54 5.',73

4.95 5.1

4.52 5.71

1234I23412341234123412
5.3 5.88 5.87 5.13 6.36 6.52

5.32 6.08 5.82 5.3 5.55 5.76
6.32 6.25 614 5.73 6.04 5.41
6.57 6.15 5.99 5.36 5.99 5.63
6.97 6.73 6.01 4.53 6.1 6.39
s.64 6.5 6.45 5.77 5.89 5.89
6.36 7.4 6.29 5.19 s.62 5.91
6.26 6.57 7.36 5.42 5.71 6.64
6.02 6.95 6.44 5.ll 5.13 5.38
6.31 6.36 5.05 5.49 5.69 4.92
5.s8 6.35 7.04 5.02 6.83 5.3s
5.87 6.42 5.65 5.24 6.25 6.09
6.11 6.62 6.7t 6 6.45 4.79
6.08 6.53 6.7t 5.36 6 s.5

6.93
7.28
1.44
6.39
7.59
7.t9
6.69
t.t6
7.tl
7.16
't.14

7.21
6.83
7.73
6.82
7.24
7.94
7.41
7.39
6.54
7.04
6.97
6.68
7.19
7.tr

6.52
6.9r
6.81
6.62
6.19
6.38
6.23
6.98
6.92
7.39
6.35
6.18
6.68
7.12
6.36

6.7

6.71
6.81

6.22
6.41
1.42
7.37
6.46
6.94
6.03
6.02
6.88
7.t6

8.1

8.46
1.89
6.71

7.52
7.08
6.02
6.55
6.95
8.68
6.91
7.74
7.79
1.68
7.86

7.9
7.88
8.r8
8.02
7.41

7.7
8.35
1.95
8.16
6.r3

4.36
6.29
6.09
7.04
7.16
7.55
5.99
6.07
6.69
6.36
6.54
6.14
6.52

6.3

5.16
4.82

6.6
5.8

6.26
5.6

5.96
6.66
6.85
6.17
5.75

6.56
6.4s
6.73
6.43

6
6.4

6.46
6.24

6.s6
6.52
6.56
6.39
6.29
6.13
5.28
5.67
6.43
6.35

5.6
5.51

5.42
6.15
6.03
5.97
6.13
6.35
5.93
6.01
5.62
5.s6
5.39
6.0r
5.54

6.9 6.29
1.3 6.74

6.88 6.98
6.'.7 6.55

6.91 6.42
7.13 7.4
6.94 6.68
7.34 6.83
6.27 6.14
6.57 6.22
6.72 6.8
7.13 6.41

6.48 6.89
6.71 6.89

7.8
1.44
1.64
7.07
7.29
7.24
7.44
8.02
9.06
1.24
7.01

8 23 7.46
7 33 l.5t

7.15 7.95
8.42 7.46
8.69 7.9

7.27 7.26
7.22 7.17

6.22 1.39 6.71
7.16 7.34 6.64
7.29 7.43 7.16

6.19 8.55 7.94
7.5 8.27 7.6

6.75 8.35 1.69
6.21 7.9 6.9s

10.54 8.

9.04 7.4

8.01

9.3t
8.06

8.6

8.21

.95 7.12 6.66 7

7.6 6.55 7

7.15 7.22

9.04 7.41
7.79 6 59
7 68 t.r3
6.64 8.4s
6.99 7.75
7.75 7 .87

7 23 1.29
6.96 7.13
7.15 7.37
7 t6 7.59
7.88 8.72
7.6 8.09

8

7.01
7.12
7.83
6.87
6.99
7.08
8. l7
7.88
6.59
7.28
7.22
6.28
7.03

t)
oo
-l

J

8

1

.76

.37

.84

.58

.38

8.6
.03

.18

.62

.59

.29

.64

.84

.19

.7t

.54

8.78
7.89 7
9.19 8

9.39 7

7.s5 7

7.49 7

7

8

7

7

8

s.2t 5.s9 6.48
6.97 6.04 5.91
5.82 5.2 5.6'1

6.56 5.64 5.75
5.75 5.76 5.29
5.74 6 5.86
6.59 5.65 6.1

6.34 5.77 6.19
5.61 6.26 5.88
5.72 5.25 5.27
6.58 6.5 7.34

6.42 7.05 6.57 5.63 5.76 5.07
6.4 6.94 6.04 5.64 6.43 6.81
7 6 6.34 5.28 6.66 7.15

7.t 6.15 6.21 5.66 5.55 5.84
6.27 6.28 6.72 5.56 6.43 5.61
6.49 5.18 6.02 5.68 5.48 5.',7

7.4 5.84 6.08 5.48 5.82 5.58

6.15
6.69
7.05
6.74
6.34
7.01
6.24
6.72
6.33
6.57
6.39
6.16
6.66
6.17
6.96
6.16
6.19

1.02
6.9s
7.76
7.55
7.23
8.61

7

7

7

7

7

7

6
8

8

1

1

.69

73

62
8.1

.65

.19

.42

.85

.65

.27

8

8

7

7

7.48 7.85
7.13 6.41
6.99 7.12

8.07
7.58
7.96

8.2
8.24
7.74
8.74

7.3
7.06

7.1

7.69
8.01

34
86

6.18 7.12
7.26 1.25
6.22 6.82
7.33 7.22
6.3s 7.59
6.72 6.9t

5.57 7.09 6.37 5.t2 6 4.95
6.18 5.8 6.25 5.13 6.89 5.93
6.96 5.22 6.66 s.25 6.s3 5.28
7.06 5.77 6.4t 5.51 6.26 5.88



AppnNnrx 8

a. Diphenylamine DNA assays of calf thymus DNA standards

DNA amount

0rg)

Data (OD6s6s) Average
oDooo

St. dev. Line of best
fit (trend)

0.0
2.4

4.8
7,2
9.6
12.0
14.4
16.8

19.2

0.000
0.098
0.234
0.324
0.435
0.566
0.598
0.698
0.'766

0.000
0.132
0.212
0.312
0.430
0.506
0.610
0.701
0.802

0.000
0.089
0.217
0.324
0.433
0.531
0.620
0.7 10

0.797

0.000
0,106
0.221
0.320
0.433
0.534
0.609
0.703
0.788

0.000
0.023
0.0t2
0.007
0.003
0.030
0.011
0.006
0.020

0.017
0.116
0.2t5
0.314
0.413
0.512
0.611
0.710
0.808

Regression of the standard curve: y = 0.04121x + 0.01716

b. Diphenylamine DNA assays of genomic and plasmid DNA samples

Cotton
variety

Data (OD6¡6s) DNA amount

Gte/10 pl)
No. pl

needed for
1Pg

Average St. dev.
ODroo

DNA amount
(pglpl) in stock

solution

pGhRl

Paymaster
909

CSTS

Siokra 1-4

0.182

0.1 33

0.2t9

0.209

0.148
0.r39
0.1 83

0.2r0

0.1 l7
0.220
0.197
0.t34

4.7t2

4.138

0.233

0.221

o.211 0.026

0.r 88 0.048

0.47

0.41

0.32

2.12

2.44

3.t3

2.86

4.00

J.JJ

0.t42
0.238
0.145

0.191
0.396
0.t47

0.174
0.296
0.1 54

0.169
0.3 l0
0.149

0.025
0.080
0.005

3.685
'1.106

3.1 91

0.37
o.7l
0.32

2.70
t.4r
3.13

0.105
0.14'7

0.r60
0.177

0.r36
0.222
0.144
0.179

0.1 28
0.219
0.1 91

0.1 80

0.010
0.004
0.044
0.047

0.004

0.021

0.013

0.137
0.t29
0.151
0.1 84

0.150 0.154 0.139 0.148 0.008 3.17 5

0.274
0.t64
0.1 65

0.232

0.176
0.1 50

0.r 69
0.206

0.088
0.013
0.012
0.028

3.854
3.223
3.685
4.582

0.39
0.32
0.37
0.46

2.56
3.13
2.70
2.17

0.1 30
0.2t5
0.232
0.227

2.689
4.898
4.2t8
3.951

0.27
0.49
0.42
0.40

3.70
2.04
2.38
2.50

0.154
0.1 28
0.1 68
0.1 69

0.144
0.127
0.145
0.158

0.009
0.002
0.027
0.032

3.078

2.665
3.r02
3.418

0.31
0.27
0.31
0.34

3.23
3.70
3.23
2.94

Siokra L-22 0. 140

0.125
0.t16
0.122

Strumica
5086

Pima 5-6

0.1 68

0.1 01

0.1 36

0.162

0.11'7

0.1 56

0.1 63

0.120

0.141

0.35

0.25

0.30

0.1 60

0.142

0.132

3.539

2.496

3.005

3.685
3.005

2.423

2.544

0.1 53
0.1 l0
0.1 13

0.074

0.t5'7
0.147

0.1r0

0.1 55

0.19'l
0.1 66

0.129

0.137

0.1 69
0.141

0.1l7
0.122

0.024
0.028

0.010

0.043

288

0.37
0.30

0.24

0.25

2.70
J.JJ

4.17

4.00



Appnunrx 9

Calculation of number of cotton genomes in 1 pg of genomic DNA

Geever's (1980) estimation for the amount of DNA per cotton haploid genome

= 0.95 pg of DNA/ haploid genome

+ 3.8 pg of DNA/ tetraploid genome

SolpgofDNA-1x10ópg

= 2.63 x 105 tetraploid genomes

Alternatively:

I pg of DNA = 0.965 x 10e bp (Bennett and Leitch, 1995)

+ 3.667 x 10e bp/ tetraploid genome

And since I pg of DNA = 0.965 x 10e bp

=+ 1 pg of DNA = 0.965 x 10rs bp

= 1 pg of DNA =2.63 x 10s tetraploid genomes
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AppnNnrx L0

rRNA gene estimation: densitometer readings for Filter #1

a. Plasmid DNA standards

Amount of plasmid
DNA (îg)

Peak height (cm) Peak height (cm)
data set #1 data set #2

St. dev. Line of best fit
for Filter #1

Dilution
(c/b)

Ave. peak
height (cm)

o
b
g
Þ

b

b
oÞ
ob
b

b
ob
ob
b

b
ûb
ob
b
b

s
ob
b

b
oÞ
ob
b
b

8

8

8

I
t0
l0
t0
l0
15

l5
15

l5
20
20
20
20
40
40
40
40
60
60
60
60

3.40
4.00
2.75
3.80
3.10
4.25
3.50
4.25
5.60
6.25
4.90
6.30
7.30
7.35
8.00
8.70
12.30
14.35

14.05

13.80
16.10
18.50
16.40
22.10

3.5s
3,95
3.60
3.85
4.20
4.50
3.90
4.55
6.25
6.55
5.60
6.10
7.20
7.45
8.50
9.10
I 3.15
14.35

14.55

14.50
16.75

19.60
16.85
23.00

3.61 O.4t 3.87

4.03 0.50 4.46

5.94 0.54 5.93

7.95 0.74 1.40

13.88 0.79 13.27

18.66 2.68 19.15
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AppnNnrx 10 (coNr'n)

rRNA gene estimation: densitometer readings for Filter #1

b. Genomic DNA samples, with variant values omitted

Cotton
variety

Plant Peak height Peak height
(cm) data (cm) data

set #1 set#2

Ave. peak
height for

plant (cm)*

Ave. peak
height for

variety (cm)*

St. dev. peak
height for

variety (cm)*

Paymaster
909

CSTS

Siokra 1-4 1

Siokra L-22

Strumica
5086

Pima 5-6 I

2

4

5

10.6

7.4

7.5

9

10.95

9.3

6.5s

7.65

6.7 s

7.45

7.05

6.6

8.05

9.3

7.35

10. I
7.4

6.55

6.65

7.05

8.4

8.25

8.55
't.5

10.15

8.85

I r.95

8.15

8.4

9.7

12.7

7.25

8.85

7

7.65
'7.5

'7.4

8.35

10.7

7.4

tt.2
7.6

7.8

7.5

6.95

9.6

8.45

8.6

8.75

9.8

9.8

8.35

rt.25
8;75

10.45

9.08

I 1.28

7.86

10.59

7.58

6.88

7.s5

7.14

9.10

9.01

7.34

9.54

7.31

8.48

8.02

9.44

10.54

1.70

0.62

1.49

0.88

1.01

1.60

2

3

4

4

5

I
2

3

4

7.08

8.00

835

2

5

2

3

8.6

8.25

10.4

8.25

9.2

9.65

10.65

8.5

8.6

12.15

1 1.15

10.15

1 1.9

8.65

9.55

12.4

t 3.l

8.35

9.59

9.56

9.16

10.59

8.83

12.20

x Calculation based on data sets #1 and #2 pooled

29r



Ix11

rRNA gene estimation: densitometer readings for Filter #2

a. Plasmid DNA standards

Amount of plasmid
DNA (r¡g)

Dilution
(r/b)

Peak height (cm) Peak height (cm) Ave. peak St. dev. Line of best fit
data set #1 data set #2 height (cm) for Filter #2

8

8

8

8

10

l0
10

l0
15

15

15

15

20

20

20

20

40

40

40

40

60

60

60

60

r
f

b

b

r
r
b

b

r
r
b

b

r
r
b

b

r
r
b

b

r
r
b

b

2.9
2.7

J.J

J.J

4.05

3.9

3.55

4.2

6.55

5. l5
6

6.1

8

6.95

6.3

7.65

14.15

13.9

12.75

12.15

16.1

15.1

16.2

11.6

2.9s
2.5

3.25

2.8

3.55

3.75

3.5

4.2

6.45

4.65

5.6

6

7.7

6.45

6.45

7.2

13.7

13.7

tr.4
11.45

14.9

14.85

16.2

15.4

2.96 0.30 3.69

3.84 0.29 4.t9

5.81 0.65 5.4s

1.09 0.65 6.70

12.90 1.12 11.71

15.87 0.89 16.12
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AppnNorx 11 (coxr'n)

rRNA gene estimation: densitometer readings for Filter #2

b. Genomic DNA samples

Cotton
variety

Plant Peak height Peak height
(cm) data (cm) data

set #1 set#2

Ave. peak
height for

plant (cm)*

Ave. peak
height for

variety (cm)*

St. dev. peak
height for

variety (cm)*

Paymaster I

CSTS

Siokra 1-4 I

Siokra L-22

Strumica
5086

Pima 5-6 l

7

7.35

7.55

7.5

7.5

8.55

6.6

6.85

7.4

7.1

7.15

8.2

s.35

5.6

5.3

5.95

6

5.25

7.t
'7.75

6.4

7.2

5.3

5.9

6.2

6.3

6.35

s.45

5.85

6.05

6.55

7.15

t.J
7.25

7.95
6.4

7.8

6.85

7.7

8.l5
8.5

9.55

6.80

7.1 0

7.39

7.85

5.48

5.64

6.09

5.43

7.46

6.96

5.75

6.35

6.01

6.r 6

7.06

7.41

8.05

6.48

7.46

8.08

7.40

5.73

6.73

6.l8

7.25

8.25

0.54

0.35

0.88

0.34

0.60

0.89

909
2

4

5

I
2

5.6

5.7 5

5.9

5.95

6.45

5.6

3

4

4

5

7

8

6.65

7.6

5.4

6.4

2

3

4

6.4

6.5

6.4

5.85

6.1

6.65

2

6.7

7.85

7.4

7.7

8.15

6.55

7.9

7.3

7.8

8.65

9

9.85

8.75

9.70

3

5

2

3

4

x Calculation based on data sets #1 and#2 pooled
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AppnNnrx 12

Statistical analysis of data for cstimation of rRNA gene number

The data presented for analysis are shown below as : filter lI or 2l 'species (1-6), animal-within-species, data#1, and dataf2. The difference
beÈv¡een datatl and dataf2 is also shown, and it is noted that these dj-fferences
are almost invariably negative for fil-ter 1 and positive for fil-ter 2. The
excepti-ons are indicated by I

1

1

1

1

1

1
2
2
2
2
2
1

3
?

2

3
3
4
¿I

4

4

4

4

5
5
5
5
5
5
ç,

6

6

6

6

6

1

1

1

1

1
1

2
a

t

2
2
2

3
3
3
3
?

4

1
2
3
4

5
6

2L
22
23
24
25
26
31
32
33
34
35
36
41,

42
43
44
45
46
51
qt

53
54
55
56
61
62
63
64
65
66

30
60
40
50
00
95
55
65
75
45
05
60
05
30
35
10
40
55
65
05
40
tq

55
50
15
60
25
40
25
20
65
65
50
60
r5
15

B .85
11. 95
8.15
8.40
9.70

12 .'7 0
't .25
B. 85
7.00
7.65
7 .50
7 -40
8.35

10 .70
7 -40

'l
1

6

9

B

B

I
9

9

B

11
8

10

9
10

7
't
o

10
6
7

6
't

1

6

B
o

'1

10
1

6

6

1

B

I
I
1

10
o

o

10
I
o

9
10
I
B

72
11

0.45
-1.35
-0.75
-0.90
-0.70
-1.75
-0.?0
-r.20
-0.25
-0.20
-0.45

r0
20
20
05
25
35
20
10
85
50
1tr

50

40
50
15
40
35
35
a<

15
60
00
45
35
10

25
40
10
50
20

I

II .20
1-60

.80

.50

-0.80
-0.30
-1.40
-0.05
-1.10
-0 .20
_L.¿J

-0. B5
95
60
45

s

s

0

-I
-0
-n
-1

0

-1
-0
-0
-0
-1
-0
-I
-0
-0
-0
-1

0

0
0

0

0

0

0
n

0
0

0
0

0

0

0

0

0

0

0

7L
't2
'73
't4
't5
't6
81
B2
a?

84
85
86
91
92
93
94
95
96

101

.60

.85

.40

.10

.15

.20

.35

.60

.30

.95

.00
at

.10

.00

.35

.55

.50

7
't
'7

't

7

B

5
5

5
c

6

5

1

8

6
'7

5

6

6

.60

.15

.80

.80

.35

.25

.15

.45
10.15
11.90

B. 65
9 .55

12 .40
13.10

.15

.95

.25

.95

6

6
7
't

1

B

5
5
5
q

6
5
1

7

6
't

5

5
6

50
55
60
75
90
95
45
60
00
00
65
60
40
40
40

s
-75
.40
.20
.30
.90
.20

294



6
6

5
6

6
5
7

1
1

B

6
1
7

B

9

9

2
a

2
z
2
2
2
2
a

2

2

2
a

2
2

2

4 to2
4 103
4 104
4 105
4 106
5 111
5 TL2
5 113
5 114
5 115
5 116
6 T2L
6 L22
6 I23
6 L24
6 t25
6 t26

.50

.40

.85

.10

.65

.?0

.85

.40

25
60
15
't0
10
45
20
15
10
45
10
50
50
30

0

0
0

0

0

0

0

0
0

0
0

0
0

0

0

0

0

6.30
6-35
5.45
5.85
6.05
6-55
7 .r5
7 .30
7 .25
'r .95
6.40
7.80
6 .85
't.'10
8.15
8.50
9.55

.20

.05

.40

.30

.80

The analysis performed was a repeated measures anaJ,ysj.s of variance with
grouping factors of filter and specj.es, and a within-animal- factor of time.
Àn unstructured error matrix was asSumed. Program 5V from the B¡4DP Statistical-
Software Package (UCLA,1991) was used for analysis.

s
The re^ults obtained for the significance or otherwise of the experimental-
effectè are shown as :

V.IALD TESTS OF SIGNIFICANCE OF
FIXED EFFECTS ÀND COVÀRIÀTES

Effect DF CHI-SOUARE P-VALUE

70
15
55
90

65
00
85

f il-ter
specres
time
filte r* species
fi lte r *t ime
species *time
filter*species *time

738
196

84.64
1B .61
16.00
1.41

101.16
0.99
1.89

0.000
0.000
0.000
0.923
0.000
0.963
0.864

1

5

1

5

1

5

5

the estiJnate covari-ance and correlati-on matices for data$1 and dataf2 are
respectivel-y :

The predicEed values for data*1 and data*2
combinations are

.91
1.00

for the various filter and species

.196
1.036

1 00
91

F S Eldatafll Eldara*21

11
l2
13
L4
15
16

9 .07 3L9
7 .L9292
8.20519
7 .11159
9.0L192
9.98318

9 .'l 6625
? .88598
8.89825
8.47065
9. ?1098
r0 .61 62

2T
22
23
24
25
26

7.60097
5.72010
6.'t3291
6.30537
7 .5451 0
I .51096

'7 .30236
5 .42209
6.43436
6. 0067 6
7 .241 09
8.2L235

i.e. approx .7 units increase d1->d2

i.e. approx .3 units decrease d1->d2

These values are obtained from the fitted modeJ- using coefficients correspond-
ing to the significant model effects of fiLter,species,time and filter*time.
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Appp¡urx 13

Independent calibration curves for rRNA gene estimation, derived from
four sets of data

a. Filter #1, data set #l: y - 0.28971 x + 1.40463

Amount of plasmid
DNA (qg)

Ave. peak height
(cm)

Line of best
fir

St. dev

8

10

15

20
40
60

3.72

4.30
5.7 5
'7.20

13.00
t8.79

0.55
0.57
0.66
0.66
0.91
2.76

3.49
3.78

5.76
7.84
13.63
18.28

b. Filter#1, data set#2:y=0.29782x+ 1.63891

Amount of plasmid
DNA (ng)

Ave. peakheight St. dev.
(cm)

Line of best
fit

8

t0
15

20
40
60

4.02
4.62
6.11
7.60
I 3.55
19.5 |

0.19
0.30
0.40
0.89
0.66
2.95

3.74
4.29
6.l3
8.06
14.14
19.05

c. Filter #2, data set #l : y=0.25931¡+ 1.68540

Amount of plasmid
DNA (ng)

Ave. peak height St. dev
(cm)

Line of best
flrt

8

10

l5
20

40
60

0.30
0.28
0.58
0.76
0.95
0.83

3.76
4.28
5.5 8

6.87
12.06
17.24

3.05
3.93
5.95
7.23
13.24
16.40

d. Filter #2, data set #2: y = 0.24794x + 1.68836

Amount of plasmid
DNA (îg)

Ave. peak height
(cm)

Line of best
fit

St. dev.

8

10

15

20
40

60

0.31
0.32
0.77
0.61
1.31

0.63

3.62
4.1r
5.32
6.53
11.37

16.21

2.88
3.75
5.68

6.95
12.56
1.5.34
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