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Abstract

Cotton fibres are single-celled hairs, arising from the epidermal surface of the cotton ovule.

One factor in determining the length of the mature cotton fibre is the timing of fibre

initiation, which is therefore a crucial step in obtaining commercial cotton fibres. To

achieve a greater understanding of the regulation of cotton f,rbre differentiation, more

fundamental information is needed on the signals and mechanisms associated with fibre

initiation. The extensive genetic knowledge of Arabidopsls leaf trichomes could aid in the

elucidation of the genetic mechanisms controlling cotton fibre differentiation. Trichomes

are small hairs on Lhe plant surface, originating from single epidermal cells in a

developmental process that appears very similar to that of cotton hbres. Arabidopsis

trichome development has been extensively investigated, and several genes that control the

process have been characterised. One gene essential for trichome initiation is

TRANSPARENT TESTA GLABRA| (TTGL), and loss-of-function mutations in TTGL result

in an almost complete absence of leaf trichomes. TTGL plays additional roles in numerous

pathways in Arabidopsls, including root hair initiation, anthocyanin production and seed

coat mucilage production. In order to isolate genes required for fibre initiation in cotton,

functional homologues of Arabidopsis TTGI in cotton have been sought.

Four putative homologues of Arabidopsis TTGI have previously been isolated in this

laboratory by RT-PCR of mRNA prepared from cotton fibres, and are termed GhTTGI-4.

Sequence comparisons between the four cotton deduced proteins and Arabidopsls TTG1

showed that they form two groups, with GhTTGI and GhTTG3 being closely related to

each other (87% identical and 93Yo similar) and to TTG1 (79Yo and 80% amino acid

identity respectively). GhTTG2 and GhTTG4 formed the second group, with 95Y, amino

acid identityto each other and lower (approximately 62%) identityto TTGl. An analysis

of the genomic origins of the G4TTG genes demonstrated that each is derived from the

same ancestral diploid genome.

Cross-species complementation experiments were performed to test for functional

homology of these cotton TTGl-hke genes to AtTTGl, by introducing the cotton genes into

Arabidopis ngt-t mutants via Agrobacterium-mediated transformation. This experiment

9



showed that two of the four genes, GîTTGI and GîTTGS were able to restore trichome
initiation in the ' rabidopsts mutant plants, and a furthcr investigation of GlffTG3
transgenic plants demonstrated complementation of the full range of ttgt mutant
phenotypes.

An analysis of the temporal and spatial expression of the GîTTG genes in cotton is also

described. It was shown that each of the genes is expressed ubiqïitously throughout the
cotton plant, in common with many plant WD-repeat genes. A closer examination of
transcript abundance in the developing cotton ovule utilising in situ hybridisation revealed
predominant expression of GUTTGI/GîTTG3 in the epidermal cells destined to become

cotton fibres.

A yeast two-hybrid assay was utilised to identify transcription factors that may interact
with GhTTG3 during fibre development. This experiment identified three cotton fibre
cDNAs encoding putative interacting proteins, including one with a similar secondary

structure to several TTGl-interacting proteins in Arabidopsis, raising the possibility of
similar regulatory complexes controlling trichome initiation in Arabidopsls and cotton.
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Chapter 1: Introduction

l.l Cotton nnd inilustrv

Cotton is the most widely used textile fibre in the world today, accounting for over 40%o of

total world fibre utilisation (Australian Agribusiness Group Review, June 2005). It was

first grown in Australia over 100 years ago, but it has been only in the lasl25 years or so

that the industry has become of great signihcance to the counhy's economy. The forecast

yield for the Australian cotton crop is 2.5 million bales in 200512006, with an estimated

value of $1.16 billion (Australian Cotton Industry Council, February 2006). This value

includes not only revenue gained from fibre production, but also value obtained from

cotton's secondary products (such as seeds) sold for generation of oil and feedstock. The

cotton industry therefore forms an important component of Australia's economy.

1.2 Cotton tüxonomv

Cotton falls into the genus Gossypium, of the family Malvaceae. Gossypiurø is composed

of approximately 45 diploid (2n:26) and five allotetraploid (2n:52) species (Frlxell,

1979). Diploid cottons are classified into eight genome groups (A-G, and K) based on

cltological features and chromosome size (Endrizzi et al.,1985). ily6nOi.ution between

the A and D genomes approximately 1.5 million years ago, followed by chromosome

doubling, created the AD allotetraploid lineage, which includes G. hirsutum and G.

barbadense. The diploid species G. herbaceum and G. raimondü are considered the best

representatives of the ancestral A and D genome donors respectively (Endtizzi et al.,

1985). The tetraploid species each have approximately the same genome size, of around

2.2-2.9 Gb (Wendel et al.,2002). Cultivated cotton is comprised of four main species, two

of which are AA diploids (Gossypium arboreum and Gossypium herbaceum), and two of

which are AADD allotetraploids (Gossypium hirsutum (Upland cotton) and Gossypium

barbadense- also refered to as Egyptian or Sea Island cotton) (Endrizzi et al., i985). The

allotetraploids account for the vast majority of cultivated cotton, due to their long fibre

length and high yield. G. hirsutum is the most commonly cultivated, accounting for about

90Yo of world cotton production (Basra and Malik, 1984; Kohel, 1999). The fibres of G.

hirsutum typically range in length from2.2 to 3.0 cm (Basra and Malik, 1984) and, whilst
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the f,rbres of G. barbadense are generally longer (over 3.5 cm), overall yield is lower in this
lattcr species, hence the preference for G. ltirs"ut'unt.

1.-i Growfh of cÒtton nlant

Approximately 45 days pass from the time the cotton seed germinates before the first
flower buds form, from which white-petal flowers eventually develop. The flowers

' typically open at night or early morning, and close approximately 24 hours later following
self-pollination (Stewart,1975). About two days after flowering, the petals are shed and

the ovaries develop into a boll structure, enclosing the ovules. The cotton ovules inside this

boll develop for a period of 40-60 days after flowering (or days post anthesis - DPA). The

cotton f,rbres grow from the outer layer of the ovules, beginning from approximately the

time of flowering. The boll enlarges greatly between 0 DPA and 20 DPA as the fibres

inside elongate. At approximately 60 DPA, the boll splits open, exposing the fibres and

facilitating harvest (Figure 1. 1 ).

In addition to their commercial importance, the cotton fibre provides a synchronous single-

cell system to study cell differentiation and elongation. Section 1.4 provides a more

detailed description of the process of fibre development.

1.4 Cotton fibre development

Cotton fibres are specialised epidermal hairs derived from the ovule. Fibre development is

comprised of four main phases: initiation, elongation, secondary wall synthesis and

maturation, which are characterised by specific cellular events (Wilkins and Jernstedt,

Ieee).

1.4.1 Fibre inítiation

Fibre cells initiate as single cells from the epidermal layer of the cotton ovule.

Approximately 25Yo of epidermal cells differentiate into f,rbres (Beasley, 1975). Epidermal

cells receive as yet unknown molecular directions to develop into fibre cells at

approximately two days pre-anthesis. During the time period from two days pre-anthesis to

the day of anthesis, the fibre cells are latent, awaiting stimulation from plant growth factors

such as auxins and gibberellins to promote differentiation into fibres (Beasley and Ting,
1973). Beazley and Ting (1974) demonstrated that auxin (indole acetic acid, IAA) and

gibberellin (GA¡) promotes ovule growth and fibre initiation in ovules cultured in vitro.

12
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The upper row (A-C) shows the development of the cotton flower and boll, while the lower
row 1ñ-n¡ displays SEM images of the early stages of fibre initiation. (A) Cotton flower on

the day of anthesis. (B) Cotton boll at 20 DPA. (C) Mature fibres exposed after boll
dehiscence at 50 DPA. (D) Ovule at the day of anthesis, with fibres initiating at the

chalazalend. The arïow points to the micropylar end of the ovule, where fibres are still to
initiate. Image D from Stewart, (1975). (E) Higher magnification view of the ovule

epidermis atthe day of anthesis, showing fibre initials enlarging and (F) at2DPA, where

fibre cells have significantly elongated. Images E and F from Wt et al. (2006).





Fibre initials first begin to form at the crest of the funiculus, near the chalazal end of the

ovule, at approximately 16 hours pre-anthesis (Figure 1.1D). The lateral circumference

then exhibits the emergence of fibre initials, and it takes 1-4 days for fibre initiation to

spread in a wave to the micropylar end of the ovule (Stewart, l9l5). This wave of initiating

fibres is thought to be caused by diffusion of phytohornones along the ovule epidermis.

Initiating fibre cells begin to expand spherically at the day of'anthesis, and the nucleus also

begins to enlarge. Differentiating fibre cells have a dense cytoplasm due to both the release

of phenolic substances from the vacuole and to an increased number of ribosomes present

in elongating fibres (Basra and Malik, 1984). On the day of anthesis, fibre cells exhibit an

increased number of Golgi complexes, likely to be involved in biosynthesis of cell wall

polysaccharides (Berlin, 1986). The time-point at which initiation takes place influences

the eventual length of the fibre cell (Basra and Malik, 1984). Only the longer "lint" hairs,

which initiate on (or closely after) the day of anthesis are of commercial value. Several

days later, another class of fibre cells initiates, which are termed fuzz. Fuzz fibres

generally grow only to 1.5 - 3 millimetres, remain attached to the ovule during the ginning

process, and have little commercial value (Beasley, 1973). Turley and Kloth (2002)

identified several alleles that confer afuzzless phenotype, indicating that lint andfuzzftbre

types may be under separate genetic control. It is estimated that each wild-type cotton

ovule produces between 13,000 and27,000lint fibres (Basra and Malik, 1984).

1.4.2 Fibre elonsøtion

The elongation stage follows fibre initiation, where the cotton fibres extend by diffuse

growth. After 2-3 days, the fibre cell tips become tapered and the fibres start to grow in

spirals (Beasley, 1975). Elongation occurs for 20-30 days until fibres reach their final

length. Fibre cells are among the longest plant cells to be studied, typically reaching

lengths 1000 to 3000 times their width (Basra and Malik, 1984). During elongation, a thin

primary cell wall is deposited which is 0.2 to 0.4 pm thick and has a very low cellulose

concentration compffed to the fibre's secondary cell wall (see Section 1.4.3 below).

1.4.3 Secondarv wøll svnthesis

The elongation phase overlaps with secondary cell wall formation by several days, with the

transition between these two phases occurring from 15 to 22DPA (Basra and Saha, 1999).

13



The principal event of secondary cell wall formation is the production of cellulose. During

Lhis s[age, B-1,4-glucan chains are synthesised. These chains form the cellulose

microfibrils of the secondary cell wall (Delmer, 1999). The microfibrils are arranged in a
helical fashion around the fibre. The secondary wall is deposited inside the primary wall,
and is much thicker and stronger, defining the textile properties of the fibre. Layers of
cellulose continue to be deposited until the wall is 3-4 ¡rm thick. Rapid cellulose synthesis

persists until maturation, when the f,rbre is almost completely .o-por"à of cellulose (Basra

and Malik, 1984).

1.4.4 Maturatíon

Fibre maturation occurs at 50-60 DPA, when the ovary splits open, leaving seeds and

mature fibres exposed to dehydration. The lint, which has twisled in such a manner that

fine, yet strong threads can be spun from them, can be detached from the seeds (Basra and

Malik, 1984). The mechanisms that regulate the termination of fibre development are yet
to be determined, but it has been suggested that programmed cell death (PCD) might be

involved, although none of the markers consistent with PCD have been identified in the

cotton fibre (Lam, 2004).

1.5 Genes involved in cotton libre development

The distinct phases of cotton fibre development are regulated by the expression of an atay
of genes. Significant diversity exists in the type of genes expressed throughout cotton fibre

development and numerous full-length genes expressed in the fibre have been

characterised. Some of these genes are expressed specifically during initiation and
clnnoofinn nhqcpo rr¡hilcl nfharc orâ Âv^Fôô.^,1 ^-^'{^*i-^-+l', Ä"-:^^ -^^^^l^-.,.,,^11l,¡¡srvr, vL¡¡v¡r urv v^PrwoJwu PIVUUT¡rlrlølltrJ Ll'tlllllË JLV\JIrll(ll J vvAJI

synthesis, and some genes remain active throughout fibre development. Complete analysis

of many of these genes has been slowed by the lack of genomic sequence information, and

the time and resources required for the generation of transgenic cotton. Several genes have

been isolated and shown to play a functional role in hbre elongation and structural

uratulatiou, bu1 tltose whioh regulate fibre initiation are largely unknown. A selection of
the genes involved in conferring the structural properties of the fibre is discussed below.

Many of these genes have been the focus of study due to their predominant expression in
the fibre.

14



1.5.1 ínvolved in and secondarv cell wall growth

An analysis of elongation phase genes in cotton fibre by Ji et al. (2003) utilised subtractive

PCR and gDNA macro-aray to compare expression between wild-type and a fibreless

mutant. Several cell wall proteins and enzymes were identified, including a putative

vacuolar (H)-ATPase catalytic subunit, a kinesin-like calmodulin binding protein, some

arabinogalactanproteins and enzymes involved in long chain fatty acid biosynthesis. Arpat

et at. (2004) analysed expressed sequence tags (ESTs) from elongating cotton fibres and

found Ihat, atthe time of the developmental switch from cell elongation phase to secondary

cell wall syntheses, more than two thousand expansion-associated f,rbre genes are

significantly down-regulated. In contrast, relatively few genes (81) were significantly up-

regulated during secondary cell wall synthesis and these were involved in cell wall

biogenesis and energy/carbohydrate metabolism. The dynamic changes in gene expression

between the two phases indicate that transcription is co-ordinately regulated to facilitate

each stage in the elongation process.

Genes involved in the modification of cell wall properties (cell expansion and cell wall

loosening), such as 1-4-B glucanase and expansin genes, have been shown to be expressed

specifically in fibre cells and allow for cell expansion and cell wall loosening (Shimizu e/

al., 1997; Harmer et al., 2002). In developing fibres, the dramatic increase in cellulose

synthesis at the onset of secondary wall synthesis correlates with increased transcription of

two cellulose synthase genes (GhCesAt and GhCesA2), which likely play a role in the

synthesis and deposition of cellulose (Pear et al., 1996). Other genes believed to play a role

in cellulose synthesis are the chitinase-like genes, GUCTLI and GhCTL2 (Zhang et al.,

2004). Several lipid transfer proteins (LTP) genes have also been shown to be expressed in

cotton fibres, with a potential role in cutin deposition (Ma et al.,1995; Orford and Timmis,

2000). Other genes identified as being involved in hbre development include those that

encode the cytoskeleton-related cr- and B-tubulins (Whittaker and Triplett,1999 Li et al.,

2002b), a germin-like protein abundantly expressed in elongating hbres (Kim and Triplett,

2004), and H6, a proline-rich protein expressed predominantly during secondary wall

synthesis (John and Keller, 1995).

15



1.5-2 Gene.s involved ín initiaÍíon ofcotton fibres

The vost majority of fibrc-spccific gcncs with functions assignecl il fibrc tlcvelopment
control the structural properties of the fibre, and are generally involved in cell wall
biogenesis, cytoskeleton production and energy/carbohydrate metabolism. Very few genes

identif,red thus far have been associated with fibre initiation. One gene that may be

involved in the early stages of fibre development is the st¿crose synthase (Szs) gene. Szs
'participates in the conversion of sucrose from the ovule epidermis into UDP-glucose and

fructose, driving cellulose synthesis and maintaining turgor in the expanding fibre cell
(Ruan et a1.,2001). Ruan et al., (2003) demonstrated that antisense-induced suppression of
Szs inhibited fibre initiation and elongation in transgenic cotton. However, in the

transgenic seeds with suppressed ,Szs, the number of protrusions (although shrunken and

collapsed) from the seed coat at 0 DPA is similar to wild-type, suggesting that fibre
initiation is occuming normally and the lack of Szs expression disrupts fibre development

at a later stage. High level suppression of Szs activity has a more general affect on cotton
seed development, leading to stunted and inviable seeds.

The most extensive analysis of fibre initiation genes thus far was performed by Wu et al.
(2006).In this study, cDNA micro-array technology was used to compare the expression

profiles of 0 DPA ovules from six fibreless mutants with wild-type ovules. The genes

found to be transcriptionally down-regulated in some or all of the hbreless mutant ovules

were fuilher analysed with regard to their expression in the wild-type cotton ovule. The
genes that were expressed exclusively in the outer integument of the ovule, and shown to
plateau in expression after 0 DPA, were considered the primary candidates in the control of
fibre initiation. These included MYB{ype genes (termed GhMyb25 and GhMyb25-llke), a

homeodomain gene (GhHD1) and a cyclin D-related gene (GhCycD3;l). Any role these

genes may have in f,rbre development is currently being verified by a series of transgenic

cotton experiments (Wu et a\.,2006).

A recent study by Yang and co-workers (2006) identif,red numerous fibre-specihc
phytohormonal regulators and transcription factors enriched in G. hirsutum (TM-l)
immature ovules (-3 to +3 DPA) compared to ovules of a seedless mutant NINI,
suggesting important roles for these genes in the early stages of fibre development. The
putative transcription factors include MYB and homeodomain proteins, as was observed in
the investigation by Wu et al. (2006).
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An understanding of the genes involved in cotton f,rbre development is essential for the

formulation of strategies for fibre modification, which has been a major goal in cotton

biotechnology for many years.

1.6 Cotton Biotechnoloev

The advent of successful transgenesis in cotton and other crop plants prompted the

development of agricultural biotechnology in the early 1990s (Wilkins et aL.,2000). Traits

that may enhance agronomic performance of the cotton plant in the field include resistance

to temperature and drought (abiotic stresses) and resistance to pathogens (biotic stresses).

1.6.1 Plant breedins senetic ensÍneerins

Significant improvements in fibre production have been brought about over many years by

plant breeding and selection techniques. Breeding programs arè time consuming and costly

and the need for hybridisation means that breeding must be restricted to compatible species

capable of producing viable progeny. Thus, future improvements in fibre qualities are

likely to depend largely on genetic engineering.

A potential, though often overestimated, advantage that genetic engineering possesses over

conventional breeding is the reduced time required for the generation of new varieties.

Genetic engineering is not confined to genetically compatible species, and hence, in

combination with plant breeding methods, it allows the introduction of beneficial traits in a

reduced time period. Currently, recombinant DNA technology has been used to produce a

number of cotton varieties with agronomically valuable traits, including increased fibre

strength, insect resistance and stress tolerance (reviewed in Wilkins et aL.,2000; Li et al.,

2004; Yan et at., 2004). The widespread acceptance of transgenic cotton varieties in

Australia has led to a significant reduction in production costs due to the declining use of

pesticides and herbicides.

1.6.2 Towards ímnrovement in seneticallv worlì.íì.e¡|. colton

Part of the genetic approach to improving fibre quality and yield involves identifying

quantitative trait loci (QTL) associated with cotton fibre properties. A limitation placed on

QTL mapping and associated plant breeding efforts is the paucity of sequence for the large

cotton genome. However, a number of QTLs related to fibre characteristics have been

tl



identified which may be utilised in selecting lines of higher fibre quality during the

brccding proccss (Patcrson et aL.,2003; Lin et al. ,2005).

The formation of the International Cotton Genome Initiative aims to develop a fully
integrated physical and genetic map of the cotton genome. Rong et al. (2004) developed

the most comprehensive map of tetraploid and diploid cottons, consisting of sequence

tagged sites at 3347 loci, providing a basis for improved QTL and sequenïe analysis. There

have also been rapid advances in gene discovery, with the release of over 45,000 ESTs

from fibre, among a total of approximately 210,000 ESTs from the entire cotton genome

(Arpat et a1.,2004; Haigler et a1.,2005; udall et a1.,2006 Yang et a1.,2006), creating a
vast resource to underpin fibre improvement.

1.6.3 Trans of cotfon

The initial aims of recombinant DNA technology in cotton were to improve herbicide and

insect resistance. High costs are incurred as a result of cotton pest attack and the

application of chemical insecticides, and thus the development of genetically engineered

cotton for pest resistance has been a priority. The most widely-cultivated genetically

modified (GM) cotton crops is the transgenic line expressing the endotoxin produced by
the bacterium Bacillus thuringiensis (Bt), which possesses insecticidal activity against

major pests (Berliner, 1915; Halcomb et al., 1996). Cotton represents the first major Bt-
resistant crop genetically engineered for commercial production in conventional

agriculture. Crossing of Bt transgenic cotton with Roundup ready cotton has produced

"stacked" varieties, containing -Bl genes coupled with herbicide resistance genes. The

uptake of these dual lines increased the proportion of transgenic cotton to 28%o worldwide
in 2004 (Lawrence, 2005) and to 70% of the Australian crop (Cotton Australia, 2005).

Other genes have been investigated and utilised to varying extents to combat pests in
cotton, including various enzyme inhibitors (Giri and Kachole, 1998; Sharma et a\.,2000)
and cyclotides (Jennings et aL.,2001).

The generation of transgenic cotton can be achieved by several methods. Currently the

most widely used method is somatic embryogenesis, involving Agrobacterium-mediated

transformation of cotton tissue, leading to the eventual production of transgenic plants

within approximately 12 months. The fact that many of the elite cotton varieties cannot

readily be transformed means that useful traits are normally introduced first into varieties
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Y/
with a higher .-UryXni. potential, which are then backcrossed repeatedly to an elite I
cultivar. This process increases the overall time required to generate commercial cultivars

with the desired trait.

Another major transformation method used in cotton transgenesis is microprojectile

bombardment, which allows direct transformation of specihc tissues, such as shoot

meristems (V/ilkins et a1.,2000). This technique involves delivery of gold or tungsten

particles coated with DNA into the target plant. It too has been used to introduce marker

genes (e.g. GUS) and herbicide tolerance genes, but is not as commonly used in cotton as

A gr o b a c t e r ium -me diated transformation.

Strategies to produce the desired pattern of expression, as well as improved transformation

methods, are major goals for cotton biotechnology. The lengthy process of transgenesis,

combined with the complications of studying a tetraploid genome, has led many

researchers to seek a model system that may aid in elucidating the genetic mechanisms

controlling fibre initiation (Basra, 1999). The single-celled leaf hairs (trichomes) of

Arabidopsis have been identified as a potential model system in which to study cotton hbre

differentiation.

1. 7 Arabidopsß trichomes

Arabidopsis thaliana has become the major model species for plant research. It is a small

annual weed of the Brassicaceae family, with ecotypes Columbia and Landsberg erecta

most commonly used for genetic studies. Arabidopsis is used in a wide range of studies

due to its short life cycle (six weeks from seed germination to maturation), prolific seed

production, easy cultivation in restricted spaces, and small (125 Mb) genome, of which the

entire sequence has been determined (Arøbidopsls Genome Initiative, 2000).

Trichomes are hair-like structures that are found on the epidermal surfaces of almost all

major groups of plants, and the branched trichomes of Arabidopsls have been instructive in

the study of plant cell differentiation and morphogenesis. The role of trichomes is thought

to be in reducing heat and water loss from the plant by increasing the boundary layer

between the epidermal tissue and the environment. Trichomes are also hypothesised to

prevent insect attack in some species, either acting as a physical barrier, or by secreting

chemicals that deter insects (Oppenheimer et al.,1992; Walker and Marks, 2000).
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Like cotton fibres, the trichomes of ,4rabidopsis are single cells, r,vhilst thosc of othcr plant

species, such as tobacco and snapdragon, are multicellular structures, typically consisting

of four or more ceIls. Arabidopsis trichomes originate from specialised epidermal cells,

which can be first identified by their enlarged nuclei and increased cell size (Larkin et al.,
1997). Arabidopsis leaf epidermal cells can differentiate into at least three different cell

'types, including trichomes, guard cells and trichome accessory cells (Oppenheimer et al.,
1992). Trichomes begin to form on the surface of leaves very early in leaf development,

when the epidermis is still rapidly dividing. Once the trichome cell and its nucleus have

begun to enlarge, elongation takes place in a direction perpendicular to the plane of the

leaf. V/hen the developing trichome cell has reached about ten times the size of a regular

epidermal cell, branches begin to form and the nucleus moves up to the branching point

during maturation when the trichome reaches 300- 500 prm in length (Koornneef, 19S1).

The first trichomes form near the distal end of the leaf and along the margins, with
subsequent trichomes developing in the proximal region (Hülskamp et al., 1994). In a

mature leaf, trichomes are distributed evenly over the leaf surface, rarely initiating from
adjacent epidermal cells (Figure l.2B). In Arabidopszs, trichomes are found on various

parts of the plant, including the rosette, the stem, and the sepals of the flower. The stem

trichomes are generally unbranched (Larkin et al., 1997).

Cell differentiation of Arabidopsrs trichomes has been studied extensively for several

reasons. Firstly, trichomes develop on the leaf surface and are easily observed and

analysed. Secondly, trichome formation is a relatively simple process compared with other

plant cell differentiation events and thirdly, trichomes are not required for experimental

plant growth and development, so it is possible to view the effects of mutations that alter

trichome development without deleterious effects on the plant (reviewed by Schellmann

i ,;' and Hrflskamp, 2005).
I

I-8 GeneÍìc ulation of Arahidonsis ome initiation
The identification of mutants defective in trichome development has been made easier by

the fact that trichomes are not essential for Arabidops¿s survival under experimental

conditions. Most of these mutant loci can be divided into two classes, based upon plant

phenotype (Hülskamp et al., 1994). The first class of genes includes those which are
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involved in the initiation of trichome development. Mutants in this class alter the initiation

frequency and spacing of trichomes and these are of most interest in this study. The second

class contains those genes involved in trichome cell expansion and morphogenesis. Defects

at these loci do not affect trichome initiation but result in trichomes with abnormal

morphology, such as uncharacteristic cell shape and branching.

1.8.1 PARENT TESTA RAI ffTGT)

One gene that is known to regulate trichome initiation in Arabidopsis is TRANSPARENT

TESTA GLABRAI QfGD. Loss-of-function ttgl muÍalions result in an almost complete

absence of leaf trichomes (Figure 1.2C; Koornneef, 193l). The TTGL gene is pleiotropic

and ttgl mutants also lack anthocyanins in the leaf and hypocotyl. TTGI has been shown to

regulate numerous steps of the flavonoid biosynthesis pathway inArabidopsis (Figure 1'3)'

The mucilage normally exuded by the seed coat is absent in ttgl mutants (Koornneef,

1981) which also display altered root hair patterning (Galway et al., 1994). A number of

ttg alleles have been characterised, with each affecting the full range of mutant phenotypes

to varying degrees (Koornneef, 1981; Larkin et al., 1994; Larkin et al., 1997). The

observation that each allele displayed the complete set of phenotypes provided the first

indication that TTGI encodes a protein with a single function required in several pathways,

as opposed to containing multiple functional domains affecting the different TTGI

functions. A small number of trichomes develop in weak //g alleles (such as ttgl-9 and

ngl-10). However, these alleles also demonstrate a high incidence of clustered trichomes

in adjacent cells, in contrast to the even spacing observed in wild-type, suggesting a role

for TTGI in regulating the spatial distribution of trichomes.

The TTG| locus has been mapped to chromosome 5 of Arabidopsis, and it encodes a

polypeptide of 341 amino acid residues containing four V/D-40 repeats (Walker et al.,

ßgg). The WD-40 motif contains a 44-60 residue sequence, usually with a GH (Gly-His)

dipeptide Il-24 residues from its N-terminus and a WD (Trp-Asp) at the C-terminus and a

conserved core between these dipeptides (Smith et ø1., 1999). WD-40 repeats have been

identified in a number of proteins from a wide variety of eukaryotic organisms and they

occur in large gene families. There are 136 identified family members in humans, 175 in

Drosophila melanogaster,106 in C. elegans,60 in S. cerevisiae and 59 in Arabidopsis (Yu

et al., 2000a; Li and Roberts, 200I, http://bmerc-www.bu.edu/cgi-birVwd-db). WD-40

proteins have been implicated in processes such as signal transduction, RNA processing,
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gene regulation, vesicular traffic, protein interaction and regulation of cell cycle (Neer e/

al., 1994), although none are thought to be al cn:zyttc. Ovcr 30 subfamilies among the

WD-repeat-containing proteins have been identified, the majority of which correlate with
distinct functions or cellular roles. Their common function appears to be co-ordination of
the formation of multiprotein complexes, mediated by the repeating units, which serve as a

scaffold for protein-protein interactions. The identification of TTG1 as a V/D-40 repeat

protein indicates that, rather than functioning directly as a transcription factor, TTG1

interacts with other proteins in playing its various roles.

TTGI is amember of the transparent testa (tt) gene family, a group of genes involved in
the flavonoid biosynthesis pathway, which provides plants with a variety of secondary

metabolites such as anthocyanins (red to purple pigments), flavonols (colourless to pale

yellow pigments) and condensed tannins (colourless pigments that brown with oxidation -
also known as proanthocyanins) (Figure 1.3). Anthocyanins accumulate in vegetative

tissue, condensed tannins are deposited in seeds, whilst flavonols are observed in both

vegetative tissue and seeds (reviewed in Winkel-Shirley, 2001). Flavonoids play many

roles in plant development, including protection against microbial attack and the effects of
UV radiation, signalling agents and regulators of auxin transport. Mutations at the

transparent testa loci disrupt the synthesis of brown pigments in the seed coat (testa),

rendering the seed coat transparent. // mutants therefore produce seeds of a yellow or pale

brown colour, as the transparent seed coat reveals the yellow colour of the underlying
cotyledons. To date, approximately 20 transparent testa loci have been identified in
Arabidopsis, most of which have been fully characterised. These genes encode either

regulatory proteins or proteins involved in the structural properties which are summarised

in Table 1 .1

TTGI is expressed in all tissues of Arabidopsis (Walker et a\.,1999), an expression pattern

in common with other WD-repeat genes in Arabidopsis and other plant species. The TTG1

protein sequence demonstrates the highest similarity to WD-repeat proteins with presumed

roles in anthocyanin biosynthesis in a range of plant species (deVetten et al., l99l;
Sompornpailin et a1.,2002; Morita et a1.,2006). Due to its critical role in trichome
initiation, the TTGI gene is the major focus of this thesis.
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Fisure 1.2:,4røåilopsis trichomes and mutant phenotvpes

(A) SEM image of a three-branched Arabidopsis trichome. (B) Trichomes developing on a
wild-type Arabidopsis leaf. (C, D) Glabrous leaves of ttgl (C) and SU (D) mutant
Arabidopsfs. Images B-D from Larkin et al. (1994).
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(Shirley et aL.,1992)
(Feinbaum and Ausubel, 1988)
(Shirley et a|.,1992)
(Pelletier and Shirley, 1996)
(Koornneef et al., 1982)
(Pourcel et aL.,2005)
(Debeaujon et al., 2001)
(Focks et aL.,1999)
(Shikazono et al., 2003)
(Kitamura et aL.,2004)

Dihydrofl avonol 4-reductase
Chalcone synthase
Chalcone isomerase
Flavanorte 3 -hydroxylase
Flavonoid 3' -hydroxylase
Polyphenol oxydase
Multi-drug secondary transporter
Glycosyltransferase
Leucocyanidin dioxygenase
Glutathione S -transferase

Structural genes
tt3
tt4
tt5
tt6
tt7
tt10
ttl2
ttl 5
tt18
ttl 9

(Sagasser et aL.,2002)
(Nesi e/ aL.,2001)
Q.tresi et a|.,2000)
(Nesi e/ aL.,2002)
(Walker et a1.,1999)
(Eulgem et a1.,2000)

Zinc -ftngt containing protein
R2R3 MYB domain protein
bHLH protein
MADS domain protein
WD40 protein
WRKY protein

Regulatory Genes
ttl
tt2
tt8
ttl 6
ttgl
ttg2

(Shirley et a|.,1995)
(Debeaujon et aL.,2000)
(Bharti and Khurana, 2003)

Unknown
Unknown
Unknown

Other
tt9
ttI 3
ttIT

Table 1.1: Members in the transparent testa gene family, with their corresponding
protein product (where known) and appropriate reference.

1.8.2 GLABROUSI (GLII

Like TTGI, GLABROUS| (GLL) is a required gene in the initiation of Arabidopsis

trichomes, with gll mutants being essentially hairless (Figure 1.2D, Marks and Feldmann,

1989). MYB transcription factors make up a very large family of proteins in Arabidopsis,

with the majority (including GLl) containing two MYB repeats (R2 and R3). The family

of R2R3-type MYB genes are known to control many aspects of plant secondary

metabolism, as well as plant cell identity and fate (Stracke et a1.,2001). In general, the

R2R3 MYB proteins contain a transcriptional activation domain at the C-terminus, in

addition to MYB domains that function in DNA binding and protein interactions. GI1 has

been shown to be expressed predominantly in the early stages of trichome development

(Larkin et al., 1993) and, unlike TTGI, its role appears to be restricted to trichome
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formation. A similar MYB gene (MYB23) exists in Arabidopsis that is functionally
equivalcnt to GLI in trichome initiation on leaf edges, whir,h plays an aclclitional role in
trichome branching (Kirik et a\.,2005).

1.8.3 GLABRA3 (GL3)

It has been shown that the maize R gene, which encodes a basic helix-loop-helix (bHLH)
trànscription factor, is able to rescue the full range of mutant phenotypes of Arabidopsis
ltgl (Lloyd et al., 1992). This observation led to the initial suggestion that TTGI might
encode an Arabidopsls R homologue. However, the identihcation of TTG1 as a'WD-repeat
protein led to the hypothesis that TTGI may instead regulate or interact with a bHLH
protein in its role in trichome initiation. Payne et al. (2000) isolated the GLABRA3 (GL3)
gene, which encodes a bHLH protein associated with trichome formation. The effects of
gl3 mutations are less severe than þal of tgl and, gtt; gl3 plants are not devoid of
trichomes, but produce fewer trichomes than wild-type, and those trichomes that do form
are not fully developed. It was demonstrated via a yeast two-hybrid assay that GL3
physically interacts with both GLl and TTGI, although GL1 and TTG1 do not interact
directly with each other (Payne et a1.,2000). It is thought that the MYB GL1 protein binds

to the N-terminal end of the GL3 protein, whilst TTG1 appears to interact atthe C-terminal
end, which contains the bHLH motif (Grotewold et a1.,2000; Payne et a1.,2000). It was

therefore hypothesised that an activator complex consisting of TTG1-GL3-GL1 was

responsible for promoting trichome initiation in Arabidopsis.

1.8.4 TRANSPAR TESTAS îT8) ¿nd ENHANCER OF GL3 ßGL.])
Over-expression of GZ3 suppresses the glabrous phenotype in ttgl plants, but does not
influence other TTGl-related traits. The fact that gl3 mutations result in only a moderate

reduction in trichome number, and that gl3 mutants do not have an obvious effect in any

other TTG1-dependent pathways suggested that other partially redundant bHLH proteins

may be responsible for the remainder of these pathways, given that the R gene was able to

complement the full range of ttgl mutant phenotypes. The TRANSPARENT TESTAS Qf8)
gene, which is involved in flavonoid biosynthesis in Arabidopsis, codes for a bHLH
protein Q'tresi e/ a1.,2000) but, whilst mutations in this gene confer the transparent testa

phenotype due to a decrease in condensed tannin production, tt7 plants still produce

significant amounts of anthocyanin. This indicates that at least one additional bHLH

24



protein is likely to act in anthocyanin production, trichome initiation and other TTGI-

controlled pathways.

A genetic enhancer screen in the gl3-1 background identified a locus that resulted in

glabrous plants, when combined with gl3-1 (Zhang et a1.,2003). This locus contained a

close relative of GL3, and was termed ENHANCER OF GL3 (EGL3). EGL3 also encodes a

bHLH protein, which shares 74Yo amino acid identity with GL3. Like GL3, the EGL3 and

TT8 bHLH proteins have been demonstrated to interact with the TTG1 protein in yeast

two-hybrid assays (Zhang et a\.,2003; Baudry et a|.,2004). The egl3lgl3 double mutant

appears similar to the ttgl mutant displaying reduced seed coat mucilage, altered root hair

positioning and disrupted anthocyanin production. A triple bHLH mutant (egl3/gl3/tt8)

essentially replicates the ttgl-l mutation, displaying the complete set of mutant

phenotypes. This demonstrates that the three bHLH proteins have distinct but overlapping

functions in TTGl-dependent pathways, and explains how the maize R gene was able to

suppress the entire range of ttgl mutant phenotypes (Figure 1.4).

1.8.5 TRIP HON (TRY) and TCE rcPC)

The TRIPTYCHON QRÐ and CAPRICE (CPC) genes have been identified as playing a

role in trichome initiation in Arabidopsis, most likely involved in cell-cell signalling

(Hülskamp et al., 1994; Wada et al., 1997). The TRY and CPC genes ate pafüaIly

redundant, and each has been shown to encode related single repeat (R3) MYB-type

transcription factors that function in lateral inhibition (Wada et al., 1997; Schellmann et

a\.,2002). Developing trichomes are distributed in an even spacing pattern; trichome cells

are on average separated by about four epidermal cells at the point of initiation in wild-

type Arabidopsis leaves, indicating that lateral inhibition of differentiation of neighbouring

cells is occurring (Hülskamp et a\.,1994). Mutations in the TRY or CPC genes increase the

number of trichome clusters observed, demonstrating a decrease in nearest-neighbour

inhibition (Hülskamp et a\.,1994; Schnittger et a\.,1999; Schellmann et aL.,2002). TRY

and CPC also have been shown to be partially redundant with two genes which enhance

their mutant phenotype; ENHANCER OF TRY AND CPC I and 2 (ETCI and ETC2) (Kirik

et al., 2004a; Kirtk et al., 2004b). Each of the encoded single-repeat MYB proteins are

thought to act via cell-to-cell movement to provide competition with R2R3 MYBs (such as

GL1) for GL3/EGL3 binding site interactions in neighbouring cells. The single-MYB
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proteins lack a transactivation domain, and thus form an inactive complex when bound to
GL3/EGL3 (Figurc 1.5).

1.8.6 GLABRA2 (GL2)

The GLABRA2 (GL2) gene influences trichome morphogenesis in Arabidopsis. GL2
function is not required for initiatio"; g! leaves exhibit a normal number of trichomgs_Lut

le 
-is 

tho-ught to function early in the trichome development pathway (Szymanski et a\.,199S).
GL2 encodes a homeodomain protein and mutations result in aborted trichomes with
aberrant cell expansion (Rerie et al., 1994). Trichomes in gt2 mutants expand laterally
along the surface of the leaf, as opposed to normal cell outgrowth perpendicular to the leaf
surface. Szymanski et al., (1998) demonstrated that GL2 is expressed in trichome cells
throughout development, as well as in surrounding cells. GL2 positively regulates the
trichome cell fate in the shoot, and non-hair cell fate in the root. Transcription of GL2 is
regulated by the TTG1-GL3-GL1 activation complex in trichome initiation, and by a

related complex in root hairs (see Section 1.8.7, and Figure 1.5).

1.8.7 Trichome ønd root høir initiation
The protein complexes involved in trichome initiation are similar to those involved in the

patterning of root hairs. However, in contrast to the processes controlling leaf trichome
patteming, Arabidopsis root hair cells are specified in a position-dependent manner, as

only those cell files that are positioned above the junction of two underlying cortical cells
produce root hairs (Dolan et al., 1994). The cells located between two underlying cortex
cells (Figure 1.5) adopt the root-hair fate, whilst those positioned above only one cortical
cell develop as non-hair cells. The TTG1 protein in Arabidopsls is one of several which
regulate root hair patterning (Galway et a\.,1994).In common with trichome patterning, a

complex is formed involving the TTG1 protein, an R2R3 MyB-type protein, and

EGL3/GL3. In the case of root hairs, the R2R3 MYB-type protein involved in the activator
complex is WEREWOLF (WER), the functional homologue of GLl. The expression of the

TTG1, GL3/EGL3 and GLl or WER activator complex in the shoot or root respectively
promotes the expression of GL2, which allows for specification of the trichome cell fate in
leaves, and the non-hair cell fate in the root. The activator compiex also up-regulates the

expression of the single repeat MYBs TRY/CPC/ETC1/ETC2, which move through the

plasmodesmata to mediate lateral repression in neighbouring cells. It is hypothesised that
the R3 MYB proteins interfere with the formation of the bHLH-TTG1-R2R3MYB
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X'isure 1.4: ModeI of interactions involved in TTG1-related nrocesses

This model shows all of the known bHLH and MYB transcriptional regulators that
function in the TTGl-dependent pathways. The model illustrates the interactions among
the proteins, the narrowing of the specificity of the regulatory function from WD40 to
bHLH to MYBs, and the redundancies demonstrated, particularly at the bHLH level.
Arrows indicate known interactions, whilst the red blocked lines denote inhibition of the
particular cell fate. Adapted fromZhang et al. (2003).



Trichome initiation Root-hair patterning

H céll

H cell

Fisure 1.5: Model initiation of trichonne (left) and root hair patternins lrishtl in
Arabìdopsis

The upper tier shows cells with equivalent developmental potentials, whilst the lower tier
shows cells that have been specified to adopt a particular fate. In the case of trichome
initiation, a cell receives an unknown signal, resulting in up-regulation of the TTG1-GL3-
GLl complex, leading to activation of GL2 transcription and adoption of the trichome cell
fate. The single MYB protein (TRY/CPC/ETC1ÆTC2; represented by R3 MYB) moves to
neighbouring cells to form the inactive complex, resulting in the non-trichome fate in these
cells. It is a similar case in the root, except it is the position of the underlying cortical cells
that determines epidermal cell fate. A root epidermal cell in the H position (between two
underlying cortical cells) adopts the hair cell fate, whereas a cell in the N position (above a
single cortical cell) adopts the non-hair cell fate.



complex, promoting the adoption of the hair cell fate in roots, or the non-trichome fate in

the leaf (reviewed in Schellmann and Urþskamp, 2005). Recent evidence suggests 1 ä
GL3/EGL3 may also move between cells as part of the regulatory network in root hairs,

although further verification is required (Schiefelbein and Lee,2006).

1.8.8 The |(D40/LHLH/MYB reeulntorv complex

As discussed, the function of TTGl in a range of processes involves interplay with various

MYB and bHLH transcription factors. The WD4O-bHLH-MYB complex is conserved

throughout several plant species, and is involved in multiple cellular differentiation

pathways in the plant epidermis (reviewed in Ramsay and Glover, 2005). The complex

controls epidermal cell identity and regulates distribution of specialised epidermal cells.

Although its individual components are more ancient, this complex appears to have arisen

in the land plant lineage, and is estimated to have evolved at least 120 million years ago

(Ramsay and Glover, 2005). One of the reasons for the extensive use of this complex in

plants is its flexibility and plasticity; it is an example of an established network producing

new phenotypic traits by variation in the MYB and, to a lesser extent, the bHLH

components. V/hilst significant variation is observed within these components, the multiple

protein-protein interactions occurring do place some constraints on the evolution of the

system. For example, the maintenance of the seven-bladed B-propeller structure of the

WD40 repeat protein is critical for the stability of the complex, and the multiple

interactions in which the bHLH is involved constrains its variability.

As detailed in Figure 1.4, TTG1 interacts with numerous bHLH and MYB proteins to

influence a wide range of functions. In its role in flavonoid production in Arabidopsis,

TTG| has been shown to interact with TT8 (a bHLH factor) and TT2 (an R2R3 MYB

domain protein). In the latter case, a direct interaction has been shown between TT2 and

TTGI, and this complex is able to activate expression of the BANYULS gene, which

encodes a core enzyme required for seed coat pigmentation (Baudry et al., 2004). In

addition, several R2R3 MYB proteins have been shown to be involved in TTGl-related

functions in Arabidopsls by interacting with bHLH proteins, such as PRODUCTION OF

ANTHOCYANIN PIGMENTI (PAPI) and PRODUCTION OF ANTHOCYANIN

PIGMENT2 (PAPz) in anthocyanin biosynthesis (Zhang et al., 2003; Teng et a|.,2005)

and MYB61 in seed coat mucilage production (Penfield et a|.,200I)'
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With thc cxccption of some of these TTGl-r'elaÍ.utl pluucss es in Arabidopsis, it is largely in
anthocyanin production that a WD4O/bHLH/MYB complex has been shown to be active.

In addition, there are several cases where MYB and bHLH transcription factors have been

shown to act cooperatively in anthocyanin production, without a WD40 protein being

identified (reviewed in Grotewold et a\.,2000 Elomaa et a\.,2003: Sweeney et a\.,2006).
It ccjuld be that a WD40 protein is not playing this role in certain species, or that one

simply has not yet been isolated. Examples of WD4O/bHLH/MYB complexes functioning
in the anthocyanin biosynthesis pathway of various species are detailed below.

H 4 The bHLH R protein (which complements the ttgt mutant in Arabidopszs) has U"""fd
shown to interact with the MYB-type protein Cl to activate flavonoid biosynthesis in
maize (Goff et al., 1992). Furthetmore, the pale aleurone colorl (pacl) gene in maize
encodes a WD-repeat protein that interacts with R in its role in anthocyanin pigmentation

in the aleurone (Carey et aL.,2004). A WD40/bHLH/MYB complex is also thought to be

involved in floral pigmentation in Petunia hybrida. where ANTHOCYANINl l (4N11, a

WD-repeat protein), ANTHOCYANIN1 (4N1, a bHLH protein) and ANTHOCYANIN2
(4N2, a MYB protein) function in controlling the transcription of dihydroflavanol-4-
reductase (DFR) in the anthocyanin biosynthesis pathway (deVetten et al., 1997; Spelt er

aL.,2002).ln Perillafrutenscens, Sompompailin et al., (2002) have shown via a yeast two-
hybrid assay, that a WD-repeat protein (PFV/D) involved in anthocyanin production,

interacts with a member of the Perilla bHLH family, which in turn interacts with a MYB-
type transcription factor. PFWD does not interact directly with the MYB protein. A study

of genes associated with anthocyanin biosynthesis in Japanese morning glory identified a

MYB (InMYBl) and WD-repeat protein (InWDRl), which are hypothesised to act

coordinately with a bHLH transcription factor (InbHLH2) to activate genes for
anthocyanin biosynthesis (Morita et al., 2006).

1.9 Arahidonsis omes üs a model for collon develonmenf

Arabidopsis leaf trichomes are a potential model for uncovering the genetic mechanism

controlling cotton fibre differentiation, as the developmental processes in both appear to be

very similar. Both structures arise from the developing epidermis, giving rise to single-

celled hairs. In each process, development proceeds across the epidermal surface in a wave
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and the initiation stages are very similar, in that the cell expands outwards, and the nucleus

enlarges.

It is currently unknown how closely trichomes from different plant species are related, and

some data suggest that the pathways of trichome differentiation differ between Arabidopsis

and other dicotyledons, such as tobacco, snapdragon and petunia (V/alker and Marks,

2000). Payne et al., (1999) gave an indication that trichomes of different species may be

controlled by distinct pathways. In this study over-expression of GLI in tobacco had no

effect on trichome development, in contrast to the increase in trichome number observed in

Arabidopsis. Similarly, expression of the MIXTA MYB gene from snapdragon and

Co1MYBA from cotton had no effect in Arabidopsls, but increased trichome numbers in

tobacco. However, phylogenetic analyses in angiosperms have demonstrated that cotton is

more closely related to Arabidopsls (both being members of the Rostids) than these other

dicot species of the Asterid sub-family (Soltis et al., 1999), and thus the mechanism of

trichome development in cotton may be more closely related to that of Arabidopsis.

One difference that has been described between the two systems is that Arabidopsis

trichomes undergo several rounds of endoreduplication, whilst cotton fibres are not

believed to undergo such a process (Taliercio e[ a\.,2005). Howevet, recent investigations

suggest there is some level of endoreduplication occurring in the fibre cell, although not to

the level observed inArabidopszs trichomes (Wu et a|.,2006).

Several previous experiments have been performed on the basis of analogy between cotton

fibres and Arabidopsls leaf trichomes. In an attempt to isolate GLI homologues in cotton,

Loguerico et al., (1999) identified six MYB genes, although none were found to have a

role in lrbre development. Suo e/ al. (2003) used a degenerate PCR approach to identify a

further 55 cotton MYB genes, including one (termed GhMYBl7g) which displayed 51%

identity to GLl (including 82o/o identity within the R2R3 MYB domain) with expression

patterns suggestive of a role in fibre development. Another cotton MYB gene, GaMYB2,

was identified and found to be expressed specihcally in fibre cells, and to complement the

phenotype of gll Arabidopsls (V/ang et a\.,2004). Additionally, in the cDNA microarray

analysis by Wu et at. (2006) to identify genes with expression profiles consistent with a

role in lrbre initiation, cDNAs with similarity to genes known to play a role in Arabidopsis
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trichome development (fufyB genes and a homeodomain gene) were among those

identihed.

Hsu e/ al., (1999) demonstrated a connection between the development of cotton fibres and

tobacco trichomes. In this case, the promoter activity of a fibre-specific cotton lipid
transfer protein gene, Ltp6, was analysed. Fused with a GUS reporter, the Ltp6 promoter

was introduced into tobacco leaf discs and shown to direct GUS expression sfecifically in
tobacco trichomes. Similarly, Liu et al. (2000) and Delaney (2005) have shown that cotton
promoters can direct trichome-specific GUS expression in transgenic tobacco, suggesting

cotton fibres and tobacco trichomes share some similarities.

Taken together, these f,rndings indicate that similar regulatory mechanisms may be

operating between the trichomes of some species, and fhat Arabidopsis leaf trichomes

represent an appropriate model for the study of cotton fibre differentiation. Given these

similarities, it is possible that the genes regulating Arabidopsis trichome initiation, such as

TTGI, may have homologues in cotton that function in fibre initiation. The isolation of
genes regulating fibre initiation, and hence fibre yield and quality, is essential for improved
genetic manipulation of cotton fibre properties.

I. I 0 Ex^ ""imental 4^^'oach
The primary aim of this project is to identiff and characterise genes involved in the

initiation of cotton fibres. This will provide information that may be useful in manipulating
crop quality and fibre yield. For this purpose, homologues of the TTGI gene have been

sought in cotton, owing to the role of this gene in Arabidopsls trichome initiation. Four
putative homologues of Arabidopsis TTGI were isolated previously in this laboratory in
cotton, termed GbTTGI-4 (Humphries et a1.,2005), identified due to their sequence

similarity to TTGI.

In the investigation described in this thesis, the genomic organisation of the GîTTG genes

was analysed via Southern blot and PCR analysis. This was performed to establish whether

any of the closely related G4TTG genes represent alloalleles, and to gain further insight
into the organisation of the WD-repeat gene family in cotton.
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It was previously demonstrated that two of the four GîTTG genes are able to replace the

function of TTGl by complementing the anthocyanin-def,rcient phenotype of a ttgl mutant

of Matthiola incana (Humphries, 2001). To further investigate the similarity of the G4TTG

genes to TTGI, a functional analysis was carried out in Arabidopsis. Agrobacterium-

mediated transformation of an Arabidopsis ttgl mutant by the cotton GhTTG genes was

performed to determine if they are able to complement the glabrous and the other

pleiotropic phenotypes conferred by the ttgl mutation.

To investigate the expression of the putative TTGL homologues in cotton, RT-PCR was

performed on fibres and other cotton tissues. In situ hybridisation was performed on

sectioned cotton ovules at multiple time points to analyse the spatial distribution of G4TTG

mRNA accumulation, with particular attention being paid to the ovule epidermal cells

destined to become fibre cells.

As discussed, TTG1 in Arabidops¡s controls trichome initiation through protein-protein

interactions. Potential interactors of the GhTTG3 protein in cotton were isolated via a yeast

two-hybrid screen of a f,rbre cDNA library. This investigation provides information on

which to build a model of proteins that potentially may be required for initiation of cotton

fibre cells, based on those involved in initiation of the model Arabidopsls trichome system.
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Chapter 2: Materials and Methods

2.1 Plønt material

All cotton material was isolated from plants grown from seed that were provided by Cotton

Seed Distributors Q'trarrabri, NSV/). Cotton species and varieties used were:

Gossypium hirsutum cultivar Siokra 1-4

G. raimondii

G. herbaceum

G. hirsutum cultivar Xu-L42

G. hirsutum lintless lines: (provided by Yingru Wu, CSIRO).

Xu-142fl

Lintless 58

Lintless 53

Lintless 1A

sL1-7-1

Lintless 4A

Arabidopsis thaliana ttgl-l seeds were obtained from the Nottingham Arabidopsis Stock

Centre (NASC), NASC ID# N89

2.2 Enzvmes

Calf Intestinal Phosphatase (CIP)

DNase I (RNase free)

Klenow fragment of DNA Polymerase I

M-MLV reverse transcriptase

Proteinase K

Restriction endonucleases

RNasin

RNase A (Ribonuclease A)

Shrimp Alkaline Phosphatase (SAP)

Spermidine

T4 DNA ligase

Zaq DNA polymerase

Roche

Roche

Geneworks and MBI Fermentas

Promega

Roche

New England Biolabs (NEB) and Promega

Promega

Sigma-Aldrich

Amersham-Pharmacia

Sigma-Aldrich

NEB and Promega

NEB and Geneworks
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2.5 Antíbíotics and indícators

Ampicillin Roche

Chloramphenicol Sigma-Aldrich

Kanamycin Sigma-Aldrich

IPTG (isopropyl-beta-D-thio galactopyranoside)

Progen

X-gal (5 -bromo-4-chloro-3 -indolyl-beta-D- galactopyranoside)

Progen

X-cr- gal (5 -Bromo-4-chloro-3 -indolyl-a-D-galactopyranoside)

BD Biosciences

2.3 Radioactíve isotopes

[o-"P] dATP (3ooo cilmMol)

2.4 Moleculür weíght markers

À DNA restricted wtth HindIlI
2-Log DNA ladder

2.6 Kits

GenElute Plasmid Miniprep Kit
pGEM-T Easy

QlAquick Gel Extraction Kit

QlAquick PCR Purification Kit

QlAquick Plasmid Midiprep Kit
Matchmaker Library construction & Screening Kit
YEASTMAKER Yeast Transfonnation System 2

DNeasy Plant Mini Kit
DIG RNA Labelling Kit (SP6/T7)

Perkin-Elmer

MBI Fermentas

NEB

Sigma-Aldrich

Promega

Qiagen

Qiagen

Qiagen

BD Biosciences

BD Biosciences

Qiagen

Roche

2.7 Stains ønd dves

Bromophenol blue

Ethidium bromide

Sigma-Aldrich

Sigma-Aldrich
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2.8 Chemicals reøgents and mßcellaneous

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

variety of manufacturers. Specialist reagents used in this study are as follows:

3 -Amino- 1,2,4-triazole (3 -AT)

Antifoam A emulsion

Bio-Gel P60 (100-200 mesh)

Bio-Gel P60 (50-100 mesh)

Blotting and filter papers

DEP C (diethylpyrocarbonate)

DMSO (Dimethyl sulfoxide)

Ficoll

Fuji RX Medical X-ray hlm

Gold particles (1.0 micron)

Histoclear II
Hybond-N* nylon membrane

Murashige and Skoog basal media

Polyvinylpyrollidone (PVP)

Salmon sperm DNA

Sodium borate decahydrate

Triton X-l00

2.9

pGEM-T Easy

pBluescript SK(-)

pGBKTT

pGADTT-Rec

pARTT

pART27

Sigma-Aldrich

Sigma-Aldrich

Bio-Rad Laboratories

Bio-Rad Laboratories

Whatman

Sigma-Aldrich

BDH Chemicals

Sigma-Aldrich

Fuji

Bio-Rad Laboratories

National Diagnostics

Amersham-Pharmacia

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Promega

Stratagene

BD Biosciences

BD Biosciences

Gleave,1992

Gleave, 1992
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2.10 YeasÍ and slruins

Use

E. coli DH5c¿F BD Clontech
(Palo Alto, CA)

Host for
general
cloning

recAl, endAI, gyrA96, thi-1,
hsdRLT, (rn, mor), supE44,
relAl, de.oR, A (ac ZYA- argF)
U169 lF , N)d lacZ AMl5l.
(Hanahan, 1983)

A. tumefaciens
AGL-1

Dr. John
Harvey (CSIRO
Division of
Plant Industry,
Adelaide,
Australia)

Plant
transformation

AGLO (C58 pTiBo542)
recA: :bla, T-region deleted
Mopn Cb' (Lazo et a\.,1991)

S. cerevisiae
AHl09

BD Clontech
(Palo Alto, CA)

Yeast two-
hybrid screen

MATa, trpl-901, leu2-3, I12,
ura3-52, his3-200,
gal4D, gal\}D, (James et al.,
re96)

2-t r ucleotícles

Oligonucleotides were purchased from Geneworks (except where indicated) and were of
standard PCR/sequencing grade. Primers were designed using NetPrimer
(http://www.premierbiosoft.com/netprimer/netprlaunch/netprlaunch.html) and are shown

below as 5' to 3' sequences.

Primer

General þrimers
Mixed random decamers

Oligo d(T)rz-rs

SP6

T7

M13F

M13R

RSP

Two-hybrid primers

5AtTTGNde2

5AtTTGNde4

Sequence (5' to 3')

Geneworks

Amersham-Pharmacia

GATTTAGGTGACACTTAG

AATACGACTCACTATAG

GTAAAACGACGGCCAGT

GTTTTCCGAGTCACGAC

AACAGCTATGACCATG

GTGATACATATGCTCATTTCCATG

GTGATTCATATGTCAGCTCCAGATTCG
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3AtTTGPST

5TTGlNde

3TTGlBam

5TTG2Nde2

3TTG2BAM

5TTG3Nde3

3TTG3PST

5TTG4Eco

3TTG4Pst

5GL3Eco

5GL3Eco2

3GL3Bam

5EGL3Eco

3EGL3Bam

pGADTTA

pGADTTB

Clone1.5a

Clone1.3a

CIone2.5a

Clone2.3a

Clone3.5a

Southern of nrimers

TTGlPRO5

TTG1PRO3

TTG3PRO

TTG4PRO5

TTG4PRO3

GhTTG sene-specific

AACTGCAGACCTCAAACTCTAAGGAGC

GTCTTGCATATGTCAACTCAGGAATCCC

CTGGATCCGAATACATTTCAAGCAG

GTGATACATATGAGCAGCGATCCTAACCC

CCGGATCCTAGCATTGAATACGACCC

GTACTGCATATGTCAACTCAAGAATCCC

AACTGCAGGACCAGACTTCAAGCAGG

AGCGAATTCAC CAGCGATCCGAAC CC

TCCTGCAGAACCTAACTTCACACGG

GTGAATTCATGCAACTCAGAATCGC C

AGCGAATTC GGACAAAACAGAACAACTGTCC

GCGGATCC CCAGCGATCGGCG

AGTGAATTCGGAGAAAACAGAACGGTGCC

GC GGATCCTTAACATATC CATGCAACCC

CTCCATAATCTTGAAGAGGC

GGGTACAGGTAGTGTTAGACC

GAGATTCTATTCCTGC

TGCATGCTGAGATATGTATGG

TTCATGTGTGTGGATGTGG

GTTCAGCATCCAGTCACC

GAAGAATGGTGATGCTGG

GCGGATCCCCTGCTTGAAATGTATTCAACTCTC

GCGGATCC CTGTCCATATTCCTTGTCTGCTACG

GC GGATCCTTGAGGTTTTCACACTGTATTTTCCTGC

AGGTTTGCCAGGCTTCAAGG

ATATACTCCGCAGTCCGCAC

GACGGTTGGCAACTCCCAAATAAG

CGCTTCATC CTCTTCTTCTTGTTC

TCCCCTTTCTCTTCCTCCTCCGAC

AGTGTC C GC CGC GACAAGAAATAC CGTC

GAGGAGTGCTC CTTGTCGC GCAGG

prrmers
PTTGl

PTTG2

PTTG3

PTTG5

PTTG9
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PTTG1O

PTTG11

Real-time Drrmers

CTCCGCAACTCAAC CACCGGCAAC

TACCGACTCC CCATCC CCAGCCTC

CTCTTCCTCCTCCGACCTCCT

CAGAGACGGAGGTAGTCACCG

AGACCCACCCAAAGCTTGC

TGAGCTTGGTGGGTGGATAAG

GAGTATCGTTGGTACCCTACC

GAGGAGTGCCTTGTCGCGCAGG

TTGlF

TTG1R

TTG3F

TTG3R

ActinF

ActinR

2.12 Solutions. and medis

All solutions and buffers were prepared using Millipore-filtered water and (when

appropriate) were sterilized by autoclaving. Non-autoclavable solutions were sterilizedby
filtration through a0.2 ¡tm f,rlter. Solutions for RNA work were treated with 0.1% (vlv)
DEPC prior to autoclaving. Solutions and all other buffers routinely used in this study were

as follows:

RNA manipulation

Hot borate buffer 0.2 M sodium-borate decahydrate, 30 mM EGTA,

l% (wlv) SDS, 1% sodium-deoxycholate

200 mM MOPS, 50 mM anhydrous sodium acetate,

10 mM EDTA, adjusted to pH 7.0

MOPS buffer (10x)

General

Denaturing solution

Denhardt's solution (1 x)

DNA loading buffer (6x)

Lysing solution (Grunstein's)

Neutralising solution

Phenol/chloroform

0.4 M NaOH

0.02% (w/v) Ficoll,0.02yo (w/v) PVP, 0.02% (w/v)

gelatin

0.25% (w/v) bromophenol blue,40Yo (w/v) sucrose

10 mM glucose, 25 mM Tris-HCl (pH 8.0), 10 mM
EDTA,4mglml lysozyme

1.5 M NaCl, 1 M Tris-HCl (pH 7 .2), I mM EDTA
50% (vlv) phenol, 48% (v/v) chloroform, 2Yo (vlv)
isoamyl alcohol, buffered with an equal volume of
Tris-HCl (pH 8.0)
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Premade-hybridisation buffer

Hybridisation buffer

TAE (1x)

TE (1x)

Stop buffer

5x SSPE, 5x Denhardt's solution, 0.5% (w/v) SDS

90% (vlv) premade-hybridisation buffer, 1.5 mg

sonicated salmon sperm (denatured by 90"C for f,rve

minutes)

40 mM Tris-HCl, 20 mM Na-acetate,2 mM EDTA

(adjusted to pH 7.8 with glacial acetic acid)

' 10 mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0)

10 mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0),

0.2% (w/v) SDS

0.15 M NaCl, 0.015 M sodium citrate (adjusted to

pH7 .2 with NaOH)

57 .7 mMNazHPO+.7HzO, 42.3 mM NaH2PO+.HzO.

(pH 7.0)

40 mM Tris-HCl, 20 mM Na-acetate,2 mM EDTA,

(adjusted to pH 7.8 with glacial acetic acid)

10 mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0)

SSC (1x)

Sodium phosphate buffer

TAE (1x)

TE (1x)

2.13 Media

All media were prepared with Millipore water and were autoclaved for 15 minutes at

127"C. Non-autoclavable medium components were filter-sterilized and added to the

autoclaved basal medium under aseptic conditions prior to use. Media purchased from

commercial suppliers were prepared in accordance with the manufacturer's instructions.

-Leu -Leu/-T SD medium with appropriate Dropout

supplement and2%o (w/v) agar

medium -T DO 26.7glI Minimal SD Base (BD Clontech, Palo

Alto, CA; Cat. #630411)

1.33% (w/v) nutrient broth, 1% (w/v) yeast

extract, 5% (w/v) sucrose, 1 mM

MgSO+.7HzO

YEB
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YEB agar YEB medium with 0.9Yo (wlv) agar

YPD 509/1 YPD Medium (BD Clontech, Palo Alto,
CA; Cat. #630409)

YPD aeaÏ YPD medium with2Yo (wlv) agar

MS basal medium lx Murashige and Skoog basal salt
macronutrient solution; lx Murashige and
Skoog basal salt micronutrient solution pH
5.8

lz}.lS agar % Murashige and Skoog basal medium with
0.75o/o agat

2.14 Plant techniques

Plant growth conditions

Cotton plants were maintained in growth cabinets at temperatures of 30'C (day) and 25"C

(night) with a daylnight cycle of 16/8 hours. Plants were illuminated by mercury vapour

growth lamps and were grown in premium commercial potting mix at a density of 2-4 per

8-litre pot. Plants were fertilised periodically with commercial fertilisers.

Arabidopsis thqliana ttgl-l (Ler) mutanl seeds were mixed with sand and sprinkled onto

"Arabidops¡s soil mix" (SARDI, Glen Osmond, South Australia) in 3-inch pots. Plantlets

were grown at 23oC (light/dark cycle of 8/16 hr) and thinned to 5-10 plants per pot at 2-3

weeks. Plants were allowed to grow for several weeks before transferal to flower-inducing
conditions (23oC,light/dark cycle of 13/6 hr). The first flowering bolts (10 cm tall) were

cut back once, and new bolts allowed to emerge for several days before infiltration.

A g r o b a c t e r i u m -me di ate d t ansf ormation of Ar a b i d o p s i s

The expression cartridges of the TTGI, GhTTGl, G4TTG2, G4TTG3 and GîTTG4 pARTT

constructs were removed by Nofl restriction and inserted into similarly-cut binary vector,

pART27 (Gleave, 1992). Plasmid DNA was used to transform Agrobacterium tumefaciens

AGL-1 (Lazo et al., 1991) by electroporation (Walkerpeach and Velten, 1994) and
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colonies selected on plates containing kanamycin. Mutant ttgl-1 plants were transformed

by floral dip infrltration (Clough and Bent, 1998) using aStupnrrorof Agrobøcterium at

ODooo:0.8 in 1.5 % (wlv) sucrose and 0.05 %(wlv) Silwet L-71. Plants were covered

overnight to maintain humidity and grown for four weeks to produce seed. Selection of

transformants was conducted on 0.8% agar containing Murashige and Skoog (MS) salts

(2.2 glL) and kanamycin (35 ¡rg/ml) for seven days. Between 8,000 and 16,000 seeds were

screened for each experiment, with transformation rates varying between }o/n and 0.5%.

Kanamycin-resistant seedlings \ryere moved onto fresh kanamycin plates for ten days

before transfer to soil to set seed, and were inspected microscopically for restoration of

trichome formation. Progeny from selÊfertilised primary transformants were examined for

complementation of other ttgl mutant phenotypes. Three-day old seedlings grown on 0.8%

agar containing MS salts and 5olo sucrose were inspected for anthocyanin production in

cotyledons and hypocotyls. Root hair development was studied in seedlings grown

vertically on plates containing MS salts and 1 .2% phy|agel. Seeds for scanning electron

microscope (SEM) analysis of seed coat structure were mounted, sputter-coated with

carbon and gold, and examined using a Philips XL20 SEM at 10kV. Ruthenium red

staining of seed coat mucilage was performed as described by Burn et al. (2002).

2.15 General technioues

Isolation of genomic DNA

Total genomic DNA was isolated from the young leaves of cotton by the method of

(Dellaporta et al., 1 985).

Arabidopsis genomic DNA was isolated from the leaves of putative transformants using

the DNeasy Plant Mini Kit (Qiagen).

Plasmid isolation

Plasmid DNA for all general applications was isolated from 10 ml of overnight culture by

using the GenElute Plasmid Miniprep Kit (Sigma-Aldrich) or by the alkaline lysis method

(Sambrook et al. 1989). Large-scale plasmid preparations were performed with the

QlAquick Plasmid Midiprep Kit (Qiagen).
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RNA isolation

Total RNA was isolated from various cotton tissues using the method described by (Wan

and V/ilkins,1994), except that a polytron was used in place of a glass tissue grinder. RNA
was precipitated and stored in 0.1 volumes of 3M sodium acetate and2 volumes of 100%

ethanol at -70oC.

Determination of DNA and RNA concentration

The concentration of DNA and RNA in solution was determined by UV spectrophotometry

at a wavelength of 260 ffn, or by gel electrophoresis of a sample and comparison with
H i ndIlI- dige sted l" DNA fragments.

Restriction endonuclease diqests

All reactions involving restriction endonucleases were performed under conditions

recommended by the manufacturers. Samples of genomic DNA (10 pg) were restricted

with 20 units of enzyme for at least 16 hours.

reaction

General PCR reactions were performed in a total volume of 25 pl, with the reaction

mixture containing approximately 100 ng of template DNA; 0.4 mM each of dATP, dCTP,

dGTP and dCTP; lx PCR reaction buffer; 1.5 units zaq DNA polymerase;2 mM MgCl2
and 100 ng of each primer. DNA amplification was performed in a programmable PTC-
200 DNA Engine (MJ Research, Inc.). Typically, conditions involved an initial
denaturation at 95"C for two minutes, followed by 25 cycles of denaturation at 95'C for

one minute, annealing for one minute at 55"C and extension at72C for four minutes.

Colony PCR

Colony PCR was performed by picking single bacterial colonies into a PCR reaction mix,
with PCR conditions as described above except for an initial denaturation period of five
minutes and a total of 30 cycles.

t
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DNA precipitation by ethanol

DNA was precipitated by addition of 0.1 volumes of 3 M sodium-acetate, pH 5.2 and2-2.5

volumes of cold redistilled ethanol. The DNA was left to precipitate aI -20"C for 16 hours

and was recovered by centrifugation at 12,0009 for 25 minutes at 4"C. The pellet was

washed with cold 70% (vlv) ethanol, dried under vacuum and redì¡oore'å in lx TE'

DNA precipitation b)' isopropanol

In some cases, 0.1 volumes of 3 M sodium-acefate, pH 5.2, and 1 volume of isopropanol

were used to precipitate DNA. The DNA was recovered by centrifugation at 12,000 g for

15 minutes and all traces of isopropanol were removed using a drawn-out Pasteur pipette.

The resulting pellet was washed in l\Yo (v/v) ethanol, dried under vacuum and

reJri¡¡o(v¿å in 1x TE.

Gel electrophoresis

DNA was size fractionated on 0.7-2.\Yo agarose-TAE gels (Sambrook e/ al., 1989). DNA

fragments were stained with ethidium bromide and visualized with a Gel Doc 2000 Gel

Documentation System (Bio-Rad).

General cloning and bacterial transformation

Plasmid vector DNA for use in ligation reactions \À/as prepared by digestion with the

appropriate restriction endonuclease(s), followed by either gel purification with the

QlAquick Gel Extraction Kit or heat inactivation. If required, dephosphorylation with calf

intestinal phosphatase (CIP) or shrimp alkaline phosphatase (SAP) was performed as per

manufacturer's instructions. When CIP treatment was used, a final gel purification step

was performed to remove the CIP, while a heat inactivation step of 15 minutes at 65oC

was performed after SAP treatment.

Insert DNA was prepared by digestion with the appropriate restriction endonuclease(s) or

by PCR, followed by a gel purification step. Ligation reactions were performed overnight

at 16oC in a total volume of between 10 and 20 pl and contained approximately 100 ng of

vector DNA,400 ng of insert DNA, 1x Ligation Buffer (Promega) and 3 Weiss units of T4
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DNA Ligase. Transformations were performed as described (Inoue et a\.,1990) using 200

¡rl of competent cells and 50-100 ng plasmid DNA.

DNA sequencins

DNA was sequenced using the ABI PrismrM Dye Terminator Cycle Sequencing Ready

Reaction Mix (Perkin-Elmer), essentially as described in the manufacturer's protocol with
the modificâtion of using half the described amount of reaction mix. 400 - 800 ng of
double-stranded DNA was used as a template, and approximately 100 ng or 18 pmol of
primer was used. Reactions were performed using an MJ Research PTC-200 Peltier
Thermal Cycler, with the following conditions: 26 cycles of 96"C for 30 seconds, 50'C for
15 seconds and 60oC for four minutes. Dye Terminator gels were run and analysed by the

Sequencing Centre at the IMVS (Adelaide, South Australia). Sequencing results were

visualised with the Chromas v2.23 program (Technelysium).

Sequence anal)¡ses

Nucleotide and protein sequences were analysed using various programs in the Wisconsin
GCG Sequence Analysis Software suite, Version 8 and later (Acceh'ys, San Diego, CA;
Genetics Computer Corporation, WI, 19S4). These programs were accessed online via the

Australian National Genomic Information Service (ANGIS, http://www.angis.org.au).

Database comparisons were performed using the BLAST algorithm (Altschul et a\.,1990;
Altschul et al., 1997) and sequence databases available online through the National Center

for Biotechnology Information htç ://www.ncbi.nlm.nih. gov).

2.16 Southern blot ønslvsis

Genomic Southerns

Genomic Southerns were performed as per Sambrook et al. (1989), with 20 units of
various restriction endonucleases used to digest 10 pg aliquots of genomic DNA for at

least 16 hours.

Southern transfer to membranes

Following electrophoresis, DNA was transferred to a Hybond-N* nylon membrane with
0.4 M NaOH as the transfer buffer, as per manufacture's instruction. After 16 hours of
DNA transfer, membranes were washed in 2x SSC.
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Radioactive labellins of DNA orobes

DNA probes were generated by PCR or restriction digest and purified from agarose gels

using the QlAquick Gel Extraction Kit. 50-200 ng of probe was labelled by primer

extension of random decamer oligonucleotides (Feinberg and Vogelstein, 1983) using the

method of Hodgson and Fisk (1987), and [cr-32P] dATP. Unincorporated nucleotides were

removed by spin column chromatography through Bio-Gel P60 resin using 100 pl G50-

100 beads and 400 prl G100-200 beads layered into a 1.5 ml microcentrifuge tube

punctured with a fine needle at the conical point. Columns were packed and equilibrated

with 100 pl stop buffer by centrifugation at 170 g for two minutes. Labelled DNA

fragments were collected by adding the labelled samples in stop buffer in a total volume of

100 pl, to the top of the column and re-centrifugation at 170 g for two minutes.

Prehybridisation conditions

All f,rlters were prehybridised in a freshly made solution of hybridisation buffer at 65oC for

a minimum of two hours. Nylon grids were used to separate filters when multiple filters

were hybridised together. The volume of prehybridisation solution was approximately 0'2

mllcm2 of filter.

Probe denaturati and hvbridisation

Radiolabeled probe was denatured by the addition of 34 ¡rl 1 M NaOH and incubated at

room temperature for 10 minutes. The solution was neutralised by the addition of 34 pl 1

M HCI and the denatured probe stored on ice. Filters were hybridised at a concentration of

approximately 1x106 counts per minute per ml of hybridisation solution (to a maximum

volume of 20 ml) for a minimum of 16 hours. All hybridisations were performed at 65oC

overnight.

Washine of filters

Filters were washed sequentially in 2x SSC with 0.1% SDS, 1x SSC with 0.1% SDS and

0.5x SSC with 0.1% SDS at 65"C for 20 minutes each. If required, filters were subjected to

a higher stringency wash in 0.1x SSC with 0.1% SDS at 65'C for varying lengths of time.
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Autoradiograph)'

Filters were covered in plastic wrap to prevent them from drying out and exposed to X-ray
film at varying temperatures (-70oC, -20oC,4oC or room temperature) for an appropriate

period of time, backed by an intensifying screen (DuPont Hi-Plus). Typically, genomic

Southerns were exposed for at least four days at -70oC.

2.17 In situ hvbridisøtíon

Paraffin em sectrons

Paraffin-embedded sections of cotton ovules were prepared as described by Houben et ql.

(2005). Briefly, cotton ovules were collected at 0 DPA and 2 DPA and fixed in formalin-
acetic acid. The fixed ovules were then subjected to a series of tertiary butyl alcohol

washes, and embedded in paraffrn. 8 pm sections of ovules were cut using a microtome,

and placed onto slides in preparation for addition of the probe.

In vitro otion reactions

G4TTG2 and GîTTG3 sequences were cloned into the pGEM-T Easy vector, and each

clone was digested downstream of the insert to linearise the plasmid, and creating a 5'
overhang. In vitro transcription reactions were performed as described in the DIG RNA
Labelling kit protocol (Roche), with the T7 and SP6 RNA polymerase being used to
prepare sense and anti-sense RNA (summarised in Table 5.1). A 1 kb segment of the

cotton ribosomal RNA gene was used as a positive control cloned into pGEM-T Easy for
generation of a positive control probe.

Hvbridisation and detection of probe

In silu hybridisation of the paraff,rn-embedded sections and subsequent immunological
detection was carried out according to the procedure described by Marrison and Leech

(1ee4).

2.18 Yeast vbrid assav and methocls

The yeast two-hybrid assay was performed using the MatchMaker cDNA Llbrary
Construction and Screening Kit supplied by BD Biosciences. Yeast culture techniques,

transformation and x-cr-galactosidase assays were performed as described in the Two-
Hybrid system manual (Clontech ParlNo. PT1031-1) and the Yeast Protocols Handbook
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(Clontech Part No. PT3024-l). Library screening was performed on QDO media,

supplemented with 5mM 3-AT.

Plasmid DNA was isolated from yeast cultures using the method of Hoffman and Winston

(1987), with the exception that yeast cells were ground in a MM300 mixer mill (Qiagen)

for two and a half minutes at 30Hz instead of vortexing. Also, the crude plasmid DNA

extract was concentrated by adding 2.5 volumes of ethanol and l.3o/o (vlv) 7.5M

ammonium acetate; placing at -80'C for one hour; centrifuging for ten minutes at 13,000 g;

drying the pellet in a vacuum centrifuge and resuspending in 20 ¡rl of water.

Transformation of E. coli was then performed with 10 pl of the concentrated solution.

Plasmid DNA in E. coli was examined by restriction digests and sequence analysis.
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Chanter 3: WD-repeat genes in cotton

The TTG| gene plays a critical role in trichome initiation in Arabidopsfs. Given the

potential for trichomes of Arabidopsis to be used as a model system for cotton fibre

development, genes in the cotton genome with homology to TTGI have been sought, with

the view they may play a role in the initiation of the cotton f,rbre. In work performed

previously in this laboratory (see Humphries e/ al., 2005), a combination of library

screening and PCR-based techniques was used to isolate putative homologues of

Arabidopsis TTGI from cotton. Degenerate TTGL PCR primers were used to amplify a700

bp fragment from cotton genomic DNA. Nucleotide sequencing of four cloned amplicons

revealed two distinct, but similar, sequences. Probing of a 12 DPA cotton fibre oDNA

library with one of the inserts detected two cDNA clones, one of which, GhTTGl,

corresponded exactly in sequence to the genomic PCR clone used as probe (also called

GhTTGI). The other cDNA, GhTTG2, was a new TTGI-like isolate. The second genomic

PCR sequence was designated GhTTG3. Probing a cotton genomic DNA library with

genomic G|TTGI identified three additional clones, one of which corresponded exactly in

sequence to GhTTGl, whilst the remaining two clones, which overlapped with each other,

contained a fourth TTGI-like gene, GîTTG4. The GUTTG2 and GhTTG3 genes were

obtained using PCR-based genome walking, providing genomic clones for all four genes.

In the cases of GïTTGI and GhTTG2, only minor sequence differences were observed

between the gene and a corresponding oDNA, and it was concluded that both genes and

their corresponding transcripts had been cloned. The sequence of fhe GhTTG,l gene was

partial, with the subcloning site located 2 bp downstream from the presumed initiation

codon. gDNA sequences were therefore used in all sequence comparisons which involved

GhTTGI (1253 bp) and GhTTG2 (1694 bp), and gene sequences were used in the cases of

G¡TTG3 (2008 bp) and GîTTG4 (1337 bp). Comparison between the gene and oDNA

sequences showed that all four genes lack introns in their protein coding regions, as is the

case for Arabidopsis TTGI (V/alker et al., 1999) and other plant WD-repeat genes

(deVetten et al., 1997; Sompornpallin et al., 2002', Carey et al., 2004). The GUTTG3

sequence overlapped completely with a cDNA termed ghttgl (4F336281), also isolated
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62% (7e%)

87% (e3%)

60% (78%)

from ovules of G. hirsutum cv. Acala Maxxa on the day of flowering (Matz and Burr,
unpublished). Since only three (non-synonymous) single nucleotide substitutions were

observed in the 1341 bp of overlap, GUTTG3 is almost certainly the gene which is
transcribed to give the ghttgl mRNA.

Sequence comparisons between the four deduced proteins and Arabidop.srs TTG1 showed

that they form two groups, with GhTTGI (343 amino acids) and GhTTG3 (345 amíno

acids) being closely related to each other (87Yo identical and 93o/o similar) and to TTG|
(79% and 80% amino acid identity respectively). GhTTG2 and GhTTG4 (both346 amino

acids) formed the second group, with 95yo amino acid identity to each other and only 62-

63%oidentity to TTG1 (Table 3.1).

AtTTGl GhTTGI GhTTG2 GhTTG3

7e% (8e%)

63% (7e%)

80% (8e%)

62% (7e%)

Tab 3.1: Amino acid identity, with similarity in brackets, between cotton and
Arabidopsis TTG1 sequences

Analysis of the four amino acid sequences showed that GhTTGI-4 are basic proteins with
molecular weights of 38-39 kDa, similar to TTG1. Also, like TTGl, they appear to have a

seven-bladed repeat structure with four clearly defined WD repeats (Yu et a\.,2000a), as

indicated in Figure 3.1, and are thcrefore members of the large and diverse'WD-repeat
protein family. The sequence similarity between the proteins extends across the WD-
repeats and to the carboxyl terminus (Figure 3.1).

Database searches using the four sequences conhrmed the GhTTGI/GhTTG3 and

GhTTG2/GhTTG4 groupings, and idcntificd similarities to V/D-repeat proteins fi'orrr

cotton and other plants. The GhTTGI and GhTTG3 protein sequences both showed a high
degree of similarity to WD-repeat proteins which have known or implied roles in
anthocyanin biosynthesis, with 79-80% amino acid identity to Arabidopsis TTGl (Table l;
Walker et al., 1999),79Yo amino acid identity to AN1l (de Vetten et al., l9g7), B2yo

63% (78%)

es% (e7%) 6r% (77%)
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identity to the deduced product of a TTGI-like gene from apple (Casas-Mollano and

Destefano-Beltrán, 2000) and7l-78Yo to PFWD from Perillafrutescens (Sompornpailin et

a1.,2002). GhTTG2 was virtually identical to a 1401 bp cDNA, wdl522 (AF336287),

isolated from ovules of G. hirsutum cv. Acala Maxxa on the day of flowering (Matz and

Burr, unpublished). The protein sequences differed by one residue, though the conceptual

translation of GhTTG2 was 32 amino acids longer than that of wdI522, due to different

choice of start codons. The GhTTG2 and GhTTG4 deduced protein sequences both

showed a high degree of similarity to Arabidopsis ATANll-A (de Vetten et al., 1997),

with 92%o and, g[Yoamino acid identity, respectively. High similarity has also6bserved to buu*

WD-repeat proteins from two varieties of the flowering plant Morning Glory (Ipomoea nil

and lpomoeq purpurea), termed InWDR2 and IpWDR2 respectively (Morita et a|.,2006).

Lesser similarity was observed to the maize MP1 protein, and a number of uncharacterised,

putative WD-repeat-containing proteins revealed by various plant genome sequencing

projects (see Section 3.3- Discussion).

The four nucleotide sequences were also virtually identical to cotton E,STs sequenced as

part of the International Cotton Genome Initiative. The GhTTGI oDNA appears to

represent a full-length version of an EST sequence (BF2lIl26) from a Gossypium

arboreum 7-10 DPA fibre oDNA library (Wing et al., unpublished), whilst both G4TTG2

and G4TTG3 correspond to ESTs (A1731000 and A1729712, respectively) from a G.

hirsutum cv. Acala Maxxa 6 DPA hbre cDNA library (Blewitt et al., unpublished).

GîTTG4 appears to represent a full-length version of an EST (DT462698) from a G.

hirsutum ovule cDNA library (Udall et a|.,2006).

In addition to the WD-repeat regions, the Arabidopsis TTG1 protein contains a proline-rich

region, in which eight out of 26 amino acid residues are proline. In the corresponding

region of the GhTTG proteins, six prolines are present with the exception of GhTTG4 (five

prolines) (Figure 3.1). It is unknown whether this proline-rich region plays a specific

functional role, but is thought to take apart in the formation of the propeller blade structure

of WD-repeat proteins (V/alker et al., 1999).
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3. 2 Genomic orsanis ation of cotton úYD-rene¿t senes

3.2.1 Genomic PCR analvsís

G. hirsutum is a tetraploid cotton thought to have arisen 1-2 million years ago by
hybridisation between a maternal A genome taxon and a paternal D genome taxon
(Wendel, 1989). To determine the sub-genomic origin of each cotton TTGl-Iike gene, a

PCR-based approach was employed, using genomic DNA isolated from three AD
allotetraploid cotton varieties, namely G. hirsutum cultivars Siokra 7-2 and, Siokra l-4 and,

G. bqrbadense cv Pima 5-6, and two extant species (G. raimondiilJlbr. (D5 genome) and

G. herbaceum L. (41 genome)) which best represent the putative diploid ancestors.

In order to create a precise assay for each of the four cotton TTG| -llke genes, primer pairs

were designed to specifically amplify each gene (Materials and Methods). These primers

were complementary to the most variable region of each gene, outside of the conserved

WD-repeat regions.

After optimising parameters including annealing temperature and number of cycles, PCR

was performed on all four TTGl-like clones to demonstrate that each primel pail resulted

in amplification of a single band of predicted size only from template DNA of the expected

clone (Figure 3.2). These PCR reactions therefore allow for a specific assay for each of the

four cotton genes.

PCR was performed using each of the gene-specif,rc primer pairs on genomic DNA
extracted from the three tetraploid species and the two extant diploid species. As expected,

each primer pair generated a product of predicted size from the three tetraploid species.

However, none of the primer pairs generated a PCR product with the A-genome DNA as

template, and all amplified a product from G. raimondii DNA (Figure 3.3). This indicates

that each of the four cotton TTGI-llke genes originates from the ancestral D-genome. This
result was somewhat surprising, given the high similarity that exists between GhTTGI and

GhTTG3, and between GhTTG2 and GhTTG4. It was originally hypothesised that these

genes may represent allo-alleles, with each gene of the closely related pairs originating
from a different ancestral diploid genome. However, it appears all four TTGl-like genes

isolated in this study are derived from the D genome of G. raimondii, and, therefore do not
form two homoeologous pairs. As no product had been amplified from the A-genome
sample with any primer set, PCR was performed on the same genomic DNA samples using
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12 3 4

GhTTGI < 625

GhTTG2 < 533

GhTTG3 < 621

GhTTG4 < 668

Figure 3.2: Gene-specifÏc PCR assav

PCR reactions of template DNA from each of the clones indicated, with lanes 1-4

representing clones of genes GîTTGI-GîTTG4, respectively. Numbers on the right
inãicate the size of the PCR product in bp. The gene name on the left indicates the target
gene of each specific primer pair. For each assay, the specific gene being targeted was the

ónly one to show an amplification product. The 5tn lane (-) is a no template control.
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Fisure 3.3: Genomic orisins of TTGl-like senes in cotton

Each lane contains PCR products obtained from genomic DNA templates. Numbers on the
right indicate the size of the PCR product in base pairs, and the genomic constitution of
each G. hirsutum cultivar or diploid species is denoted below the gel.
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primers designed to specifically amplify a control gene known to be derived from the A-

genome to validate the result. A product was observed in the tetraploid species and A-

genome DNA, but not in the D-genome sample, authenticating the results observed with

rhe GîTTG primers (result not shown).

3.2.2 Southern blot anfllvsis of ll'D-repeot senes

To fuither investigate the genomic organisation of the WD-repeat genes in cotton, the full-

length isolates were initially used in turn to probe Southern blots of cotton genomic DNA

restricted with various restriction endonucleases. DNA from the diploids G. herbaceum

and G. raimondii were included in the experiment to investigate further the genomic

origins of V/D-repeat genes in cotton. The genes within each pair (GbTTGl/GîTTG3 and

GhTTG2/G|TTG4) cross-hybridised strongly to each other, producing identical Southern

hybridisation patterns, and some cross-hybridisation was also observed between the

different sets of probes (results not shown). The hybridisation patterns to cotton genomic

DNA restricted with a range of restriction enzymes are indicative of only a small number

of closely related genes in tetraploid cotton, rather than large gene families. The two sets of

probes also hybridised strongly to sequences present in G. herbaceum and G. raimondii

(Figure 3.44) indicating that, whilst the four particular genes described here are derived

from the D diploid genome, the A genome also contains closely related WD-repeat genes.

Additional probes were designed to specifically target each of the cotton WD-repeat genes,

in order to obtain hybridisation patterns specific for each gene. This was achieved by

utilising the unique 3'UTR of each gene. PrimeÍs were designed to amplify by PCR a

gene-specific segment of the 3' non-coding region of each gene (see Materials and

Methods), which was subsequently labelled and used as a probe in the Southern

hybridisation.

For this component of the analysis, each genomic DNA sample (G. hirsutum, G. raimondii

and, G. herbaceum) was digested with EcoRI, and the G. hirsutum DNA was digested with

a selection of restriction enzymes. The resulting Southern blots were probed with each of

the gene-specihc probes in turn, followed by stringent washing.

Each of the Southern blots was characteristic of hybridisation to a specific TTGl-like

sequence, and showed each of these genes is present as a single or low copy gene in the
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cotton genome. Strong hybridisation was observed in the G. raimondü (D-genome) lane

with each probe (Figure 3.48). A weaker signal was detected in the A-genome donor, G.

herbaceum, suggesting the presence of similar but diverged genes. Each probe produced a

different hybridisation pattem, indicating the probes were to some extent specific for their
intended target. Only a single band was observed in the majority of the lanes and, when
two bands were present, a corresponding restriction site generally existed within the gene

(or 3'UTR) being probed that was assumed to be maintained in the different taxa. Thè

Southern hybridisation pattern for GhTTGi showed two main bands in each lane, perhaps

indicating some level of cross-hybridisation with GhTTGl, or another related gene. This
genomic Southern analysis of the four GUTTG genes suggested that there exists a small
family of related 'WD-repeat genes in tetraploid cotton, that each of the GhTTG genes

originate from the ancestral D-genome, and is present at a single or low copy number.

3.3 Phvlogenetíc analvsis of colton ll'D-repeat sequences

An extensive phylogenetic analysis carried out by Carey et al., (2004) established that two
separate groups of related WD-40 proteins exist in plant species. In this study, Genbank,

the Plant Genome Database and The Index for Genomic Research (TIGR) were
investigated to identify homologues of the Z. mays WD-repeat proteins PACI and Mpl.

I ,J The multiple alignments of 75 protein sequences suggested there existf at least two classes

of the WD40 protein family inplants (C Lrey et a1.,2004). One classrhas been designated

the PAC1 clade which includes PACI, TTG1 and AN1l. This group of proteins includes

several with a defined function in anthocyanin biosynthesis. This is in contrast to the

second class of WD40 plant proteins, termed the MP1 clade, for which no dehnite mutant
phenotypes have been assigned.

Catey and co-workers included the four cotton protein sequences described in this thesis in
their phylogenetic analysis. GhTTGI (termed Cottonl) and GhTTG3 (Cotton2) grouped

with TTG1 in the PACl clade, whilst GhTTG2 (Cotton4) and GhTTG4 (Cotton5) grouped

with ATAN11A and ATAN11B in the MP1 clade. A fifth cotton WD-repeat sequence

(termed Cotton3) appears to fall outside both major.clades, but only partial data was

provided for this sequence (Carey et a\.,2004).

By searching the TIGR and Plant Genome databases, additional sequences were identified
in several plant species which show high similarity to the GhTTGI/GhTTG3 group (i.e.
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n'isure 3.4 lAl: Southern analvsis of TTGl-like senes in and dinloid cotton

Each lane contains 10 pg of genomic DNA restricted with EcoRI and blots are probed with
the GhTTGI oDNA on the left, to represent the results with both GîTTGI and GîTTG3,
and GhTTG2 cDNA on the right, to represent the result with both GîTTG2 and GhTTG4.
Numbers on the left indicate molecular weight markers (with sizes indicated in kilobases),
and the genomic constitution of each species is denoted beneath each lane.
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Fipure 3.4 ß): Southern analvsis of TTG|-like senes in tetranloid and dinloid cotton

Southern blots probed specifically for each of the four cotton TTGL-like genes as indicated
above each autoradiograph. G. hirsutum was restricted with a range of restriction enzymes
indicated above each lane, whilst the diploid DNA samples were digested with EcoRI.
Numbers on the left indicate molecular weight markers with sizes in kilobases, with the
genomic constitution of each species denoted above the corresponding lane. The A-
genome is represented by G. herbaceum,whilst the D-genome sample is G. raimondii.



PAC1 clade from Carey et al., 2004) or GhTTG2IGbTTG  (MPl clade). Further

information can be added to the analysis performed by Carey and co-workers, as more data

has become available since this publication, For example, many of the sequences used

were paftial (around 90 amino acids). For many of these, a sequence that conceptually

encodes a full-length WD-repeat protein has now been isolated. After constructing a

phylogenetic tree using these full-length sequences, a similar phylogeny to that displayed

by Carey et al. (2004) is observed (Figure 3.5). The maximum parsimony tree

demonstrated that the GhTTGI and GhTTG3 cotton sequences are closely related to

AtTTGl amongst araîge of related'WD-repeat sequences'

The phylogeny observed in Figure 3.5 exhibits two major clades (A and B), both of which

.un{aiuiO"a into two sub-groups; Clade A contains a distinct PACl-like group, in addition Y U*

to a TTGl-like group. Similarly, Clade B contains ATANll-like and MPl-like sub-

groups. The cotton sequences GhTTGI and GhTTG3 fall into the TTGl-like sub-division,

whilst GhTTG2 and GhTTG4 are within the ATAN11-like grouping.

3.4 Discussion

3.4.1 Isolatíon of four TTGIJíhe senes in cotton

Four sequences similar to Arabidopsis TTGL have been isolated from commercial cotton,

based on the notion that they may function in fibre initiation. Analysis of the sequences

confirmed that they display high homology to AtTTGl, and each contains four WD-repeat

motifs. Smith et at. (1999) published a consensus amino acid sequence for the WD-repeat

domain, which featured 20 positions (out of total 31-40 residues) that are biased for a

particular amino acid (or several amino acids). Of these 20 positions, the WD-repeat

regions of the GhTTG proteins are typically identical in 10-11 residues, as is AITTGI and

several other WD-repeat sequences in the plant database that are involved in anthocyanin

production. None of the four cotton TTGl-like proteins contain nuclear localisation

signals, suggesting that the proteins reside in the cytosol, or require accessory proteins for

import into the nucleus to carry out their presumed role as regulators of transcription.

The high degree of similarity observed between V/D-repeat proteins of different species is

likely due to high numbers of interacting partners and the pressures of conserving the

seven-bladed propeller structure Q.{eer et al., 1994; Carey et a\.,2004).It is commonly

observed that WD40 repeat proteins show highet conservation between species than other
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proteins in related pathways. For example, when comparing functionally equivalent bHLH
and MYB anthocyanin proteins between species, around 40Yo identity generally exists for
bHLH (Payne et al., 2000 Esch ef al., 2003) and about 50-60% for MYB sequences

(Quattrocchio et al., 1999; Ramsay and Glover, 2005; Quattrocchio et al., 2006). WD-
repeat sequences involved in anthocyanin regulation in various species generally exhibit
around 80% identity and 90% similarity (de Vetten et al., 1997; Walker et al., 1999;
sompompailin et al., 2004; Humphries et al., 2005; Ramsay et al., 2005; Morita et al.,
2006).

3.4.2 All GbTTG genes originete from the øncestrsl D genome

An examination of the genomic origins of the GîTTG genes suggested that each is derived
from the same ancestral diploid genome. The hybridisation patterns observed in the

Southern blot analysis appeared to confirm the results from the genomic PCRs, revealing
that each of the G4TTG genes is derived from the ancestral D genome. This diverged from
the hypothesis that GîTTG genes may represent allo-alleles, where each gene of the

closely related pairs would originate from a different ancestral diploid genome. An
example of allo-allelic cotton genes was observed in a recent study of MYB genes in
cotton, where two full-length fibre cDNAs were isolated, termed GhMybT and GhMybg
(Hsu e/ aL.,2005). The MYB proteins encoded by these genes share approximately 985%
amino acid identity, and a study of their genomic origins revealed that GhMybT is derived,

from the A subgenome, whilst GhMybg is from the D subgenome, indicating that the genes

are allo-allelic, originating from different ancestral diploid genomes. Similar results have

been observed in many other Gossypium tetraploid genes studied, including sucrose

synthase (Ruan et a1.,2003), vacuolar ATPase catalytic subunit (V/ilkins and Wan, 1gg3),

acetohydroxyacid synthase (Grula et a\.,1995) and tonoplast intrinsic protein (Ferguson e/

a1.,1997). However, such homoeology was not observed for the G4TTG genes. Whilst the

two pairs of cotton genes are very similar, it has been observed that sequence divergence

between the coding regions of homoeologous genes in Gossypium is generally in the range

of Io/o, and that in many cases predicted amino acid sequences are identical (Cronn et al.,
1999; Adams et aL.,2003; Senchina et a|.,2003).In this light, as the amino acid diversion
between GhTTGI and GhTTG3 (13%) and GhTTG2 and GhTTG4 (5%) exceeds this

level, it is perhaps not surprising that they are not alloallelic. However, an investigation by
Orford and Timmis (2000) found that two hbre-specific LTP genes (FSttpI and FSttp3)

demonstrating 93o/o amino acid identity are likely to be homoeologous. In this case the
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tr'isure 3.5: Plant WD-reneat es with similaritv to TTGI

Phylogenetic tree of plant WD-repeat sequences, where full-length amino acid sequences
were aligned with the CLUSTALW program within the PHYLIP package, and the depicted
consensus tree was constructed using the maximum parsimony method on the set of 100
bootstrapped set of protein alignments. Bootstrap values at each branch point are 100
unless indicated. The sub-divisions of the A and B clades are sho\¡/n in blue (PACl-like),
red (TTGI-like), green (ATANIl-like) and orange (MPl-like). The common names of the
plant species from each sequence are shown, with gene names shown in brackets where
assigned. JMG: Japanese Morning Glory, CMG: Common Morning Glory. See Appendix
4 for sequence identification numbers.





flanking regions of the genes also demonstrated high homology, which is not the case for

the G4TTG genes. Given that the pairs of GUTTG genes are not alloalleles, the most likely

explanation for the high level of nucleotide identity observed is that they are products of a

recent gene duplication event, probably occurring after the polyploidisation event

hybridising the ancestral A and D genomes about I MYA (Wendel, 1989).

It has been shown that the majority of loci which affect fibre quality originate from the D

genome (Jiang et a\.,1998), with over 70Yo of the QTLs affecting f,rbre-related traits falling

into D subgenome linkage groups. It would therefore be considered likely that if the

GîTTG genes were playing a role in fibre development they would derive from the D

genome, as this investigation has demonstrated.

3.4.3 Phvlosenetic anolvsis of W'D-repeøt senes

A previous phylogenetic analysis of V/D40 proteins established two separate groups,

namely the PAC1 clade and the MPI clade (Carey et a1.,2004). Figure 3.5 represents an

updated version of the phylogenetic tree produced by Carey and co-workers (2004), and

includes only full-length conceptual sequences. It is evident that the PACl clade described

by Carey and co-workers (corresponding to Clade A in Figure 3.5) can be divided into two

subgroups, namely PACl-like and TTGl-like. Similarly, Clade B (corresponding to the

MPl clade of Carey et a1.,2004) can be divided into an ATAN1l-like subgroup and an

MPl-like subgroup.

Clade A contains WD-repeat sequences that have been shown to functionally complement

the ttgt mutant phenotype in Arabidopsis, including ANl1 and PACI, as well as PFV/D

which has demonstrated an effect on TTGL-related pathways when over-expressed in

Arabidops¿s. None of the genes of Clade B have been shown to functionally complement

TTGI, with a negative result being observed for the mpI gene (Hernandez, unpublished).

Therefore it appears that GhTTGI and GUTTG3 are the most likely of the four cotton genes

to display conservation of TTGI function, as these genes fall within Clade A.

Genes of Clade A affect several different pathways, with anthocyanin production being in

common with all genes for which a phenotype has been described. It thus appears likely

that the cotton GîTTG genes, in particular GîTTGI and GîTTG3, will play some role in

anthocyanin biosynthesis in cotton, in addition to any possible roles in trichome or fibre
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initiation. A question arising from the variety of pathways affected by this clade of proteins

is whether the diversif,rcation of other (non-anthocyanin) pathways is due to evolution of
protein sequences within this group, or the different regulatory networks present within
each species (Carey et al.,2A0Ð. The fact that genes such as PAC1 and ANl1 are able to

complement //g1 mutant phenotypes in Arabidopsls suggests that the difference in
pathways affected by these proteins in different species is the result of variations in the

mechanism of regulation of these traits, rather than differences at the protein sequence '

level. The phenotypes that each WD-repeat gene affects could be related to gene

duplication events in a given species, resulting in functionally redundant WD40 proteins

within the same organism.

Proteins from each of the two major plant WD-repeat clades (Clade A and B) arising from
an ancient duplication may still share common functions. It is thought that ATAN1 lA and

ATAN11B from Arabidopsis and MP1 frommaize may play some role in anthocyanin

biosynthesis. However, the fact that several pathways are affected in ttgt mutants despite

the presence of ATAN11A and ATAN11B indicates that common functionality is not
retained, at least in some cases. Thus, it is possible, but not certain that the

G4TTGIIG4TTG3 genes have overlapping functions with GîTTG2IGîTTG4 in cotton. An
example of common functionality between clades was revealed when comparing related

bHLH proteins involved in anthocyanin biosynthesis of various plant species where (as is

the case for WDR proteins) two major clades appear to exist (Esch et a1.,2003; Ramsay e/

a|.,2005; Morita et a|.,2006). One bHLH clade contains the Arabidopsis proteins GL3 and

EGL3, whereas the second includes another Arabidopsis bHLH protein, TT8. Each of
these proteins plays a common role in anthocyanin production, whilst GL3 and EGL3 have

additional roles (trichome and root hair initiation) that differ from that of TT8 (seed coat

mucilage production).

In a recent study of the flowering plant Japanese morning glory (Ipomoea nil), genes

encoding MYB, bHLH and WD-repeat proteins involved in anthocyanin production were

sought (Morita et al., 2006). Two V/D-repeat encoding genes were isolated, termed

IIWDRI and InWDR2. A phylogenetic analysis of these two protein sequences showed

that InWDRI was most closely related to AtTTGI and ANl1, whilst In'WDR2 grouped

with ATAN1l. This may be similar to the situation in G. hirsutum, in which perhaps an

additional duplication event has resulted in two genes from each clade being formed.
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It appears that species contain either a pair of genes which fall into the PACl-like and

MP1-like groups, or into the ATAN11-like and TTG1-like groups. For example, for those

species which contain a PACl-like sequence (maize, rice and barley) there is also a

sequence which groups closely with MP1. In addition, wheat and sorghum (which possess

MP1-like sequences) do contain partial sequences with high homology to PACl (Carey et

a\.,2004), although these are not included in this phylogenetic analysis. Similarly, pafüal

ATANll-like sequences exist for several species which are shown to contain only a

TTGl-like sequence in Figure 3.5, such as tomato, poplar and iceplant.

Each of the species that contain PACl-like and MP1-like sequences are grasses of the class

Liliopsida, and belong to the Poaceae family. None of the grasses from this family appear

to contain a WD-repeat sequence more closely related to TTG1 than to PAC1. It therefore

appears that the PAC1 and MPl-related gene sequences are restricted to the Poaceae

family of grasses, and are not present in any other plant family. It can thus be assumed that

the PAC1 genes arose in a common ancestor of these species. The full-length sequences of

PACl-like proteins are of greater length than those of TTG1-like proteins (average length

approximately 355 residues compared with 341). Similarly, MPl proteins are on average

around 50 amino acids longer than the ATANl-like sub-group. Hence both MP1 and

PACI appear to have evolved through the Poaceae family via insertions in ATAN11 and

TTG1 respectively. There appears to be no species that contaifboth PACl-like and TTG1- I ns

like sequences (or both MPl-like and ATANll-like). These sub-divisions may therefore

have occurred from the divergence of monocots and dicots, and the genes from each sub-

group likely show redundant functions within their respective species. The fact that the

pacl gene is able to complement multiple phenotypes inArabidopsis ttgl mutants (Carey

et a1.,2004) suggests the PAC1-like group of proteins has retained its functionality since

this divergence.

In a study of the WD-repeat superfamily in Arabidopsis, van Nocker and Ludwig (2003)

investigated the conservation of the structure and function of a range of 'WD-repeat

proteins across different species. Proteins that were classified as homologous between

species almost always showed the highest similarity within the 'WD-repeat regions. In

some circumstances, the proteins showed little or no homology outside of the 'WD-repeat

region. In this study by van Nocker and Ludwig, it was considered that even in the
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examples of no homology outside the V/D-repeat region, the function of the homologous

protein would still be conserved. As observed in Figure 3.1, the highest homology between

the GhTTG protein sequences and AtTTGl is within the four WD-repeat regions.

However, there is also considerable homology outside of the WD-repeats. Given the high
homology observed both within and outside the 'WD-repeat regions between AtTTGl and

the GhTTG protein sequences, it is likely that function is conserved, based on the criteria

of van Nocker and Ludwig. To test whether any of these four V/D-repeat genes from
cotton display conserved function with TTG1, cross-species complementation experiments

were performed on ttgl mutants, and these are described in Chapter 4.
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Chapter 4: Cross-species complementation of cotton WD-repeat
genes

4.1

The potential TTGl homologues identified in cotton displayed high sequence similarity to

Arabidopsis TTGI. To test whether the observed sequence and structural similarities

between the cotton WD-repeat proteins and Arabidopsis TTGI reflect functional similarity,

the ability of the cotton genes to complement ttgl mutant phenotypes in heterologous

systems was investigated.

4.2 Prevíous work

Previously (Humphries, 2001), a novel transient expression system was utilised to examine

whether the cotton genes could complement a ttgl mutation in Matthiola incana.

Matthiola, like Arabidopsis, is a member of the Brassicaceae, and a homologue of TTGl

exists in Matthiota (MiTTGt) fhat affects both trichome and anthocyanin production

(Kappert, 1949).

The anthocyanin biosynthetic pathway in the ttgl mutant M. incana is blocked at the

dihydroflavanol-4-reductase (DFR) step (4. Walker, pers. com.), which results in a white-

petal phenotype as compared to the purple petals of wild-type plants. The ttgl homologue

within fhe M. incana mutant line ll (ttgl mutant) has been sequenced, and shown to

contain a lesion (substituting Arg with Trp) in one of the WD40 repeats (4. Walker, pers.

com.). A second Matthiola mutant that has white petals is def,rcient for chalcone synthase

(CIfÐ @pping et a\.,1990), an enzyme downstream of DFR in the anthocyanin pathway,

and this mutant was used as a negative control in the complementation assay described

below.

The four cotton TTGl-like genes were cloned into the vector pARTT (Gleave, 1992;

Appendix 1), such that their expression would be driven by the constitutive cauliflower

mosaic virus (CaMV) 35S promoter. This promoter confers high-level transcription in all

plant tissues (Harpster et al., 1988), and hence enabled transient expression of the cotton

TTGI-hke genes after particle bombardment.
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Particle bombardment was used to transiently express each of the four cotton genes and

Arabidopsis TTGI, under the control of the 35S promoter, in petal tissues of the M. incanq

ttgl mutant. Bombardment with 35S::A|TTGI resulted in purple spots of anthocyanin

production, indicating that Arabidopsis TTGI complements the mutation (Figure 4.14).
Purple spots of anthocyanin were observed by the naked eye approximately 40 hours after
bombardment, and the anthocyanin spots spread and increased in intensity until
approximately 60 hours after bombardment. Similar purple spots of anthocyanin
production were visible on petals transiently expressing 35ï::GhTTGl (Figure 4.18) and

355::GUTTG3 (Figure 4.lC). None of the petals transformed with 355::GLTTG2 or
355::G4TTG4 showed any complementation, as assessed with the naked eye and after a

series of careful searches with a dissection microscope at 40 and 60 hours after

bombardment (Figure 4.1D,8). Bombardment of the M. incana chs mutant with
Arabidopsis TTGL and any of the cotton GîTTG constructs did not produce purple spots

(Figure 4.1F). The failure of GUTTGI and GîTTG3 to complement a mutation in chs

shows that the result is specific for MiTTGl.

This result suggests that G4TTGI and GUTTG3 can function like TTGI in the production
of anthocyanin pigments in Matthiola. However, it is the role of ATTTGI in trichome
initiation which is of most interest in this study, and hence a stable transformation was

performed in Arabidopsis to determine any function in trichome initiation.

4.3 Arabidopsis stable trilnsformatÍon

Stable transformation of Arabidopsis ttgt-l mutant plants was carried out via
Agrobacterium-mediated transformation using constructs containing each of the four
cotton WD-repeat genes.

4.3. I Agrobacterium-mediatecl genetic trsnsformution
The bacterial plant pathogen Agrobacterium tumefaciens provides a natural system to
introduce genetic material into plant cells. It carries alarge tumour-inducing (Ti) plasmid,
a segment of which is designated T-DNA. This T-DNA segment is flanked by two 25 bp

direct repeats and is transmitted by A. tumefaciens into individual plant cells as a single-

stranded molecule in response to signals from the host plant (Thomashow et al., 1980).

These signals induce the expression of Agrobacterium virulence (vir) genes located on the
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Fisure 4.1 : Particle ent of Matthiola with ?TG1 sene constructs

(A) M. incana ttgl mutant petals bombarded with Arabidopsis TTGI positive control,
showing purple spots of anthocyanin production.
(B) and (C) Patches of anthocyanin on M. incana ttgl petals transiently expressing cotton
TTGI-like genes GîTTGI (B) and Ghffæ (C).
(D) and @) M. incana ttgl mtÍant flowers bombarded with cotton TTGI-like genes

GLTTG2 (D) and GîTTG4 (E) , showing no purple spots.

@) M. incana chs mutant flower bombarded with Arabidopsis TTGI, showing no purple
spots.
Bat. :3 mm in (A), 0.4 mm in (B), I mm in (C) and 5 mm in (D), (E) and (F)





Ti plasmid. A VirDl-YirD2 heterodimer then excises the T-DNA from the Ti plasmid,

allowing export to the host cell. Once inside the plant cell, the T-DNA is targeted to the

plant cell nucleus, where it is stably incorporated at random positions in the genome. In

this way, Agrobacterium induces crown gall disease in many plant species, as genes

inserted between the direct repeats function to divert the plant cell metabolism to provide

for specilrc bacterial nutrition (Smith and Townsend, 1907). Agrobacterium-mediated

genetic transformation (AMGT) takes advantage of this natural plant transformation

system to stably transform plants with genes of interest. The T-DNA transfer is not

sequence specihc, so the native genes responsible for the formation of tumours can be

replaced by any gene of interest (Leemans et al., 1982). This results in the stable

integration and inheritance of the desired gene within the plant genome after infection with

genetically attenuated strains of Agrobacterium. In the past few years, there has been a

sharp increase in the number of plant species reported to be transformed by

Agrobacterium, facilitated principally by developments in tissue culture techniques

specific for these plant species (reviewed in Lacroix et al., 2006). AMGT has also been

reported in a variety of non-plant cells, the first of which involved Saccharoymces

cerevisiqe (Bundock et al., 1995), and followed by filamentous fungi and some human cell

lines (de Groot et al., 1998; Kunik et a|.,2001).

4.3.2 Transformøtion of Arøbidopsis ttsl-7 mutont plønts

For Agrobacterium-mediated delivery of a gene into plants, the DNA to be incorporated is

commonly cloned into a binary vector to allow propagation in both E. coli and A.

tumefaciens. In this study, the binary vector pART27, which contains the RK2 minimal

replicon, was utilised (Schmidhauser and Helinski, 1985; Gleave, 1992). pART27 contains

a kanamycin resistance gene, such that transformed progeny can be identified on antibiotic

selection media.

Each of the four cotton'WD-repeat genes and Arabidopsis TTGI was cloned into pART27.

The expression cartridge of the pARTT consttuct, comprising the CaMV 35S promoter, the

gene of interest, and the 3' transcriptional terminator region of the agrobacterial octopine

synthase gene, was transferred as a NotI fragment into the binary vector. Once verified by

sequence analysis, each of these constructs was electroporated (Walkerpeach and Velten,

1994) into Agrobacterium strain AGL-1 (Lazo et a|.,1991).

63



ttgl-L mutant Arabidopsls plants wete transformed with cotton WD-repeat genes and

Arabidopsis TTGI by floral dip infiltration (Clough and Bent, 1998; see Materials and

Methods). The ttgl-l allele displays several strong phenotypes which are caused by a
premature stop codon located 25 amino acids from the C terminus of the protein (Walker er

al., 1999). Seeds from the ttgl-l mutants transformed with each of the cotton TTGl-llke
genes and the positive control were collected and plated onto kanamycin selection plates to

select for transgenotyþes.

Kanamycin-resistant progeny were observed for all genes except GîTTG4, for which no

transformants were observed, despite several independent attempts, and the screening of
over 16,000 seeds. Between 8,000 and 16,000 seeds were screened for each experiment,

with successful transformation rates varying between 0.3o/o and 0.5Yo. Those seedlings

which displayed resistance to kanamycin were transferred to soil and allowed to set seed.

PCR was performed on genomic DNA prepared from putative transformants, with
subsequent sequencing of the amplified product to verify the presence of the expected

transgene. These primary transformants \À/ere monitored for trichome formation.

Transformants with the positive control A|TTGI demonstrated normal trichome formation
as expected (Figure 4.2C) and plants transformed with the G4TTGI and GîTTG3 genes

also displayed normal trichome initiation and development (Figure 4.2D,F). GîTTG2
transgenic plants remained entirely glabrous (Figure 4.28). Trichomes of GLTTGI and,

GUTTG3 transgenib plants demonstrated normal morphology, with the majority being

three-branched (Figure 4.2G-L). Scanning electron micrograph (SEM) analysis of the

trichomes formed on GUTTGJ transgenic leaves demonstrated that regular trichome
accessory cells had formed (Figure 4.2M-O), fuither indicating that normal trichome
initiation had occurred in these plants.

Trichome density was assessed in several transgenic lines containing 355;;GhTTGl and

355::GbTTG3. Counts were performed on the first four true leaves and compared with
trichome production in mutants transformed with 355;:AITTG1. These counts showed that
the 35S.'.'GUTTGl and 35S.':GUTTG3 plants were similar and both had slightly decreased

trichome numbers compared with those transformed with wild-type AITTGI (Table 4.1).

The number of initiating trichomes showed some level of variation between lines for a
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13.6 +2.3 18.8 + 3.1 38.4 + 5.57.2 +2.2355::AtTTGl

17.2 +2.2 34.t t 4.95.4 t2.2 17.3 +2.1355::GbTTGI

33.6 t 4.411.5 + 1.8 t7.0 +2.1355::G4TTG3 5.3 + 1.9

given transgene, which may be attributed to positional effects associated with integration

of T-DNA during AMGT.

Table 4.1: Trichome numbers on the f,rrst four true leaves (1-4) of ttgl-l mutants
transformed with AtTTGl, GîTTGI and G4TTGS. Trichome numbers were derived by
averaging the counts from plants of varying lines transformed with each transgene.

4.3.3 A nhenotvnes

Progeny of selfed 355;;GîTTG2 and 355;;G4TTG3 ttgl-L transformants were further

examined for complementation of the full range of mutant phenotypes.

4.3.3.1 Proanthocvønidin production in the seed coat

In the case of GîTTG3, seeds from all kanamycin-resistant transformants were brown in

colour, similar to wild-type, indicating complementation of the ttgl proanthocyanidin

defect in the maternally-derived seed coat (Figure 4.3D). By contrast, seed coat tannin

production was not restored by the GîTTG2 transgene (Figure 4.3C), with seeds displaying

the yellow appearance associated with the transparent testa phenotype.

4.3.3.2 Seed coat morphologv

Scanning electron micrograph (SEM) analysis was performed to analyse the seed coat

morphology more closely. In the wild{ype seed, differentiated cells in the outer epidermis

contain mucilage and develop thick walls and central elevations known as columellae

(Figure 4.4A). The TTGI gene is essential for columella development in the testa

epidermis and ngl-l mutants demonstrate a collapsed columella phenotype, which can be

observed using SEM (Figure 4.4C). GUTTG3 transgenic seeds demonstrated normal seed

coat morphology and wild-type columella formation (Figure 4.4G). In contrast, a

collapsed-columellae phenotype was observed in GîTTG2 transgenic progeny (Figure

4.48) resembling that seen in the ttgl-I mutant. The GUTTG2 transgenic seeds displayed

the general disorganisation of the ttgl-L mutant with regard to structure of the seed coat
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(Figure 4.4D,F), whilst G4TTG3 seeds were observed to have the more structured

appearance characteristic of wild-type (Figure 4.4B.,H).

4.3.3.3 Production of seed coat mucilage

Upon contact with water, the mucilage within wild{ype seeds expands, rupturing the

primary cell wall and extruding from the seed coat. The TTGI gene plays a role in
mucilage extrusion during imbibition (Koorneef, 1981), and mucilage released from a seed

can be detected by ruthenium red staining (Hanke and Northcote, 1975). Staining of
imbibed seeds demonstrated that seeds transformed with GîTTG3 produced releasable

mucilage, characteristic of wild-type Arabidopsis (Figure 4.54,D). No releasable mucilage

was detected from GîTTG2 transformed seeds, as observed for the ttgl-| mutant (Figure

4.58,C).

4.3.3.4 Anthocvønin nroduction in veg:etøtive tissue

'Wild-type Arabidopsis seedlings display anthocyanin accumulation in the hypocotyl and

cotyledons (Figure 4.6A), whereas ttgl mutants lack anthocyanin (Figure 4.68). Wild-type
purple anthocyanins weÍe observed in cotyledons and the hypocotyl of 5-day old GîTTG3
transformants (Figure 4.6D), but not GîTTG2 transformants (Figure 4.6C). When gro\¡/n

on sucrose-rich media, matute G4TTG3 transformants display strong pigmentation in the

leaves (Figure 4.6}l), whilst the leaves of plants containing the GîTTG2 gene lack visible
anthocyanin (Figure 4.6G).

4.3.3.5 Resulation ofroot høir nositioníns

In wild-type Arabidopsrs roots, only those cell files that are positioned above the junction

of two underlying cortical cells produce root hairs (Dolan et a\.,7994, Figure 1.5). All root
cell files in ttgl-l mutants are able to adopt the hair cell fate (Galway et al., 1994),

resulting in the production of root hairs in adjacent files (Figure 4.78). GîTTG2
transformant roots display this pattern; when viewed under the microscope, root hairs

conld be observed initiating in adjacent hles (Figure 4.7C).In contrast, GïTTG3 root hair
positioning is wild-type, with each vertical hair cell file being separated by at least one

non-hair cell file (Figure 4.7D).

SEM analysis conf,trmed complementation of the root-hair mutant phenotype in GîTTG3
transformants (Figure 4.8C,D) and verif,red that the root-hairs of GUTTG2 transformants
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Figure 4.2: Phenotypes of,4røåidopsl's transformants and controls

(A-C) Wild-type (1+), ttgl-l mutant (B) and ttgl-l transformed with AtTTGl.
(D-F) ttgt-t transformed with 35s::GhTTGl (D), 355:GîTTG2 (E),355::GhTTGS (F).
(G-L) Lines of 35S::GåTTG| (G-I) and 355::GhTTGi (J-L) transgenic plants shown at
various magnifications.
(M-O) SEM images of trichomes of 355::GîTTG3 transgenic plants.
Bar: I cm in (A), (C), (D), (E) and (F), 5 mm in (B), 500 pm in (G) and (J), 2'5 mm in
(H) and (K), 100 pm in (I and O), 150 ¡.rm in (L), and 75 ¡tm in (M) and (N).
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Fieure 4.3: Seed coat pismentation

(A) Wild-type Arabidopsrs seed
(B) ttgl-I mutant seed
(C) 3 5 S : : Gft TTG2 transgenic seed, displaying the transparent testa phenotype
(D) 3 5 S : : Gft TTG 3 transgenic seed, displaying wild-type proanthocyanidin production
Bar:0.5 mm
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Figure 4.4: Seed coat morphologv

SEM images of wild-type (4, B), ttgl-1 (C, D), 355::GUTTG2 (E, F) and 35S::GhTTG3
(G, H) seeds, demonstrating a magnified view of columella formation (Column 1), and

overall seed coat structure (Column 2).
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Figure 4.5: Releasable seed coat mucilage

Imbibed wild-type (A), ttgl-l (B), 35S::GîTTG2 (C) and 355::GîTTG3 (D) seeds stained
with ruthenium red; released mucilage is detectable by the presence of a red halo. Bar :
250 pm.
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Figure 4.6: Anthocyanin production in leaves

(A-D) 5-day old wild-rype (A), ttgl-L (B), 35S::G4TTG2 (C) and 355::GhTTG3 (D)
Arabidopsls seedlings, with anthocyanin accumulation apparent by purple colouration in
the hypocotyl and cotyledons in images A and D.
(E-H) Mature plants gro\iln on sucrose-rich media to induce anthocyanin production in
wild-type (E), ttsl-| (F) 35S:GfrTTG2 (G) and 355:GuTTG3 (H) leaves.
Bar : 2 mm in (A-D) and 1 cm in (E-H)
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Fisure 4.7: Root hair patterning

Light microscope images of wild-type (A), ttgl-t (B), 35s::GhrrG2 (c) and
355::GbTTG3 (D) roots, with wild-type root hair spacing apparent in 355:GLTTG3, whilst
root hairs initiate in adjacent vertical files in 355:G4TTG2 (C), as observed in ttgl-1.
Bar: 100 pm in (A) and 150 pm in (B-D).
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Figure 4.8: Root hair patternins

SEM images of 355::G4TTG2 (A,B) and 35S::GîTTG3 roots (C,D), with wild-type root
hair spacing apparent in 355:GLTTG3, whilst root hairs initiate in adjacent cell files
(shown horizontally in this figure) in 355:G4TTG2.
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develop in adjacent cell files (Figure 4.84,8). Due to their delicate nature, root-hairs

collapse upon exposure to air, hence the root hairs in the SEM analysis appear distorted

and in some cases have become separated from the root. However, the position of the root-

hair base, demonstrating the pattern of root hair initiation in each transgenic line studied,

can clearly be observed.

4.4 Discussíon

Each of the four WD-repeat cotton genes were tested for functional homology to TTGL,by

investigating complementation of the various mutant phenotypes in heterologous systems.

In both the M. incana and A. thaliana investigations, two of the four genes, GbTTGI and

G|TTG3 were able to complement the mutant phenotype. These are the two genes with the

highest sequence homology to Arabidopsis TTGI, and which fall into the same clade as

AtTTGl and M|TTGI in the phylogenetic analysis of plant WD-repeat genes (Clade A,

Figure 3.5), along with other genes known to complement ttgl mutations inArabidopsis.

The transient assay in M. incana demonstrated that GbTTGI and GhTTGi were able to

induce purple spots of anthocyanin in the ttgl mutant Complementation was not conhned

to single cells, but groups of cells appeared to produce the purple pigment, allowing

visualisation with the naked eye. It has been shown previously that complementation of a

M. incana bHLH mutant (Ramsay et a1.,2003) by particle bombardment with either of two

Arabidopsls bHLH genes (GL3 and MYC-146) results in only single cells containing

visible anthocyanin. Similarly, Ludwig et al. (1990) demonstrated that the introduction of

Lc (Leaf color) cDNA into tissues of maize by particle bombardment induces cell-

autonomous pigmentation. Therefore, the multi-cellular spots observed on transient

expression of GîTTGI and GîTTG3 in ttgt mutants is unlikely to be due to clusters of

cells being hit by gold particles, or diffusion of anthocyanin between cells, as this could

have equally occurred in these previous investigations. The presence of multi-cellular spots

in the Matthiola ttgl mutants in this experiment therefore suggests that cell-cell transfer of

a signalling molecule has occurred. The TTGI protein itself may move between cells, as a

component of the putative diffusible trichome regulatory complexes (Zhang et a|.,2003) or

it may regulate a biosynthetic intermediate that is transported between cells.

Of primary interest was the ability of the G4TTG genes to promote trichome formation in

the Arabidopsis ttgl-t mutant background. A closer investigation of GbTTG2 and G4TTG3
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transgenic progeny demonstrated that GîTTG3 was able to complement the full range of
ttgl-l mutant phenotypes, whilst GîTTG2 had no effect on any pathway examined.

Although not as easily quantified as trichome number, these additional phenotypes

appeared to be complemented essentially to wild-type phenotype in the GîTTG3
transgenic lines. This has been the pattern observed in previous ttgl complementation

experiments where, if one mutant phenotype is complemented, all phenotypes are

complemented. For exâmple, Carey et al. (2004) demonstrated that the maize pacl gene

was able to complement each of the ttgl mutant phenotypes tested (although root hair
patterning was not investigated). Similarly, the maize rR gene was observed to complement

all ttgl phenotypes (Lloyd et a1.,1992), as was the petunia gene anl l (Payne, unpublished

data). Prior to the cloning of the TTGL gene (Walker et a1.,1999), the molecular nature of
the pleiotropy of ttgl mutants was unclear. One hypothesis postulated that TTGI encoded a

protein with multiple independent functional domains, where mutations affecting each

function might cluster in particular regions of the gene (Larkin et al.,1999). However, an

alternative hypothesis has proved to be correct, with TTGI encoding a protein which
interacts with several different proteins, each of which controls a particular function (or set

of functions). This became apparent as every allele of ttgl has the same pleiotropic
phenotype, with all pathways affected to some extent. Additionally, all documented

complementation experiments, including this study, demonstrate no segregation of
phenotypes, with either none or all pathways being affected by an introduced transgene in
ttgl mutants.

It is not known why positive transformants were unable to be recovered for GîTTG4.
Whilst the sequence of the GUTTG4 coding region in the binary vector was confirmed to
be correct, an error may have occurred elsewhere in this construct that has interfered with
transformation. As several independent transformations were attempted with this gene, the

lack of transformants is unlikely to be due to any technical problem with the floral dip
transformation method, particularly given the success observed with each of the other

constructs. Although it is unknown whether GUTTG4 can substitute for Arabidopsis TTGI,
it appears unlikely given the high level (97o/o) amino acid similarity between protein

sequences of GhTTG4 and GhTTG2 (which did not complement the mutant phenotype).

GhTTG2 and GhTTG4 demonstrate strong similarity to ATAN1 lA and ATANl1B, whose

precise functions are not known, but are thought to play a role in anthocyanin production
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(de Vetten,1997).If this is the case, and ATAN1lA or ATANB1lB were involved in a

TTGl-dependent pathway in anthocyanin production, it was considered possible that the

G|TTG2 transgene may have affected anthocyanin production in this investigation by

influencing downstream targets in the pathway. This was not observed, with the most

likely explanation being that ATAN11A and ATAN11B are not involved in a TTGI-

dependent anthocyanin pathway. Hernandez et al. (2000) identified a gene similar to

G|TTG2 and GïTTG4 inmaize, in the search for a putative AnlIlTTGl homologue. This

gene (mpl) also displays high sequence similarity to ATAN1 lA and ATAN1 lB and, as

was observed in this study with GîTTG2, was unable to complement the mutant ttgl

phenotype in Arabidopsls. As previously discussed, the pacl gene of maize was later

shown to be more closely related to TTGI, and is able to complement ttgl mutant

phenotypes (Carey et a|.,2004).

The ability of GîTTGI and GîTTG3 to promote trichome initiation in a glabrous

Arabidopsis mutant gives an indication that GUTTGI and GîTTG3 may play a role in

cotton hbre differentiation. However, it should be noted that heterologous systems might

not reveal gene function reliably. In the particular case of TTG-related processes, there are

many examples in which the regulatory genes have been shown to be interchangeable

between different species. For example, the TTGL homologue from maize, pacl, was able

to complement all mutant phenotypes tested when transformed into ttgl Arabidopsis

(Carey et a1.,2004), despite the fact thatpacl mutants have no effect onmaize trichome

formation and that seed coat mucilage is not produced in maize. Similarly, whilst the

effect of the anl I mutation in petunia is restricted to anthocyanin production, anl I is able

to complement the Arabidopsis ttgl trichome mutant phenotype (Payne, unpublished data).

Yeast and human WD-repeat genes homologous to anl I partially complement the petunia

pigmentation mutant in transient assays, even though the source species do not produce

anthocyanins (de Vetten et al.,1997). These results indicate a general functional similarity

between members of this group of WD-repeat proteins, which does not always reflect the

normal function of the endogenous protein.

There are clearly significant differences in the developmental regulation of trichomes of

different species, and caution is required when extrapolating results from these systems to

cotton fibres. Payne et al., (1999) analysed the developmental similarities between cotton

lrbres and the trichomes of Arabidopsis and tobacco by over-expressing a number of cotton
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MYB transcription factors in tobacco and Arabidopsis. Over-expression of CoIMYBA

produced an increased number of trichomes in tobacco, but had no effect on trichome
production in Arabidopsts. Similarly, V/u et ø1., (2006) isolated a cotton MYB gene which
was down-regulated in a fibreless cotton mutant (GhMyb25), and displayed similarity to
the snapdragon MYB gene MIXTA and, more distantly AtGLl. This gene was over-

expressed in Arabidopsls and tobacco, and its effects on trichome formation investigated.

The expression of GhMyb25 in Arabidopsis had no obvious effect on trichome
development. Tobacco lines transformed with GhMyb25 demonstratecl in<;reased numbers

of branched long-stalked trichomes that are not usually observed on the adaxial leaf
surface, another sign of the differing genetic control of trichome formation between

different plant species (see also Serna and Martin, 2006). Moreover, none of the fibreless

cotton mutants which have been studied show alteration in leaf trichome development,

indicating that different genetic machinery controls cotton leaf trichomes and fibres. These

findings suggest that some similarity exists in the molecular control of cotton fibre and leaf
trichome initiation, but there is not a direct conservation between the two systems.

The use of Arabidops¿s trichomes as a model system of cotton fibre development has

prompted other investigators to perform complementation experiments similar to those

described in this chapter. For example, Wang et al. (2004) performed an investigation of
genes involved in fibre initiation, searching for a cotton homologue of the AtGLl gene. Of
the MYB genes isolated in this study, the most interesting cancliclate, GaMYB2, was tested

for functional complementation of glabrous Arabidopsis gll mutant. It was demonstrated

that this cotton gene, which shares approximately 60Yo sequence identity to AtGLl, could
rescue trichome formation in the gll mtúant under the control of the GLI promoter. Under
the control of the 35S promoter, GaMYB2 was even able to induce trichomes (about 1-4

per seed) on Arabidops¿s seeds (which are usually glabrous) in both the wild-typ e and gll
backgrounds. The presence of trichomes on the transgenic Arabidopsis seed appears to be a

good indicator of a role of this particular gene in cotton fibre initiation, as trichomes

originating from the seed are likely to be very similar structures to cotton fibres, given that

f,rbres also arise from the ovule epidermis. No seed trichomes were observed in this
investigation.

70



4.5 Summsrv

Each of the four cotton TTGl-like genes was tested for their ability to replace the function

of the TTGI gene in heterologous systems. In both Matthiola and Arabidopsis, the two

cotton genes with the highest similarity to AtTTGl (GhTTGl and GîTTG3) were able to

complement the ttgl mutant phenotype. One of these genes, GhTTG3, was shown to

complement the full range of ngl mutant phenotypes: These results give an indication that

the protein products of these cotton WD-repeat genes act in a similar manner to the

AtTTGl protein, and may play arole in cotton fibre initiation. The fact that the two cotton

genes could promote trichome initiation in Arabidopsis also provides further validation of

the use of Arabidopsis trichomes as a model system for the study of cotton fibre

development.
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Chapter 5: Temporal and spatial expression of WD-repeat genes
in cotton

5.1

The functional analysis of a gene requires a detailed characterisation of its expression

pattern at the tissue and cellular level. To characterise fuither the putative TTGL

homologues in cotton, their transcription levels in various tissues were investigated. Genes

found to be expressed in the epidermal cells of the cotton ovule, and specifically in fibre

cells, are likely to have some role in fibre development.

5.2 Reverse-trcmscriptss e PCR analysis

Reverse transcriptase PCR (RT-PCR) was performed to obtain an assessment of mRNA

accumulation following transcription of the four WD-repeat genes in various tissues of the

cotton plant. Previously attempted Northem blot analysis produced only weak or

undetectable signals, presumably due to low mRNA levels of the WD-repeat genes (data

not shown). Therefore, the more sensitive technique of RT-PCR was employed.

The gene-specific primers described in Section 3.2.1 were used to test for mRNA

expression of each of the four TTGI-like cotton genes. Using these primers, RT-PCR was

carried out on first-strand oDNA obtained by reverse transcription of total RNA derived

from cotton fibres (at 6, 12,18 and 24 DPA), ovule, leaf, flower, stem and root. Primers

designed to amplify a 124 bp fragment of actin mRNA (Shimizu et al., 1997) were used as

an intemal control to indicate the amount of cDNA in each sample. In addition, samples

generated without the use of RT were tested to ensure that PCR products were not

amplified from contaminating genomic DNA in the RNA samples.

As shown in Figure 5.1, each of the four GhTTG genes displayed similar mRNA

accumulation profiles. In each assay, expression was observed throughout fibre

development, and in all other tissues tested. No amplification was observed from non-

reverse transcribed controls, or in the negative control with no template. Each of the genes

was expressed in whole ovules on the day of anthesis as well as throughout the expansion

and elongation stages of fibre development, and transcripts persisted into secondary cell
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wall synthesis. The band produced in each of the four reactions from leaf mRNA as

template were of lower intensity than the other tissues tested, but this was also the case in
the actin control, indicating that GUTTG transcription in the leaf is most likely comparable

to the other tissues. RT-PCR can provide only an indication of relative levels of expression

and is not a quantitative measure. However, it appears that each of the GLTTG genes is

expressed at an approximately equal level throughout fibre development, and in all other

tissues tested.

5.3 Cellular of cotton WD-reneat sen within the ovule

Whilst the RT-PCR analysis revealed no tissue-specific expression pattern of the GîTTG
genes throughout the cotton plant, expression within the cotton ovule was further
investigated. The cotton ovule is a complex structure, consisting of the nucellus, inner
integument and the outer integument, from which the fibres are derived. Expression in
f,rbre initials is an important prerequisite of a gene associated with fibre differentiation, and

in situ hybridisation analysis was performed to determine whether the G|TTGI-4
transcripts are present in specific cell types or generally throughout the cotton ovule.

5.3.1 Technical aspects of in situ hvbridisation

In situ hybridisation is a powerful molecular method, which has been increasingly applied

to locate mRNAs and charucterise expression at the cellular level (Dagerlind et at., 1992).

In situ hybridisation can demonstrate the presence of a particular RNA or DNA sequence,

and it differs from RT-PCR in facilitating the detection and localisation of specific nucleic
acid sequences directly within a specific cell type (Gall and Pardue, 1969; John et al.,
re6e).

In situ hybridisation experiments can be performed using either DNA or RNA probes that

are complementary to the mRNA of interest, which can be chemically or radioactively
labelled. RNA probes are advantageous since they form stable hybrids (more stable than

DNA-RNA hybrids), are single-stranded, have little or no re-annealing during
hybridisation, are highly specific, and display reduced background signals (Cox, 1968).

In recent times, the use of non-radioactive labelling has been preferred due to the ease and

safety of handling, greater stability, and the shorter exposure times required (Farquharson

et al., 1990; Moris et al., I 990). Another advantage of non-radioactive detection is that the
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cells expressing the gene of interest can be more precisely identified, allowing greater

resolution than is possible with radioactive detection methods. The most commonly used

non-radioactive detection methods utilise biotin and digoxigenin (DIG) labelling (Monis ef

at.,1990). A disadvantage encountered in the use of biotin-labelled probes is the fact that

many tissues contain endogenous biotin, thus leading to false positive results (Varma et al.,

lg94). DlG-labelled probes are more sensitive (Chevalier et al.,l99l), and their use avoids

the problems associated with endogenous biotin, as digoxigenin is only synthesised in

plants of the genus Digitalis (Farquharsonet al., 1990). The DIG system is awidelyused

and effective method for the labelling of DNA, RNA and oligonucleotides, and it was

utilised to generate labelled RNA probes in this study'

In preparation for the DlG-labelling process, the DNA used to generate the probe is

required to undergo an in vitro transcription reaction. The DNA to be transcribed is cloned

into the polylinker site of an appropriate transcription vector containing RNA polymerase

binding regions (typically Tl and SP6 promoters). This construct is then linearised at a

suitable restriction enzyme site downstream of the cloned insert, with preference given to

enzymes leaving a 5' overhang. The RNA polymerases are then used to produce run-off

transcripts, into which DIG-UTP is incorporated. Typically, one in every twenty

nucleotides of the newly synthesised RNA is a DIG-UTP. DlG-labelled probes hybridise

with nucleic acids in situ and can be detected with an anti-digoxigenin antibody conjugated

to alkaline phosphatase, which is subsequently visualised through the NBT/BCIP

colorimetric reaction. BCIP (5-bromo-4-chloro-3-ondolyl phosphate) is a substrate of

alkaline phosphatase which gives a dark-blue indigo dye as an oxidation product (Horwitz

et al.,1966). NBT (Nitro-Blue Tetrazolium Chloride) serves as the oxidant and also gives

a blue dye such that those cells in which the target gene is expressed can be identified by

dark blue colouration (Wolf et aL.,1973).

s.3.2 of in situ h RNA nrobes

Probes were designed to target the subgroups of GîTTGI/G4TTG3 and GîTTG2/GUTTG4,

as the similarity within each of these subgroups was too high to be able to generate specific

individual probes. A representative gene from each subgroup was selected from which the

probe was generated. The full-length sequences of GhTTG2 and GhTTGi were cloned into

pGEM-T Easy, which is a suitable vector for the subsequent in vitro transcription reaction

as it contains the T7 and SP6 RNA promoter regions flanking the insertion site for PCR
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products. These constructs were linearised by restriction enzyme digestion downstream of
the inserl. The restriction enzymes used were chosen on the basis that they create a 5'
overhang and no other recognition sites were present in the construct (Table 5,1).

Table 5.1: Details of each in vitro transcription reaction for the generation of the
sense and anti-sense probes for ín situ hybridisation analysis of cotton ovules.

The anti-sense RNA probe which is complementary to the target mRNA sequence is used
to detect gene expression. A sense strand negative control is performecl- in parallel, to give
a background signal approximating the level of non-specific interactions.

For technical teasons, the method used to generate sense and anti-sense probes was slightly
varied between GîTTG2 and GîTTG3. For GLTTG2, the same construct (termed

TTG2IS4) was used for the production of both sense and anti-sense probes, with a different
RNA polymerase and 3' restriction enzyme being used for each in vitro transcription
reaction' In the case of GUTTG3, two different constructs were generated (TTG3IS2 and
4), containing the cloned insefi in opposite orientations. The T7 RNA polymerase was used
in both in vitro transcription reactions of these constructs to create a sense and antisense
probe' In this case, the sante 3'restriction enzyme (SpeI) could be used to linearise both
plasmids (Table 5.1). A probe designed to the cotton 18S ribosomal RNA gene, which is
known to be expressed at high levels throughout the ovule, was usecl as a positive control.
A segment of the cotton rRNA gene was cloned into pGEM-T Easy in opposite orientations
and both of these constructs were digested with SpeI, and, the T7 RNA polymerase was
used in the in vitro transcription reactions to create rRNA sense and anti-sense probes
(Table 5.1). After DNase treatment, carbonate hydrolysis was performed on each of the
probes to generate probe lengths of approximately 150 bp, because RNA molecules of this

Probe Construct Enzyme used in
linearisation

RNA polymerase
utilised

GUTTG2 Anti-sense TTG2IS4 Spel T7
GbTTG2 Sense TTG2IS4 NcoI SP6

G4TTG3 Anti-sense TTG3IS2 SpeI T7

GUTTG3 Sense TTG3IS4 SpeI T7

rRNA Anti-sense TRNAS8 SpeI T7

rRNA Sense IRNAS 1 SpeI T7
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length are ideal for tissue penetration and bind to target sequences faster than long

molecules.

As in situ hybridisation using the DlG-labelling system is a very sensitive technique, it is

important to work with defined amounts of probe and template to ensure optimal results. It

is also critical to check the eff,rciency of each labelling reaction to ensure that the correct

amount of probe is added to the hybridisation solution. This can be achieved by performing

a spot test, which compares a standard of known concentration to a generated probe of

unknown concentration. 0.5 ¡"rl of each labelled probe was spotted at varying dilutions onto

a nylon membrane, and compared with the control (100 ng/¡rl) followed by colorimetric

detection using NBT/BCIP. Each of the labelled probes was comparable to the supplied

control labelled RNA, demonstrating that the DlG-labelling process had been effective,

and allowed for estimates to be made of probe concentration enabling the appropriate

amount of probe to be used in the hybridisation experiment.

5.3.3 In situ hvbridistttion results

In situ hybridisation was performed on paraffin-embedded sections of cotton ovules, which

were prepared as described in Houben et al. (2005) (see also Materials and Methods). The

rRNA sense and anti-sense probes were applied separately to 0 DPA sectioned ovules. The

sense rRNA probe was also applied as a negative control. Probing with the rRNA antisense

probe resulted in a strong purple staining throughout all cells after only 10 minutes of

incubation in the NBT/BCIP colorimetric reaction, indicating the probe preparation and in

situhybridisation protocol was successful for this highly abundant RNA (Figure 5.24,B).

The sense control of the IRNA probe displayed no staining, even after an overnight

incubation (Figure 5.2C).

Cellular expression of the GîTTG2/GîTTG4 sub-group in 0 DPA and 2 DPA ovules was

analysed using the GLTTG2 probes. The method used for the ribosomal RNA positive

control was replicated using the GUTTG2 probes. However, neither the sense nor antisense

G|TTG2 probes detected any transcripts even after an overnight incubation (Figure 5.2D-

F).
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Expression of the GbTTGI/GîTTG3 genes was investigated by hybridising 0 and 2 DPA
sectioned ovules with the GUTTG3 anti-sense probe. Hybridisation with the GîTTG3 anti-

sense probe produced a signal after approximately one hour of incubation in the

NBT/BCIP colorimetric assay (Figure 5.2G,H,J,K). Probing with the G4TTG3 sense probe

produced no signal (Figure 5.21,L), indicating that the staining observed using the GîTTG3
anti-sense probe was specihc for the GhTTG3-like mRNA.

The dark-blue staining observed for the G4TTG3 anti-sense probe appeared to be restricted

to the epidermal layer of cells and the cells with the darkest staining appeared to be those

destined to become f,rbre cells. At 0 DPA, it was observed that the fibre initials that are

enlarging, and beginning to protrude from the surface, displayed the strongest signal,

exhibiting a very dark blue stain. A weaker signal was observed in the epidermal cells that

do not differentiate into fibre cells, and in other cells of the outer integument. At 2 DPA,
the fibre cells display expression of GhTTGi mRNA. This is consistent with a role for
Ghrrcl/Ghrrc3 in f,rbre development, specif,rcally in fibre initiation.

Several explanations may exist for the fact that no expression was observed for G4TTG2/4,

whilst signals could readily be observed using the GUTTGI/3 anti-sense probe. Firstly, it
may simply be that the GhTTG2l4 mRNAs are less abundant, making them undetectable

via in situ hybridisation. Another explanation may be that the G4TTG2/4 genes are

expressed in a more diffuse pattern in the ovule than GîTTGI/3,thvs their expression is

dispersed throughout the ovule at a level undetectableby in situhybridisation, whereas for
GhTTGI/3, the localisation of the mRNA to a specific cell type increases mRNA
concentration in that cell type leading to a readily detectable level.

The rRNA positive control exhibited staining throughout the ovule, and no particular cell
type within the ovule appeared especially disposed to staining during this procedure.

Additionally, the sense control of GhTTGi clemonstrated no staining in fibre cells or any

cell type. These results suggest that GhTTGl, GhTTGi or both genes are expressed

predominantly in initiating fibre cells, providing support for their putative role in
promoting fibre growth.
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Fisrrre 5-2: In ^s¿'lz hvbridisation of sectioned cotton ovules
Purple staining indicates mRNA expression.

1A--C) Cross-sections of 0 DPA ovules hybridised with the rRNA anti-sense (A & B) and sense (C) probe.

(D-Ð Ghffc2/4 anti-sense probe hybridised to 0 DPA (D) and 2 DPA (E) owle, and sense negative control
(F). In each case, no purple staining was observed'
(GJ) 0 DPA ovules proUed with GLTTGI/3 anti-sense (G-H), and sense control (I). When anti-sense probe is

applied, fibre initials display the darkest purple signal, This signal is absent in the sense control.

1i-1,¡Z DPA ovules probed withGdTTGI,/J anti-sense (J-K), and sense control (L). Purple staining can be

observed in the epidermal and develoþing fibre cells of sections hybridised with the anti-sense probe, with
little to no signal observed in other regions of the ovule. No signal was observed when applying the sense

probe.
Bar: 100 pm in (A) and (L), 200 pm in (B) and (C),40 pm in (D), (E), (F), (H), (D, (J) and (K) and 15 pm
in (G)
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5 y' Annheìc of TTG iu lìhrelpsc anllnn mutflnts

To analyse further the expression of the cotton genes in the cotton ovule and to confirm the

results observed in the in situ hybridisation experiments, an in situ analysis of fibreless

mutants was performed.

5.4.1 Fibreless ts of cotton

Numerous naturally occur:ring lintless mutants have been discovered. Some mutants have

been found with normal lint, but absence of fazz, whilst lintless mutants always Iack fuzz

(Turley and Kloth, 2002). The fuzzless seed phenotype has obvious advantages, due to

ease of ginning. However, the fuzzless lines identified have a lower lint yield and so are

not used in agriculture. Efforts are being made to identify the alleles responsible for lintless

andfuzzless phenotypes (Turley and Kloth, 2002).

Lintless mutants aÍe an excellent resource to analyse genes which may function in fibre

development. One of the cotton fibreless mutants more widely used in genetic analysis is

the G. hirsutum cv. Xu-142 fuzzless-lintless (I) line (Zhang and Pan, 1991). This line is a

naturally occurring mutant, originally discovered in a cotton field in China. SEM analysis

has demonstrated that ovules of Xu-142 / show virtually no fibre initiation (Yu et al.,

2000b), making it an excellent system for comparative analysis, together with wild-type

Xu-142.

Numerous researchers have attempted to isolate and analyse genes differentially expressed

between wild{ype cotton and fibreless mutants. Ruan and Chourey (1998) characterised

the cotton sucrose synthase gene (Szs) and showed via in situ hybridisation that its

expression is reduced in the ovular epidermal cells of a fibreless mutant, providing

evidence of a role in fibre development. Ji et al. (2003) used subtractive PCR and cDNA

macroarïay to identify genes involved in fibre elongation, comparing wild-type fibre

gDNA with cDNA isolated from a Xu-142 fl mutant. Similarly, Li et al. (2002a) compared

the expression profiles of ovules from Xu-142 and itsl mutant and identified genes that

are preferentially expressed in elongating f,rbres. A recent investigation into cotton fibre

initiation genes compared the transcription profiles of wild-type 0 DPA whole ovules with

those of six fibreless (or fibre-reduced) lines using cDNA microarrays, unveiling several

cases of differential transcription (V/u e/ al., 2006). The identification of putative

transcription factors and phytohormonal regulators acting during the early stages of hbre
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development was facilitated by a comparison of transcript abundance with a fibreless

mutant, N1Nl(Yang et a|.,2006). These studies demonstrate the value of fibreless mutants

in both the characterisation and identification of genes with a potential role in cotton fibre
development.

5.4.2 Genomic PCRs on fîbreless mutønts

The first step of this analysi^s was to detect the presence of the G4TTG genes in a number

of the fibreless mutants. Each gene was amplif,red from genomic DNA of the range of
fibreless mutants available (see Materials and Methods). In each case, the primers

amplified a product of expected length, indicating that no major alterations had occurred in
the cotton GUTTG genes in the fibreless mutants (results not shown). Sequence analysis of
a selection of the amplihed PCRproducts demonstrated no sequence variations in any of
the mutants, suggesting that none of the GUTTG genes were responsible for the fibreless

phenotypes observed. The next step was to measure mRNA levels of the GUTTG genes in
the fibreless mutant, to investigate any differential expression between wild-type and

fibreless samples.

5.4.3 Reverse transcriptase-PCR analvsis of a fibreless mutnnt
RT-PCR analysis was performed on wild-type Xu-142 and its f,rbreless mutant, to
determine if the lack of fibre growth in the mutant has an effect on GîTTG mRNA
expression. To perform this assay, ovules at the stage of flowering (0 DPA) and 3 DPA
were dissected from wild{ype and fibreless cotton bolls and RNA was prepared. First

strand cDNA synthesis was performed on each sample by reverse transcription, using the

Moloney Murine Leukemia Virus (MM-LV) reverse transcriptase. As described in Section

5.2, negative controls for each tissue were generated, with no reverse transcriptase added to

these samples. These negative controls were used in this experiment to ensure there was no

contaminating genomic DNA.

For this assay, the gene-specif,rc primers (see Section 3.2.1 and Materials and Methods)

were employed to test for the presence of each of the G4TTG mRNAs in 0 DPA and 3

DPA Xu-142 andfl mutant ovules. The results were similar for all four genes tested. The

sizes of the amplified bands were as expected, but no significant difference in expression

between wild-type and fl mutants for any of the four genes tested was observed (Figure

5.3). No amplification was observed in the negative control, with no oDNA template
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added, or in the non-reversed transcribed controls of DNase-treated RNA samples (data not

shown).

Reverse-transcriptase PCR is only semi-quantitative and not likely to be able to detect

small changes in transcript accumulation. Whilst the in situ hybridisation results appeared

to demonstrate increased mRNA accumulation of GîTTGI/GîTTG3 predominantly in

initiating fibre cells, there was also expression in some non-fibre epidermal cells, which

would be detected readily in the reverse-transcription reaction. Thus, a quantitative real-

time PCR reaction was performed.

5.4.4 PCR

Real-time PCR accurately quantihes the initial amount of the mRNA in a given template,

and is preferable to reverse-transcription PCR reactions that detect the amount of final

amplified product at the reaction end-point. Real-time PCR analysis facilitates the

exponential phase of PCR amplification to be monitored, which gives a more precise

indication of mRNA levels in the template. Quantitative PCR relies on identification of the

f,rrst cycle that gives a signal over the background and calculation of this threshold cycle

(C1) makes quantitation much more precise than end-point analyses (Gibson et a1.,1996;

Heid et al.,1996).

Two basic chemistries have been used in all quantitative PCR systems. One is a probe-

based system, utilising a sequence-specific probe for quantitation of the template of

interest. In the second method, which was used in this study, intercalating dyes fluoresce

only when bound to double-stranded products generated by PCR. SYBR green dye

(Applied Biosystems) was used to detect amplification in the real-time PCR analysis,

SYBR green binds to the minor groove of double-stranded DNA and, as more double-

stranded amplicons are produced, the SYBR green dye signal increases.

Using the 'Primer Express' program (Applied Biosystems), primers were designed to

GLTTGI and G4TTG3, to detect the abundance of their mRNA in Xu-142 andXu-142 fl
mutant ovules. These cotton genes were selected as the most likely to be controlling fibre

initiation due to the GîTTG3 anti-sense probe demonstrating localisation to fibre initials in

the in situ hybridisation experiment and to their ability to complement the glabrous

phenotype in Arabidopsis ttgl mutant plants (see Chapter 4). Primers were designed to
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variable regions in each of these genes, in order to distinguish between GUTTGI and,

GbTTG3. These primers were designed to amplif' a small (approximately 100 bp) region
of each gene, which is ideal for real-time analysis. Primers for real-time analysis are

frequently designed to span intronic regions, so amplification from genomic DNA can be

avoided. However, as none of the GîTTG genes contain introns (see Chapter 3), such an

approach was not possible here.

The same cDNA samples used in the reverse transcriptase PCR analysis of Section 5.4.2

were used as templates in the real-time PCR assay. A control reaction was performed to
ensure those samples which wete not treated with a reverse transcriptase did not produce a

signal during PCR amplification. Primers designed to the cotton actin gene were used as an

internal control, to calibrate the reaction. The relative amounts of GhTTG mRNA were

calculated using the comparative threshold method. 0 DPA wild-type was chosen to
normalise the reaction, with the mRNA present in each of the other tissues and time-points
measured as the fold difference in level, relative to actin (Appendix 2). This analysis

demonstrated no signihcant reduction in mRNA level for either of the genes tested in the

fibreless ovules compared to wild-type (Figure 5.4). In fact, GîTTGI expression displayed

a slight increase in the fibreless ovules at both 0 and 3 DPA time-points . GïTTG3 showed

a slight decrease in expression at 0 PDA in the fibreless mutant (approximat ely 26%o

decrease in expression compared to wild-type), but mRNA levels remained unchanged at 3

DPA between the two ovule types tested (Figure 5.4). Therefore, the real-time analysis

demonstrated that there was not a significant change in GîTTGI or GLTTG3 transcript
levels between wild-type andfl mutants, either at 0 or 3 DPA.

5.5 Discussion

This chapter describes an assessment of the spatial and temporal expression of the four
TTGL-like genes in cotton. Reverse transcriptase PCR analysis demonstrated that each of
the cotton GUTTG genes is expressed in all tissues throughout the cotton plant. This pattern

of ubiquitous expression appears consistent with a general transcription profile seen for
most WD-repeat genes, due to the broad diversity of roles they are known to play in
eukaryotic systems. Several recent investigations of 'WD-repeat genes in Arabidopsis via
RT-PCR have shown ubiquitous expression in all tissues tested (Deyholos et al., 2003;
Hsieh et aL.,2003; Shi e/ aL.,2005).
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Fisure 5.4: PCR analvsis of GbTTG accumulation

Real-time PCR analysis of GbTTGI (left) and GUTTG3 (right) mRNA accumulation in 0
DPA (orange) and 3 DPA (green) ovules of Xu-I42 and its fibreless mutant. Relative
transcript amounts were normalised with respect to cotton actin levels. For both G4TTGI
and GhTTG3, expression at 0 DPA wild-type (WT) ovules was chosen as the normaliser
(and set base level 1), with other levels displayed relative to this base level. Mean values
were obtained from triplicate PCR amplifications. Error bars indicate the standard error of
the mean.



'Walker et al. (1999) demonstrated via Northern blot experiments that AtTTGl is expressed

throughout all plant organs. The fact that the cotton TTGl-like genes could not be detected

in a Northern blot is an indication that the G4TTG genes are expressed at a lower level than

that of AtTTGl, and that several cotton genes, with overlapping functions, may perhaps

perform the same role as the single TTGL gene in Arabidopsis. Functional redundancy is

likely given the complexity of the allotetraploid cotton genome.

Reverse transcription and quantitative real-time PCR analysis demonstrated no significant

difference in expression between Xu-142 and the Xu-I42 fibreless mutant ovules for the

GUTTGI and GhTTG3 genes. This result appears in conflict with the observations of the ln

situhybidisation analysis (Section 5.3), in which GbTTGI/3 are expressed predominantly

in those cells destined to become fibre cells. If these in situ hybridisation results are

assumed to be accurate, the expectation would be that GbTTGI/3 mRNA expression would

be decreased in ovule samples which lack initiating fibre cells. Even the decrease observed

in G4TTG3 expression at 0 DPA (Figure 5.4) was less than that which would have been

expected for a gene expressed predominantly in fibre cells, as suggested by the in situ

hybridisation results. One possible reason for this apparent conflict is that the mutation

which causes the fibreless mutation inXu-142 acts downstream of the G4TTG genes, and

thus these genes are still expressed at normal levels in the epidermal cells, specifically in

precursor fibre cells. This is a plausible explanation, as AtTTGl is known to act early in the

pathways it affects (reviewed in Zhang et al., 2003). However, as ovules of Xu-742 are

almost completely glabrous, it is likely that the mutant causing the fibreless phenotype is

also acting in an early stage of fibre differentiation. Another possibility is that the mutation

causing the f,rbreless phenotype causes a loss of spatial regulation of GhTTGI/3, resulting

in expression throughout the ovule at a similar overall level, but not specifically in fibre

cells. If this were the case, in situ hybridisation analysis of fibreless mutant ovules may be

informative.

The similarity of GUTTG gene expression observed between wild-type Xu-142 and fl
mutants is perhaps not surprising, given the investigation by Wu et al., (2006), where a

comparison of Xu-142 and Xu-142 Íl 0 DPA ovules by microanay analysis identified 119

clones differentially regulated, but fhe GhTTG genes were not included in this group. One

of these 119 cotton clones encodes a putative WD-40 repeat protein, but displays little

sequence homology ro AtTTGl or any of the cotton TTGI-llke genes.
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The spatial expression of other potential cotton homologues of Arabidopsis trichome genes

has previously been investigated. Suo et al. (2003) performed in situ hybridisation on 0 and

1 DPA cotton ovules to demonstrate that the cotton MYB gene GhMYBl79 is expressed

specihcally in fibre initials. Unlike the WD-repeat genes studied in this chapter,

GhMYBl)g is expressed at a level detectable by Northern analysis. RNA expression

analysis was able to show that GLMYBI7g is highly expressed in fibre cells, and

moderately expressed in ovules at 4 and 8 DPA, with little to no expression in other

tissues. Additionally, it was shown that G4MYBl09 is not expressed in glabrousXu-142 fl
ovules at 3 DPA, in contrast to the mRNA expression observed in the wild{ype ovule. In
the investigation of Suo et al. (2003), the Northern analysis results agreed with those

observed in the in situ hybridisation analysis, with fibre-specific expression demonstratecl

in both cases. This agreement is in contrast to the observations outlined in this chapter,

where fibre-specific signals in the in situ hybridisation analysis were not confirmed by
quantitative and semi-quantitative comparative PCR analysis of fibreless mutant ovules.

As discussed previously, the reason for these conflicting results is unclear. In relation to
the findings of Suo et al. (2003) it may be the case that GhMYBl79 acts later in fibre

development than theXu-142fl mutation whilst the GUTTGI/3 genes act earlier.

As noted in Chapter 4, Wang et al. (2004) demonstrated that a cotton MYB gene

(GaMYB2) had the ability to complement the gll glabrotrs phenotype in Arabidopsis. In
situ hybridisation analysis of this cotton gene revealed expression only in fibre initials of
the cotton ovule. Real-time PCR analysis revealed low expression of the GaMYB2 gene in
the root, stem, leaves and in fibreless 6 DPA ovules. This is an example of a gene, as

described for GîTTGI and G4TTG3 in this chapter, which was shown by ISH to be

expressed specifically in fibre cells, but is still expressed in other tissues (albeit at a low
level).

The expression patterns of cotton genes detailed in this chapter and previous studies mirror
the expression patterns observed in Arabidopsrs epidermal cell differentiation. MYB genes

such as GLI and WER are expressed exclusively in specific cell types, whilst AITTGI is
expressed throughout the plant, due to its diverse range of functions. Given their

widespread expression, it could be hypothesised that, like TTGL in Arabidopsis, the
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GhTTG genes are playing a number of roles in the coffon plant, possibly including fibre

development, but also in leaf trichome formation or anthocyanin production.

The analysis of V/D-repeat gene expression patterns has shown expression throughout all

tissues, with specific transcripts observed in hbre initials in the ovule for GhTTGI andlor

GLTTG3. Due to the apparent contradiction between the in situ hybridisation and

comparative analysis of Xu-142 wild-type and fibreless ovules, it is not possible to assign a

clear function for the GîTTG genes in cotton f,rbre initiation on the basis of this anaþsis of

their expression.
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Chapter 6: Molecular interactions of cotton WD-repeat proteins

6.1 Introduction
'WD-repeat proteins are known to function predominantly through protein-protein

interactions Q.üeer et al., 1994; Smith et al., 1999). Payne. et al. (2000) showed through

yeast two-hybrid analysis that the TTG1 protein in Arabidops¿s interacts with the basic

helix-loop-helix protein GL3, which also interacts physically with the MYB-type protein

GL1. The resulting WD4O-bHLH-MYB complex is consetved throughout several plant

species (Ramsay and Glover,2005). TTG1 has been shown to interact physically with

other Arabidopsis bHLH proteins, including EGL3, TT8, and an as yet uncharacterised

bHLH protein termed AtBHLH0L2, in combination with a vaÅety of MYB proteins, to

control various processes (see Figure 1.4, and Esch e/ al., 2003; Baudry et al., 2004;

Zimmermann et a|.,2004).It is possible that TTG1 also interacts with the MYB protein of

these V/D40-bHLH-MYB complexes, but this has only been demonstrated in the case of
TT2 (Baudry et a1.,2004). Given that protein-protein interactions are important in the

function of TTG1 in trichome initiation, a yeast two-hybrid analysis was performed to

investigate GhTTG interactions in cotton.

6.2 Yeast two-hvbrid

The yeast two-hybrid assay is a technique for the cloning of cDNAs encoding proteins that

interact with a target protein sequence (Li and Fields, 1993; 'Wang and Reed, 1993). This

method can be used to determine whether two specific proteins interact, or to screen a

library of cDNAs for an interaction with a particular protein sequence of interest.

The MATCHMAKER system (BD Biosciences) was utilised for this study, with two main

expression vectors being used to create fusion proteins; pGBKTT and pGADTT-Rec (See

Appendix 1 and Materials and Methods). pGBKTT is designed such that a sequence of

interest can be expressed as a fusion protein containing the GAL4 DNA-Binding Domain

(DNA- BD), whilst pGADTT-Rec expresses a protein of interest as a GAL4 Activation

Domain (AD) fusion. In addition to allowing a specific protein of interest to be expressed,

the pGADTT-Rec vector is supplied as a Smal-linearised plasmid to promote homologous

recombination of a cDNA library generated using SMART technology (see Section 6.4,
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Appendix 1). Both pGBKTT and pGADTT-Rec can replicate in S. cerevisiae and E. coli

and carry markers for selection in either host. The pGBKTT vector carries the TRPL

nutritional marker for selection in yeast on media lacking tryptophan, whilst pGADTT-Rec

contains the LEU2 nutritional selection marker for growth on media lacking leucine.

Protein interactions are detected via the reporter genes HIS3, ADE2, and MELI, the

expression of which is activated by the formation of a functional transcriptional activator

resulting from the interaction of thè two protein sequences.

Expression of the HIS3 and ADE2 genes can be detected by growth on media (Synthetic

Dropout medium: SD) lacking histidine and adenine respectively, whilst the MELL gene

product can be observed, via an x-cr-gal (5-Bromo-4-chloro-3-indolyl-cr-D-

galactopyranoside) assay, by hydrolysis of x-cr-gal yielding a blue end product. The

presence of three distinct reporter genes is advantageous in reducing false positives often

encountered in yeast two-hybrid assays.

Section 6.3 below describes a test of specific interactions bètween GhTTG and known

AtTTGl interactors, whilst Section 6.4 describes a library screen of cotton fibre cDNAs

for potential GhTTG interactors. The principle for these two methods is outlined in Figure

6.1.

6.3 Investisøtion of GbTTG interactíon í,ith GL3/EGL3

One step in determining whether the cotton WD-repeat proteins act in a similar manner to

Arabidopsis TTG1 is to test whether they interact with the factors similar to those with
which AtTTGl is known to bind. As previously discussed, TTGl is known to interact with
the bHLH proteins GL3 and EGL3 in its role in trichome initiation. To test if any of the

four cotton TTG1-like proteins are able to interact with AtGL31EGL3, co-transformation

experiments of these 59^¿, in yeast were performed.

The G4TTG sequences were each cloned in-frame into the pGBKTT vector, such that they

could be expressed as fusion proteins with the GAL4 DNA-BD. Similarly, the Arabidopsis

sequences GL3 and EGL3 (provided by A. Walker) were cloned into the pGADTT vector,

allowing expression of these 
J¿^o-ï 

fused to the GAL4 AD.
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(A) Direct test for interaction between a cotton GhTTG protein (GhTTGl-4) and a bHLH
protein known to interact with AtTTGl (GL3 or EGL3). The GhTTG protein is fused to
the GAL4 DNA-BD, and GL3/EGL3 is fused to the GAL4 AD. If an interaction occurs

between the two proteins, transcription of the reporter genes is activated, whereas the
reporter genes are not expressed in the absence ofan interaction'

(B) Screen of a cotton fibre oDNA library for potential interactors of the GhTTG3 protein.
Double-stranded cDNAs are fused with the GAL4 AD via homologous recombination in
yeast, and cDNAs interacting with the bait protein (GhTTG3) result in expression of the
reporter genes.
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Once the constructs were generated and sequenced to verify that no errors had been

introduced, and to ensure that the inserts were in the correct frame, the background level of

leaky HISj expression was determined. Transformants in the 4H109 yeast strain show

slightly elevated Ë1L53 expression due to intrinsic DNA-binding properties of the bait

protein such that a background level of growth is observed on SD media lacking histidine

(SD/-His). 3-amino-1,2,4-triazole (3-AT) is a competitive inhibitor of the yeast -F11'S3

protein, and it therefore can be used to reduce background HIS3 in a dose-dependent

manner (Struhl and Davis, l9l7). To determine the levels of 3-AT required to suppress

background growth, each bait plasmid was transformed into 4H109 cells and plated onto a

series of SD/-Trp/-His plates containing a range of 3-AT concentrations. For each of the

bait plasmids, a concentration of 5 mM 3-AT was found to be sufficient to suppress

background growth due to leaky -F11S3 expression (i.e. no colonies formed on these plates

after five days incubation).

Each of the four cotton TTGl-like proteins was then tested for activation of the reporter

i;r

-

genes when co-transformed into AHl09 cells with GL3. As a control, AtTTGl also was

tested for an interaction with GL3; an interaction which has previously been shown to

occur in yeast (Payne et a\.,2000). In addition, a positive control supplied with the kit was

carried out involving co-transformation of pGBKTT-53 (a fusion between GAL4 DNA-BD

and murine p53) and pGADTT-ReoT (a fusion between GAL4 AD and SV40 Large T-

antigen). p53 and SV40 Large T-antigen are known to interact strongly in the yeast two-

hybrid assay (Li and Fields, 1993). The cells from each transformation were plated onto

quadruple drop-out (QDO) medium (SD/-AdelHis/-Leu/-Trp) supplemented with 5 mM 3-

AT. When testing for the GhTTG-GL3 interactions, many colonies were observed on SD/-

Trp/-Leu plates, indicating that both plasmids had been effectively co-transformed, but no

colonies were observed on the QDO medium testing for an interaction (i.e. reporter genes

ADE2 and HIS3 were not activated). This was the case not only for the cotton TTG

sequences, but also for the AtTTGI control. Only the supplied positive control

demonstrated an interaction, with growth of colonies on QDO, which turned blue in the

presence of x-cr-gal (results not shown). This result demonstrated that the two-hybrid

process itself was effective, but the fact that no interaction was detected between AtTTGl

and GL3 indicated there was a problem with the TTG1 andlor GL3 constructs, given that
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more than one previous study has documented an interaction between AtTTGI and AIGL3
in the yeast t',vo-hybrid systcm (Paync et a1.,2000; Esch e/ a1.,2003;Zhang et a1.,2003).

Originally each of the expression constructs described was designed to include the full-
length sequence of the coding regions of interest (including the start codon) downstream of
the GAL4 AD or DNA-BD. To remove any complexities which may arise from the start

codon of the cloned gene being utilised in preference to the GAL4 AD or DNA-BD start

codon, the genes of interest were re-cloned into the pGBKTT and pGADTT-Rec plasmids,

but this time the start codon was removed from the fragment being cloned by designing

PCR primers to exclude the start codon from the resulting amplicon.

This was first attempted for the AtTTGl-AtGL3 control interaction test, with the truncated

(-ATG) version of AtTTGl being cloned downstream of the GAL4 DNA-BD, and the

truncated AtGL3 cloned downstream of the GAL4 AD. Co-transformations into yeast were

performed with these truncated fusion proteins, but also with combinations of full-length

and truncated lorms.

The only assay that demonstrated a strong interaction was that in which the truncated

version for both AtTTGl and GL3 were co-transformed. Many colonies were observed for
this transformation on the QDO plates and these tested positive for a MELI response (blue

colonies). When a full-length AtTTGI was combined with a truncated GL3 (and vice

versa), no interaction was detected, as was the case when co-expressing the two full-length

sequences. This indicated that the start codons of both proteins were required to be

removed before the fusion proteins could be functional in yeast, and that it was not a

problem specific to a single construct.

The start codons were subsequently removed from each of the four cotton WD-repeat

proteins, and new GAL4 DNA-BD fusions were generated. When each of these was tested

for binding with the truncated version of AtGL3, none demonstrated an interaction, with
no colonies detected on the QDO plate-s afr.er 7 days incubation (Figure 6.2).In each case,

control experiments confirmed that both plasmids were present in the yeast cells, and

sequencing of the truncated versions of the GhTTG proteins showed the sequences were

in-frame and error-free.
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Fieure 6.2: Test for interaction of GhTTG proteins with GL3

Colonies were spotted onto QDO (SD/-Ade/-His/-Leu/-Trp) with 5 mM 3-AT and x-ct-gal.
GL3, AtTTGI and GhTTG proteins were expressed as fusion proteins minus the start
codon. An interaction is observed for the supplied positive control (p53 and SV40) and
between AtTTGI and GL3. No interaction is detected between GL3 and the supplied
negative control (pGBKTT-Lam), nor between GL3 and any of the GhTTG proteins. Black
text indicates the protein fused to the GAL4 DNA-BD, whilst blue text indicates the
protein fused to the GAL4 AD.





These experiments \¡/ere repeated with AtEGL3 using a truncated form. Once again, a

strong interaction was observed between AtTTGl and AtEGL3 (result not shown).

However, none of the GhTTG proteins showed any aciivation of the repofier genes when

co-transformed with EGL3. The lack of interaction between GhTTGI-4 and GL3/EGL3

was somewhat surprising, given the high amino acid homology that exists between ATTTG

and the GhTTG protein sequences. E Gt3 =' TroJeì u.r

Although the cotton TTG proteins did not display an interaction with AtGL3, similar

bHLH proteins may be present in cotton that do interact with these sequences in cotton.

There may also be other protein types that interact with the GhTTG protein to perform a

function in cotton. Therefore a library screen was performed to identify potential

interactors of the cotton TTGl-like proteins.

6.4 Screen for ínterøctíng proteins of GbTTG in cotton

A library screen was performed to identify putative factors interacting with cotton TTGI-

like proteins. Of particular interest were members of the bHLH family of proteins that may

mirror the action of GL3/EGL3 from the Arabidopsis system, and hence possibly be

involved in cotton fibre initiation. No homologues of GL3 have been isolated from cotton,

although the presumed protein sequence of a cotton clone named GhDEL65 (accession

number AF336280;Matz and Burr, unpublished) displays around 40%o amino acid identity

to GL3.

As the tissue of primary interest in this investigation is the cotton fibre, a cDNA library

was constructed using RNA extracted from 6 DPA fibres. It was expected that any cDNA

involved with a cotton WD-repeat protein in the process of fibre initiation would be likely

expressed in the fibre. Synthesis of the cDNA library was performed using the SMART

(gwitching Mechanism 4t the 5' end of the RNA lranscript) method (Zhu et a1.,2001) in

which a specific MMLV reverse transcriptase is used to generate the first oDNA strand.

The terminal transferase activity of this enzyme adds several C residues to the 5' end of

mature mRNAs during f,rrst strand synthesis. Second strand synthesis is then primed by an

oligonucleotide that binds to the C residues to promote template switching and synthesis of

the second cDNA strand by MMLV. Since the MMLV enzyme does not typically add C

residues to the 5' end of truncated mRNAs, full-length cDNAs are preferentially

synthesised. Hence, SMART oDNA libraries normally contain a higherf,requ€ney of full-

91

p*f r'dr,.+-



!, !, -t'
\J liAfi-:

length cDNAs than conventionally-generated cDNA libraries (Sugahara et a\.,200I; Zhu

et a|.,2001).

The library screen is performed by constructing a plasmid library consisting of cDNA from
a tissue of interest (in this case cotton f,rbre) fused to a transcriptional activation domain

from a yeast protein (GAL4). Yeast cells containing one or more reporter genes regulated

by a yeast minimal promoter (whìch allows basal transcription only) along with the target
protein sequence are co-transformed with the library cDNA clones. If a cDNA encodes a

protein that interacts with the target protein sequence, the fusion protein will bind to the

target and the AD will activate reporter gene expression. cDNAs encoding protein domains

that interact with the target protein sequence may be isolated from yeast clones that are

positive for reporter gene expression.

The GhTTG3 protein was chosen as the "bait" for this library screen, due to its high

similarity to Arabidopsls TTG1, and the facút has been shown to complement the mutant

phenotype in Arabidopsis ttgl mutants (Chapter 4). The library screen was attempted using

the truneatecl version of the GhTTG3 bait protein (i.e. without the start codon, Section 6.3).

The fact that the full-length AtTTGl was unable to activate the reporter genes when

combined with AtGL3 in this system (while the truncated version was able to do so)

suggested that the truncated version of GhTTG3 may be more suitable for identifying
potential interactors of GhTTG3 in this library screen. The GhTTG3:DNA-BD construct

was co-transformed into yeast with double-stranded cotton hbre cDNA and the linearised

pGADTT-Rec vector, which allows for expression of the cDNAs as AD fusions via
homologous recombination in yeast (see Appendix 1). The transformed cells were spread

on QDO media containing SD -Leu/-Trpl-Adel-His medium supplemented with 5 mM 3-

AT. A 1:100 dilution of the transformed cells also was plated on SD -Leu/-Trp medium to

enable estimation of the library size and transformation efficiency. The plates were then

incubated at 30'C for five days. Approximately 570,000 clones were screened in this

assay, as indicated by the number of colonies growing from the 1:100 dilution of the

a

This library screen produced 15 colonies on the QDO medium (5 mM 3-AT). These clones

were re-stteaked twice on the same medium, but with x-a-galactosidase added to test for

, transformed cells plated on SD/-Trpl-Leu medium.,+ ì-s "u* n 01,'l,nJ,,D.u ,/ re ils , ì4 ,\ t alkt"c ¿- /, li 0,. { f,r, rc ftsas¡eeçÍ,' ot4-,
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expression of the MELI reporter gene, to conflrm their ADE2+HIS3*MEL1* phenotype.

Upon re-streaking, and testing for activation of the MELI gene, three of the fifteen clones

appeared to activate each of the reporter genes strongly. Those that did not were assumed

to be false positives (result not shown). The plasmid from each of the three positive clones

was isolated, transferred into E. coli, purified and then digested with appropriate restriction

enzymes to confirm the presence of the pGADTT-Rec vector carrying a cDNA insert. The

cDNA inserts were approximately 400, 900 and 1900 bp in length (Figure 6.3). The

isolated plasmids were propagated in yeast with the truncated GhTTG3:DNA-BD plasmid,

to confirm the activation of the reporter genes (Figure 6.4). Transformation of yeast with

the three isolated plasmids alone (not shown) or with the empty pGBKTT vector (Figure

6.4A) demonstrated no growth, indicating that the cDNAs did not activate the yeast

reporter genes independently of the GhTTG3 sequence. A quantitative binding assay

measuring x-cr-gal activity (see Materials and Methods) confirmed the interaction of each

of three clones with GhTTG3. This assay also indicated that Clone #2 was the strongest of

the three interactors, whilst Clone #3 was the weakest (Figure 6.48; Appendix 3).

The three plasmids were sequenced to determine the identity of the oDNA inserl. The

sequences were then analysed using BLASTN and TBLASTX (Altschul et al., 7990;

Altschul et al., 1997) to identify any similar protein-coding sequences in the sequence

databases. BLASTN searches of each of the cDNA inserts revealed similar but not

identical ESTs from G. hirsutum and G. raimondii for the three clones (Table 6.1).

TBLASTX conceptually translates the query nucleotide sequence in all six reading frames

and compares the amino acid sequence with a similar translation of database sequences.

The TBLASTX analysis demonstrated that the Clone #1 cDNA encoded a putative NAC-

domain protein, Clone #2 aTCP-like protein, whilst Clone #3 demonstrated no significant

homology to a sequence in the database (Table 6.1),
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Size of-
cDNA insert

846 bp t752bp 249bp

Size of
truncated
ORF

317 amino acids 210 amino acids 29 amino acids

BLASTN
search of
cotton ESTs
in Genbank

Gossypium hirsutum
fibre oDNA clone
491359,1e-l3 1

Gossypium raimondii
cDNA clone
GR_Eb10106 5',
mRNA sequence, 7e-
89

Gossypium arboreum
7-10 dpa fibre library
cDNA clone
GA_EdOO05cl2f,
mRNA sequence, 2e-
83

Gossypium
raimondii oDNA
clone
GR_Ea43Pl9, 1e-5

Putative
identity of
protein
encoded by
cDNA insert

NAC-domain protein TCP-domain protein Ubiquitin hydrolase

Highest
scoring
TBLASTX
results

oArabidopsis
t hal i ana transcription
factor ANAC103;
NM_l25802;9e-10

c Arabidopsis
thal i ana transcription
factor NAC2;
NM 120523;5e-7

o Oryza sativa
Transcription factor
PCF3-like; Q6K7P2;
4e-40

o Arabidopsis
thaliana Auxin-
induced bHLH
transcription factor;
Q9C5l8; le-21

o Arabidopsis
thaliana T01490
ubiquitin hydrolase
homolog; T01490;
2e-4

Table 6.1 Sequence analysis of cDNA insert from three clones isolated in a yeast two-
hybrid library screen. Highest scoring results from BLASTN and TBLASTX searches
of full-length insert are shown. TBLASTX results include species name, gene name,
Genbank accession number and e-value score.

Each of the oDNA inserts appeared to be partial sequences truncated at their 5' ends, as

they lacked a 5' untranslated region (UTR) or a start codon with a consensus translation
initiation sequence, and each was shorter than candidate homologues from other plant
species.
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Fisure 6.3: analvsis of cDNAs isolated in veast two-hvbrid librarv screen

EcoRIlBamHI digestion of the three plasmids isolated in library screen (Clones 1-3).
M: NEB 2-log DNA marker (marker bands are every 100 bp from 0.1 to 1.0 kb- sizes are

indicated in kb). The vector backbone is represented by the 10 kb fragment, whilst the
lower band represents the cDNA insert. Insert sizes range from 400 bp to 1.9 kb, with each

"insett band" containing approximately 50 bp of vector sequence.
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X'isure 6.4: Test of interactors of GhTTG3 isolated in librarv screen

row) or empty pGBKTT (second row), spotted onto QDO (SD/-Ade/-His/-Leu/-Trp) with 5
mM 3-AT and x-cr-gal. An interaction is demonstrated by a blue patch of growth.

@) X-a-Gal Quantitative Binding Assay. Relative binding strength of the three oDNA
clones to either'GhTTc3 or the empty pGBKTT, as measured by quantitative x-a-gal
assay. The supplied positive (p53 and SV40) and negative (Lamin C and T-antigen)
controls are inoluded for comparison. Values are a mean of trþlicate assays, and standard
deviations are shown.



Clone #3 contains a small cDNA insert of only 249bp (Figure 6.5C), and was the lowest in

strength of the three interactors (Figure 6.48). It had no significant homology to any other

plant protein sequence in the database showing only low (29%) identity to a short fragment

of a ubiquitin hydrolase. As ubiquitin and related proteins are commonly identified as

false-positives in yeast-two hybrid library screens (Serebriiskä et al., 2000), Clone #3 was

not studied in great detail. A discussion of the two remaining clones follows. The sequence

derived from Clone #1 is referred to as GhNAC, whilst the Clone #2 cDNA insert is

termed GhTCP.

6.5 Interøctíns Clone #1:

Clone #1 displayed the highest homology to members of the NAC-domain family (Table

6.1). The NAC gene family is named after its three founding members; NAM (no apical

meristem of petunia), ATAFll2 and çUC2 (CUP-SHAPED COTYLEDON 2 of

Arabidopsis). Genes containing the NAC domain are plant-specific, and an analysis of

Arabidopsis transcription factors reveals more than one hundred members of this gene

family (Riechmann et al., 2000). NAC-domain proteins have been implicated in a wide

variety of processes, including plant defence, cell elongation, stress response and lateral

organ development (reviewed by Olsen et a\.,2005). Exactly how NAC-domain proteins

exert their specific function is largely unknown.

Numerous NAC-domain proteins have been demonstrated to be nuclear-localised,

supporting the supposition that they are transcription factors (Xie et al., 2000; Greve et al.,

2003; Fujita et al., 2004; Robertson, 2004; Taoka et al., 2004). Despite this, no typical

NLS has been identified, although Kikuchi et al. (2000) proposed a putative NLS within

the NAC-domain of family members in rice. The NAC-domain typically spans

approximately 150 amino acids in the N-terminal region of the protein, generally

beginning around 25 amino acids from the start. The C-terminal region is very diverse

among NAC family proteins. Clone #1 contains an ORF of 2ll amino acids, the N-

terminal 27 amino acids of which are part of the consensus NAC-domain (Figure 6.54).

This region of GhNAC is very similar to that of NAC2 of Arabidopsis (He et a1.,2005b),

whilst the C-terminal region does not show signihcant homology to any sequence in the

database. A 3'UTR of approximately 200 bp is also present in Clone #1 (Figure 6.54).
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Ooka et al. (2003) analysed the predicted sequences of 75 NAC-domain proteins from rice
and 105 from Arabidopsis. A phylogenetic approach was used to classift each of the

proteins based on the sequence of their NAC-domain, resulting in 18 sub-groups being

identified. The GhNAC cDNA sequence appears to be most closely related to the "NAC2"
sub-group of this study, which contains fhe Arabidopsrs NAC2 protein and several other

uncharacterised Arabidopsis and rice presumed NAC-domain proteins. The highest scoring

sequences in a BLASTX search wittr CnNaC all derive from this sub-group. None of the

members has an assigned function, although it has been suggested NAC2 may play some

role in lateral root formation (He et a1.,2005). It is thus difficult to suggest how GhNAC
might function in cotton. No NAC-domain genes previously have been characterised in
cotton, although two G. raimondii ESTs (CO123587 and TC302B2; rJdall et al., 2006)
show signif,rcant homology (approximately 50o/o identity) to GhNAC (Table 6.1).

Many NAC-domain proteins contain a transactivation (TA) domain at the C-terminus,
which has been shown to activate expression of genes in yeast (Duval et a\.,2002; Taoka

et al. , 2004; He et al. , 2005b; Oh et al. , 2005). Previous studies investigating NAC-domain
interactions via yeast two-hybrid screens have used a C-terminal truncated version of the
protein to eliminate the transactivation domain (Xie et at.,2000). Therefore it is possible

that the retrieval of a NAC-domain protein in this assay is due to activation of the yeast

repofier genes by this TA-domain, rather than by a genuine interaction with GhTTG3 (i.e.

it is a false positive). However, GhNAC does not show signif,rcant homology in the C-

terminal region to any of the proteins reported previously to cause activation of yeast

reporter genes. In addition, the presence of Clone #1 on its own and with the empty

pGBKTT vector did not activate the reporter gene expression in the two-hybrid assay

(Figure 6.4). However, further investigation to veri$r the interaction is required.

6.6 Clone #2: TCP-domaín rchTCP)
Clone #2 demonstrates the highest sequence similarity to PCF3 from rice, in addition to
several other genes from the TCP family. This is a group of transcription factors that forms
a small sub-group of the wider basic helix-loop-helix family.

The TCP family, which is plant-specific, was named after its first-characterised members;

teosinte branched I (tbl) from maize, cycloidea (cyc) from snapdragon, and PCF1 from
rice (Cubas et a1.,1999).The cyc gene in Antirrhinurø is involved inthe control of floral
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symmetry (Carpenter and Coen, 1990), whilst tbl affects the fate of maize axillary

meristems (Doebley et a1.,1995). Cubas et al. (1999) investigatedthe biological roles of

the proteins encoded by cyc and tbl by studying regions conserved between the two amino

acid sequences that may act as functional domains, as the processes controlled by the two

genes shared many common themes. One of the conserved regions tvas found to form a

basic helix-loop-helix structure, although it was unrelated in primary amino acid sequence

to the other bHLH transcription factors. This bHLH domain was identified as being closely

related to that found in two rice proteins, PCFI and PCF2 (Kosugi and Ohashi,1997) and

this family of proteins was termed TCP. The family currently contains over 100 known

genes, of which 25 arcfromArabidopsis (Reeves and Olmstead,2003).58-60 amino acids

comprise the bHLH domain which is thought to be involved in DNA-binding and protein-

protein interactions. The domain is strongly conserved between members of the TCP

family, although a high level of diversity is observed outside of this bHLH domain. The

proteins of this family fall into two sub-classes; one of which is more closely related to

CYC and TB1 (termed TCP-C), whilst the other more closely resembles the PCFs (termed

TCP-P) (Cubas et al., 1999). The main feature that distinguishes the two classes is a

bipartite NLS found in TCP-C proteins, of which only a portion is present in the TCP-P

group.

The GhTCP sequence retrieved in this yeast two-hybrid assay aligns more closely with the

TPC-P subgroup, with the most similar sequences all coming from this sub-group.

Alignments show that the basic helix-loop-helix region of the TCP domain present in

GhTCP is highly conserved between species, particularly within the TCP-P subgroup

(Figure 6.6). GhTCP contains six key residues (i.e., --R--KV--R-RR--) known to be

conserved in many basic helix-loop-helix transcription factors (Littlewood and Evan,

I e98).

The GhTCP oDNA insert contains the C-terminal2l0 amino acids of the presumed protein

(including the entire TCP bHLH domain), with approximately 1 kb of 3' UTR (Figure

6.58). Most TCP-like bHLH proteins are between 300 and 600 amino acids in length, so it

is unknown exactly how much of the full-length GhTCP protein is missing from the oDNA

inserl, although the most closely related sequences are approximately 310 amino acids in

length. The TCP domain, as defìned by Cubas et al. (1999) is present from bases 34 to 198

of the 1.7 kb cDNA inserl (Figure 6.58). The most closely related cotton sequence to
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GhTCP is a cDNA termed GhBHLH, identified as an auxin-induced basic helix-loop-helix
transcription factor (Jaradat and Allen, 1999). The role of GhBHLH in cotton is unknown,

but it is ubiquitously expressed (Jaradat and Allen, 1999). GhTCP is also similar to the

cotton ESTs AIl304l8 and A1726525 (Blewitt et al., unpublished), an indication that it
may be a member of a multigene family, as suggeste dby Jaradat et al. (1999).

6.7 Discussion

6.7.1 WD40 interactions

WD40 proteins are known to interact with a number of different protein types in the

various roles that they play in plant development. Of particular interest in this study is the

interaction of AtTTGl with the bHLH proteins GL3 and EGL3 during trichome initiation,
and it was hypothesised that similar proteins may exist in cotton that bind the cotton TTG1

homologues.

Several examples of WD-repeat proteins interacting with bHLH proteins have been

documented. A yeast two hybrid assay using the Perilla WD-repeat protein PFV/D

demonstrated an interaction with a Perilla bHLH transcription factor, which in turn was

shown to interact with a MYB protein (Sompornpailin et al., 2002). PFV/D was also

shown to function cooperatively with the Perilla bHLH protein in onion cells, leading to
the recruitment of PFWD from the cytoplasm into the nucleus. In Z. mays a genetic

interaction between the WD40 protein PACl (which affects anthocyanin production) and a

maize bHLH anthocyanin regulator (INl) has been demonstrated by double mutant

analysis (Carey et a\.,2004). Analysis of anthocyanin production in petunia has uncovered

two key proteins, AN1 (bHLH) and ANl1 (V/D40), which demonstrate high sequence

similarity to GL3 and TTG1 respectively. It is believed that these two proteins, along with
the MYB-type protein AN2, form a complex involved in anthocyanin biosynthesis (de

Vetten et a|.,1997). In an investigation of anthocyanin production in the species Japanese

morning glory, a MYB (InMYBl) and WD-repeat protein (InV/DR1) were isolated, and

are hypothesised to act coordinately with a bHLH transcription factor (InbHLH2) to
activate structural genes for anthocyanin biosynthesis, although a physical interaction has

not yet been investigated (Morita et a\.,2006).

Additional V/D-repeat proteins, with little sequence similarity to TTGI, have also been

shown to interact with bHLH proteins. These include the Arabidopsls COPl protein, which
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Conceptual translation is shown beneath cDNA sequence, with stop codon underlined in
red. In each case the ORF shown is in the same frame as the GAL4 AD in the pGADTT-
Rec vector.

lA): Sequenc e of GhNAC cDNA of Clone #1 Blue underline: NAC-domain

TATAGGCTT G AJ\GAIU\7UU\TATTGGCTGACAGAGGGCCTGTTCAAGATATGT GTAT GCTT

1 ---------+---------+---------+---------+---------+---------+ 60
YRLEEK]LADRGPVQDMCML

TATGT TGTTTT CAAGAAGGATGGTGTGGGCCC A'\GAiU\T GGTT CCCAATACGGGGCCCCA

67 ---------+---------+---------+---------+---------+---------+ I20
YVVFKKDGVGPRNGSQYGAP

T T CAAGGAAGAGGAGTGGAGTGACGACGAGCAGGCAGAT GT GCCT GGTGCTGGTT C CCT T

t27 ---------+---------+---------+---------+---------+---------+ 180
F K E E E !ú S D D E Q A D V P G AG S L

TGCGGCCTGTCTACAGTAGCTGTTGGTGGTGATAATAGCTCCTGTGTCCCCGAGAGTGTA
181 ---------+---------+---------+---------+---------+---------+ 240

CGLSTVAVGGDNSSCVPESV

T GT GCTGGGCCTT CTGT CGAGTCAAGT GGGTGGT GTACACAACCAT CGATGGGT CATACT
24I ---------+---------+---------+---------+---------+---------+ 300

CAGPSVESSGWCTQPSMGHT

AAT GGCGAT GTTAAT GTCACCACTGC CATTGATACTAATGCTTATGCTG CCCCTACAT GC

301 ---------+---------+---------+---------+---------+---------+ 360
NGDVNVTTAIDTNAYAAPTC

GCGGATGCCCCTGAAGTTCCAGTGGTCGCTGTTGCTGAGGATGTTCCTACATTGTTGGAG
361 ---------+---------+---------+---------+---------+---------+ 420

ADAPEVPVVAVAEDVPTLLE
GCGCCTCAACCTGCTCTGGTTCCTCAAGATCAAGAATCGAATGATAACATGTTATCTATG

427 ---------+---------+---------+---------+---------+---------+ 480
APQPALVPQDQESNDNMLSM

T TGGAGT GCT TCTTTGAAGAGGGTGCATTT GGTACACAT GAAGGTCAGAGGAGGGGCAAT

481 ---------+---------+---------+---------+---------+---------+ 540
LECFFEEGAFGTHEGQRRGN

GCAACTGATTCTTCCTTCAAGGATACTCCTGTTTCTGATGAGGATGATATTTCAATCTTG
541 ---------+---------+---------+---------+---------+---------+ 600

ATDSSFKDTPVSDEDDISIL
TTGGCCT CTTTTACTGATGT CGAC Ai\TT CNU\TAACT GGT CTTAT CCT TTTT AJ\T A,¡U\GT

601 ---------+---------+---------+---------+---------+ -----+ 660
LASFTDVDNSNNü1 SYPF*

AATTGTTTCAACTATTGGAACTGGAAGCAATGTTTTTAGATTACTTGTTTTATTCTTAGG
661 ---------+---------+---------+---------+---------+---------+'120

AATAAAT GCTGTTGTTTGGTT TACCAGTGTCATTGACTTGTTT CTATTT GATTAT CATGT
121 ---------+---------+---------+---------+---------+---------+ 780

TGTGCT CT CTATACATTTTCTTTAATGGAATGT CTGGCATATTATTTGTGAJUUUUUUUU\
781 ---------+---------+---------+---------+---------+---------+ 840

841
AIUUUU\
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lBl: GhTCP cDNA insert of Clone #2: Blue underline : TCP bHLH domain

GGGAACGGTACCCTTGCCGTCAl\GNU\CCTCCCTCCAÄAGACCGTCACAGCAAAGTAGAC
1 ---------+---------+---------+---------+---------+---------+ 6O

GNGTLAVKKPPSKDRHSKVD

GGTCGTGGACGGAGGATAAGGATGCCCATCATTTGCGCCGCTCGTGTTTTCCAGTTGACT
67 ---------+---------+---------+---------+---------+------- --+ 720

GRGRRIRMPIICAARVFQLT

CGCGAGTT GGGT CATA,AATCCGACGGT CAGACCAT CGAGTGGCT GTTACGCCAGGCCGAG
t21 ---------+---------+---------+---------+---------+---------+ 1BO

RELGHKSDGQTfEWLLRQAE

CCTTCCATCATAGCCGCTACAGGTACGGGGACGACTCCAGCCAGCTTCTCCACCGTGTCA
181 ---------+---------+---------+---------+---------+------ ---+ 240

PSIIAATGTGTTPASFSTVS

GTTTCCGTCCGCGGAGCCAATTCCACTTCTTTGCCGTCAACGACTTCTTCGTCGTTGGAT
241, ---------+---------+---------+---------+---------+---------+ 300

VSVRGANSTSLPSTTSSSLD

CATAAGCCTTTGTTGGGTTCCACCCCCTTTTTACTCGGA'UU\CGTGTCCGGCCCGACGAC
301 ---------+---------+---------+---------+---------+---------+ 360

HKPLLGSTPFLLGKRVRPDD

GATÀACGCCGGGAAGGACGATT CCGGAGGGGC CACGGTGGGACCGGGCGTGGGTT CTAT C
361 ---------+---------+---------+---------+---------+---------+ 420

DNAGKDDSGGATVGPGVGS]

GTGGGGCCCGCTTGAACACGGGTGCGTTCTGGGCTGTTCCAGCTAGGCCTGACTTTGGTC
42I ---------+---------+---------+---------+---------+---------+ 480

VGPAGTRVRSGLFQLGLTLV

AAATATGGAGCTT CGCGCCC CCGC CTCCT CCCGAGATGGT GGTACA.AACAGCGGCTCAGC
481 ---------+---------+---------+---------+---------+---------+ 540

KYGASRPRLLPRWWYKQRLS

AACCAGCTGCAGCTGCGTTTTTCGTTCAGCAACAGCAAGCGATGGGTGAAGCGTCGGCGG
541 ---------+---------+---------+---------+---------+---------+ 6OO

NQLQLRFSFSNSKRWVKRRR

CGAGGGTTGGCAATTATCTTCCCGGTCATCTGAATTTGTTAGCCTCCTTGTCGGGTGCTC
601 _________+_________+_________+:______+_________+_________+ 660

RGLAIIFPV]*

CGGGAGGTTCGGGTCAÄAGAGACGATGACCCTCGT TGAATTT GGGTGGAC CGGTTTACCC
661 ---------+---------+---------+---------+---------+---------+'1 20

TTGTTGT TGGGAGTATATATATATTTATAT GAATACATAGATT CTATAAATATTTGTGTA
121 ---------+---------+---------+---------+---------+---------+ 780

T CAATGTTGTTTTCATGTGTGTGGATGTGGAAGAT CATTT CTAGTTGGAATTTT TAGGGA
781 ---------+---------+---------+---------+---------+---------+ B4O

TACCCCACTTAGGGTTT TTGAGGAAACGATTTGGGAGT TTGGAGT CTGATGAATGGTTT C
841 ---------+---------+---------+---------+---------+---------+ 9OO

AAATTAGGGT TTT CC CCTTAGCACTTCTATTTGATGATTAATTAGGGTTTTAGAGCTTTC
901 ---------+---------+---------+---------+---------+---------+ 960

ACAATT GT TTAGGAATTTGAGAGT TTATGTTGGAGAAGAAGAGGGGCT CAAGAATTAGAG
961 ---------+---------+---------+---------+---------+---------+ 1_O2O



CTTT CATGAGTGATATATACTTGGGGAT TTCT TTTGTCATTAATTTGGGTTTGCTTATTG
1,027 ---------+---------+---------+---------+---------+---------+ 1080

CT CT TT GATTTTGAGCAAGTACTTGCTGATTTCTTGCTGCATT GAAGAATTAGAGGTTT C

1081 ---------+---------+---------+---------+---------+---------+ 1140

AAGCCTGGATTTGGAGAATT CAGGCTTTTCCCT CATTGGCAAGTT CTT CCATTGTTCTTG
1141 ---------+---------+---------+---------+---------+---------+ 1-200

TCATAGGAACGACGAACGAGCAÄAGCGATTAAT CTTACTT CTGGATTGTACTTGATT TAC
\207 ---------+---------+---------+---------+---------+----- ----+ L260

ATATTATTGGGGTTTGAT CGGTTAACCA.AÄATAGGGTGACTGGATGCTGAAC gCCAGAGA
a261 ---------+---------+---------+---------+---------+---------+ 7320

TT TGCTT GCTT GGCTACTTAACTTGATGCTGTGGATATATGGT CT CCCTAAATATTCTGG
1321, ---------+---------+---------+---------+---------+---------+ 1380

AAT T CCTT CTATTGCTATGGTTGTTTGAGGACTATTAGTTTCTTTGCAGCTGTT GCTTAG
1381 ---------+---------+---------+---------+---------+---------+ 1-440

CAT CGGAAATTATGGTTCTTAAGTGCATAGCT CATGGTATGCTGTTGACGTGGGTTGAT C

144I ---------+---------+---------+---------+---------+---------+ 1500

TGGCCCTCTCTCTTCTGCTTTCAGTGTTTGTGTTTGATCGCATGGTCTCAAAGGAGACTG
1501 ---------+---------+---------+---------+---------+---------+ 1560

CTGTGTGAAAGATT gCATT CCTTTCTGTAAGATTTTTATTTTGGA,UU\CTTTAGCTGTAC
1561 ---------+---------+---------+---------+---------+---------+ 1'620

TTTTAGCCATTT CTTAGATTTAT CGT GTGCAAATAATGTGTT CTTCATGTATTGTTTTGG
:-621 ---------+---------+---------+---------+---------+---------+ 1680

A.A.AÄAAAÄÄAAA
17 41- + 7152



(C): cDNA insert of Clone #3

I
I

GGT CC.AAAAAGGGAACTTCGTTTGATGT CT CGAGAT CGGATCAGGATTGTATGTGCTTAT
1 ---------+---------+---------+---------+---------+---------+ 60

GPKRELRLMSRDRIRIVCAY

GTTCTTCCTTATACTATAGTAGCTAA CTTGTTTGTGTATTAGGGTTACCAAGTTA
6t ---------+---------+---------+---------+---------+---------+ L2O

VLPYTTVAN*

ATCTCTCTAGCATTTGAGATTTGCTATAAACTGTGGAGGACATGTTCTTGTATCTGTTGT
t21 ---------+---------+---------+---------+---------+---------+ 190

AAÄÄAAAAA
241 249

)
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cYc
TB1
GhEHIJH
SdTCP
TCPS
.AmTCP
PCF3
TCP9
PCF2
TCPT
PCFl
TCP6
GhTCP

DK 59
59
EE

55
48
55
55
55
55
54
55
55
55

CYC-TB1
GROUP

PCF GROUP

BASIC HELIXI LOOP HELIX2

Fisure 6.6: Alienment of selected TC

An alignment of the bHLH domains of a selection of sequences from the PCF-like sub-
group, including the cotton sequences GhTCP (this study, highlighted in yellow) and
GhBHLH (Jaradat and Allen, 1999), plus the founding members of the TPI/CYC subgroup
for comparison.
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has been shown to interact in a yeast two-hybrid assay with HFRI, a bHLH transcription

factor (Jang et al., 2005). The Drosophila WD-repeat protein Groucho was found to

interact with Hairy, a bHLH protein involved in repression of transcription, in addition to

other hairy-related bHLH proteins, Deadpan and Enhancer of split (Paroush et al., 1994).

Similarly, the human orthologue of Groucho, TLE, is known to interact with a bHLH

factor Hes1, also forming a transcriptional repression complex (Grbavec and Stifani,

ree6).

An interaction between AtTTGl and GL3 was verified in this study, but the role that the

TTG1 protein plays as part of the WD-40/bHLH/MYB complex is not entirely clear. One

hypothesis is that TTG1 plays a role in mediating the transfer of interacting factors from

the cltoplasm to the nucleus, although evidence suggests that it may in fact be a

transcription factor such as GL3 which recruits TTG1 to the nucleus (4. Walker, pers

comm.). TTG1 may simply function to stabilise the MYB-bHLH transcription complex,

raising the question as to whether TTG1 plays an active role, or acts purely as a bridge

between transcription factors.

6.7.2 Testine of GbTTG protein ínteractions

It was expected that the cotton TTGl-like proteins, in particular GhTTGI and GhTTG3,

would show an interaction with AtGL3 in yeast because they were able to complement the

ttgl mutarÍ" phenotype (Chapter 4). It is presumed that GhTTGI and GhTTG3 substitute

for AtTTGl in the transformed plants, and hence interact with Arabidopsis protein factors,

presumably GL3, to perform TTG1 functions. It is perhaps the case that the over-

expression in the complementation experiments (the GhTTG genes were driven by the 35S

promoter) caused an interaction to occur. However, at the level of expression monitored in

the yeast assay, no interaction could be detected. It is also possible that the GhTTG

proteins introduced into the ttgl mutants were able to interact with a different but similar

bHLH protein from Arabidopsis (e.g. AtBHLHO12) and form a complex to promote

trichome initiation. Another explanation could be simply that in yeast the GhTTG proteins

do not act in their normal manner, although this appears unlikely given the highly similar

AtTTGl was able to demonstrate a strong interaction with GL3 in this study, Western blot

analysis to confirm that the GhTTG proteins were indeed being expressed may have been

informative. Also, fusing the GhTTG genes with the AD domain, and testing for an

interaction with GL3 fused to the DNA-BD domain may have yielded tesults, although
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most published reports of TTG1 interactions have TTG1 fused to the DNA-BD (Payne et

al., 2000; Esch et al., 2003)

The fact that GhTTG proteins do not interact with GL3 (whilst the AtTTGI protein does)

suggests that the GhTTG protein sequences may provide clues to the key residues involved

in the protein interaction between GL3 and AtTTGl, given the high similarity between

GhTTG and AtTTGl. As expected, thè WD-repeat regions have been identihed as being

required for an interaction but a more detailed search for critical residues may now be

possible.

It is peculiar that the start codon was required to be removed from the AtTTGl and AtGL3

coding regions before they could demonstrate an interaction in the yeast two-hybrid
experiment. Previous ptudies demonstrating an interaction between these two proteins have

usedthefull-lengthsequenceswithnodifficulties(Payne eta1.,2000 Esche/ at.,2003).

Whilst the expression vectors used were different, the same GAL4 system was utilised,

with the BD and AD domains fused upstream of the proteins of interest. It is assumed that

the TTG1 or GL3 staft codon was being utilised in preference to the DNA-BD or AD start

codon when the full-length insert was present, although why this might be occurring is

unknown.

6-7.3 A cotton cDNA lihrarv screen for ìn of GbTTG3

The library screen for interactors of GhTTG3 in cotton fibre cDNA yielded three primary

clones. The retrieval of a oDNA (GhTCP) encoding a putative protein sequence that

formed a basic helix-loop-helix structure was of most interest, given previous published

reports of TTG1 interaction with several bHLH proteins, in particular with GL3 during its
role in trichome initiation.

It is tempting to speculate that GhTCP is a binding partner of GhTTG3 in vivo, and that it
is through this interaction that GhTTG3 exerts some developmental effects, perhaps

including fibre growth. For a similar complex to form as the trichome-inducing complex of
TTG1-GL3-GL1 in Arabidopsis, a MYB parlner would need to be identihed. Previous

studies have shown that some members of the TCP family interact with MYB{ype
proteins. In snapdragon two pairs of transcription factors, two MYB proteins (RAD and

DIV) and two TCP proteins (CYC and DICH), are known to control floral asymmetry. It is
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thought CYC and DICH influence petal development by activation of RAD via physical

interaction (Corley et a|.,2005). Also in snapdragon, CINCINNATA GIIÐ is a TCP-type

protein which interacts with MIXTA in its role in cell differentiation (Crawford et al.,

2004). MIXTA encodes {- nZn: MYB-type protein that promotes conical cell

differentiation in the petal epidermis. MIXTA has also been shown to promote trichome

initiation when over-expressed in tobacco (Glover et a1.,1998). A highly similar MYB

protein (termed AmMYB MIXTA-likel; AmMYBMLI) has since been found to control

trichome formation in snapdragon, specifically in the ventral petal tube (Perez-Rodriguez

et a\.,2005). It is not known whether CIN also interacts with this protein.

The interaction of TCP-domain proteins with MYB-type proteins may be an indication of

some functional similarity to other bHLH proteins that also interact with MYB proteins. In

snapdragon, MIXTA is related to GLl from Arabidopsis, and the fact that CIN and GL3

proteins interact with MIXTA and GLl respectively may indicate some form of conserved

function between TCP and canonical bHLH proteins. This study suggests that the cotton

TCP interacts with a'WD-repeat protein (GhTTG3). It is therefore possible that a form of

the WD4O-bHLH-MYB complex which controls anthocyanin and trichome initiation in

other plant species also is present in cotton. Whether such a complex could be functioning

in fibre initiation, in anthocyanin production or in leaf trichome initiation, is unknown. It

is necessary to isolate the full-length cotton TCP sequence, to analyse its expression

pattern to gain some information of its function and to look for additional interactors of

GhTCP in cotton. Given the interaction of the MIXTA protein with a TCP domain protein

in snapdragon, a potential interactor of GhTCP in cotton is the protein encoded by

GhMyb25, a gene isolated by Wu et al. (2006) in a search for genes involved in cotton

fibre initiation. GhMyb25 demonstrates expression prohles consistent with a role in cotton

fibre initiation, and encodes an R2R3 MYB protein which is closely related to the MIXTA

and MIXTA-like (AmMYBMLI) proteins present in snapdragon. In addition, Yang et al.,

(2006) isolated two fibre-specific homologues of AmMIXTA/AmMYBMLI in cotton with

high transcript abundance at 0 and 3 DPA, which are down-regulated in a fibreless mutant.

MIXTA-like transcription factors could therefore represent possible MYB protein partners

of GhTCP, as part of a complex involving a cotton WD-repeat protein.

Some caution must be exercised in making links between this TCP-domain protein and

regular bHLH proteins. The signif,rcance of discovering bHLH protein is unknown,

/. o,u
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especially given there is no direct evidence for a conservation of function between the TCP

group of bHLH proteins and the canonical bHLH proteins of which GL3, EGL3 and TT8

are members. It is not known whether the similarity to regular basic helix-loop-helix
domains in TCP proteins is restricted purely to secondary structure, or whether it also

extends to function (Heim et al., 2003). In addition, it has not been precisely determined

which region of the GL3, ELG3 and TT8 bHLH proteins interact with TTGl, and hence it
may even be a region outside of the bHLH domain responsible for the interaction, as each

of these proteins show a level of conservation outside the bHLH domain. It is thought that

the MYB GLl protein binds to the N-terminal end of the GL3 protein, whilst TTGI
appears to interact at the C-terminal end, which contains the bHLH motif (Payne et al.,
2000), but the precise binding region has not been determined.

6.8 Summarv

The analysis of the interactions of cotton TTGl-like proteins has shown that the GhTTG
proteins differ in protein binding activity from AtTTGl, in that they do not demonstrate an

interaction with bHLH proteins GL3 and EGL3 in the yeast two-hybrid system. This may
reveal a difference in the way the TTGl-like proteins from the different species perform

their function, or perhaps reflect some variation in their behaviour in the yeast system.

cDNAs encoding putative NAC-domain and TCP-domain proteins have been identified as

interacting with the GhTTG3 protein, although further research is required to verify these

interactions, and evaluate their possible roles in cotton. The isolation of a bHLH domain

protein raises the possibility that similar protein complexes involving TTG1 may form in
bofh Arabidopsis and cotton.
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Chapter 7: Discussion and conclusions

7.1 Summurv of results

The molecular mechanisms that underpin the initiation of cotton fibres have remained

particularly elusive. A better understanding of the genetic control of fibre initiation and

development will allow for more targeted strategies for fibre improiement through genetic

engineering technologies, as well as providing novel plant germplasm for conventional

plant breeding.

The aim of this study was to analyse cotton genes displaying high sequence homology to

rhe TTGI gene, which plays a vital role in trichome initiation in Arabidopsis. The premise

behind this work is the idea that Arabidopsis trichomes and the fibres of cotton are similar

structures and may therefore have some molecular properties in common. Four such genes

had been isolated previously in this laboratory (GhTTGl-4, S. Orford), each of which

encodes a putative protein product with four highly conserved 'WD-repeat regions.

GhTTGI and GhTTG3 demonstrated the highest amino acid identity (79% and 80%

respectively) to TTGl, whilst GhTTG2 and GhTTG4 displayed a lower identity (63Y, and

62%).

The genomic organisation of the G4TTG genes was examined. Given the high sequence

similarity existing between GUTTGI and G4TTG3, and between GîTTG2 and GbTTG4, it

was originally hypothesised that these genes may represent allo-alleles, with each gene of

the closely related pairs originating from a different ancestral diploid genome. However,

this was not the case, as genomic PCR analysis revealed that all four TTGl-like genes

isolated in this study are evolutionarily derived from the D genome of G. raimondii, and

therefore do not form two homoeologous pairs. Genomic Southern analysis using probes

specific to each cotton WD-repeat gene demonstrated that the GbTTG genes are single or

low-copy number, although there appeur{ ,o be additional related family members, based L 4L
on the observed cross-hybridisation of non-specific probes.

The four genes were tested for functional homology to TTGL via cross-species

complementation experiments. Previous to this investigation, two of the four genes
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(GhTTGl arLd GîTTGS) were shown to complement the anthocyanin-deficient phenotype

of the Mqtthiola incana ttgl mutant (Humphries et a\.,2005). The study described here

utilised a stable transformation to demonstrate that these same two genes are able to
promote trichome initiation in glabrous Arabidopsis ttgl mutants. A closer examination of
GUTTG3 transgenic plants showed that GhTTGi was able to complement the full range of
ttgl mutant phenotypes. This gives an indication that the protein products of these cotton

WD-repeat genes act in a similar -utnt.. to the AtTTGl protein, and may hence play a
role in trichome or cotton fibre initiation.

To fuither assess the roles that the GUTTG genes may be playing, their pattern of
expression was analysed in cotton. RT-PCR analysis showed that each of the four cotton

WD-repeat genes was expÍessed ubiquitously throughout the cotton plant. and al all stages

of f,rbre development. Although no significant change in mRNA expression of the G4TTG
genes was detected between ovules of wild-type and a lintless variety in a RT-PCR

investigation, an analysis of spatial mRNA expression via in situ hybridisation within the

wild-type cotton ovule suggested that GUTTGI, GUTTG3 or perhaps both genes are

expressed predominantly in initiating fibre cells, a pattem consistent with a role in
promoting fibre growth.

As WD-repeat proteins are to exert their function primarily through interactions with other

proteins, the molecular interactions involving GhTTG proteins in cotton were investigated

by way of a yeast two-hybrid assay. None of the four TTGl-like cotton proteins were able

to interact with the Arabidopsis bHLH proteins GL3 and EGL3, despite the fact that the

TTG1 protein can readily do so. A screen of a 6 DPA fibre oDNA library uncovered a

NAC-domain and TCP-domain protein as potential interactors of GhTTG3, the latter of
which, interestingly, forms a bHLH secondary structure.

7. 2 F urther enteriments

Whilst many of the aims of this project have been successfully accomplished, more

experiments are required to complete some of these hndings, and to ultimately address the

question of the role of GUTTG genes in cotton.

An extensive real time PCR analysis of a range of lintless mutant cotton ovules could lead

tcr a more conltdent assertion as to whether the G4TTG genes are indeed expressed
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predominantly in fibre cells. In situhybridisation analysis of the ovules of lintless varieties

would also be of interest, to compare with the results observed in the wild-type ovule.

Furlher work is required to verify the interactions observed in the yeast two-hybrid library

screen, such as coimmunoprecipitation or GST-pull down experiments. In addition, 5'

RACE, analysis would also be required to isolate the full-length cDNAs of the potential

interactors, as only pafüal sequences were obtained in the cDNA library screen. To test

whether any of the interacting transcription factors have an effect on the nuclear

localisation of the GhTTG protein, a co-bombardment experiment into onion cells could be

also be performed. Particle bombardment experiments performed in this laboratory

(Chalmers, 2004) demonstrated that the GhTTG proteins are localised in the cytoplasm of

onion cells. It may therefore be of interest to determine if any of the transcription factors

identified in the yeast-two hybrid screen are able to translocate the GhTTG protein to the

nucleus via co-bombardment experiments. A similar experiment by Sompornpailin et al.

(2002) demonstrated that the Perilla frutenscens 
'WD-repeat protein PFV/D is localised to

the cytoplasm in onion cells, but can be imported into the nucleus upon co-expression with

a bHLH protein. It would also be of interest to perform a second yeast two-hybrid library

screen, using the GhTCP bHLH protein as bait, to determine whether there exist[ ^"y L 4
MYB-type proteins in cotton (such as GhMYB25) that interact with this protein, and

perhaps forming a complex with similarity to the WD40-bHLH-MYB trichome promoting

complex observed in Arabidopsis and other plant species.

Although complicated by the tetraploid nature of the genome, the generation of transgenic

cotton is a vital step to establish whether the cotton WD-repeat genes analysed in this study

play any role in cotton hbre development. The GUTTG gene of interest could be over-

expressed in cotton, or inhibited by way of antisense or RNAi suppression. An analysis of

these transgenic cottons, and comparison of fibre initiation and traits with wild-type, would

shed light on the role that the GUTTG genes are playing. Whilst a suppression experiment

could produce a more pronounced effect on f,rbre development if the targeted gene is

indeed involved in fibre initiation (i.e. leading to no or reduced fibre production), such an

approach is susceptible to the effects of redundant gene function in the tetraploid genome.

At the time of their publication 'Wang et al. (2004) were in the process of performing such

a gene suppression experiment to test the role of the potential GLI homologue GalWB2 in

cotton, although no results have been published as yet. An over-expression experiment
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may be less affected by the presence of similar genes in the cotton genome, although any

effect that the WD-repeat genes might be exerting on fibre initiation would need to be

dose-dependent to be observed. Indeed, over-expression of TTGI has been shown to have

no effect on trichome numbers or morphology in Arabidopsls, even though TTG| is

required for trichome initiation (Payne et a|.,2000). Conversely, over-expression of Perilla
PFWD in wild-type Arabidopsis has been shown to result in an increase in trichome

numbers (Sompornpailin et al., 2002), and thus it is possible that an effect could be

observed upon the up-regulation of a TTGI-llke gene in cotton. V/hether this effect would
be on fibre development, leaf trichomes, anthocyanin production or some other pathway

remains an important question.

The model plant Arabidopsis has been widely examined, with a view to extrapolating data

for use in commercially significant crop species. Arabidopsls trichomes are an excellent

model system to study all aspects of cell differentiation including cell fate determination,

cell cycle regulation, cell polarity and cell expansion. A number of researchers have used

this system as a tool to study cotton fibre development, specifically in aspects of f,rbre

initiation. Howevet, the link between Arabidopsis trichomes and cotton fibres remains to

be fully established . Wu et al., (2006) found that the initiation of leaf and stem trichomes is

not affected in a number of fibreless cotton mutants, giving an indication that there exist

distinct processes controlling the regulation of the two structures. As yet no homologues of
trichome regulators have been shown to play a role in cotton fibre initiation, although

several candidate GLI homologues have been studied in cotton, with some showing

promising expression patterns (Suo e/ a\.,2003; 'Wang et a\.,2004).

Whilst the ability of two of the cotton TTGI-like genes to functionally replace TTGI inits
role in trichome initiation is an indicator that they may be playing some role in cotton fibre
initiation, it is certainly a result to be interpreted with caution. Several cases exist where a
WD-repeat gene has been shown to perform a function when transformed into a

heterologous species, a role in which the gene does not participate in the source species

(Lloyd et al., 1992; de Vetten et al., 1997; Carey et a1.,2004). The results of this study

leave open the possibility that the genetic regulators of trichome and cotton fibre initiation
may be conserved between species, but more information regarding the role of GhTTG

genes in fibre development must be obtained.
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Results from the yeast two-hybrid library screen (Chapter 6) indicate that a basic helix-

loop-helix factor of the TCP-domain family interacts with the WD-repeat protein GhTTG3

in cotton. It could be argued that this situation mirrors that of the trichome-initiating

complex in Arabidopsis, in which TTG1 interacts with the bHLH protein GL3. The third

member of this complex inArabidopsis is GL1, a MYB transcription factor which interacts

directly with GL3. As several TCP-domain proteins have been shown to interact with

MYB-type proteins (most signif,rcantly the trichome-related MIXTA protein from

snapdragon), it is possible that a version of the WD4O-bHLH-MYB complex that controls

trichome initiation in Arabidopsls also exists in cotton, containing GhTCP and a MIXTA-

related MYB protein.

Evidence arguing against the function of such a complex in cotton fibre initiation is the

notion that the transcriptional machinery that control trichome (or fibre) development in

the Rosids (including Arabidopsls and cotton) differs from that which regulates trichome

formation in the Asterids (including snapdragon, tobacco, and petunia) (Serna and Martin,

2006). This notion is largely based on a phylogenetic analysis of MYB-type genes involved

in trichome initiation in a range of species, revealing that the MYB genes controlling

trichome (or fibre) development in cotton and Arabidopsis are likely to be closely related

to GLl, whilst those involved in trichome initiation in the Asterids are more closely related

to the MIXTA gene. Additionally, over-expression of MIXTA induces the production of

supernumerary trichomes in other Asterid species (Payne et al., 1999; Glover et a|.,2004),

but has no effect inArabidopsls (Payne et a1.,1999), strengthening the idea that trichomes

of the Asterids and Ro$lids have developed independently, by way of convergent fl f
evolution. Thus, it appears more likely that a GLl-related MYB gene, as opposed to a

MIXTA-related MYB gene, would be involved in fibre initiation in cotton. This may not

necessarily be the case, given that no GLl-like genes have been shown definitively to play

a role in cotton fibre initiation, and that the most promising candidate gene isolated by Wu

et al. (2006) in a microarray screen for cotton fibre initiation genes was the MIXTA-related

GhMyb25.In addition, Yang et al., (2006) isolated two putative MIXTA homologues in

cotton *hi{d a potential role in fibre initiation. MIXTA-related MYB proteins do not H' 4*
contain the amino acid signature required for interaction with R-like bHLH proteins (such

as GL3 or EGL3) (Grotewold et aL.,2000), however interactions with TCP-domain bHLH

proteins have been established (Crawford et a|.,2004; Corley et a|.,2005), and as such it is
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conceivable that a complex involving a TTGl-like WD-repeat protein, a TCP-domain

bHLH factor, and a MIXTA-like MYB protein may be involved in the process of cotton

fibre initiation. The elucidation of the genes involved in trichome initiation in a wider array

of species will be important in increasing our knowledge of the trichome evolution, and

hence determining their suitability for use as model systems in cotton hbre research.

7.4 Implícutions for cotton fibre ilevelopmänt

The primary aim of this study was to obtain a better understanding as to whether the

GUTTG genes are playing a role in cotton fibre initiation. An issue arising from this

research is how this information can be used to improve cotton fibre yields, if indeed the

G4TTG genes are functioning in the development of the f,rbre. Given that AtTTGl plays its

role in the initiation component of trichome development, any GhTTG-driven increase in
yield would likely be brought about by increasing the proportion of epidermal cells of the

cotton ovule which initiate into f,rbre cells. An increase in yield may be achievable by
generating transgenic cotton with one of the GîTTG genes up-regulated (either via a

constitutive or hbre-specific promoter). If f,rbre initiation were increased in such a
transgenic plant, the genotypes may be used in breeding programs in combination with
other desirable traits, such as herbicide or insect resistance, to produce an economically

improved field crop. However, a yield increase may instead require the up-regulation of a
transcription factor that acts cooperatively with a GhTTG protein (as is the case for
Arabidopsis trichomes, where over-expression of GL3,but not TTGI, has been shown to
increase trichome numbers). Such a transcription factor may be the GhTCP protein isolated

in the yeast two-hybrid screen, or another factor involved in a fibre cell initiation complex.

An unknown factor is the metabolic penalty that could arise as a result of increasing the

number of fibres per ovule.

It is possible that the roles of the G4TTG genes are restricted to those displayed by TTG|
in Arabidopsis, such as leaf trichome initiation and anthocyanin production. Even if the

GUTTG genes are not playing a role in fibre initiation, it is perhaps conceivable that the

over-expression of one of these genes, or even of A|TTGl, in cotton may promote a higher

level of fibre initiation. Previous studies have demonstrated that the transformation of
Arabidopsis genes into cotton can confer specific traits of commercial beneht, such as

stress tolerance (Yan et aL.,2004) and increased photosynthetic performance, leading to

increased fibre production in salty conditions (He et a\.,2005a). However, if it is not the
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role of the native GUTTG genes to control fibre initiation, it is unlikely that the required

molecular machinery will be present to allow over-expression of the gene to have an effect

on fibre cell differentiation in the ovule epidermis.

Whilst trichomes are known to provide a defence against insect attack, it is unlikely an

increase in leaf trichome numbers in cotton will be advantageous in regards to hbre yield.

In a recent study, the GL3 gene was over-expressed in the crop species canola (Brassica

Napus), with a view towards creating an insect-resistant crop with a dense covering of

trichomes (Gruber et aL.,2006).Indeed, GL3-overexpressing canola plants exhibited up to

1000-fold increase in leaf trichome numbers, and preliminary experiments suggest this

layering perturbs insect attack. However, such a trichome-based defence is most useful at

the early stages of growth, for example at seedling emergence, where the canola plant is

most vulnerable to feeding of the flea-beetle. In the case of cotton, parlicularly in

Australia, the most damage is inflicted by pests targeting the cotton boll in advanced stages

of cotton plant growth (Matthews and Tunstall, 1994), at which point leaf trichomes

provide little, if any, defence. In fact, an analysis of a cotton genotype, pilose, with a high

leaf trichome density demonstrated a higher incidence of the cotton flea-hopper and their

eggs on leaves, in comparison to genotypes with normal trichome density (Mekala et al.,

2003). Thus, it appears unlikely any manipulation of the GîTTG genes would aid in

improving fibre yield if GîTTG function were restricted to leaf trichome formation in

cotton.

7.5 Conclusion

This study analysed four cotton genes with high similarity to TTGL in Arabidopsis, in

order to gain more information regarding their potential involvement in the initiation of

cotton fibres. This research has also provided some insight into the relationship between

the epidermal cell differentiation in cotton and Arabidopsis. The results from cross-species

complementation experiments strengthened the notion that two of the GhTTG genes may

play a pivotal role in cotton fibre development, and the expression of these genes

predominantly within fibre cells of the cotton ovule provides further evidence for such a

function. It remains to be determined whether a similar transcriptional regulatory network

which controls trichome initiation in Arabidopsls is present in cotton, and whether such a

complex might be regulating fibre initiation. The continued use of model systems to direct

future research, combined with the rapid increase in the availability of genomic data from
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cotton, should enable the elucidation of the genes involved in hbre initiation, with
subsequent potential benefits to the Australian cotton industry.
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Appendix l: Vector lVlaps

pGADTT-Rec

SMART lll Sequence
Sma I

CDS lll Sequence

SMART III ds cDNA cDs ill

^1-- Recombinalion 

->

pGADTT-Rec pGADTT-Rec

Sma l-linearised

The pGADTT-Rec plasmid (top) and sche
pGADTT-Rec by homologous recombination using SMART technology in vitro (bottom).
Reproduced from BD Biosciences pGADTT-Rec vector information booklet PT3530-5.

x

GAL4 AD
Amp'

LEU2
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Too*,

2¡t
ori
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PGBKTT

MCS

The pGBKTT plasmid, reproduced from BD Biosciences pGBKTT vector information
booklet PT3248-5.

f1
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Tr, * uor,

2¡t,
on

Elt ADHI

TRPl P17

puc
0r

Kan'

GAL4
DNA-BD

pGBKTT
7.3 kb
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orltl

Amp'

pARTT
4.9 kb

pARTT

,Vot I

llof I

Multlple cloning
site

PART27

fVof I

The pARTT and pART27 vectors, reproduced from Gleave, 1992. The gene of interest is
cloned into the multiple cloning site of pART7, and the NotI fragment of pARTT can then
be transferred to the NotI site of pART27 that allows for replication in E. coli and
Agrobacterium.

lacZ

or¡T

I

pART27
10.9 kb
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Appendix 2: Real-time PCR data

Expression levels were determined using the Comparative threshold method. Data

presented are the mean value of triplicate reactions, with standard deviations shown.

Expression at 0 DPA of the wild-type ovule was used tof normalise G|TTG transcript

levels in comparison to the internal control actin. Fold difference refers to change in
GhTTG transcript levels compared to actin levels, relative to the normaliser (0 DPA WT
sample). Calculations were performed as described in the booklet "Guide to Performing

Quantitation of Gene Expression using Real-time Quantitative pCR" (Applied

Biosystems).

GhTTGI:

GhTTG3:

O V/T 23.64 + 0.03 18.90 + 0.28 4.74 t 0.28 0.00 + 0.28 1

0Ít 23.53 + 0.03 19.00 + 0.19 4.53 + 0.19 -0.21 + 0.19 1.15

3WT 22.20 + 0.18 18.02 + 0.36 4.18 + 0.40 -0.56 + 0.40 r.47

3ft 22.20 + 0.08 18.21+ 0.05 3.99 + 0.09 -0.75 + 0.09 1.68

Ilrj ;lr li ,"rr;i, .i,l,., 1; r' , r , ' .i,,i , ,i

O V/T 24.44 + 0.06 18.90 + 0.28 5.54 + 0.29 0.00 + 0.29 I
0ft 25.08 + 0.10 19.00 + 0.19 6.08 + 0.19 0.54 + 0.19 0.74

3WT 23.54 + 0.08 18.02 + 0.36 5.52 + 0.37 -0.02 + 0.40 I 10

3fl 23.71 + 0.09 18.21+ 0.05 5.50 + 0.10 -0.04 + 0.09 1.03
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Appendix 3: cr-galactosidase assa],

The cr-galactosidase quantitative assay was performed as described in the BD Biosciences

Yeast Protocols Handbook, with results shown in the table below. Each of the three clonf L 6s

isolated in the yeast two-hybrid library screen were co-transformed with GhTTG3 and tn" , ,r,
empty vector. Interaction strength was compared co-transformation with the empty I

pGBKTT vector, and the kit-supplied positive (P53 and SV40) ?nd negative (T-

antigerVlam) controls. Briefly, triplicate overnight cultures grown from colonies

containing two plasmids (Columnl in table below) were measured for optical density at

600nm. After performing the required steps for the 1 ml u-galactosidase assay (using

1.5m1 cuvettes) OD+ro was measured. These values were used in the equation below, and

the mean of the triplicate reactions was recorded (final column in table below).

Raw data for quantification of o-galactosidase units for each interaction tested, using the
equation:

cr-galactosidase units : OD+ro " Vrx 1000 / (e x b) x t x Vi x ODaoo

Where Vr - Final volume of assay : 992 ptl

Vi : Volume of culture medium supernatant added : 8 pl

t: elapsed time of incubation: 60 minutes

e : p-nitrophenol molar absorbtivity al410nm: 16.9 (ml/pLmol)

b: light path: 1 cm

')

0.208 31.24 +3.120.852 0.217 0.884 0.232 0.834

14.50 + 3.220.092 0.802 0.1 03 0.795 0.0850.763

27 .26 + 1.560.204 0.855 0.1 98 0.823 0.t820.944

8,58 + 1.340.055 0.676 0.044 0.722 0.0510.734

I.4l + 1.020.010 0.723 0.008 0.5 88 0.0050.656

0.008 0.666 0.007 0.676 0.007 1.31+ 0.580.702

0.072 0.851 0.014 0.821 0.015 2.12 + 0.850.688

0.634 0.009 0.781 0.005 L27 + 0.340.657 0.007
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Appendix 4: Sequence identification numbers

Data for the TTGI-like cotton sequences were deposited in the DDBJ/EMBL/GenBank
database with accession numbers 4F530907 (GhTTGl cDNA), 4F530908 (GhTTGl),
4F530909 (GhTTG2 cDNA), 4F530910 (GUTTG2),4F530911 (GîTTG3) and 4F530912
(GhTrG4).

TIGR Gene Indices Genbank Accession numbers of sequences listed in
Figure 3.5

Ricel:TC279520
Barley I : TCl33641
Maizel: 4Y115485
Aquilegial : TCl4746
Grapel:TC47485
Perillal: A8059642
Petunial:U94748
Tomatol: TC164085
Potato: TC125946
JMG1: 48232779
CMG1: A8232771
Poplarl:TC22493
Apple: AF220203
Iceplant: TC5440
Arabidopsisl : TCl 85 1 39
Matthiolal: 4J586861
Medicagol: TC105711
Soybeanl: TC216015
JMG2: A8232180
CMG2: 48232778
Arabipdosi s2: U94746
Arabidopsis3:X94788
Aquilegia2: TC8356
Grape2:TC40216
Soybean2: TC2I60I3
Medicago2: TC97l13
Wheat: TC270954
Barley2: TC148204
Sorghum: TC93l64
Maize2:4Y339884
Rice2: TC66884
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