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ABSTRACT 

Cotton {Gossypium hirsutum L.) fibers are elongated epidermal cells of the 

ovule. In view of the commercial desirability for long fibers, the study of factors 

involved in controlling the extent of fiber growth is important. Five cDNAs, Gh-1, 

-2, -3, -4, and -5, that are preferentially expressed in cotton fiber were isolated by 

various cloning techniques: Gh-1 by the reverse transcriptase-polymerase chain 

reaction (RT-PCR) method, Gh-2 by the differential display of mRNA technique, 

Gh-3 by the combination of differential display of mRNA and arbitrarily-primed 

fingerprinting of RNA techniques, and Gh-4 and -5 by the rapid amplification of 

cDNA ends (RACE) technique. Expression of Gh-1, -2, and -3 was detected 

throughout the development of ovules, yet it peaked at around 8- to 10-days 

post-anthesis. Expression of G/7-2and -3 was also highly abundant in petals. 

Sequence analysis revealed that Gh-1 contains a tandemly repeated insert and 

shares homology with the previously reported cotton fiber cDNA, pCKE6. Gh-2 

had a sequence similar to Zea mays cDNAs which have the conserved N-

terminal region of Tat-binding protein, the frans-activator of HIV-1, suggesting a 

role of Gh-2 as a transcription factor. The deduced amino acid sequence of Gh-

3 revealed that it is a rather hydrophilic protein with a potential signal polypeptide 

at the N-terminus indicating that Gh-3 may be targeted to a certain organelle. 

The deduced amino acid sequence of Gh-4 showed that it may code for part of 

vacuolar H'̂ -ATPase subunit. Sequence analysis through the data base 

indicated that Gh-5 may encode glutathione S-transferase. Further 

characterization of these cDNAs was discussed. 
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CHAPTER I 

INTRODUCTION 

General Overview 

Gossypium SPP. 

An important natural fiber, cotton, is used for a variety of purposes. The 

utilization of cotton fibers dates back 7000 or 8000 years and fabrics woven from 

cotton are known from 900 to 200 BC (Macneish, 1964). Cotton production is 

based on the seed fibers of Gossypium species and the quality of fibers is 

determined in part by staple length. The staple length is the average length of 

the fibers on a seed and is determined by the product of the rate of elongation 

per day and the total period of elongation. Length is an inherited characteristic 

of cultivars that is classified into five groups: "short" staple Asian cottons of G. 

herbaceum (less than 21 mm); "medium" (21-25 mm), "medium long" (25-28 

mm) and "long" (28-35 mm) staple Upland cottons of G. hirsutum; "extra long" 

staple Egyptian and Sea Island cottons of G. barbadense (35 mm and 

longer)(Purseglove, 1968; Phillips,1976; Basra and Malik, 1984). However, 

almost ail of the wortd's cotton production consists of G. hirsutum cultivars 

(Phillips, 1976; Basra and Malik, 1984). The Gossypium genus contains 30 

diploid species (2n = 26) and four tetraploid species (2n = 52)(Purseglove, 1968; 

Phillips, 1976). The diploids are conventionally divided into six genome groups 

(A, B, C, D, E, and F) based on cytological affinities. The New World tetraploids 

are natural amphidiploids containing A and D genomes. The A genome is likely 

contributed by G. herbaceum from southern Africa and D genome by G. 

raimondii from Peru. 

Cotton fiber development 

Cotton fibers are differentiated single epidermal cells of the outer 

integument of the ovule (for reviews, see Basra and Malik, 1984; DeLanghe, 

1986). In botanical terms, the fiber is a hair or a trichome. The seeds of the 
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cultivated cotton bear relatively long hairs of commercial importance called lint 

along with much shorter hairs called fuzz. Cotton fiber development is divided 

into four phases: initiation, elongation (primary cell wall synthesis), secondary 

thickening (secondary cell wall synthesis), and maturation (Naithani et aL, 1982). 

Since this study focuses primarily on the events that occur at early stages of fiber 

development, the following discussion will concentrate on the initiation and 

elongation phases of fiber development. 

All epidermal cells in the ovule except the stomatal guard cells and cells 

comprising the micropyle are potentially able to become fibers; however, about 

one-fourth of the epidermal cells will develop into fibers. There is not an ordered 

pattern in the occurrence of fiber initials (Stewart, 1975). How some of the 

epidermal cells are determined to differentiate into fiber initials remains to be 

solved. Yet, the cells that are committed to be fiber initials must express certain 

genes which are not expressed in other surrounding epidermal cells. Plant 

hormone(s) such as gibberellin and/or auxin were suggested to stimulate ovule 

growth, hence the differentiation of fiber initials (Dhindsa, 1978a). Therefore, 

plant hormone(s) could be a signal for fiber initiation: one factor that may trigger 

fiber development. If this is so, these committed cells could have hormonal 

receptors and the binding of the hormone(s) to the receptors could thgger 

subsequent differentiation events. 

Fiber initiation starts one day before anthesis appeahng as swellings above 

the epidermal surface and continues until one- or two-DPA. When studied with 

electron microscopy, fiber initials show more electron-dense materials in the 

cytoplasm than other epidermal cells due to the release of phenolic compounds 

from the vacuole (Ramsey and Bertin, 1976b). 

After initiation, the fiber Initials enter the elongation phase. The nucleus 

migrates toward the fiber tip and the central vacuole enlarges and moves to the 

middle-region of the cell. Before this process begins, it is likely that the fiber 

initials sense polarity and certain signals that could trigger the migration events 

are expressed. Fiber initials that initiate elongation on the day of anthesis are 



destined to become lint, whereas fiber initio s that initiate elongation in 

subsequent waves through about the fourth to twelfth day after anthesis develop 

into fuzz (Beasley, 1977). Although growth may be more rapid at the tip, 

elongation occurs throughout the length of the fiber (Willison and Brown, 1977). 

Fiber elongation is a complicated process: for a fiber cell to elongate (or 

enlarge), the rigid cell wall must be loosened; the outward pressure from inside 

the cell (turgor) must be generated; new cell wall materials must be synthesized 

and transported to the expanding cell wall; generation of energy (ATP) and cell 

integrity must be maintained. These cellular processes are discussed in detail in 

the following sections. The cell wall of elongating fiber cells is mainly the primary 

wall that contains cellulose (35-50%), hemicelluloses, proteins (such as extensin) 

and a relatively large amount of pectins (Meinert and Delmar, 1977; Nevell and 

Zeronian, 1985; Timpa et ai., 1993). The percentage of pectins and proteins 

decreases with fiber age. Although the ratio of the components may differ, a 

model of the pea primary wall presented by Talbott and Ray (1992a) may be 

applied to the cotton fiber primary wall as well. Cellulose, one of the major 

components of the primary wall, consists of linear molecules of p-(1,4)-D-

glucans; however, the cellulose of the primary wall is relatively heterogeneous 

and possesses a low degree of polymerization (Blaschek et a!., 1982). Linear 

cellulose molecules associate laterally and form microfibrils. Deposition of 

microfibrils occurs randomly at first (for reviews, see Ryser, 1985; Seagull, 

1993). Since randomly organized microfibrils do not provide sufficient 

reinforcement strength for the wall to resist lateral expansion, the fiber initials 

appear swollen. Once elongation starts, however, deposition of microfibrils 

becomes ordered. The outer layers of microfibrils are oriented in a shallow 

pitched helical pattern and only the innermost layer of microfibrils exhibits the 

transverse orientation that they have at deposition. Thus, by 10-DPA the 

outermost layer of microfibrils parallels to the axis of fiber elongation. 

In advance of cessation of elongation, deposition of secondary wall 

cellulose begins. Secondary wall cellulose is deposited on the inner surface of 



the existing primary wall. In contrast to the cellulose of the primary wall, the 

cellulose of the secondary wall is homogeneous and possesses a high degree of 

polymerization (Marx-Figini, 1982). Because of slow elongation, transversely 

oriented microfibrils in the innermost layer build up and exhibit an increase in 

birefringence typical of secondary walls. 

Concomitant with the time of fiber maturity, the ovary wall splits and opens 

along locular suture lines. Following loss of water and collapse of fiber cells, the 

lumen contents dry into a residue. In mature fibers, about 94% of the dry matter 

is attributed to cellulose (Basra and Malik, 1984; Timpa and Triplett, 1993). 

Although the elongation phase and the secondary thickening phase overlap 

considerably, their peaks occur at different developmental stages (Meinert and 

Delmer, 1977; Beasley, 1979; Naithani eta!., 1982). Therefore, it may be 

possible to alter either elongation or secondary thickening of the fibers through 

genetic manipulation without appreciably changing the other (Kohel et ai., 1974). 

Thus, fiber elongation and secondary wall deposition may not necessarily be 

controlled by the same genetic factors. Although the cause and effect 

relationships in cotton fiber development are not established, it is possible that 

onset of secondary thickening controls fiber length (Beasley, 1979). 

Metabolic changes during fiber 
elongation and thickening 

Cotton fiber grows in the dark interior of the boll protected against the 

environmental perturbations. It is presumed that cotton boll growth results 

partially in the production of elevated levels of CO2 inside the boll (for a review, 

see Basra and Malik, 1984). This results the "external CO2 pool." An "internal 

CO2 pool" may be created via respiration which generates CO2 by the 

metabolism of carbohydrates. These elevated CO2 concentrations are thought 

to increase the rates of CO2 fixation which is primarily catalyzed by 

phosphoenolpyruvate carboxylase (PEPC, E.C. 4.1.1.31). Therefore, it is 



probable that developing cotton fibers assimilate CO2 efficiently by recycling the 

intercellularly generated CO2 (Basra and Malik, 1984). 

Cotton fiber cells receive the m.ost nutrients rrom the outer layer of the seed 

coat, which is several cells thick and supplied with vascular tissue (Basra and 

Malik, 1984). Therefore, it is likely that non-photosynthetic fiber cells receive the 

bulk of their organic carbon as sucrose, which is transported through the 

vascular system (Basra and Malik, 1984). Sucrose utilization is initiated by two 

enzymes: (1) hydrolytic cleavage to glucose and fructose by the action of 

invertase, and/or (2) cleavage by sucrose synthase to produce fructose and 

sugar nucleotide intermediates, primarily UDP-glucose. Beaseley et al. (1974b) 

reported that during primary wall synthesis, the activities of acid invertase and 

sucrose synthase are high and accumulation of glucose and fructose is detected. 

The high activities of these enzymes may ensure a large net demand of hexoses 

for fiber elongation. Thus, it is likely that the rate of sucrose import and growth of 

fibers may be controlled by an interplay of invertase and sucrose synthase which 

ensure that the rate of import is precisely matched with the rate of its metabolic 

utilization (Basra and Malik, 1984). 

In elongating cotton fibers, glycolysis and the pentose phosphate pathway 

are metabolically important processes. The increased channeling of metabolized 

glucose into these two pathways during the period of active fiber growth reflects 

a high requirement for energy and reducing power which must be produced to 

attain great magnitude of cell extension (Basra and Malik, 1984). In this respect, 

the pentose phosphate pathway is thought to be important in non-photosynthetic 

cells to provide the NADPH, normally produced in the chloroplasts in 

photosynthetic cells. It has been proposed that the rate of fiber elongation may 

be decided by the amount of ATP available (Basra and Malik, 1982). One of the 

most important cellular "sinks" for ATP is the regulation of ionic fluxes for 

osmoregulation and biochemical reactions (Hanson and Trewavas, 1982). 

Furthermore, the availability of ATP is critical for maintenance of cell integrity, 

regulation of cell turgor, phosphorylation of metabolic substances, and 



biosynthesis (e.g., the synthesis of RNA. proteins, membrane lipids, and sugar 

nucleotides)(Basra and Malik, 1984). All these cellular processes can influence 

the rate of fiber growth in man/ ways. 

One use of ATP is phosphorylation of hexoses. Hexokinase 

phosphorylates glucose and fructose and phosphorylated hexoses are tunneled 

into several metabolic pathways (Turner and Tumer, 1980). Therefore, 

hexokinases may play a key role in the metabolism of rapidly developing non-

photosynthetic fiber cells which have large requirements for precursors of cell 

wall polysaccharides (Feingold and Avigad, 1980). 

UDP-glucose, whose synthesis is catalyzed by sucrose synthase and UDP-

glucose pyrophosphorylase, and GDP-glucose are the precursors for the 

synthesis of cellulose in developing fibers (Carpita and Delmer, 1981). It was 

shown that incorporation of GDP-glucose into cellulose is high during tne period 

of rapid elongation, and it gradually declines during the period of secondary wall 

thickening (Delmer et a!., 1974). On the other hand, the extent of incorporation 

of UDP-glucose into cellulose increased with aging of the fibers and was found to 

be high in the fibers from 20- to 30-DPA (Franz and Meier, 1969). The content 

of UDP-glucose was also highest at the time of maximum rate of cellulose 

deposition (Carpita and Delmer, 1981). These results indicated that GDP-

glucose may serve primarily as a precursor for primary wall cellulose and UDP-

glucose serves as a precursor for secondary wall cellulose. However, the 

question whether two different enzyme systems are involved in cellulose 

biosynthesis of primary and secondary walls is still open. 

In growing fiber cells, prominent accumulation of minerals such as nitrogen, 

phosphate, and potassium and organic acids such as malate and citrate is 

observed (Basra and Malik, 1983b and 1984). Two of these compounds, 

potassium and malate, are important osmotically active substances which 

accumulate and generate turgor pressure in the vacuoles of expanding fiber 

cells. Several studies indicated that activities of the enzymes that are involved in 

malate metabolism, i.e., PEPC, glutamate-oxalacetate-transaminase (GOT, E.C. 



2.6.1.1), NAD"'-malate dehydrogenase (MDH, E.C. 1.1.1.37), and NADP'-malate 

enzyme (ME, E.C. 1.1.1.40) are high in growing fibers (Dhindsa, 1978b; Basra 

and Malik, 1983b). Especially in rapidly elongating fibers, reduction of 

oxalacetate to malate Is the main route of the metabolism of fixed carbon (Basra 

and Malik, 1983b). This was evident from the elevated levels of MDH compared 

with that of GOT, low and unchanged activity of ME, and quantitative importance 

of malate during the period of rapid fiber expansion (Basra and Malik, 1983b). In 

addition, oxalacetate and malate produced by CO2 dark fixation could be 

consumed as respiration substrates for energy-yielding metabolism in fibers. 

Thus, malate has a dual role as an osmolytes and a carbon-energy source. 

Apart from the compounds discussed previously, the lipid content in young 

fibers is also relatively high (Basra and Malik, 1983a). Apparently, the lipids 

synthesized during fiber growth are used for the synthesis of the plasma 

membrane and organellar membranes and for the maintenance of their 

biochemical integrity. In this regard, some of the lipids are used for the synthesis 

and enlargement of the tonoplast and are thereby necessary for the generation 

of turgor pressure (Basra and Malik, 1983a). Forsee et al. (1976) reported that 

steryl glucosides and their acylated derivatives are found in cotton fiber 

membranes. The acyl transferase is involved in the transfer of acyl group from 

phosphatidylethanolamine to the steryl glucoside (Eibein, 1980). The function of 

the steryl glucoside and acylated steryl glucoside is not known, yet they may play 

a role in membrane permeability and/or they may have a hormonal action 

(Eibein, 1980). 

With the cessation of elongation and commencement of secondary cell wall 

synthesis, sucrose content increases due to low activities of invertase and 

sucrose synthase until fiber maturation (Jaquet eta!., 1982). Correspondingly, 

activities of the enzymes that participate in glycolysis, the pentose phosphate 

pathway, and malate metabolism decrease (Dhindsa, 1978b; Basra and Malik, 

1983b). It has been shown that when the activity of the pentose phosphate 

pathway decreases during the later stages of fiber growth, malate accumulated 



via CO2 dark fixation is caiabolized to supply NADPH via decarboxylation by ME 

(Basra and Malik, 1983b). Thus, malate serves as an energy source during fiber 

thickening. At later stages of fiber development, a large proportion of the carbon 

budget is expended for the synthesis of the secondary cell wall. Mutsaers (1976) 

reported that over 60% of the translocated sugars accumulate as cell wall 

polymers, and Carpita and Delmer (1981) observed that a high proportion of the 

metabolized glucose is used for the synthesis and deposition of cellulose and 

p,1-3-glucan in the cell wall. 

Ceil wall metabolism 

In cotton fibers, the endoplasmic reticulum (ER), Golgi complex, and 

plasma membrane form a functional integrated membrane system for the 

synthesis and transport of cell wall components (Ramsey and Berlin, 1976a and 

b). As with other proteins, the polypeptides of cell wall proteins are synthesized 

on the rough ER and released into the lumen of the ER for further modification 

(for a review, see Basra and Malik, 1984). The polymerization of the 

hemicellulosic and pectic polysaccharides from sugar nucleotides and the 

glycosylation of the structural proteins of the cell wall occur in the dictyosomes, 

and then the products are delivered to the plasma membrane via vesicles arising 

from dictyosome cisternae; the vesicles fuse with the plasma membrane and 

release their contents to the existing cell wall. In addition, coated vesicles, which 

are often concentrated in the vicinity of the dictyosomes and in the cortical 

cytoplasm just beneath the plasma membrane, occur in developing fibers during 

the primary and secondary wall synthesis. These uncoated and coated vesicles 

are thought to deliver newly formed "polysaccharide synthetases" to the plasma 

membrane. 

Prominent evidence suggests that the synthesis of cellulosic microfibrils 

occurs at the surface of the plasma membrane, probably in an association with 

multienzyme complexes on the plasma membrane (Wilson and Brown, 1977). 

However, the biochemical isolation of cellulose synthesizing enzymes has not 

8 



been accomplished. On tns outer surrace of the plasma membrane of 

parenchyma cells from Vicia faba and algae (Valonia), partly embedded, square-

packed spherical granules were identified and fibers with the known dimensions 

of microfibrils emanated from some of these granules (Goodwin and Mercer, 

1983). It Is generally believed that these granules are aggregates of the enzyme 

"cellulose synthase" which catalyzes the transfer of a glucose residue from UDP-

glucose or GDP-glucose to a nonreducing end of the microfibrill. Since the 

granules are likely to change position laterally on the plasma membrane and the 

microfibrils themselves could change position in the wall, it is clear that several 

different granules are likely to have been involved in the lengthening of a given 

microfibril (Goodwin and Mercer, 1983). Thus, the granules on the plasma 

membrane appear to catalyze the elongation of microfibrils and impose an initial 

directionality upon them. However, the directionality of microfibrils is modified in 

the growing cells by the stresses imposed by wall extension. 

Several studies have indicated that the innermost microfibril layer and 

cortical microtubules (made up of tubulins) coalign, and coaligned microtubules 

undergo a coordinated change in their orientation from transverse to helical with 

the microfibrils, suggesting that microtubules may be involved in directing the 

path of cellulose synthetic complexes (Seagull, 1993). Kloth (1989) reported that 

when the amount of a- and p-tubulin subunits is measured, it increases 

approximately three-fold from 10- to 20-DPA, and the rapid rise in tubulin is 

correlated with the elongation of the fiber and an increase in cellulose synthesis. 

Furthermore, microfilaments (made up of actins) appeared to be indirectly 

involved in the deposition of cellulose microfibrils by controlling changes in 

microtubules patterns (Seagull, 1993). A flexible framework, made up of the 

different kinds of microfilaments and microtubules, are called the cytoskeleton. 

Seagull (1993) suggested that the cytoskeleton has a major role in directing the 

deposition and organization of cellulose microfibrils in developing cotton fibers. 

Yet, the precise mechanism, how the cytoskeleton associates with cellulose 



microfibrils, remained uncsear. Overall, the regulation of cell wall synthesis is 

poorly understood. 

Cell wall-loosening 

For fiber elongation to occur, the cell wall, where layers of cellulose 

microfibrils are believed to be cross-linked by xyloglucan (one component of the 

primary wall), must be loosened (Hayashi etal., 1984). Xyloglucan is a structural 

polysaccharide and can bind to cellulose microfibrils through hydrogen-bonds 

(Hayashi, 1989; Fry, 1989a). It is believed that cross-linking of cellulose 

microfibrils provides rigidity to the cell wall framework. Thus, the enzymatic 

cleavage of xyloglucan could control the ability of microfibrils to separate 

(loosen) and the whole cell to expand during growth (Hayashi et a!.. 1984). The 

enzyme responsible for this cleavage is endo-p-(1,4)-D-glucanase (EC 3.2.1.4) 

and xyloglucan endotransglycosylase (EC 2.4.1.-)(Hayashi et al., 1984; Fry, 

1989b; McDougal and Fry, 1990; Fry etal., 1992). Endo-p-(1,4)-D-glucanase 

hydrolyses the p-(1,4)-D-glucan backbone of xyloglucan (Hayashi et al., 1984; 

Fry, 1989b; McDougal and Fry, 1990); xyloglucan endotransglycosylase cleaves 

a xyloglucan chain and transfers it to a different (acceptor) chain (Fry et al., 

1992), resulting in an increase in the molecular mass of xyloglucan chains 

(Talbott and Ray, 1992b). Such cleavage could also loosen the cell wall and the 

following repair step could bring the rigidity back to the loosened wall. 

From the study of kiwi fruit (Actinidia deliciosa) ripening, Redgwell and Fry 

(1993) reported that the activity of xyloglucan endotransglycosylase increases 

following fruit softening, and suggested that xyloglucan endotransglycosylase 

may have a key role early in fruit ripening, loosening the cell wall in preparation 

for further modification by other enzymes. The high activity of xyloglucan 

endotransglycosylase, however, did not induce wall extension in cucumber 

(Cucumis sativum) hypocotyls (McQueen-Mason etal., 1993), nor did the high 

amount of a xyloglucan nonasaccharide, an oligosaccharide previously shown to 

accelerate growth in pea stems and induce wall extension in cucumber 
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hypocotyls (Fry etal., 1992). Thus, xyloglucan endotransglycosylase activity 

alone was not sufficient for extension of cell walls in isolated cucumber 

hypocotyls. However, these results must be interpreted with caution because 

the autolysis {in vitro cell wall degradation) assay is very sensitive and accuracy 

depends on the entactness of isolated tissues (Hohl etal., 1991). Furthermore, 

the studies of polygalacturonase (Osteryoung etal., 1990) and pectin 

methylesterase (Tieman et al., 1992) suggested that cell wall-loosening and fruit 

ripening are mediated by different biochemical mechanisms. 

In cotton fiber, high activities of endo-p-(1,4)-D-glucanase increased 

turnover and deposition of xyloglucans in the fiber elongation phase (Hayashi 

and Delmer, 1988). Further, the level of xyloglucan synthase increased up to 16-

DPA and decreased rapidly at the onset of secondary wall synthesis (Timpa et 

al., 1993). Probably, high activities of these enzymes contribute to cell wall-

loosening in cotton fiber cells. 

McQueen-Mason etal. (1992) and Li etal. (1993) identified a family of wall 

proteins, called "expansins," that promote the extension of isolated plant cell 

walls. Using pure cellulose paper, it was reported that expansins can disrupt 

hydrogen bonding between cellulose fibers without detectable endo-p-(1,4)-D-

glucanase activity (McQueen-Mason and Cosgrove, 1994). However, the 

function of expansins in intact plants is not clear. 

Vacuolar H"'-ATPase activity in fiber 

In plants, vacuoles serve as storage compartments and regulate 

cytoplasmic pH and ion levels, thus maintaining cytoplasmic homeostasis and 

cell turgor (Boiler and Wiemken, 1986). In cotton fibers, elongation is driven by 

turgor pressure generated by the influx and accumulation of potassium and 

malate in the enlarging central vacuole of developing fiber cells (McCall and 

Guthrie, 1945; Basra and Malik, 1983b; Leffler, 1986). Transport of potassium 

and malate into the vacuole, diffusion of water into the vacuole, and generation 

of turgor pressure are also reported in other plant systems (Arata et al., 1992; 
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Pantoja etal., 1992; Ryan and Walker, 1993; Salt and Wagner, 1993; Wang et 

al., 1992). Dhindsa etal. (1975) and Basra and Malik (1983) reported that cotton 

ovules grown in vitro require at least 0.5 mM K̂  in the culture medium to produce 

fibers and the highest concentration of potassium and malate in the fiber is 

obser/ed when fiber growth is also the highest. A similar observation was 

reported by Joshi et al. (1988). Accumulation of osmotically active potassium 

and malate in the vacuoles of elongating fibers was correlated with the high 

activity of H^-ATPase (EC 3.6.1.3) in the vacuoles (Joshi etal., 1938). Vacuolar 

H"'-ATPase (V-ATPase) activity was specifically detected in fiber initials but no 

activity was detected in non-fiber epidermal cells nor fiber cells of lintless 

mutants (Joshi et al., 1988). There was an indication that small vacuoles fuse 

with the large central vacuole and contribute additional membrane compounds 

along with their enzyme activity to the tonoplast of expanding fibers. Moreover, 

ATPase activity was detected in the ER-derived vesicles and the ordered 

deposition of these vesicles to the tonoplast indicated that V-ATPase may 

originate in the ER. 

The V-ATPase in higher plants utilizes the energy of ATP hydrolysis to 

pump protons into the vacuole and provides the proton motive force which then 

drives secondary active transport of various ions and metabolites into the 

vacuole (Rea and Sanders, 1987; Forgac, 1989). When the expression of a V-

ATPase A subunit was inhibited by anti-sense mRNA in transgenic carrot plants, 

these plants exhibited altered leaf morphology resulting from reduced cell 

expansion (Gogarten et al., 1992). This indicated the importance of 

electrogenic pumps for cell growth. In addition to H"'-ATPase, H -̂

pyrophosphatase (EC 3.6.1.1), the secondary electrogenic pump, has been 

identified in plant tonoplasts (Hedrich etal., 1989). The vacuolar H -̂

pyrophosphatase (V-PPase) is thought to serve as a backup system if the V-

ATPase were impaired (Rea and Sanders, 1987), yet it is abundant and 

ubiquitous in the plant tonoplast and contributes substantially to the 
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establishment of the H''-electrochemlcal potential difference (Rea and Poole. 

1993). 

When the substrate-binding subunit of the V-PPase from Arabidopsis 

thaliana was expressed in the yeast Saccharomyces cerevisiae, the enzyme was 

correctly localized in the tonoplast and inorganic pyrophosphate-dependent H^ 

translocation was observed (Kim etal., 1994). This heterologous expression 

indicated sufficiency of the substrate-binding subunit for proton transport in the 

vacuole. 

Wilkins (1993) isolated a V-ATPase A subunit cDNA using a carrot V-

ATPase 69-kD cDNA as a hybridization probe and Wan and Wilkins (1994) 

isolated V-ATPase B subunit cDNAs using an Arabidopsis V-ATPase 57-kD 

cDNA as a hybridization probe. The corresponding mRNAs for the cDNAs were 

abundant in developing cotton ovules. Messenger RNAs for the V-ATPase B 

subunits were also detected in petals. In two non-allelic mutants, Lii and Li2, 

where cell elongation is arrested soon after anthesis, the elevated expression of 

the V-ATPase subunits that normally occurs in rapidly elongating fibers was 

suppressed (Wilkins and Tlwari, 1994). Thus, in elongating cotton fibers, it is 

likely that the high activities of V-ATPase and V-PPase provide the driving force 

for active transport of osmotic compounds (such as potassium and malate) in the 

vacuoles, thereby generating and maintaining the turgor pressure required for 

fiber expansion. 

Tonoplast inthnsic protein (TIP) 

For turgor pressure to be generated in the vacuole, water must influx into 

the vacuole. In general, it is believed that water passively diffuses in and out of 

the cells in the plasma membrane in plants. Recently, however, the water 

channel protein, tonoplast intrinsic protein (TIP), was reported to be involved in 

selective water-uptake in plant vacuoles (Johnson et al., 1990). TIP occurs in 

different isoforms with specific patterns of expression (Hofte et al., 1992). It is 
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related to a large family of the major intnnsic protein (MIP) that was first reported 

in bovine lens fibers (Gorin etal., 1984). 

One of the MIP family, the CHIP28 or aquaporin-1 protein is an abundant 

integral membrane protein in mammalian red blood cells and kidney proximal 

tubules, and believed to be a functional unit of membrane water channel 

(Preston and Agre, 1991; Preston etal., 1992; van Hoek and Verkman, 1992). 

The WCH-CD or aquaporin-2 protein is located in the apical membrane of the 

kidney collecting tubule and also a functional unit of membrane water channel 

(Fushimi etal., 1993; Deen etal., 1994). Preston etal. (1992) and Fushimi etal. 

(1993) reported that Xenopus oocytes microinjected with in wYro-transcribed 

CHIP28 or WCH-CD markedly increase osmotic water permeability, indicating 

that CHIP28 or WCH-CD is correctly localized in the plasma membrane of the 

oocytes and selectively permeated water inside the oocytes. 

In plant systems, the Nodulin26 protein isolated from the peribacteroid 

membrane of nitrogen-fixing Rhizobia was first to be recognized as one of the 

MIP family (Fortin et al., 1987). Nodulin 26 shares sequence homology with the 

MIP proteins (Sandal and Marcker, 1988), and the function of Nodulin 26 was 

suggested to be a malate-transport channel (Ouyang et al., 1991). The 

possibility that TIPs function as membrane transporters is supported by the 

expression of different homologs observed duhng embryo development 

(Johnson etal., 1990), cell elongation (Ludevid etal., 1992), in Rhizobium {ForWn 

et al., 1987), and as a response to water stress (Guerrero et al., 1990; 

Yamaguchi-Shinozaki etal., 1992). 

Maurel etal. (1993) isolated 7-TIP which is present in the entire body of 

Arabidopsis thaliana and characterized its function by expressing the protein in 

Xenopus oocytes. Just like CHIP28 and WCH-CD proteins, 7-TIP increased the 

osmotic water permeability of the oocytes several fold, whereas 7-TIP did not 

induce electrogenic ion transport. Thus, 7-TIP selectively affects water 

permeability and does not influence the electrogenic ion pump. Therefore, it was 
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concluded that the plant protein 7-TIP likely functions as a water specific channel 

(water permease) in the tonoplast. 

Using 7-r/P promoter-p-glucuronidase (GUS) fusion and in situ hybridization 

techniques, Ludevid et al. (1992) reported that 7-r/P gene expression was high 

in recently formed tissues of young roots, in the vascular bundles of stems and 

petioles, in the stipules, and in the receptacle of the flower. No GUS activity was 

detected in mature roots, shoot meristems, or other mature tissues. Thus, 

expression of the 7-r/P gene seemed to be temporally associated with cell 

elongation and/or differentiation. Furthermore, the results indicated that the 7-

r/P gene may be expressed primarily at the time when the large central vacuoles 

are being formed during cell enlargement. These findings were consistent with 

the results of Maeshima (1990), who reported that abundance of a 25-kD 

tonoplast protein of soybean (Glycine max) was high in the zone of elongation 

below the hypocotyl hook and low in the hypocotyl hook. Meristematic cells of 

the plants were characterized by numerous small vacuoles (Maeshima, 1990), 

and the results of Ludevid et al. (1992) implied that 7-TIP is absent or present in 

low amounts in these small vacuoles, then synthesis begins as the cells expand. 

It also appeared that most components of the tonoplast may be synthesized de 

novo and added to the existing membrane during cell elongation. Moreover, it 

was proposed that the V-PPase may actively hydrolyze its substrate to maintain 

the internal activity of expanding vacuoles in the dividing and elongating regions. 

Since the large central vacuole of elongating cotton fibers stores ions, 

metabolites, and water, it is natural to assume that the tonoplast possesses 7-

TlP-like proteins as well as electrogenic V-ATPase and V-PPase, and 

expression of these proteins are remarkably high during the elongation phase. 

As a result, the synthesis of other proteins involved in cell wall-loosening and -

elongation and deposition of cell wall materials may be increased. 
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Ribosome synthesis in fiber 

When differentiating fiber cells were observed under the electron 

microscopy, more prominent ribosomes and rough ER were detected than in 

adjacent epidermal cells (Ramsey and Berlin, 1976b). Thus, more ribosomes 

and proteins are apparently required in enlarging fiber cells than in non-enlarging 

other epidermal cells. Following anthesis, the nucleolus of cotton fiber cells 

enlarged and developed a large 'vacuole,' and It occupied much of the nucleus 

by 2-DPA (Ramsey and Bertin, 1976a). Nucleolar vacuolation during fiber 

growth indicated simultaneous output and neosynthesis of nucleolar material 

(DeLanghe et al., 1978). Prominent nucleoli were not observed in nuclei after 

10-DPA, indicating that ribosome synthesis necessary for fiber development 

occurs early in the elongation period and declines significantly during later stages 

of elongation and maturation (Ramsey and Bertin, 1976b). Therefore, the 

amount of nbosomes synthesized in very early stages of fiber elongation may be 

critical for protein synthesis necessary for fiber development and may 

subsequently determine the rate of elongation and thickness of the fiber 

(Ramsey and Berlin, 1976a and 1976b; DeLanghe etal., 1978). 

As stated previously, large amounts of cell wall-loosening enzymes and V-

ATPase may be required for growth dunng the fiber elongation phase. Elevated 

activities of PEPC, GOT, and MDH were also reported in the fiber elongation 

phase and their activities fell aftenA/ard (Basra and Malik, 1983b). These 

enzymes may be synthesized on the rough ERs and Golgi complexes and used 

for the cellular metabolism in elongating cotton fibers. 

Auxin involvement in fiber development 

Auxin promotes the growth of plant cells by loosening epidermal cell walls 

and making them more sensitive to turgor-driven extension (Fry, 1989b). Hager 

et al. (1991), reported that auxin enhances membrane flow from the ER to the 

plasma membrane, and increases the amount of antibody-detectable H'̂ -ATPase 

in the plasma membrane, it was suggested that auxin activates a cluster of 
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genes responsible for the induction and acceleration of exocytotic processes, 

including the synthesis of plasma-membrane H^-ATPase and H^-extrusion into 

the apoplast as a precondition for wall enlargement ("acid growth"), and the 

synthesis of certain proteins and wall precursors necessary for wall metabolism. 

Although the sensitivity and reliability of the bioassay method are 

controversial, and some studies failed to correlate levels of plant hormones with 

tne developmental event supposedly being regulated (Trewavas, 1982; Nayyar 

et al., 1989), considerable evidence has indicated that plant hormones play a 

decisive role in fiber development (for a review, see Kosmidou-Dimitropoulou, 

1986). In general, auxin and gibberellin seem to regulate cotton ovule 

development: ovule growth, thus fiber initiation, appears to be predominantly 

determined by gibberellin, while fiber growth appears to be largely dependent on 

the availability of auxin (Dhindsa, 1978a). It was also speculated that the 

differences between time of initiation for lint and fuzz and the differences in 

length of the two fiber types are due to sequential "perception" and relative 

amount of effective endogenous auxins and gibberellins (Beasley, 1977). 

Several studies showed that activities of oxidative enzymes, indole acetic 

acid (lAA) oxidase, peroxidase, and o-diphenol oxidase are low in pre-anthesis 

ovules and increase until 5 days after anthesis (Rama Rao et al., 1982a, Basra 

and Malik, 1984). When differentiating fiber cells were examined by the electron 

microscopy, they were found to have an electro-dense cytoplasm due to the 

release of phenolic compounds from the vacuole and an increased number of 

ribosomes (Ramsey and Berlin, 1976a). Some of the phenolic compounds were 

believed to be o-diphenols that presumably inhibit lAA oxidase activity and allow 

an intracellular auxin level high enough to initiate fiber differentiation. In non-

differentiating epidermal cells, the phenolic compounds were retained in the 

vacuole and the number of nbosomes was lower than that of the differentiating 

fiber cells. In addition, auxin catabolism was low dunng the elongation phase but 

high in the secondary thickening phase (Rama Rao etal., 1982b; Jasdanwala et 

al., 1977). It has been shown that auxin induces endo-p-(1,4)-D-glucanase 
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activities and increases xyloglucan turnover (Hayashi, 1989; Hoson and Nevins, 

1989; Hoson and Masuda, 1991), which indicates that auxin may contribute to 

loosen and enlarge the cell wall in the elongation phase. Then, once the 

secondary thickening of cell walls begins, the amount of active auxin may 

decrease. Likewise, o-diphenol oxidase activity was low during the elongation 

phase but increased sharply dunng the secondary thickening phase (Naithani et 

al., 1981). Also, the wall-bound peroxidase activity remained low during the 

elongation phase and high during the secondary thickening phase (Rama Rao et 

al., 1982b). Peroxidase (E.C. 1.11.1.7) could catalyze cross-linking of phenolic 

side chains on wall polysaccharides and glycoproteins (Fry and Miller, 1989) and 

overnde or limit any loosening of the wall caused by cleavage of xyloglucan links. 

Therefore, wall-bound peroxidase may contribute to cessation of fiber growth 

providing rigidity to the cell wall. 

Collectively, the theory of auxin-stimulated growth of cell walls still prevails, 

yet a simple relationship between the molecular mass of xyloglucan and 

elongation rate has not been established (Talbott and Ray, 1992b), and the 

evidence that enzymatic or nonenzymatic p-glucan solubilization is involved in 

the mechanism of auxin-induced growth is not very convincing (Hohl et al., 

1991). Therefore, Talbott and Ray (1992a) proposed a possible mechanism of 

cell wall loosening. Noncovalent associations, such as among pectic 

polyuronides and hydroxyproline-nch glycoproteins (extensins), and between 

xyloglucan and cellulose, could pnncipally be responsible for the mechanical 

coherence of the growing wall, and breakage of covalent bonds within the wall 

structure may not necessanly be obligatory and should not simply be assumed to 

occur. 

Background Information of Fiber cDNAs 

In view of the commercial desirability of long fibers, the study of factors 

involved in controlling the extent of fiber growth is important (for a review, see 

Stewart, 1991). Cotton fiber cells, like any other cells, share large numbers of 
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active genes common to other cell types and the mRNA population did not 

change much during the pnmary and secondary cell wall synthesis (John and 

Crow, 1992; John and Stewart, 1992). Most of the genes expressed in fibers 

seemed to be active throughout the development of the fiber. Only a few active 

genes seem to be unique to the fiber. As suggested, cotton fiber elongation can 

be studied separately from secondary cell wall thickening. Therefore, isolation of 

genes that are predominantly expressed in the elongation phase may be 

possible. 

From comparison of in vitro translated-protein profiles using two-

dimensional electrophoresis, John and Stewart (1992) reported that some 

mRNAs are specifically abundant in fibers. In the follow-up study, John and 

Crow (1992) identified and characterized a cDNA and corresponding protein that 

is predominantly expressed in fibers. pCKE6, a cotton cDNA, that is 

preferentially expressed in fiber, was isolated through differential screening of a 

fiber cDNA library. The level of steady-state pCKE6 mRNA was high at 20-DPA 

and persisted beyond 24-DPA, indicating that the transcnpts of the E6 gene are 

abundant in the late elongation phase but present through the secondary 

thickening phase. The level of E6 protein peaked at 15-DPA and declined 

quickly resulting in the near absence of the E6 protein at 24-DPA, indicating that 

the amount of E6 protein starts reducing at the initiation of the secondary 

thickening phase. Thus, expression of the E6 gene was apparently not only 

regulated at the transcnptional level but also at the post-transcnptional level. 

John and Crow (1992) speculated that E6 protein degrades selectively along with 

the commencement of cellulose synthesis and deposition. The nucieotide-

derived amino acid sequence of pC/<E6 showed a highly hydrophobic N-terminal 

(presumably membrane-buried or a signal sequence) and a stretched hydrophilic 

tail (presumably exposed to the cytoplasm). Moreover, it contained several 

sequence motifs that are potential post-translational phosphorylation sites for 

casein kinase II, kinase C, and tyrosine kinase. However, the function of E6 

protein is not known. 
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Furthemiore, John and Crow (1992) isolated the 5' flanking fragment (2.5 

kb) of the E6 gene screening a cotton genomic library. The chimeric construct 

containing a carrot extensin reporter gene directed the expression of the 

extensin mRNA in a tissue-specific and developmentally regulated manner in 

transgenic cotton plants. 

Zhang and Wilkins (1994) isolated cotton myb-related cDNAs screening an 

ovule cDNA library using probes generated by PCR-amplification of DNA-binding 

domains from my/>related genes. The function of Myb-related proteins, 

however, was not discussed. Assessing from the previous discussion, it is very 

likely that cotton V-ATPase A and B subunits are highly expressed in elongating 

fibers as well (Wilkins, 1993; Wan and Wilkins, 1994). 

Purpose and Rationale 

Cotton fiber development is divided into four phases: initiation, elongation, 

secondary thickening, and maturation. We were Interested in isolating genes 

that are predominantly expressed in fiber elongation phase. Thus, the pnmary 

objective of this study was to isolate and characterize cDNAs that are 

preferentially expressed in the phase of cotton fiber elongation. The study of 

fiber-specific genes and their regulatory elements will be valuable to understand 

fiber differentiation and properties. 

Differential and subtractive hybridization techniques have been widely used 

to isolate a range of tissue-specific and developmentally regulated plant cDNAs. 

John and Crow (1992) isolated a cDNA, pCKE6, that is preferentially expressed 

in cotton fiber, through differential screening of a cotton cDNA library. This 

approach, however, is time consuming and requires a large amount of poly(A) 

RNA. For rare mRNAs whose synthesis is limited to certain tissues and their 

specific developmental stages, isolation of these rare mRNAs are technically 

difficult using traditional cloning methodology. To overcome these difficulties, 

Liang and Pardee (1992) developed a novel strategy for isolation of rare mRNAs, 

which is known as the differential display of mRNA method. This method is 
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based on the assumptions that every mRNA in a cell can be reverse transchbed 

and the derived cDNA can be amplified by polymerase chain reaction (PCR). 

When amplified cDNA fragments of mRNAs derived from two different tissues 

are displayed by size on a DNA sequencing gel, differentially displayed cDNA 

fragments can be isolated, re-amplified, and cloned. Since this technique is 

based on PCR, isolation and amplification of rare cDNAs can be relatively easily 

and quickly achieved. 

Welsh et al. (1992) developed another method to isolate differentially 

expressed mRNAs in certain tissues, which Is known as arbitrarily pnmed PCR 

fingerpnnting of RNA. The strategy used in this method is similar to that of 

mRNA differential display. Messenger RNAs from different tissues are reverse 

transcribed and derived cDNAs are amplified by PCR using a long arbitrary-

amplification primer. When amplified cDNA fragments are displayed in an 

agarose gel, differentially displayed cDNA fragments (or polymorphic cDNA 

fragments) can be isolated, re-amplified (if necessary), and cloned. In this 

method, designing of an arbitrary primer may be troublesome, yei once an 

appropriate PCR primer is developed, the following procedures are relatively 

easy. 

To extend 3' and 5' ends of a cDNA fragment, Frohman et al. (1988) 

developed a method known as rapid amplification of cDNA ends (RACE). In this 

method, a cDNA fragment can be extended toward either its 3' end or 5' end 

using an adapter primer and a primer derived from the cDNA fragment and 

amplifying with PCR, therefore, in theory, a full length cDNA can be isolated. 

Using these relatively new cloning techniques, isolation and partial 

characterization of cDNAs that are preferentially expressed in elongating cotton 

fibers were performed. These cDNAs can be used in the future to identify genes 

that are differentially expressed during cotton fiber development. In this study, 

PCR was extensively employed to amplify cotton fiber cDNAs. The use of PCR 

expedites progress compared with conventional cloning methods. However, the 

results of PCR must be interpreted with caution. Since PCR is an in vitro 
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amplification system, it tends to introduce more mutations than an in vivo 

amplification system; also If a contaminant such as genomic DNA is present, it 

can be amplified as if it were cDNA. Therefore, a negative control (without the 

template) should be included in each experiment when PCR is performed. 

Furthermore, the presence of mRNA for the cDNA of interest should be tested in 

RNA blot analysis. 

Cotton production is the major farm income in West Texas and the yield of 

the crop each year significantly influences the local economy. Desire for long 

fibers in the market is so high that the investigation of factors involved in fiber 

growth is very important. 

This study will find cDNAs that are specifically expressed in elongating 

cotton fibers. The information obtained from this study may be useful for further 

studies to understand the mechanisms of fiber growth and development. 

Furthermore, the information may be useful in genetic engineering for cotton 

fiber improvement in the future. 
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CHAPTER II 

MATERIALS AND METHODS 

Plant Materials 

Cotton plants {Gossypium hirsutum L. cv. SJ-1) were grown in the 

greenhouse. Flowers were tagged on the day of anthesis and bolls were 

collected at various stages of fiber development (0-, 2-, 4-, 6-, 8-, 10-, 12-, 15-, 

20-, 25-, 30-, 35-, and 40-DPA). Ovules were isolated, frozen in liquid nitrogen, 

and stored at -80°C until use for RNA isolation. Young leaves, roots, stems, and 

petals were also isolated and stored frozen until use. In addition, fibers that were 

removed from 8-DPA ovules as well as the ovules from which fibers were 

removed (stripped ovules) were used. 

In vitro cultured ovules were kindly provided by Dr. Wuzi Xie (Arizona State 

University, AZ). Ovules were isolated at anthesis and cultured in culture medium 

(Beasley and Ting, 1974) at 34°C for 21 days. 

Zinnia and spinach seedlings were grown under fluorescent lamps at room 

temperature. 

Total RNA Isolation 

Total RNA from cotton tissues was isolated using a modified method of 

Hughes and Galau (1988). The frozen materials were homogenized with a 

polytron at full speed for 1.5 min in homogenization buffer added at a ratio of 

1:10 to 1:40 (wt/vol). The homogenization buffer contained 300 mM lithium 

chloride, 200 mM Tris-HCI (pH 8.5), 10 mM EDTA, 1.5% lauryl sulfate (dodecyl 

lithium sulfate), 1% deoxycholic acid (sodium salt), and 1% Nonidet P-40. Just 

before use, 5 mM thiourea, 1 mM aurintricarboxylic acid, and 10 mM DTT were 

added to the buffer. The homogenate was layered over 1.5 ml pad of 5.7 M 

cesium chloride and centrifuged at 25,200x g for 18 hours at 20°C. After 

centrifugation, the RNA pellet was resuspended in TE buffer containing 5% 

phenol, extracted with phenol:chloroform:isoamyl alcohol (25:24:1; PCI) and 

23 



chloroform:isoamyl alcohol (24:1; CI), ana precipitated with 0.5 volume of 7.5 M 

sodium acetate and 2 volumes of ethanol. RNA blot analysis was performed as 

follows: total RNAs were size-fractionated by electrophoresis on denaturing 

formaldehyde/agarose (17%/1%) gels and blotted to nitrocellulose or nylon 

membranes in the presence of 20x SSPE. The membrane was pre-hybridized in 

a solution of 10% dextran sulfate, 50% formamide, 5x SET, and 0.1% SDS for 2 

hours and hybridized using the same buffer containing a-[^^P]dCTP (50 îCi) 

labeled cDNA fragments for 16 hours. To verify the quality of RNA, a cotton 

peroxidase cDNA (Ritter etal., 1993) obtained from Dr. Glenn Galau (University 

of Georgia) was labeled with ^̂ P using a random-primer DNA labeling kit (United 

States Biochemical Co., Cleveland, OH) and used as a hybridization probe. 

Zinnia seedlings were frozen in liquid nitrogen. The frozen tissue was 

powdered in a mortar and pestle, suspended in boiled homogenization buffer 

consisting of 0.2 M H3BO3, 30 mM EGTA, 1% SDS, and 5 mM DTT, and 

homogenized using a polytron. The homogenate was cooled to room 

temperature and protease K (0.2 mg/ml) and KCI (0.25 M) were added. Then, 

the homogenate was centrifuged at 12,000x g for 10 min and 0.3 volume of 8 M 

LiCI was added to the supernatant. RNA was precipitated at 4°C for 16 hours. 

The pellet was resuspended in 10 mM Tris (pH 7.4), extracted with PCI and CI, 

and precipitated with ethanol in the presence of ammonium acetate. 

Spinach total RNA was kindly provided by Dr. Barbaros Nalbantoglu 

(Ataturk Universitesi, Turkey). Total RNA was isolated by the method of 

Chomcynski and Sacchi (1987). 

Cloning and Characterization of Gh-1 

John and Crow (1992) isolated a fiber abundant cDNA, pCKE6. The 

fragment of pCKEG was cloned using the reverse transcriptase-polymerase 

chain reaction (RT-PCR) method. Single strand cDNA was synthesized from 

fiber total RNA using oligo(dT) primer and Moloney murine leukemia virus 

reverse transcriptase (MMuLV-RT). Reverse transcription reactions contained 2 
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îg of total RNA, 0.25 mM each dNTP, 5 ^lilOx buffer, 1 ̂ ig of oligo(dTi2. 

i8)(Promega Co., Madison, Wl), 2.6 units of RNAsin, and 500 units of MMuLV-

RT. Unless mentioned all enzymes and buffers were purchased from Promega 

Corporation. From the sequence of pCKEG cDNA, two amplification 

oligonucleotide primers: E6-1, 5'-GCACGAGACCTTCGTTCCCC-3', and E6-2, 

5'-CTGGTGGTACCTTCCCATG-3', were synthesized by the core facility of the 

Institute of Biotechnology, Texas Tech University (a list of PCR-amplification 

primers used in this project is shown in Table 1). Unless mentioned, all primers 

were synthesized by the core facility of Texas Tech university. With these two 

primers, polymerase chain reactions were performed in a volume of 50 pi in a 

Perkin-Elmer Cetus Thermal Cycler, using Taq polymerase. Amplifications by 

PCR were performed in a volume of 50 JJI containing 2 pi of reverse transcription 

reaction, 5 |jl of Tag 10x buffer, 2.5 mM MgCl2, 0.4 mM each dNTP, 1 pM of 

each primer, and 2.5 units Taq DNA polymerase. The conditions for PCR were 

94°C for 1 min, 55°C for 1 min, and 72°C for 2 min with 35 cycles. Amplified 

fragments were analyzed by 1% agarose gels staining with ethidium bromide, 

excised from the gels, and purified using a glass-powder kit (United States 

Biochemical). The following procedures were performed according to standard 

methods (Sambrook et al., 1989). The purified fragments were blunt-ended 

using Klenow fragment, phosphorylated using T4 polynucleotide kinase, and 

ligated into Sma I site of pUC19 plasmid using T4 DNA ligase. Escherichia coli 

DH5a cells were transformed with the chimeric plasmid, transformed cells were 

selected on ampicillin, and clones likely to contain inserts were identified by p-

galactosidase. RNA blot analysis was performed as previously stated using the 

cloned PCR fragments as a probe. To confirm the results of RNA blot analysis, 

RT-PCR was performed using total RNAs isolated from different cotton tissues. 

The E6-PCR fragment, named Gh-1, was sequenced using a Sequenase kit 

(United States Biochemical) and the sequence was compared with that of 

pCKES. Sequence similarity was analyzed using PC/Gene (IntelliGenetics, Inc., 

Mountain View, CA). 
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Table 1. List of amplification primers. 

Name 

E6-1 

E6-2 

Linker (long) 

(short) 

E6RP 

(dT)9GT 

2131-1 

2131-2 

2152-1 

2152-2 

(dT)i7-adapter 

Adapter 

5'-Primer of Gh-2 

Sequence 

5'-GCACGAGACCTTCGTTCCCC-3' 

5'-CTGGTGGTACCTTCCCATG-3' 

5'-AGCTAGAATTCGGTACCGTCGACC-3' 

5'-GGTCGACGGTACCGAATTCT-3' 

5'-GAAGAGTTCG-3' 

b'-l 1 1 1 1 1 1 1 IGI-3' 

5'-GAAGAAI 1GGAGCAGGTAGG-3' 

5'-GAAGAATTCGCATTATTGTC-3' 

5'-GAAGAATTCGCCAAACCAC-3' 

5'-GAAGAA 1 1CGGAGTGGGCAGGC-3' 

b'-GAC 1 UGAG 1 CGAUA 1GGA1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 -3' 

5'-GACTCGAGTCGACATCG-3' 

5'-TGAGAGCTGCGAAGAAGGAG-3' 
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Construction of Fiber cDNA Library 

Total RNA was isolated from fibers (8-DPA) and first strand cDNA was 

synthesized as previously stated. Second strand cDNA was synthesized by 

incubating at 14°C for 5 hours in 40 \i\ of the buffer containing 20 mM Tris-HCI 

(pH 7.5), 10 mM (NH4)2S04, 100 mM KCI, 312 |JM of each dNTP, 1 pg bovine 

serum albumin, 2 U of Ribonuclease H and 10 U of T4 DNA polymerase (Gubler, 

1987; Timblin etal., 1990). The material was extracted with PCI and CI and 

precipitated with 0.5 volume of 3 M sodium acetate and 2 volumes of ethanol 

and dried in a speed vac. The double-stranded cDNA was blunt-ended and 

kinased by incubating at 37°C for 30 minutes in 60 \i\ of the buffer containing 70 

mM Tris-HCI (pH 7.4), 10 mM MgCb, 5 mM DTT, 420 pM of each dNTP, 500MM 

rATP, 10 U of T4 DNA polymerase, and 20 U of T4 polynucleotide kinase 

(Gubler, 1987; Timblin et al., 1990). The resulting products were extracted with 

PCI and CI, precipitated with 0.5 volume of 3 M sodium acetate and 2 volumes 

of ethanol, and dried in a speed vac. The sample was then ligated overnight at 

14°C in 10 pi of lOx T4 ligase buffer containing 120 ng of the amplification linker, 

and 2 U of T4 DNA ligase. Two oligonucleotide primers, 5'-

AGCTAGAATTCGGTACCGTCGACC-3' and 5'-GGTCGACGGTACCGAATTCT-

3', were synthesized, the short primer was phosphorylated using T4 

polynucleotide kinase, then annealed with the long primer, and used as the linker 

for the double-strand cDNA (Timblin et al., 1990). The linker-adapted cDNA was 

purified using a glass-powder kit. PCR reactions were performed as previously 

stated using the long primer for the amplification of the cDNA. The PCR 

conditions were 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min with 35 

cycles. The PCR product was run in agarose gels; 0.2 to 2 kb fragments were 

selected and purified using a glass powder kit. Part of the PCR product was 

used as the template for a second PCR-amplification. The twice-amplified 

fragments were again gel-selected, digested with Sail, and ligated into Sa/I site 

of pUCI 9 plasmid. Escherichia coli DH5a cells were transformed with the 

chimeric pUC19 and 500 positive colonies were picked. Colony lifts were 
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performed following the method of Sambrook etal. (1989) using nyion 

membranes and the membranes were hybridized with ^̂ P labeled DNA 

fragments. To test the efficacy of the cDNA library, the library was screened 

using Gh-1 and the peroxidase cDNA as hybridization probes. 

Cloning and Characterization of Gh-2 

Five oligo(dT) primers: dTgGT, dTgGC, dTgGA, dTgCA, and dTgAG; one 

random primer (E6RP): 5'-GAAGAGTTCG-3' which is located at 335 bases 

upstream of the poly(A) tail of pCKEG, were synthesized. This primer was 

selected to allow amplification of the 3' end of pCKE6 cDNA to verify the method. 

Differential display of fiber mRNAs was performed following the method of Liang 

and Pardee (1992). Total RNAs from fibers and stripped ovules were reverse-

transcribed with one of the five oligo(dT) primers followed by PCR in the 

presence of E6RP and the same oligo(dT) primer. To label amplified fragments, 

12.5 |LiCi of a-[^^S]dATP was added to each reaction. PCR conditions were 94°C 

for 30 sec, 42°C for 1 min, and 72°C for 30 sec with 40 cycles. Then, PCR 

products were run on a 6% denaturing polyacrylamide sequencing gel, the gel 

was dried, and exposed to X-ray film for 16 hours. Unique bands for fiber were 

cut out of the gel and electroeluted using 0.5x TBE. The cDNAs were 

precipitated with 0.5 volume of 7.5 M sodium acetate and one volume of 

isopropanol. The pellets were vacuum-dried and suspended in sterile water. 

Recovered cDNAs were twice-amplified by PCR: parameters for the first 

reaction were 94°C for 30 sec, 42°C for 1 min, and 72°C for 30 sec with 40 

cycles ; parameters for the second reaction were 94°C for 30 sec, 55°C for 1 

min, and 72°C for 30 sec with 40 cycles. The products were visualized by 1.5% 

agarose gels. Distinct bands were purified using a glass-powder kit, blunt-

ended, phosphorylated, and ligated into Sma I site of pUC19. Derived clones 

were sequenced using a Sequenase kit. Two cDNA clones Gh-2 and Gh-3a, 

contained E6RT primers at both strands. These two clones were used for further 

studies. RNA blot analysis was performed using these cDNAs as probes. 
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To confirm the results of RNA blot analysis, a more sensitive RT-PCR method 

was employed to examine the presence of the mRNA in cotton tissues. From 

the sequence of Gh-2, two additional amplification oligonucleotide primers, 2131-

1: 5'-GAAGAATTCGAGCAGGTAGG-3'and 2131-2: 5'-

GAAGAATTCGCATTATTGTC-3', were synthesized. It was found that cloning of 

blunt-ended fragments into Sma I site of pUC19 is extremely troublesome. 

Therefore, Eco Rl recognition sites, 5'-GAATTC-3', were introduced to the PCR 

primers to create sticky ends. Upon cleavage with Eco Rl, the PCR fragments 

were ligated into Eco Rl site of pUC19. Total RNAs from fibers, stripped ovules, 

intact ovules (0-, 8-, and 40-DPA), petals, stems, roots, cotton leaves, Zinnia 

leaves, and spinach leaves, were reverse-transcribed with oligo(dTi2-i8) primer 

followed by PCR in the presence of the two amplification primers. Parameters 

were 94°C for 30 sec, 55°C for 1 min, and 72°C for 30 sec with 40 cycles. 

Derived PCR products were separated by 1.5% agarose gels, purified using a 

glass-powder kit, digested with Eco Rl, purified again, and ligated into Eco Rl site 

of pUC19 plasmid. Transformation was performed as previously stated. Positive 

colonies were picked and digested with Eco Rl alone or Eco Rl and Hind III. 

Southern blot analysis was performed using Gh-2 as a hybridization probe. 

Sequencing was performed using a Sequenase kit. Sequence homology search 

was performed using the GenBank/EMBL data base. 

Extension of Gh-2: Cloning and Characterization 
of Gh-3. Gh-4, and Gh-5 

Oligo(dT)gGT/2131-1 or 
2131-2 amplification 

To attempt to obtain 3' end of Gh-2, total RNAs isolated from fibers, 

stripped ovules, and 0-DPA ovules were reverse-transcribed using (dT)gGT and 

PCR-amplified using (dT)gGT and 2131-1 or 2131-2 primers. And all three 

primers, (dT)gGT, 2131-1 and 2131-2 were also used for PCR-amplification. The 

PCR conditions were 94°C for 30 sec, 55°C for 1 min, and 72°C for 30 sec with 

40 cycles. Distinct bands derived from fiber RNA were purified, blunt-ended. 
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digested with Eco Rl, and ligated into pUC19. Southem blot analysis was 

performed using Gh-2 as a hybridization probe. Sequence analysis was 

performed using a Sequenase kit and sequence similarity was analyzed using 

PC/Gene and the GenBank/EMBL data base. 

Oligo(dT)QGT/2152-1 or 
2152-2 amplification 

The same technique was employed for another differentially displayed 

mRNA clone, Gh-3a. Two PCR-amplification primers, 2152-1: 5'-

GAAGAATTCGCCAAACCAC-3' and 2152-2: 5'-

GAAGAATTCGGAGTGGGCAGGC-3', were synthesized from the sequence of 

Gh-3a, introducing an Eco Rl restriction sequence. Total RNAs isolated from 

fibers, stripped ovules, and intact ovules were reverse-transcribed using (dT)gGT 

primer and PCR-amplified using (dT)gGT and 2152-1 or 2152-2 primers. And all 

three primers, (dT)9GT, 2152-1 and 2152-2, were also used for PCR-

amplification. The PCR conditions were 94°C for 30 sec, 55°C for 1 min, and 

72°C for 30 sec with 40 cycles. Distinct bands derived from fiber RNA were 

purified, blunt-ended, and ligated into Eco Rl site of pUC19, and sequenced 

using a Sequenase kit. Southern blot and RNA blot analyses were performed 

using Gh-3a and Gh-3b cDNAs as hybridization probes. Sequence analysis was 

performed as previously stated. 

Arbitrarily primed PCR 
fingerprinting of RNA 

Arbitrarily primed PCR reaction uses a single arbitrarily selected primer 

(~10-mer) to produce a PCR fingerprint of a DNA, which is known as random 

amplified polymorphic DNA (RAPD)(Williams etal., 1990). Welsh etal. (1992) 

reported that arbitrarily primed PCR can be performed on total cellular RNA to 

distinguish differences in RNA populations between different sources. This 

method allows detection of differentially expressed RNAs in certain tissues. In 

this method, a long amplification primer (~20-mer) is used for PCR-amplification. 
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Single strand cDNA was obtained using oligo(dT)9GT primer. For each PCR-

reaction, only one of the four primers, 2131-1, 2131-2, 2152-1, and 2152-2, was 

used for amplification of cDNAs expecting polymorphism which may represent 

differentially expressed mRNAs among fibers. Intact ovules, and stripped ovules. 

The PCR-reaction mixture was heated to 72°C before adding Taq DNA 

polymerase. The PCR conditions were 94°C for 30 second, 55°C for 1 min and 

72°C for 1 min. Potential fiber-specific amplified cDNAs were purified and 

ligated into Eco Rl site of pUC19 or cloned by using a TA cloning kit (Invitrogen 

Co., San Diego, CA). Southern blot and RNA blot analyses were performed 

using Gh-2, Gh-3, and Gh-3c cDNAs as hybridization probes. Sequence 

analysis was performed as previously stated. 

Rapid amplification of 
cDNA ends (RACE) 

To extend 3' and 5' ends of Gh-2 and Gh-3 cDNA clones, the RACE 

technique (Frohman etal., 1988) was employed. Three PCR-amplification 

primers: (dT)i7-adapter, 5'-GACTCGAGTCGACATCGA i I I I I I I I I I I I I I I I I -

3'; Adapter, 5'-GACTCGAGTCGACATCG-3'; and 5'-amplification primer of Gh-2, 

5'-TGAGAGCTGCGAAGAAGGAG-3', were synthesized according to the method 

of Frohman et al. (1988). To extend the 3' end of Gh-2, single strand cDNA was 

synthesized by reverse-transcription of fiber total RNA using (dT)i7-adapter. 

Before PCR, the reaction mixture was denatured at 95°C for 3 min, cooled to 

55°C, then 2131-1 or 2131-2 primer was added (55°C for 1 min), temperature 

was raised to 72°C, and Taq polymerase was added (72°C for 1 min); the 

reaction mixture was denatured to 95°C for 30 sec, cooled to 55°C, Adapter 

primer was added (55°C for 1 min), and temperature was raised to 72°C (72°C 

for 1 min). Following this pre-treatment, PCR was performed: parameters were 

95°C for 30 sec, 55°C for 1 min, and 72 °C for 1 min with 40 cycles. Similar 

methods were performed to extend the 3' end of Gh-3 using 2152-1 or 2152-2 

and Adapter primers. First PCR-products were run in agarose gels, 
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size-selected (300-800 bp), glass-powder purified, and used for second PCR-

amplification. Second PCR-products were run in agarose gels and derived 

bands were blunt-ended, digested with Eco Rl and Sma I, and ligated into 

pUC19. Second PCR-products were also ligated into TA cloning vector. To 

extend the 5' end of Gh-2, single strand cDNA was synthesized by reverse-

transcription of fiber total RNA using either 213":-1 or 2131-2 primer. The 

reaction was denatured by heating at 95°C for 5 min, glass-powder cleaned, and 

used for dATP-tailing using terminal deoxynucleotidy-transferase (Promega). 

PCR-amplification was performed using 5'-amplification primer of Gh-2 and 

Adapter primer. First PCR-products were run in agarose gels and size-selected 

(0.4 - 2.0 kb) and used for second amplification. Southern blot and RNA blot 

analyses were performed using derived cDNAs, Gh-4 and Gh-5. Sequence 

analysis was performed as previously stated. 

Library screening 

Cotton genomic library (Clontech, Palo Alto, CA), cDNA library derived from 

0-DPA ovules, and cDNA library derived from 18-day-old seedlings (Clontech) 

were screened by Gh-3 probe following the suggested protocol of the 

manufacturer. 
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CHAPTER III 

RESULTS 

Quality of Total RNAs and Accumulation 
of Peroxidase mRNA 

Isolation of RNA from cotton plants was difficult because of the high content 

of phenolic terpenoids and tannins (Katterman and Shattuck, 1983). In this 

study, total RNA from ovules was isolated using a modification of the method of 

Hughs and Galau (1988) and total RNAs from vegetative tissues was isolated 

following the original method. Although some smearing was evident, distinct 

bands were observed in RNA blot analysis. It was therefore decided that the 

quality of RNAs was sufficiently good for further analysis. Accumulation of 

peroxidase mRNA was very high in 8-DPA intact ovules and stripped ovules 

(fiber-removed ovules), while fiber RNA alone had much less peroxidase signal 

(Figure 1). This indicated that the peroxidase expression in fiber at this age is 

very low compared to that of the intact ovules. In vitro cultured 21-DPA ovules 

showed less accumulation of peroxidase mRNA than that of greenhouse grown 

8-DPA ovules (Figure 1). 

Cloning and Characterization of Gh-1 

A cDNA fragment that is homologous to pCKES (John and Crow, 1992) was 

isolated using the RT-PCR method. Comparison of the sequences of Gh-1 and 

pCKE6 revealed an interesting difference. In the sequence of Gh-1, a six 

nucleotide tandem repeat, 5'-TCAGGC-3' occurred five times whereas only one 

such sequence was present in pCKE6 (Figure 2). This repeated sequence is 

located within the coding region of Gh-1 and encodes serine and glycine. This 

repeat could have resulted from a PCR artifact, however since a genomic clone 

isolated from screening a cotton genomic library (Clontech) also contained this 
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Figure 1. Accumulation of cotton peroxidase mRNA. Total RNAs were isolated 
from 8-DPA intact ovules, stripped ovules, and fiber alone; in vitro cultured 
ovules (ovules were isolated at anthesis and cultured for 21 days) using the 
modified version of Hughs and Galau (1988). Fifteen micrograms of each RNA 
per lane were electrophoresed, transferred to a nitrocellulose membrane, and 
hybridized with the peroxidase cDNA. The membrane was washed with 2x SET 
at 65°C for 30 min (twice) and 1x SET at 65 °C for 30 min, and exposed to X-ray 
film at -80°C for 70 hours. 
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AAAAGCCAGAAGAACAAGAGCCAAGGTTCATTCCTGAAACCCAAA -

ATGGTTATGGCCTTTACGGCCACGA-GTCAGGCTCA 

ATGGTTATGGCCTTTACGGC-ACGAAGTCAGGCTCAGGCTCAGGCTCAGG -

AGCCGGCCCAGTTTCACCACCAAAGAAACCTATGAACCCT -

CTCAGGCTCAAGCCGGCCCAGTTTCACCACCAAAGAAACCTATGAACCCT -
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TGGAAAGTACTACTATGACGTCAAGAGTGAGAACAACTATTATCCAAACC -

GGTTCGACAACTCAAGAGGAGTTGCTTCGAGGAACGAGTTCAATGAGAAT -

GGTTCGACAACTCAAGAGGAGTTGCTTCGAGGAACGAGTTCAATGAGAAT -

CGTTACAACAACATGGGAAGGTACCACCAGAACCAAGAGGAGTTCGAGGA -

CGTTACAACAACATGGGAAGGTACCACCA 

AAGCGAGGAAGAGTTCGAACCCTGATCACCTGTCGTACAGTATTTCTACA -
TTTGATGTGTGATTTGTGAAGAACATCAAACAAAACAAGCACTGGCTTTA -
ATATGATGATAAGTATTATGGTAATTAATTAATTGGCAAAAACAACAATG -
AAGCTAAAATTTTATTTATTGAGCCTTGCGGTTAATTTCTTGTGATGATC -
TTTTTTTTTATTTTCTAATTATATATAGTTTCCTTTGCTTTGAAATGCTA -
AAGGTTTGAGAGAGTTATGTTCTTTTTCTCTTCCTCTTTCTTTTTTAACT -
TTATCAAACAATTTTTGAATAAAAATGTGAGTATATTGTAAC - 1067 
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Figure 2. Sequence alignment of Gh-1 and pCKES. E6-1 and E6-2 
primers are underiined. 
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tandem repeat (not shown), it is clear that this is a unique cDNA. RNA blot 

analysis showed that Gh-1 mRNA accumulates to high levels in cotton ovules 

and nearly all of this expression is in fibers as shown by comparison of 

hybridization signal between fibers alone and stripped ovules (Figure 3). 

Analysis of Gh-1 transcript during cotton ovule development indicated that 

accumulation of Gh-1 mRNA is very low at anthesis, but increases rapidly 

reaching a peak by 6- to 8-DPA, and remains high throughout 10-DPA; Gh-1 

mRNA then decreases sharply after 15-DPA (Figure 4). However, a trace 

amount of the mRNA was detected even at 40-DPA (Figure 4). Low levels of 

Gh-1 transcript were also detected in other tissues including stems, roots, and 

petals but was undetectable in leaves (Figure 4). Therefore, it appears that the 

Gh-1 gene is likely expressed throughout the development of fiber and in most if 

not all the cotton tissues. 

To verify this hypothesis, a much more sensitive method, RT-PCR was 

performed using total RNAs from different tissues. The Gh-1 fragment was 

amplified from RNAs derived from fibers, stripped ovules, roots, and petals 

(Figure 5), and indeed it was successfully amplified even from leaf RNA (Figure 

5). Although this analysis was not quantitative and there was a chance that 

genomic DNA was present in the RNA samples, it is likely that Gh-1 transcripts 

are present in most organs of cotton plants. Thus, like pCKES (John and Crow, 

1992), expression of the Gh-1 gene is extremely high in developing cotton fibers 

through the elongation phase. Much lower levels of Gh-1 expression are 

detected at later stages of cotton fiber development. In other tissues, Gh-1 is 

expressed at detectable levels in roots and stems but is extremely low in leaves 

(Figure 5). 
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Figure 3. Accumulation of Gh-1 mRNA in fibers, stripped ovules, and intact 
ovules. Total RNAs from 8-DPA fibers, stripped ovules, and intact ovules were 
isolated. Ten micrograms of each RNA per lane were electrophoresed, 
transferred to a nitrocellulose membrane, and hybridized with Gh-1 cDNA. The 
membrane was washed with 2x SET at 65°C for 30 min (twice) and 1x SET at 
65°C for 30 min, and exposed to X-ray film at -80°C for 22 hours. 
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Figure 4. Accumulation of Gh-1 mRNA in different ages of ovules and other 
organs. Total RNAs were isolated from 0-, 2-, 4-, 6-, 8-, 10-, 12-, 15-, 20-, 25-, 
30-, 35-, and 40-DPA ovules; petals, stems, roots, and leaves (The RNA from 2-
DPA ovules was slightly degraded). Ten micrograms of each RNA per lane were 
electrophoresed, transferred to a nitrocellulose membrane, and hybridized with 
Gh-1 cDNA. The membrane was washed with 1x SET at 65°C for 30 min 
(twice), 0.5x SET at 65 °C for 30 min (twice), and O.lx SET at 65°C for 30 min 
(twice); exposed to X-ray film at -80°C for 22 hours. 
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Figure 5. Amplification of Gh-1 by RT-PCR. Total RNAs were isolated from 8-
DPA fibers, stripped ovules, and intact ovules; roots, petals, and leaves. Each 
RNA was reverse-transcribed using oligo(dT) primer and PCR-amplified using E6 
primers. Ten microliters of PCR products were electrophoresed and stained with 
ethidium bromide. For the negative control, no DNA template was added for 
PCR. 
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Construction of Fiber cDNA Library 

Differential and subtractive hybridization techniques have been widely used 

to isolate a range of tissue-specific and developmentally regulated plant cDNAs. 

These approaches, however, often require a large amount of total RNA. For rare 

mRNAs whose synthesis is limited to small cell populations, the construction of 

cDNA libraries containing these rare mRNAs are technically difficult using 

traditional cloning methodology. To overcome these difficulties, Timblin et al. 

(1990) and Jepson et al. (1991) developed novel strategies for the construction 

of large cDNA libraries using PCR technology. This method improves the 

chances of identifying cDNAs that represent differentially expressed low 

abundance mRNAs. Linker-adapted cDNA derived from cotton fiber total RNA 

was amplified by PCR and the PCR product was ligated into Sma I site of pUC19 

plasmid. The library was screened with a Gh-1 cDNA and a cotton peroxidase 

cDNA (Ritter ef a/., 1993). 

Only one colony that hybridized with Gh-1 cDNA and fifteen colonies that 

hybridized with the peroxidase cDNA were identified. The plasmids were 

isolated from these colonies and digested with Eco RVSph I or Eco R\/Hind III 

and Southern blot analysis was performed (Figure 6). The plasmid DNA from 

the Gh-1 specific colony (CF296) hybridized strongly with a Gh-1 probe (Figure 

6). Although the hybridization signal was very weak, the plasmids from the four 

colonies (CF168, 390, 396, and 446) hybridized with the peroxidase cDNA (not 

shown). Plasmids from these positive colonies were used for sequence analysis. 

About one-half of the sequence of CF296 shared homology with that of Gh-1 but 

the other half exactly matched the promoter sequence of the Gh-1 gene isolated 

from a cotton genomic library. This result cleariy indicated that this insert was 

not cDNA but was derived from genomic DNA. To help avoid contamination of 
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Figure 6. Southern blot analysis of Gh-1 colony (CF296). The plasmids were 
digested with Eco RUSph I or Eco RI/H/nof III; ten micrograms oif the digested 
plasmids were electrophoresed and transferred to a nitrocellulose membrane. 
The membrane was hybridized with Gh-1 cDNA, washed with 1x SET at 60°C for 
30 min (twice), 0.5x SET at 70°C for 30 min, and O.lx SET at 70°C for 30 min 
(twice), and exposed to X-ray film at -80°C for 12 hours. 
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genomic DNA, DNAse I could have been included in the RNA extraction before 

the final purification procedure. The four putative peroxidase cDNAs did not 

share significant sequence homology with the original peroxidase cDNA nor did 

they have two conserved peroxidase motifs (Ritter et al., 1993). These cDNAs 

were not considered further. None of the cDNAs included poly(A) tails. While 

this library construction method is attractive, it failed to isolate usable cDNAs 

from the library. Therefore, it was decided that the library was not used further. 

Cloning and Characterization of Gh-2 

To isolate new fiber specific cDNAs, the differential display of mRNA 

method was employed. This is a technique to identify and isolate cDNAs that 

represent mRNAs that are differentially expressed in various cells or under 

altered conditions by means of the polymerase chain reaction (Liang and 

Pardee, 1992; Liang etal., 1993). The key element of this technique is the use 

of a set of oligonucleotide primers: oligo(dT)s with two additional nucleotides at 

their 3' ends and short arbitrary random primers. First strand cDNAs were 

synthesized by reverse-transcription of a subset of mRNAs, annealing one of the 

five oligo(dT)+2 base primers to the poly(A) tail. Amplification by PCR was 

performed using E6RP and the same oligo(dT)+2 base primer. The E6RP 

primer anneals at different positions relative to the oligo(dT) primer and several 

cDNAs are amplified by PCR. The amplified cDNAs are then resolved on a DNA 

sequencing gel. 

The E6RP and dTgGT primer combination produced 50 to 100 cDNA bands 

ranging from 100 to 500 bases. Most cDNAs were amplified from both tissues: 

fibers and stripped ovules (Figure 7). However, several cDNAs were 

preferentially amplified in fiber. As shown in Figure 7, five cDNAs that were 

preferentially amplified in fiber are indicated. These cDNAs were recovered from 

the gel by electroelution and re-amplified by PCR. A total of ten cDNAs were 

recovered from the sequencing gels and seven cDNAs were re-amplified. 
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Figure 7. Differential display of mRNA. Total RNAs isolated from stripped 
ovules and fibers were reverse-transcribed using dTgGT primer, PCR-amplified 
using E6RP and dTgGT, and displayed in a 6% denaturing polyacrylamide 
sequencing gel. Five cDNAs preferentially amplified in fibers are arrowed. To 
estimate the size of the cDNAs, the sequence of a known cDNA is shown. 
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However, cloning of these cDNAs was found to be very difficult and only four 

cDNAs were obtained (a list of cDNAs isolated is shown in Table 2). 

From sequence analysis, two clones, Gh-2-1 and Gh-2-5, contained neither 

primers; RNA blot analysis was also negative. The other two clones, Gh-2 and 

Gh-3a, contained E6RT primers at both ends. The Gh-3a insert was 286 bp in 

length and did not have an open reading frame; RNA blot analysis also showed 

very weak hybridization signal. The Gh-2 insert was 264 bp in length, and an 

open reading frame that encodes 87 amino acids was detected. Since this 

cDNA lacked the dTgGT primer, it was apparent that the E6RT primer bound to 

sequences upstream of the poly(A) tail. RNA blot analysis showed that Gh-2 

mRNA is abundant in RNA from fibers and intact ovules, and very low 

abundance in RNA from stripped ovules (Figure 8). Gh-2 mRNA was also 

abundant in petals but very low levels were seen in stem and root RNA (Figure 

8). G/7-2 transcripts were detected in all the developmental stages of the ovules 

examined. Transcript levels peaked at around 10-DPA (not shown). Since Gh-2 

is expressed during the period of fiber elongation, it is possible that Gh-2 is 

expressed in cells vigorously expanding tissues such as fibers, petals, and may 

be expressed in expanding regions of other plant organs. With the exception of 

the strong expression in petals, the expression pattern of Gh-2 resembled that of 

Gh-1, but Gh-2 did not share sequence homology with Gh-1 or pCKE6 nor cross-

hybridize with Gh-1 in Southern blot analysis. 

To confirm the results of RNA blot analysis, a more sensitive RT-PCR 

method was used to examine the presence of Gh-1 mRNA in cotton tissues 

using 2131-1 and 2131-2 primers. Three visible bands were amplified from 

cotton RNAs, but none was amplified from Zinnia or spinach RNAs (Figure 9). 

The lowermost band (Gh-2b) was cleariy visible in fiber but was also detected in 

all of the cotton tissues. The uppermost band (Gh-2c) was detected in 0-DPA 

and stripped ovules. The middle band (Gh-2a) was weak but could be detected 

in the several tissues. When ligated into pUC19, only clones that contained Gh-

2b cross-reacted with Gh-2 probe, and sequence analysis proved that Gh-2b had 
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Table 2. List of cDNAs and their characteristics. 

cDNA 
Gh-1 
Gh-2 
Gh-2-1 
Gh-2-5 
Gh-2a 
Gh-2b 
Gh-2c 
Gh-2d 
Gh-2e 
Gh-2f 
Gh-2q 
Gh-3 
Gh-3a 
Gh-3b 
Gh-3c 
Gh-3d 
Gh-3e 
Gh-11-3 
Gh-11-11 
Gh-12-4 
Gh-12-13 
Gh-21-12 
Gh-21-18 
Gh-21-21 
Gh-22-7 
Gh-22-8 
Gh-22-9 
Gh-4 
Gh-5 

Length 
499 bp 
264 bp 

-

-

-

264 bp 
-

-

-

-

-

1,308 bp 
286 bp 

-

-

-

-

-

-

-

-

-

-

-

-

-

-

463 bp 
644 bp 

Primers Present 
E6-1, E6-2 

2131-1,2131-2 
-

-

2131-1,2131-1 
2131-1,2131-2 
2131-1,2131-1 
2131-1,2131-1 
2131-1,2131-1 
2131-1,2131-1 
2131-1,2131-1 
2152-1,2152-1 
2152-1,2152-2 
2152-1,2152-1 
2152-1,2152-1 
2152-2,2152-2 
2152-2,2152-2 

2131-1? 
2131-1? 
2131-2? 
2131-2? 
2152-1? 
2152-1? 
2152-1? 
2152-2? 
2152-2? 
2152-2? 

2131-2, (dT)i7-adapter 
2131-2, (dT)i7-adapter 

Homolog 
CKE6 

Gh-2 

Gh-2 
Gh-2 
Gh-2c 
Gh-2c 

Gh-3 
Gh-3 

Gh-2c? 
Gh-2a? 

Function 
-

TBP? 

TBP? 

TBP? 
TBP? 

7 

? 
? 

V-ATPase? 
GST? 
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Figure 8. Accumulation of Gh-2 mRNA. Total RNAs were isolated from roots, 
stems, leaves, petals; 8-DPA fibers, stripped ovules, and intact ovules. Ten 
micrograms of each RNA per lane were electrophoresed, transferred to a 
nitrocellulose membrane, and hybridized with Gh-2 cDNA. The membrane was 
washed with 2x SET at 60°C for 30 min, 1x SET at 60 °C for 30 min (twice), and 
0.5x SET at 65 °C for 30 min (twice); exposed to X-ray film at -80°C for 7 days. 
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Figure 9. Amplification of Gh-2 by RT-PCR. Total RNAs were isolated from 
cotton fibers, stripped ovules, and intact ovules (8- and 40-DPA); cotton petals, 
leaves, stems, roots; Zinnia and spinach leaves. Each RNA was reverse-
transcribed using oligo(dT) primer and PCR-amplified using 2131-1 and 2131-2 
primers. 
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the same sequence as that of Gh-2. Although the sequences of Gh-2a and Gh-

2c contained potential open reading frames, they did not hybridize detectably 

with cotton fiber cDNAs. Therefore, Gh-2a and Gh-2c apparently do not 

represent mRNAs of cotton fiber, or may represent mRNAs expressed at very 

low levels. These fragments were not considered further. 

A sequence-homology search through the GenBank/EMBL data base 

revealed that Gh-2 shared sequence similarity with two cDNAs derived from the 

endosperm of Zea mays seeds (78.5% identity in 248 bp overiap)(Shen et al., 

1994). The deduced amino acid sequences of the maize cDNAs are very similar 

to a conserved 5' end of Tat-binding protein, the frans-activator of HIV-1 

(Nelbock etal., 1990). The deduced amino acid sequence identity between Gh-

2 and the two maize cDNAs was 88.5% in an 87-amino acid overiap (Figure 10). 

Gh-2 also had less substantial sequence similarity with Plasmodium falciparum 

cDNA PF0070C (65.4% identity in 78 aa overiap)(Dame, 1992), Saccharomyces 

cerevisiae SUG1 or TBY-1 (27.6% identity in 87 aa overiap)(Swaffield etal., 

1992; Goyer et al., 1992), and Dictyostelium discoideum DdTBP2 (28.2% identity 

in 87 aa overiap) and DdTBPIO (27.6% identity in 87 aa overiap)(Shaw and 

Ennis, 1993)(Figure 10). Although their function is unknown, SUG-1 and DdTBP 

proteins contain a conserved sequence of transcription factor proteins. 

Therefore, it was suggested that they could be transcription factors. The strong 

sequence identity between Gh-2 and the maize cDNAs indicated that they are 

homologous. The relationship between these proteins and transcription factors 

is speculative but provides an interesting hypothesis for the function of Gh-2. 

Further analysis of the role of Gh-2 in cotton must await future results. 
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Gh-2 
ZmTBP 
PF0070C 
DdTBP2 
SUGl 

1 
2 

RVRAGROJLPAAKKEFNKTEDDLKSLQSVGQIIGEVLRPLDNERLIVKASi 50 
R\ii 

1 —GT 
98 QEEYIKYEYKN 

154 I S L E A Q © « © I D -

EDDLKSLQSVGQIIGEVLRPLDNEP^VKAS 51 
m rri— TTL r 1 i i i—' . . SVGQIK 

JVPLLIGg 
EP@SYV|G: 

KQajEDjgKFiyKASl 44 
SNTGtvbST 147 

KIVSDKKVL^^Q 200 

Gh-2 
ZmTBP 
PF0070C 
DdTBP2 
SUGl 

51 pGPRYWGCRSKVDKEKLTSGTRWLDMTTLTIMRTI 
52 SGPRYWGCRSKVDKEKLTSGTRWLDMTTLTIMRTL 
45 SGPRYVyGCJds 

148 bgSTLC^/KlLSriDRELLKPSASf 
201 PEGKSryoVAKDINVKDLKASQ: 

RHSNALVDTL 
DSYMLHKVL 

87 
88 
81 

284 
237 

Figure 10. Sequence similarity of G/?-2with other Tat-binding proteins. ZmTBP: 
Zea mays TBP (Shen etal., 1994); PF0070C: Plasmodium falciparum protein 
(Dame, 1992); DdTBP2: Dictyostelium discoideum TBP2 (Shaw and Ennis, 
1993); SUGl: Sacc/7aromycescerews/aeTBP (Swaffield ef a/., 1992). "*" 
indicates a position In the alignment that is perfectly conserved and "•" indicates 
a position that is well conserved. 
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Extension of Gh-2: Cloning and Characterization 
of Gh-3. Gh-4. and Gn-5 

Oliao(dT)QGT/2131-1 or 
2131-2 amplification 

Amplification with oligo(dT)9GT/2131-1 produced visible bands. While 

amplification with oligo(dT)9GT/2131-2 combination did not produce any visible 

bands. Two short PCR fragments, Gh-2d and Gh-2e, cross-hybridized with the 

Gh-2 probe in Southern blot analysis (a list of the cDNAs and their equivalents 

are shown in Table 2). Although the nucleotide sequence of Gh-2dlGh-2e 

differed slightly from that of Gh-2, the deduced amino acid sequence matched 

that of Gh-2. The nucleotide sequence of the clones with a large molecular 

weight insert, Gh-2f and Gh-2g, differed from that of Gh-2, but matched with the 

sequence of Gh-2c. When all three primers, oligo(dT)9GT, 2131-1 and 2131-2, 

were used for PCR-amplification, the Gh-2 band was amplified. The four 

fragments, Gh-2d, Gh-2e, Gh-2f, and Gh-2g, all contained the 2131-1 primer at 

both ends and none of them included a poly(A) tail. 

Oliao(dT)gGT/2152-1 or 
2152-2 amplification 

Several bands were obtained from oligo(dT)9GT/2152-1 and 

oligo(dT)9GT/2152-2 combinations. One significant band was amplified from 

fiber RNA using oligo(dT)9GT and 2152-1 primers . Cloning of this band into 

pUC19 resulted in two clones, Gh-3b and Gh-3c. The inserts were end-

sequenced and were found to contain the 2152-1 primer at both ends. The 

sequences of Gh-3b and Gh-3c\Nere similar, but did not match with that of Gh-

3a. RNA blot analysis showed that the mRNA was preferentially present in 

fibers, present in 8-DPA ovules, and very weakly present in stripped ovules (not 

shown). When all three primers, oligo(dT)9GT, 2152-1 and 2152-2, were used 

for PCR-amplification, a slightly higher molecular weight band than that of Gh-3a 

was amplified. When this band was cloned and sequenced, the resulting clones, 

Gh-3d and Gh-3e, included the 2152-2 primer at both ends. Southern blot 
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analysis proved that Gh-3d and G/7-3e were not homologous to Gh-3a nor Gh-

3b/Gh-3c (refer to Table 2). 

Arbitrarily primed PCR 
finaerprintina of RNA 

None of the clones obtained from the previous experiments included 

oligo(dT)9GT primer on the anti-sense strand, and several bands were often 

amplified from one set of the primers. Since four PCR-primers, 2131-1, 2131-2, 

2152-1, and 2152-2, were originally derived from the arbitrary 10-mer, it seemed 

that these primers could be used for arbitrarily primed PCR fingerprinting. To do 

this, PCR was performed using only one of the four primers. Polymorphic PCR-

fragments amplified from fiber RNA were identified by comparing PCR-fragments 

amplified from intact ovules and stripped ovules. 2152-1 and 2152-2 primers 

amplified numerous fragments that were visible in agarose gels (Figure 11). 

However, amplification of fragments from the stripped ovules using 2131-1 and 

2131-2 primers was less efficient and were poorly visible in the agarose gels 

(Figure 11). The following is the list of potential fiber-specific cDNAs: Gh-11-3 

and G/7-7 7-7 7 from the 2131-1 primer; Gh-12-4and G/7-72-73from the 2131-2 

primer; Gh-3, Gh-21-12, Gh-21-18, and Gh-21-21 from the 2152-1 primer; Gh-

22-7, Gh-22-8, and Gh-22-9 irom the 2152-2 primer (Figure 11). Most of these 

cDNAs were successfully ligated into Eco Rl sites of pUC19, but characterization 

of these cDNAs (except for Gh-3) was not performed in this study. However, 

cloning of Gh-3 (~1.3 kb) that is homologous to Gh-3b and Gh-3c, was not 

successful. Therefore, the entire PCR-reaction was used for ligation into the TA 

cloning vector, pCRII (Invitrogen). The advantage of this cloning system is that 

several different fragments can be cloned simultaneously in one ligation. Cloned 

Gh-3 fragments cross-reacted with Gh-3c probe in Southern blot analysis, 

however sequences of Gh-3b, Gh-3c, and Gh-3 were slightly different, indicating 

presence of several similar transcripts. 
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Figure 11. Arbitrarily primed PCR fingerprinting of RNA. Total RNAs were 
isolated from fibers, intact ovules, and stripped ovules. Each RNA was reverse-
transcribed using oligo(dT)9GT primer and PCR-amplified using one of 2131-1, 
2131-2, 2152-1, and 2152-2 primers. PCR-fragments which were preferentially 
amplified in fibers are arrowed and labeled. A: Gh-11-3 and Gh-11-11; B: Gh-
12-4 and Gh-12-13; C: Gh-3, Gh-21-12, Gh-21-18, and Gh-21-21; D: Gh-22-7, 
Gh-22-8, and Gh-22-9. 
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Since G/7-3 was derived from 2152-1 primer a.one, and all three cDNAs 

contained 2152-1 primer at both strands, Gh-3 was used for later studies. 

Gh-3 consisted of 1,312 bp and has a potential open reading frame of 

235 amino acid residues with a predicted molecular mass of 26.2 kD. Gh-3 has 

a conserved poly(A) addition sequence, AATAAA, at position 1,229 base (Figure 

12). Although GA?-3 lacks a poly(A) tail, it is possible that it is a full-length cDNA. 

The hydropathy index plot for the deduced amino acid sequence of Gh-3 

revealed that, despite helical, coiled nature, Gh-3 is a rather hydrophilic protein 

except the N-terminus (Figure 13). The N-terminus of Gh-3 contained LLL—GIL, 

part of a conserved signal sequence peptide that is thought to import a protein 

into the ER (Alberts et al., 1994). Therefore, this hydrophobic N-terminus could 

a signal polypeptide, an organellar targeting sequence, or a membrane-spanning 

region. RNA blot analysis showed that Gh-3 was preferentially expressed in 

fibers and very weakly expressed in stripped ovules (Figure 14). Gh-3 was also 

expressed strongly in petals, to some extent in stems, and weakly in roots. 

Expression of Gh-3 was detected in cotton ovule RNA about 4-DPA and peaked 

around 10-DPA, then decreased after 15-DPA (Figure 15). These expression 

patterns were similar to those of Gh-2, yet Gh-3 expression was several fold 

stronger than that of Gh-2. The GenBank/EMBL data base search revealed that 

Gh-3 shares no significant homology with any registered sequences. Thus, Gh-3 

appears to be a unique cDNA. 
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G A A G A A T T C G C C A A A C C A C 3 C T A A C C C A A A A C A C A , \ G A A A A A G A A A G A A A G A . V ^ \ A A ; ^ A A D 0 

AGGGAATACCCCTTACCTTCATAGAGA3AACAAGAGAAACAAAGCAAGGTATTTTTTTTC 12 0 
TTCACCTGTAAAAATGGCGTCGGCGAGTACT'1'GGATATTGTCGCTAAAGTTACTTTTAAT ISO 

^ M A S A S T W I L S L K L L L I 

TTCTACCGGTATATTGGGTATAGCTTTAGGACTTAAAATCTCTGTTCCATTGGTTTTTGG 2 40 
1'^ S T G I L G I A L G L K I S V P L V F G 

AATTCTCTGTTTCTCAAGCTCCGTTATGGTGGAGTGGTTTCCGTTCTTTGGCTCAAGCCT 3 0 0 
37 I L C F S S S V M V E V ; F P F F 3 S S L 

CCATATCTTTACCGTCGTCATCAACGGGATCATCATCACAATAGCAGCATCGTCGCGGTT 3 6 0 
57 H I F T V V I N G I I I T I A A S S R F 

TAACCAAAACAACGGCGAGAAAGATCAGATGGAGCAGATGCAACCGCGGCCGAAGATCTC 42 0 
77 N Q N N G E K D Q M E Q M Q P R P J : I S 

GGAGGATCAACAACCAATTGTGGAGTATGATACAAAGAGCGGGTGGGGCTCCGACGCAGT 4 8 0 
97 E D Q Q P I V E Y D T K S G W G S D A V 

GGAATCCAGTGATTTCGTGTACGAGGAAAATCAGAGAGGAGAAGAGGTGGCAACCAGGGT 540 
117 E S S D F V Y E E N Q R G E E V A T R V 

CTCCGAGGAGGAGAGCAATGTGGCGGTTGAAGATGACAGAGATGGAAACGAGTTTGTTAT 600 
137 S E E E S N V A V E D D R D G N E F V I 

CTCTAAGTCGGAGTGGATTCCTCCAAGTAGAACGGATTCTTCGGAGATTCCGTTGGATGC 6 60 
157 S K S E W I P P S R T D S S E I P L D A 

TCTGCTTATACAGGAGAAACCTGCTCCTTCTTCTAGATCCGGTCACCGGAAACCTGTTAA 72 0 
177 L L I Q E K P A P S S R S G H R K P V K 

AGTCAATCCCGAAGGTGGGCGAGCGTTGAAAGCGCGAAGCCAAAACGGCATGAGACGCTG 7 8 0 
197 V N P E G G R A L K A R S Q N G M R R W 

GCAAAAACACTTGGAAGATGATAAACGGAGGGGAAATCAATGCCGTTGTCCAGACACTTG 840 
217 Q K H L E D D K R R G N Q C R C P D T - 235 

AAGAAGTCGGACACGTGGGAGAATCACGGCCGTGATATCAACGTGGAGGCATTGACCAGC 9 00 
TCCCCTCTGATGAAGAAATCGGAAACGTTCAGAGACCGGACCAATTACCAGCTGCCACCC 9 60 
GAACAAGTAAGCTCTTTCCCGGCTTCAGGAAAGCTGAGAAAAGAACCGTCGCTGAGACAG 102 0 
GACGAGTTGAATCGTCGAGTGGAAGCTTTTATAAAGAAGTTTAATGACGAGATGAGGTTA 1080 
CAGAGACAAGAATCACTTAATCAGTACATGGAAATGGTTAACCGTGGAAGTTAGCCACTA 1140 
AACACAATAGTCCAATATCTTCTGCCATAACCCTCAAGAGAAGAAAAGAATATATATTAG 12 00 
ATTAACTTTTGGGAATATGTTTTGCTCCAATAAATTTAAAGAGGTTGGAGATTTGAAAGG 12 60 
AAAAAAAAATCTATGCAGGGTTTTATGTTTTTGGTGGTTTGGCGAATTCTTC 1312 

Figure 12. Nucleotide sequence of Gh-3. The deduced amino acid sequence is 
indicated below the coding region. The putative poly(A) tail addition sequence 
and 2152-1 primers are underiined. 
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Figure 13. Hydropathy index plot of Gh-3. 
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Figure 14. Accumulation of GA?-3 mRNA in different cotton organs. Total RNAs 
were isolated from roots, stems, leaves, and petals; 8-DPA fibers, stripped 
ovules, and intact ovules. Twenty micrograms of each RNA per lane were 
electrophoresed, transferred to a nitrocellulose membrane, and hybridized with 
G/7-3cDNA. The same membrane used for hybridization of G/7-2 cDNA, Figure 
8, was denatured and re-hybridized with Gh-3 cDNA probe. The membrane was 
washed with 2x SET at 60°C for 30 min, 1x SET at 60 °C for 30 min (twice), 0.5x 
SET at 65°C for 30 min, and O.lx SET at 65°C for 30 min; exposed to X-ray film 
at-80°Cfor 12 hours. 
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Figure 15. Accumulation of Gh-3 mRNA in different ages of cotton ovules. Total 
RNAs were isolated from 0-, 2-, 4-, 6-, 8-, 10-, 12-, 15-, 20-, 25-, 30-, 35-, 40-
DPA ovules. Twenty micrograms of each RNA per lane were electrophoresed, 
transferred to a nylon membrane, and hybridized with Gh-3 cDNA. The 
membrane was washed with 2x SET at 60°C for 30 min, 1x SET at 60 °C for 30 
min (twice), 0.5x SET at 65°C for 30 min, and 0.1x SET at 65°C for 30 min; 
exposed to X-ray film at -80°C for 72 hours. 
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Rapid amplification of 
cDNA ends (RACE) 

Extension of 3' and 5' ends of Gh-2 and Gh-3 cDNAs were attempted using 

the RACE technique (Frohman etal., 1988). No distinct bands were amplified 

from 2131-1. 2152-1 and 2152-2 primers for either 3' or 5' extension of G/7-2 and 

Gh-3 (The PCR-amplification primers are shown in Table 1). After first PCR-

amplification, 2131-2 and Adapter combination produced two faint bands within 

smeared bands in an agarose gel. Each band was isolated from the gel, 

cleaned, and used for a second PCR-amplification. Two PCR-fragments were 

cloned and named Gh-4 and Gh-5. 

Gh-4 consisted of 462 bp and contained the 2131-2 primer at the 5' end 

and the Adapter primer at the 3' end (Figure 16). It has a potential open reading 

frame of 63 amino acid residues and a conserved poly(A) tail addition sequence, 

AATAAA before the (dT)i7-adapter. Although the hybridization signal was very 

weak in RNA blot analysis, Gh-4 mRNA was preferentially present in fibers (not 

shown). The GenBank/EMBL data base search revealed that the sequence of 

Gh-4 had 64.8% identity (in 159 bp overiap) with the 3' end of vatp-PI, oat 

(Avena sativa) V-ATPase 16-kD proteolipid subunit cDNA (Lai etal., 

1991)(Figure 17). The non-translated regions of the two cDNAs did not share 

sequence similarity significantly. The sequence identity of the deduced amino 

acid sequence of Gh-4 with that of VATP-P1 was 88.2%. Therefore, Gh-4 

appears to encode part of V-ATPase subunit. 

G/7-5 consisted of 644 bp and contained the 2131-2 primer at the 5' end 

and the Adapter primer at the 3' end (Figure 18). It has a potential open reading 

frame of 93 amino acid residues and a conserved poly(A) tail addition sequence, 

AATAAA before the (dT)i7-adapter. Although the hybridization signal was weak 

in RNA blot analysis, Gh-5 mRNA was preferentially present in fibers and ovules 

(not shown). The GenBank/EMBL data base revealed that G/7-5 shared 

sequence similarity with several auxin-inducible cDNAs of Nicotiana tabacum: 

pGNTI (67.0% identity in 109 bp overiap), pGNT35 (63.0% identity in 108 bp 
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GCATTATTGTCGGCATCATCTTGTCTTCCCGAGCTGGCCAATCTAGAGCAGAATAAGATG 6 0 
I I V G I I L S S R A G Q S R A E - 17 

CTGGTGGAATTGGTTAGTATTCTTTTATTTGCTTATATTGGTATATTACCATATGAAAAA 12 0 
AGAGTATTCGATCGTTCTCGGGTTAGTTCCGATTTAAACAGCAAATCCAGGGTTGGTATT 180 
ATTAGTATTTAATGAAAAGCAACATCTTTTGAGAGTTCATTTAGCGGTTGCTCTTTTCAC 240 
TTTGTAGAAGTAGAAATGAGTTTCTATGAATAAATGACCAGAACCTTTTTGGTCCCTGGT 3 00 
TTGAACGGTTCACATTTTCTATCAGTCTATATCTTTGCTTCTGAAATTGAAACTTTTCTT 3 60 
TAATGGAAGTTCAAGTTTTGGAGATAATGCATTAATCTGTTATTATTTTTTTAAAAAAAA 42 0 
AAAAAAAAAAAAAAAAAAAAAAAATCGATGTCGACTCGAGTC 462 

Figure 16. Nucleotide sequence of Gh-4. The deduced amino acid sequence is 
indicated below the coding region and the sequence that shared identity with that 
of vatp-PI is underiined. Part of 2131-2 primer (after Eco Rl digstion), the 
putative poly(A) addition sequence, and Adapter primer are underiined. 
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Gh-4 GCATTATTGTCGGCATCATCTTGTCTTCCCGAGCTGGCCAATCTAGAGCAGAATA 5 5 

vatp-PI GCCTCATTGTCGGCATCATCCTATCATCCCGAGCTGGCCAATCCCGTGCCGATTA 62 4 

Gh-4 AG-ATGCTGGTGGAATTGG TTAGTATTCTTTTATTTGCTTATATTGGTATAT 10 6 

vatp-PI GGCATGTTTCCACGCATGGCCCTGCGTGGCCTCTTGTT TTATATTGTTATAT 6̂ 6 

Gh-4 TACCATATGAAAAAAGAGTATTCGATCGTTCTCGGGT-TAGTTCCGATTTAAACA 160 

vatp-PI TCAGACAACAAAACTGAGGTCTAGA-GGTTATCATGTCTAGTTTTCATTCTTCTG 73 0 

Gh-4 GCAAATCCAGGGTTGGTATTATTAGTATTTAATGAAAAGCAACATCTTTTGAGAG 215 

vatp-Pl TCTGTTCGAGAACAGAAATATCTGTAGTCAGGGCGTTTGCCCTTGCCATACCATT 7 8 5 

Gh-4 TTCATTTAGCGGTTGCTCTTTTCACTTTGTAGAAGTAGAAATGAGTTTCTATGAA 2 7 0 

vatp-PI CTTTCTCCGTCAGGATGTTGGGTGGTGGTTGATGCTAAAAAAAAAAAAAAAAAAA 84 0 

Gh-4 TAAATGACCAGAACCTTTTTGGTCCCTGGTTTGAACGGTTCACATTTTCTATCAG 3 2 5 

vatp-PI AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 873 

Gh-4 TCTATATCTTTGCTTCTGAAATTGAAACTTTTCTTTAATGGAAGTTCAAGTTTTG 3 8 0 
Gh-4 GAGATAATGCATTAATCTGTTATTATTTTTTTAAAAAAAAAAAAAAAAAAAAAAA 43 5 
Gh-4 AAAAAAAAATCGATCTCGACTCGAGTC 462 

Figure 17. Sequence comparison between Gh-4 and vatp-PI {Avena sativa 
vacuolar H^-ATPase 16 kD proteolipid subunit)(Lai etal., 1991). 
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GAAGAATTCGCATTATTGTCCAATACATCGATGAGGTTTGGCCTTCTGCTCCCATTGTTC 6 0 
1 R I R I I V Q Y I D E V W P S A P I L 

CTTCTGATCCCCATGAACGTGCCACCGCCCGTTTTTGGGCTGCTTATCTTGACGACAAGT 12 0 
20 P S D P H E R A T A R F W A A Y L D D K 

GGTTCCCTTCCTTGAGAGCTATTGGTATGGCTGAAGGAGAGGATGCAAGGAAAGCAGCCA 180 
40 W F P S L R A I G M A E G E D A R K A A 

TAGGGCAAGTGGAGGAAGGGCTGATGCTGTTAGAGGAGGCATTTGGCAAATGCAGCCAAG 2 4 0 
60 I G Q V E E G L M L L E E A F G K C S Q 

GCAGGCATTCTTTGGGAAGGATCAAATTGGATATCTTGACATAACATTTGGGTTGCTCTT 3 00 
8 0 G R H S L G R I K L D I L T - 93 

TGGGGTTGGCTAAGAGTGACAGAGAAGATGAGTGGGGATCAAGCTGCTTAAATGAAATCA 3 6 0 
ACACTCCTGCTCTGCTTAAATGGGCTAACAGATTCTGCAATGATGCCGCCGTGAAAGATG 42 0 
TCATGCCTGAGACCGAAAAGCTTGCGGAGTTTGCTAAGATGCTTAGGGGCAGAGTGAGAG 4 S 0 
CCACTCCCACATCTTGAATTGCCAAAGGGAGCCATATTTCTTGGCTCTTGACCATATTTT 540 
ACATGCAATTGTCTCCTTTCCGGTTTTTCTAAATAAAAGTATGGCATTTTTACCCCAGTA 6 0 C 
ATACAAAAAAAAAAAAAAAAAAAAAATCGATGTCGACTCGAGTC 644 

Figure 18. Nucleotide sequence of Gh-5. The deduced amino acid sequence is 
indicated below the coding region. 2131-2 primer, the putative poly(A) addition 
sequence, and Adapter primer are underiined. 
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overiap), pCNT110{6^.3% identity in 194 bp overlap), pCNT111 {bO.V/o identity 

in 193 bp overiap), and pCNTI07 {5Q.9% identity in 284 bp overiap)(van derZaal 

etal., 1991). Furthermore, the deduced amino acid sequence of G/7-5 shared 

sequence similarity with those of pGNT35 (61.1% identity in 36 aa overiap), 

pGNTI (58.3% identity in 36 aa overiap), pCNTI07 {44.6% identity in 74 aa 

overiap), pCNT110 (40.8% identity in 71 aa overiap), and pCNT117(40.8% 

identity in 71 aa overlap)(van der Zaal etal., 1991)(in Figure 19, pCNT107 and 

pCNT111 are shown). The amino acid sequence of G/7-5 also shared sequence 

similarity with Glycine max heat-shock protein Gmhsp26-A gene (63.9% identity 

in 36 aa overiap)(Czarnecka etal., 1988), C-7 protein encoding Arabidopsis 

thaliana PAP433 cDNA clone (46.6% identity in 73 aa overiap)(Raynal et al., 

1994), auxin-inducible glyoxalase I of G. max (35.9% identity in 92 aa 

overlap)(Paulus etal., 1993), another auxin-inducible N. tabacum par cDNA 

isolated from mesophyll protoplasts (41.1% identity in 90 aa overiap)(Takahashi 

etal., 1991), N. tabacum C-7cDNA (41.8% identity in 91 aa overiap)(Takahashi 

and Nagata, 1992b), and a pathogenesis-related protein PRP1 gene of Solunum 

tuberosum (60.6% identity in 142 bp overiap and 52.6% identity in 38 aa 

overiap)(Taylor et al., 1990)(Figure 19). Characteristics of AtC7 are not known. 

Droog et al. (1993) reported that this multigene family shares significant 

homology to both plant and animal glutathione S-transferases (GST, EC 

2.5.1.18), and they showed that the protein NT103, encoded by a member of the 

Nt103 subfamily, has a GST activity in vitro. Nt103 is one of the auxin-inducible 

cDNAs and it shares sequence similarity with the other tobacco cDNAs (Droog et 

al., 1993). Thus, these proteins could be GST and Gh-5 could be part of GST. 

Library screeninq 

Cotton genomic library, cDNA library derived from 0-DPA ovules, and cDNA 

library derived from 18-day-old seedlings were screened by Gh-3 probe, yet no 

positive clone was obtained. 
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Figure 19. Sequence similarity of G/7-5 with other auxin-regulated proteins. 
pCNT107 and pCNT111: Nicotiana tabacum auxin inducible proteins (van der 
Zaal et al., 1991); AtC7: Arabidopsis thaliana C7 protein (Raynal et al., 1994); 
NtPAR: Nicotiana tabacum auxin inducible protein (Takahashi etal., 1991); 
NtC7: Nicotiana tabacum C7 protein (Takahashi etal., 1992b); Gmglyl: Glycine 
max glyoxalase I (Paulus etal., 1993); StPRPl: Solunum tuberosum PRP 
protein (Taylor etal., 1990); GmHSP26-A: Glycine max heat-shock protein 
(Czamecka etal., 1988). "*" indicates a position in the alignment that is perfectly 
conserved and "•" indicates a position that is well conserved. 
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CHAPTER IV 

DISCUSSION 

Five cDNAs that are preferentially expressed in cotton fiber were isolated 

using several PCR amplification and cloning techniques. Gh-1 was isolated by 

the RT-PCR method; Gh-2 by the differential display of mRNA technique; Gh-3 

by the combination of differential display and arbitrarily primed fingerprinting of 

RNA techniques; Gh-4 and Gh-5 by the "RACE" technique. 

Gh-1. DCKE6 homo\oQ 

The sequence characteristics and expression pattern of Gh-1 cleariy 

showed that Gh-1 is a homolog of pCKE6 (John and Crow, 1992). Expression of 

Gh-1 was predominantly fiber-specific and developmentally regulated. The 

major difference between Gh-1 and pCKE6\Nas that Gh-1 contained a tandemly 

repeated sequence, TCAGGC, which encodes serine and glycine. Since E6 has 

only one Ser-Gly repeat and Gh-1 has five, it seems unlikely that this repeat 

element has functional significance. John and Crow (1992) predicted that E6 

may be involved in the synthesis or degradation of carbohydrates and pectins. 

Since E6 has a potential signal peptide at the N-terminus, it may be a secreted 

protein or an organellar protein. Since E6 and Gh-1 are rather acidic proteins, it 

is unlikely that E6 is a transcription factor (John and Crow, 1992). However, they 

could be enzymatic proteins involved in synthesis and deposition of the primary 

wall materials or they could be structural proteins in organellar membranes. 

Although we suspect that the Ser-Gly repeat of Gh-1 may not have 

functional importance, similar repeats have been found in other proteins. The 

Ser-Gly repeats like those in Gh-1 have been found in the peptide core of 

secretory granule proteoglycans in human (Nicodemus etal., 1990), rat 

(Avraham etal., 1988), and mouse (Avraham etal., 1989). These proteoglycans 

are acidic and possess glycosaminoglycan attachment regions and often bound 

to basically charged endo- and exo-peptidases in the secretory granules of rat or 

64 



mouse hematopoietic cells (Avraham etal., 1988 and 1989). It has been 

assumed that these proteoglycans form stable complexes with proteases and 

other granule-localized proteins to prevent their intragranular autolysis and 

facilitate their concerted action extracellularly (Nicodemus et al., 1990). The 

glycosaminoglycan attachment regions contain Ser-Gly repeats and are thought 

to be critical for the biosynthesis and/or function of these proteoglycans 

(Avraham et al., 1988). The Drosophila seven-up (svp) gene is involved in 

control of cell fate during the generation of neuronal diversity (MIodzik et al., 

1990). svp is a member of the steroid receptor gene superfamily and believed to 

be a Drosophila homolog of the human transcription factor COUP (Wang et al., 

1989). svp has Ser-Gly repeats at the 5' end of the cDNA in the region which is 

not critical for the function of the protein, but the COUP cDNA does not have 

these repeats. 

Gh-2. Putative Cotton Tat-Bindina 
Protein cDNA 

The cDNA, Gh-2, has strong sequence similarity with ZmTBP from maize. 

This maize cDNA has conserved sequence elements found in a family of 

transcription factors known as Tat-Binding Proteins. The type 1 human 

immunodeficiency virus (HIV) faf protein (Tat) is a positive regulator of virus gene 

expression (for a review, see Cullen, 1993). Tat protein binds to an RNA 

structure (TAR) present at the 5' terminus of viral mRNA and activates 

transcription. It has been suggested that Tat enhances transcription initiation or 

transcript elongation through a direct interaction with cellular transcription factors 

(Shibuya et al., 1992). A protein that interacts with Tat was previously identified 

and designated as TBP-1 (Nelbock etal., 1990). TBP-1 was a strong 

transcriptional activator when brought into proximity of several promoter 

elements (Ohana etal., 1993). Transcriptional activity depended upon the 

integrity of at least two highly conserved domains: one resembling a nucleotide-

binding motif and the other motif common to proteins with helicase activity. 
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In addition, it was revealed that TBP-1 represents one member of a large, highly 

conserved gene family that encodes proteins with strong amino acid 

conservation across species. While Gh-2 is very similar to ZmTBP, it does not 

contain the region that includes the consensus nucleotide-binding domain 

(GPPGTGKT) and helicase motif (DEID). 

Although sequence similarity of Gh-2 was very high with those of maize 

cDNAs, the similarity was low with those of yeast SUGl and TBPYand 

Dictyostelium DdTBP2 and DdTBPIOcD^As. SUGl and TBPY are essential 

genes in yeast and share considerable homology with TBP-1. These proteins 

are thought to be involved in transcriptional activation (Swaffield et al., 1992; 

Goyer et al., 1992). The TBPY gene encoded a heptad repeat of hydrophobic 

amino acids reminiscent of leucine zipper, and secondary structure predictions 

suggested formation of an amphipathic helix that could further be organized into 

a coiled-coil structure (Goyer et al., 1992). The protein product of TBPy showed 

amino acid signatures characteristic of a large family of RNA helicases. DdTBP2 

and 10 were highly expressed in vegetatively growing cells, and their levels fell 

steadily throughout multicellular development and were not found in dormant or 

germinating spores, suggesting the function of the TBPs as vegetative-growth 

specific transcription factors (Shaw and Ennis, 1993). DdTBPIO possessed a 

perfect canonical leucine zipper motif in its N-terminus. In addition, both 

Dictyostelium proteins had the nucleotide-binding domain and helicase motif. 

The function of malaria PF0070C is not known (Dame, 1992). However, 

malaria TBP was reported (Hirtzlin etal., 1994); the sequence similarity of the 

malaria TBP with Gh-2 was 25.3% identity in 87 aa overiap. Thus, the central 

region of the TBP genes may be evolutionary conserved among the species, yet 

it seems that the 5'end of the genes may be highly variable (Ohana et al., 1993; 

Shaw and Ennis, 1993). The function of these proteins, whether they can bind to 

mRNA of HIV-1 or whether are transcription factors, is not known. 
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Based on this study, the function of Gh-2 cannot to be determined. 

However, the speculation that Gh-2 is a transcription factor provides an 

interesting project for future research in cotton fiber development. 

Gh-3. Fiber/Petal Unioue cDNA 

Gh-3 is preferentially expressed in fibers and petals, and somewhat in other 

vegetative tissues. This expression pattern resembles those of Gh-2 but not Gh-

1. Transcripts of Gh-1 were very low in petal RNA. The hydrophobic N-terminus 

of the deduced amino acid sequence of Gh-3 indicated that it could be targeted 

to an organelle such as the vacuole or ER. 

Noda et al. (1993) isolated a mixta gene that affects the intensity of 

pigmentation of epidermal cells in Antirrhinum majus petals, and its sequence 

revealed that it may encode a Myb-related protein that probably participates in 

the transcriptional control of epidermal cell shape. It was speculated that the 

primary effect of the mixta mutation is on the specialized differentiation of the 

inner epidermal cells of the corolla, thus affecting the cell shape; that failure to 

develop the conical form influences the intensity of the floral pigmentation. The 

expression patterns of mixta and related genes, myb308 and myb315 (Jackson 

et al., 1991) are similar to that of Gh-3, although it was not discussed whether 

their expression is detected in trichomes. However, the sequence of Gh-3 did 

not share homology with any of my/?-related genes significantly. Thus, Gh-3 may 

not belong to the /77y/>-related gene family. 

The role of Gh-3 in fibers and petals remains open. Yet, it will be 

interesting to know if Gh-3 is involved in formation of the tubular structure in the 

fiber and the conical structure in petal epidermal cells, but a lot more studies 

must be accomplished before any speculation is made. 

Gh-3 is the only cDNA that does not share homology with an existing 

sequence. Therefore, it will be interesting to determine its function in the future. 
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Extension of Gh-2 

All of the attempts to extend the 3' and 5' ends of Gh-2 were not successful. 

Oligo(dT)9GT/2131-1 combination produced Gh-2d and G/7-2e cDNAs which 

were homologous to Gh-2, yet these clones did not extend the 3' end of Gh-2 

any further. Other attempts to extend the 3' or 5' end of Gh-2 using the RACE 

technique were also unsuccessful. The sequence companson between Gh-2 

and the maize TBP cDNA (Figure 10) showed that the extreme 5' end of Gh-2 

did not match well with that of the maize cDNA. This may indicate that the 

sequence of the extreme 5' end of Gh-2 may not accurately represent the actual 

Gh-2 mRNA since it is derived from the 2131-1 primer that originated from the 

arbitrary sequence (E6RP). Thus, the 2131-1 primer may not have primed well 

for the 3'-extension in the RACE reaction. On the other hand, the 3' end of Gh-2 

did match the maize TBP cDNA quite well. Yet, the attempt to extend the 5' end 

of Gh-2 using the 2131-2 primer was not successful in the RACE reaction. This 

could be due to inefficient synthesis of the first strand cDNA templates, resulting 

in the amplification of different sizes of cDNAs. 

Gh-4 and Gh-5 were amplified from the combination of 2131-2 and Adapter 

primers, but did not have the anticipated sequences. Technically, while Gh-4 

and Gh-5 were isolated using the RACE technique, they represent unique 

cDNAs. Since the two cDNAs possess the AATAAA sequence and poly(A) tail 

and the data base search found similar sequences, they appear to be part of 

cotton fiber abundant cDNAs (Both Gh-4 and G/7-5 are missing the 5' termini). 

Gh-4, Vacuolar H''-ATPase Subunit cDNA 

Mature plant cells are characterized by a thin layer of cytoplasm and a 

voluminous central vacuole (more than 90% of the volume); therefore, it is clear 

that the largest part of the osmotically active solutes must be vacuolar. The 

tonoplast is energized by H"" pumps using energy created by hydrolysis of ATP 

and accumulated protons inside the vacuole are used for secondary active-

transport of ions and metabolites into the vacuole. As a result, water diffuses 
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into the vacuole and generates turgor (Leigh, 1983; Boiler, 1985; Keller er al., 

1985; Boiler and Wiemken, 1986). The eukaryotic V-ATPase is a multimeric 

enzyme consisting of 3 to 10 different subunits, which are assembled into a 

peripheral sector (Vi) facing to the cytoplasm and a membrane-integrated sector 

(Vo). In general, it is thought that ATP hydrolysis is catalyzed in the Vi sector by 

the 69-kD catalytic A subunit and the 57-kD regulatory B subunit (Forgac, 1989). 

Gh-4 shared sequence similarity with VATP-PI cDNA, an oat V-ATPase 16-

kD subunit (Lai etal., 1991). The vacuolar 16-kD polypeptide is a major subunit 

of the membranous sector (Vo) that binds N,N'-dicyclohexylcarbodiimide 

(DCCD), an inhibitor of the V-ATPase activity and a potential H^ pore blocker 

(Kaestner ef a/., 1988; Bouzayen etal., 1989). It was estimated that the 16-kD 

proteolipid is present in about six copies per V-ATPase complex, and the binding 

of DCCD to one copy causes full inhibition of the ATPase activity (Lai et al., 

1991). Divergence in codon usage and in the 3'-untranslated regions of the 

vatp-PI cDNAs indicated the presence of a small multigene family. However, 

the deduced amino acid sequences of the proteins were 97-99% identical, yet 

indicated several isoforms of the 16-kD proteolipid in oat. As the oat genome is 

hexaploid, some of cDNAs encoding the proteolipid could be allelic variants. The 

significance of a small multigene family encoding the 16-kD proteolipid in oat is 

not clear, yet Lai et al. (1991) speculated two reasons: the increase in gene 

dosage will meet the demands for the 16-kD proteolipid in plant cells; and the 

presence of distinct types of V-ATPase associated with different tissues, cell 

types, or subcellular organelles. If so, multigenes can provide isoforms with 

unique properties to satisfy the necessity of H"" pumping activity for different 

tissues, cell types, or subcellular organelles. 

Wan and Wilkins (1994) reported that cotton V-ATPase B subunit is 

encoded by at least three genes, indicating the presence of a multigene family in 

cotton V-ATPase as well. The mRNAs of the V-ATPase B cDNAs were present 

in developing ovules and petals, indicating that the V-ATPase B subunits are 

abundant in the vacuole of the expanding cells. 
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Gh-4 mRNA is highly expressed in elongating fibers; therefore, it is most 

likely that Gh-4 protein is present in the central vacuole of expanding fibers. The 

central vacuole of elongating cotton fibers store ions, metabolites, and water; 

therefore, apart from V-ATPase, cotton tonoplast might possess T^TIP proteins to 

permeate water more efficiently to meet the high demand in the expanding 

central vacuole of elongating fibers. 

G/7-5. Auxin-Responsive cDNA 

Gh-5 is primarily expressed in cotton fibers and the sequence similarity 

indicates that it may be a member of auxin-inducible protein gene family. 

Although Gh-5 was missing the arg17 residue of the auxin-inducible gene family, 

most of the conserved amino acid residues were present. This arginine residue 

is thought to stabilize the bound glutathione anion and be necessary for full 

conjugating activity in intracellular transport (Droog et al., 1993). 

A number of cDNAs corresponding to auxin-regulated mRNAs was isolated 

from tobacco (van der Zaal et al., 1991). One of these cDNAs, Nt103 orparB, 

was proposed to encode glutathione S-transferase (GST, EC 2.5.1.18) 

(Takahashi and Nagata, 1992a; Droog et al., 1993). Glutathione S-transferases 

are a ubiquitous family of proteins that catalyze the nucleophilic addition of the 

thiol of reduced glutathione to a large variety of hydrophobic electrophiles 

(Pickett and Lu, 1989), and they are widely distributed in mammals, insects, and 

higher plants and believed to be involved in the detoxification of cytotoxic 

products and the protection of tissues against oxidative damage. In addition to 

enzymatic activities, GSTs also possess a ligand-binding capacity and are 

believed to be involved in intracellular transport of hydrophobic and amphipathic 

compounds (Ketley etal., 1975). In plants, GSTs are mostly studied in 

connection with the detoxification of xenobiotic compounds and the protection 

against oxidative tissue damage (Droog etal., 1993). However, the roles of 

GSTs in plants are not yet clear. 
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As shown in Figure 18, it is clear that the first half of the amino acid 

sequence is highly conserved among the family. Gh-5, thus, could be a GST-like 

enzyme and could be involved in intracellular transport of certain compounds 

which may be in need for rapidly growing fiber cells. If this is the case, GSTs 

might be required for rapidly growing fiber cells to scavenge highly reactive 

oxidants. 

Concludina Remarks 

Using a variety of PCR-based methods, five cotton fiber cDNAs were 

isolated and partially characterized. We found that Gh-1 is a homologous cDNA 

to pCKE6; Gh-2 may be part of a cotton homolog of TBP cDNA; Gh-3 seems to 

be a full-length cDNA that encodes a protein targeted for secretion or to a certain 

organelle; Gh-4 may encode part of a V-ATPase subunit; Gh-5 may encode part 

of a glutathione S transferase. The four cDNAs except Gh-1 are unique. Further 

characterization of these cDNAs will be useful to understand the mechanisms of 

cotton fiber growth and development and improve cotton fiber quantity and 

quality through biotechnology in the future. 
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