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ABSTRACT 

Two cotton racestocks, T25 and T169, respond to drought 

stress differently. In the field, T25 leaves remain turgid 

whereas T169 leaves wilt under environmental stress. T25 is 

considered to be a drought tolerant cotton line, whereas 

T169 a drought susceptible cotton line. The complexity of 

plant responses to heat and/or drought stress make it 

difficult to study and identify the individual parameters 

which relate to heat and/or drought tolerance at the whole 

plant level. Tissue and cell culture systems provide a 

defined system to either impose two or more stresses 

simultaneously or separately to study the effects of stress 

on cell growth at the cellular level. Expansive growth of 

higher plant cells is known to be very sensitive to drought 

and heat stresses. Cell wall proteins (CWP) have been 

reported to be related to cell wall extensibility and 

growth. The purpose of this study was to investigate at the 

cellular level the effects of thermal stress on regulation 

of cell growth, CWP accumulation, and peroxidase (an 

important cell wall protein) isozyme patterns during growth 

of cell suspension cultures of these two cotton racestocks. 

Cell suspension cultures derived from hypocotyl-induced 

calli were used in this study. Cultures were grown at six 

temperatures (18, 22, 28, 34, 38, and 42''C) and cell growth 
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was estimated by measuring settled cell volume. The 

differential growth response indicated that T25 had a higher 

overall growth rate than T169. The optimal growth 

temperature range for both racestocks was between 28 and 

34°C, but there were differences between racestocks within 

these ranges. Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) indicated that the expression of 

CWP changed during 5 weeks of growth for both cell lines. 

Changes in the level of 38, 42, and 58kd proteins were 

observed both in cells and in the culture medium when cells 

were grown under different temperature conditions. 

Peroxidase isozyme patterns under the different temperatures 

were determined by isoelectrofocusing (IEF). Analysis of 

IEF gels showed both genotypic and temperature dependent 

responses. At 28°C, very low peroxidase activity was 

present in both cell lines. Four major peroxidase isozymes 

were visualized at 18, and 34"C, 3 anionic peroxidase 

isozymes at pi = 3.5, 3.8, and 4.0, and one cationic at pi = 

9.5. However, under different temperatures, a more complex 

pattern of peroxidase isozymes was present in both cells and 

culture medium during 5 weeks of growth. In conclusion, 

temperature affects the expression of some specific cell 

wall proteins and peroxidase isozymes of these two cotton 

racestocks. 
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CHAPTER I 

INTRODUCTION 

More than 80% of crops suffer environmental stress 

during the growing period which causes a major reduction in 

yield potential (Boyer, 1982). Among them, drought stress 

accounts for yield losses of about 41% (Boyer, 1982). 

Moreover, the greenhouse effect caused by global warming and 

the resulting changes of temperature and rainfall patterns 

could result in further reduction of crop yield. It is 

crucial for us to understand how plants regulate genetic 

control of stress tolerance mechanisms. 

Cotton is an important world crop. About one-third of 

the U.S. cotton production occurs in Texas. Several 

environmental factors including drought, temperature, excess 

water, shallow, saline soils, etc., limit productivity and 

the quality of crops. Thermal stress and water stress are 

considered to be major environmental factors that limit 

growth. 

Plant cell wall metabolism is known to be one of the 

primary factors limiting growth under drought stress (Boyer, 

1987). Cell wall components which include proteins, 

enzymes, and carbohydrate polymers play a key role in 

controlling cell expansion under stress conditions (Cassab 

and Varner, 1988; McNeil et al., 1984). Cell wall proteins 



have been reported to be related to cell wall extensibility 

and growth (Lamport, 1965). Thermal effects on cell wall 

growth may be caused by regulating the synthesis or 

deposition of cell wall proteins. 

The functions and mechanisms of cell wall proteins that 

may be related to stress tolerance are still unknown. In 

order to identify and isolate genes shown to be involved in 

thermal stress regulation, we focus on a specific group of 

proteins that are involved in growth processes and are 

related to thermal effects on cell wall development. This 

objective can be accomplished by determining how thermal 

stress affects cell growth of cotton racestocks 

differentially sensitive to the stress, determining the 

difference between cell wall protein accumulation under 

different thermal conditions, and identifying the 

correlation between cell growth and cell wall protein 

deposition under different thermal conditions. 

In a previous study, the goal was to determine if 

thermal stress regulates plant growth and the expression of 

genes encoding the cell wall proteins in cotton racestocks 

at the whole plant level (Reinisch et al., 1992, in review). 

Two cotton racestocks were used to examine the grovrth 

response to drought stress. T25 and T169 leaves responded 

to drought stress differently when grown in the field either 

under irrigated or non-irrigated conditions (Peterschmidt 



and Quisenberry, 1981). Under the stress condition (non-

irrigated), T25 leaves remained turgid whereas T169 leaves 

wilted dramatically. Greenhouse grown plants were also used 

to evaluate the effect of thermal stress on growth of these 

two cotton racestocks under controlled environments. Two 

different temperatures (26°C and 38°C) were selected to 

investigate growth. The results indicated that the average 

leaf size of the plants grown at 26°C were larger than those 

at 38°C for both racestocks. This suggested that plants 

grown in the growth chamber at 38''C were under more stress 

than those grown at 26''C. 

Cell wall proteins were extracted from both field grown 

plants and greenhouse grown plants. Cell wall proteins were 

extracted by CaCl2 infiltration from T25 and T169 leaves 

grown in the field under normal and stress conditions. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) followed by silver staining showed both 

quantitative and qualitative changes in the cell wall 

protein patterns between stages of leaf development, cotton 

racestocks, and two environmental conditions. Although cell 

wall proteins extracted from field grown plants showed 

slightly different protein profiles compared to greenhouse 

grown plants, both CaCl2 extractable cell wall proteins from 

field and greenhouse conditions revealed developmentally 



regulated and genotypically dependent differences (Trolinder 

et al., 1989). 

The complexity of plant response to heat and drought 

makes it difficult to identify individual parameters that 

relate to drought and heat tolerance. Using whole field 

plants to study tolerance is hampered by the possibility of 

confounding two stresses at the same time. In contrast, 

tissue and cell culture systems are highly controlable and 

allow two stresses to be imposed simultaneously or 

separately to study at the cellular level the effects of 

stress on cell growth and cell wall protein (Wang and 

Nguyen, 1989). So far, no comparisons have been reported 

for the thermal component between thermal tolerant and 

susceptible racestocks of cotton at the cellular level. ' In 

this study, two cotton racestocks, T25 (drought tolerant) 

and T169 (drought susceptible) lines, were used to 

investigate in vitro growth. 

The objectives of this study were: 

1. To determine the effect of thermal stress (high and low 

temperature) on cell growth at both the tissue and 

cellular level of two cotton racestocks (T25 and T169) 

(Peterschmidt and Quisenberry, 1981), that respond 

differently to stress under field conditions. 

2. To determine the effects of thermal stress on the 

developmental regulation of proteins that accumulate in 



the cell walls of suspension cells of the two cotton 

racestocks. 

3. To investigate the localization and regulation of two 

known cell wall proteins, extensin and peroxidase, and 

to determine the effects of thermal stress on the 

developmental regulation and distribution of peroxidase 

isoenzymes. 



CHAPTER II 

LITERATURE REVIEW 

Plant Growth and Development 

Plant development involves both growth and 

differentiation. The process of development occurs when an 

organism undergoes a series of changes during its life 

cycle. It involves not only quantitative differences in the 

numbers and arrangement of cells within different organs, 

but also qualitative differences between cells, tissues, and 

organs during the developmental process (Christiansen and 

Warnick, 1983; Meins and Binns, 1979). From the simple 

structure of the embryo to the highly complex organization 

of the mature plant, each developmental stage is the result 

of interaction between the inherent potentialities of the 

species and external factors of the environment (Meins and 

Binns, 1979). 

Growth is the result of quantitative changes during 

plant development. Both cell division and cell elongation 

are involved in plant growth. Cell division is required for 

growth, but it does not cause any change in the size of the 

cell. The direct increase in plant size results from the 

irreversible wall extension and enlargement of the cells 

(Ray, 1987), thus growth is an irreversible change in the 

size of cells, organs, or the whole organism during the 



developmental process. The external form of the plant is 

the result of differential growth of various tissues and 

organs (Meins and Binns, 1979). 

Growth of the Cell Wall 

Plant cell growth is limited by the cell wall. During 

cell wall growth, the various types of chemical bonds which 

link the different wall components within the wall matrix 

must be broken to allow molecular rearrangement and, hence, 

cell wall expansion (Taiz, 1984). The plasticity of the 

cell wall could be increased as the result of the activities 

of hydrolytic enzymes that modify wall structure during the 

cell expansion process (Hatfield and Nevins, 1988). 

The Golgi bodies play a key role in cell wall 

synthesis, beginning with the development of the cell plate 

following cell division and continuing throughout primary 

and secondary wall deposition. Vesicles derived from Golgi 

are involved in the transportation and deposition of cell 

wall matrix components to the plasma membrane and their 

secretion by the exocytosis process. Post-translational 

modification of proteins which are found in the cell wall, 

such as hydroxyproline-rich glycoproteins (HRGP) and other 

glycoproteins, also occur in the Golgi complex. The 

polypeptide backbones of wall glycoproteins can be predicted 

to be synthesized initially by the ribosomes on the rough ER 



(Dunphy and Rothman, 1985; Kornfeld and Kornfeld, 1985; 

Staehelin et al., 1988), transported through the Golgi stack 

for additional post-translational modification, sorted and 

packaged into vesicles, and then delivered to different 

compartments (Staehelin et al., 1988). Hence, the Golgi 

apparatus plays an important role in compositional changes 

during the processing and sorting of glycoproteins and in 

their assembly and modification into functional cell wall 

structures during development (Carpita and Gibeant, 1988; 

Bacic et al., 1988; Wilkie, 1979). 

Cell growth must be accompanied by cell wall growth. 

Therefore, it is possible that the cell wall may contain 

regulatory molecules that control cell growth and regulate 

plant development (McNeil et al., 1984). The state of the 

wall is reflected by metabolic events which occur during 

plant growth and development (Nevins et al., 1987). The 

quantitative and qualitative changes in cell wall components 

could be used as a growth indicator. In particular, 

peroxidase or extensin might be good as markers to evaluate 

stress effects or developmental regulation (Carpita and 

Gibeant, 1988; Lagrimini and Rothstein, 1987; Berthon et 

al., 1987). 
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The Control of Development 

Developmental processes are controlled by both internal 

and external factors. Every organism is the product of the 

interaction between its genetic potential and the 

environment. Developmental events usually take place in a 

very orderly manner, one stage following another in a proper 

sequence. Each successive step is not controlled 

independently. The achievement of one stage executes some 

controls over the alternative pathways by switching the 

genes "on" and "off" at different stages of development. In 

general, once a particular pathway of development has been 

entered, the process is irreversible (Verbeke, 1989). The 

control mechanisms that are involved in determining the 

sequence of the gene-switching processes are very important 

for understanding plant growth during the different 

developmental stages. Analysis of gene products has 

suggested possible roles for structural proteins and wall-

associated enzymes that are involved in growth, development, 

and defense (Lamport, 1980; Hood et al., 1988). For 

example. Hood and co-workers (1988) have found a 

developmentally regulated hydroxyproline-rich glycoprotein 

in maize pericarp cell wall. Cell wall peroxidase has also 

been reported to have an effect on the regulation of plant 

growth and development (Lagrimini et al., 1990). 



Cell Differentiation and 
Environmental Factors 

In addition to the internally programmed type of 

development just considered, environmental factors impose 

external control over growth. Environmental factors may 

also have a profound effect on the pattern of 

differentiation and on the development of plants (Gipson and 

Joham, 1969; Zimmerman et al., 1989). Environmental 

factors, such as light, temperature, water supply, mineral 

nutrient level and oxygen tension, are all known to have 

effects on tissue and cell differentiation. In this study, 

the focus is on the effects of thermal stress on the 

developmental stages of plant cell growth. 

Environmental Stress Influences Growth 

World crop production is limited by environmental 

stress. Previous investigations (Christiansen, 1982; Dudal, 

1976) indicate that only about 10% of the world's land may 

be classified as a non-stress environment, so crop 

production is rarely able to avoid environmental stress 

problems. Statistical analysis of crop yields shows that 

the actual yield is below the potential yield of different 

crops in different areas (Cardwell, 1982). This difference 

is caused by factors other than crop genetics or crop 

management. The physical environment is a major factor that 

affects crop yield. Several environmental stresses, such as 
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drought stress, heat stress, chilling stress, freezing 

stress, mineral stress, salinity stress, water stress, etc. 

(Christiansen, 1982), have been shown to influence cell 

growth. Modification of the environment to alleviate 

environmental problems is a central goal in current crop 

management practices, but this is not possible for 

temperature stresses (Christiansen, 1982; Fitter and Hay, 

1981). 

To improve economic yield by genetic modification of 

plants enabling them to grow and produce under a given 

environment remains the most viable way to solve 

environmental stress problems. There are two basic 

approaches to this problem. The first approach is to study 

mutant or isogenic lines for thermal or water stress 

sensitivity in an effort to understand the roles of 

particular traits. Because mutant and isogenic lines of 

stress resistant varieties are so rare in higher plants, it 

is more practical to study the differences between 

environmentally resistant and sensitive lines, and identify 

potential gene products that may play a physiological role 

in the protection process. By using biotechnological 

methods, genes identified as responsive to the stress can be 

transferred and modified in the plant cell where it is 

needed. 
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Severe water stress is often accompanied by high 

temperature stress. Plants suffering from water stress 

reduce transpirational water loss by stomatal closure 

(Fitter and Hay, 1981), thus reducing transpirational 

cooling and increasing leaf temperatures. Heat then acts on 

the plants causing heat injury by several mechanisms such as 

denaturation of proteins (Alexandrov, 1977), alteration of 

enzymatic activity (Teerie, 1980), blocking of translocation 

(Dinar et al., 1981), reduction of chloroplast photochemical 

activity, and alteration of membranes (Berry and Bjorkman, 

1980). Heat injury is correlated with the intensity and 

duration of the thermal stress. Once plant tissues are 

heated to superoptimal temperatures, heat tolerance becomes 

relevant. Plant injury by heat or tolerance to heat is 

correlated with duration of the stress, and specific 

adaptive responses. 

Because there are many processes affected by stresses, 

determining any single unique characteristic that confers 

tolerance to all stresses is likely to be impossible. The 

complexity of plant response to stress makes it difficult to 

study stress tolerance at the whole plant level. In 

contrast, tissue and cell culture systems may allow us to 

differentiate between responses of growing and non-growing 

cells under different environmental conditions. They may 

also facilitate the study of stress responses during cell 
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growth at the cellular level. Since cell wall growth must 

proceed cell growth, the cell wall response to stress could 

reflect cell growth under stress conditions. Suspension-

cultured cells provide the advantage of containing 

relatively homogeneous primary cell walls (York et al., 

1985; Harris, 1983). Also, the polysaccharides found in the 

walls of suspension-cultured cells have been found to be 

representative of those found in intact plant tissue (York 

et al., 1985). It has also been found that suspension cells 

secrete polysaccharides and proteins into their culture 

medium that are similar to those present in the cell wall 

(York et al., 1985). Hence, media content can be used to 

investigate changes in cell wall protein synthesis during 

exposure to stress. 

The study of plant-growth-stage-specific responses to 

temperature stress attempts to define stage-specific 

tolerance. Regulation of the genes encoding cell wall 

proteins during different developmental stages is extremely 

interesting, since one expects that these genes or other 

related genes could be expressed during plant growth as well 

as in response to thermal stress. 

c^n Wall and Cell Wall Protein 

The plant cell wall is one of the distinguishing 

characteristics of plant cells. The cell wall is a complex 

13 



structure with unique characteristics that are related to 

the developmental stage of a given plant cell type. Each 

cell within a tissue has its own wall, and the function of 

each cell is reflected in and sometimes determined by its 

wall (Cassab and Varner, 1988). Cell walls are classified 

into primary and secondary cell walls. The primary cell 

wall is thin and forms while the cell is still undergoing 

rapid growth and elongation. Secondary walls are usually 

much thicker than primary cell walls. The deposition of a 

non-expanding secondary wall occurs when the cell stops 

growing. Primary and secondary cell walls differ in their 

composition. Secondary walls have higher cellulose content 

than primary cell walls. Almost all cell walls in higher 

plants contain cellulose microfibrils embedded in a matrix. 

The matrix consists of three major components: pectic 

polysaccharides, hemicelluloses, and glycoproteins. Recent 

work has shown that cell wall proteins play important roles 

including not only enzymatic functions, but also structural 

roles during cell growth (York et al., 1985; Carpita and 

Gibeant, 1988). 

Three classes of structural cell wall protein genes 

have been found in dicotyledonous plants: (1) extensin, the 

hydroxyproline-rich glycoprotein (HRGP) of cell walls, to 

date the best characterized cell wall protein (Chen and 

Varner, 1985a); (2) glycine-rich protein (GRP) (Condit and 
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Meagher, 1986; Keller et al., 1988); and (3) proline (or 

hydroxyproline)-rich protein (PRP) (Chen and Varner, 1985b; 

Hogh et al., 1987). At least three classes of 

hydroxyproline-rich glycoprotein exist in higher plants 

(McNeil et al., 1984); extensin, arabinogalactans, and 

solanaceae lectins. Proline-rich protein genes are 

developmentally regulated (Hong et al., 1989). Stage-

specific and organ-specific expression of proline-rich 

protein gene families are also indicated (Hong et al., 

1989). Structural proteins can be expected to vary from 

plant to plant and from one cell type to another. 

Several enzymes such as peroxidases and glycosidases 

are associated with cell walls. Peroxidases are involved in 

the process of cross-linking extensin in the wall matrix 

(Strafstrom and Staehelin, 1986; Fry, 1982). Glycosidases 

are involved in breaking glycosidic bonds in the wall matrix 

causing wall loosening and cell expansion (Nevins et al., 

1987). These enzymes play a role in the modification of 

macromolecules in the cell wall matrix. 

Extensin 

Extensin is one of the structural cell wall proteins 

found in dicotyledonous plants. This protein belongs to the 

ionically bound and insoluble glycoprotein components of 

cell walls and has been distinguished by its content of 
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4-hydroxyproline (Lamport and Catt, 1981). Most primary 

cell walls contain hydroxyproline, which is believed to be 

involved in the changes of wall plasticity and cell 

extension. Although all available evidence suggests that 

extensin is important in growth control (Lamport, 1965; 

Sadava et al., 1973), disease resistance (Esquerre-Tugaye et 

al., 1979), and morphogenesis (Basils, 1980), the role of 

extensin in cell wall structure and function remains unclear 

(Fey, 1976). Extensin monomers are slowly insolubilized in 

the wall to form insoluble wall extensin (Smith and Lamport, 

1983). This insolubilization is inhibited in vivo by free 

radical scavengers and antioxidants and is accompanied by 

the cross-linking of tyrosines to form isodityrosine (IDT) 

(Fry, 1982; Strafstrom and Staehelin, 1986). IDT is a 

diphenyl ether linked bityrosine recently characterized from 

plant cell wall hydrolysates and proposed to be responsible 

for covalently cross-linking extensin in the wall matrix 

(Strafstrom and Staehelin, 1986; Fry, 1982). Peroxidases 

play an important role in this process of cross linking 

(Lamport and Catt, 1981). 

Different extensins have been found and proposed to be 

plant specific and tissue specific (Cassab and Varner, 

1987). Extensin could play different functions according to 

the cell type and even in the same cell type or tissue. 

Some evidence shows that the distribution of extensin in 
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plants is not general, but rather tissue-specific (Cassab 

and Varner, 1987). In order to assign a possible function 

to a specific protein, it is important to know in what type 

of cell it is located, and its localization within the cell 

Tissue-printing techniques were developed to immunolocalize 

specific proteins, such as extensin, in different plant 

tissues and species (Cassab and Varner, 1987). Extensin or 

other specific cell wall protein antibodies can be used as 

markers to investigate tissue-specific expression of a 

particular gene in the plant. 

Several studies also indicate extensin is involved in 

plant defense systems. Cell wall hydroxyproline levels 

increase more rapidly in resistant than in susceptible 

cultivars of cucumber found to be infected with the fungus 

Cladosporium cucumerinum (Hammerschmid et al., 1984; Cassab 

and Varner, 1988). The role that extensin plays in the 

defense mechanism is not clear. It may act as a structural 

barrier that provides a matrix for the deposition of lignin 

and/or act as a nonspecific agglutinin for microbial 

pathogens (Hammerschmid et al., 1984; Cassab and Varner, 

1988). 

The studies on the characterization, localization, 

assembly, and interaction of extensin with other cells 

and/or cell wall components should provide clues as to how 

cell walls are agents of growth and development and their 
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precise functions. Once genes that encode specific cell 

wall proteins are found, isolated, and characterized, it may 

be possible to identify their function by altering their 

expression either through manipulating regulatory sequences 

or through inactivation of transcripts with antisense RNA 

(Ecker and Davis, 1986). 

Peroxidase 

Peroxidases have been shown to be involved in the 

response of plants to physical stress and pathogen stress. 

They are also involved in the polymerization of lignin and 

the formation of phenolic crosslinks between macromolecules 

during the cell wall biosynthesis. Different types of 

tissue samples from leaf, root, pith, and callus of 

Nicotiana tabacum were assayed for specific peroxidase 

isozymes by analytical isoelectric focusing. A unique 

isozyme pattern was found in each tissue type (Lagrimini and 

Rothstein, 1987). Root tissues express all of the 

detectable peroxidase isozymes in the tobacco plants, 

whereas other types of tissues have been found to express a 

different subset of these isozymes. The isozyme patterns 

were studied further to determine which ones were involved 

in cell wall biosynthesis, other normal cellular functions, 

and stress or defense responses. The results show 

peroxidase activity is induced by wounding and that 
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induction could be prevented by cycloheximide treatment 

(Lagrimini and Rothstein, 1987). Recently cDNA encoding a 

plant peroxidase was cloned (Lagrimini et al., 1987). 

Further research with this probe may help explain the 

physiological role of peroxidase isozymes in plant 

development. 

The variation of peroxidase activity has been used as a 

marker to demonstrate inductive and expressive phases of 

root formation (Gasper et al., 1982). The inductive phase 

is characterized by a rise in peroxidase activity without 

any apparent histological or cytological modification. Wall 

enzymes can be used as "indicators" of the conditions within 

the wall. Characterization of enzymes extracted from 

purified walls (Birecha and Miller, 1974; Nagahashi and 

Seibles, 1986) offers additional opportunities to use the 

properties of wall-bound enzymes as indicators of their 

responses to environment. 

Peroxidases can catalyze phenolic crosslinks between 

macromolecules including lignin (Gross, 1973), protein 

(Labella et al., 1968), and hemicellulose (Whitmore, 1976). 

Because phenolic crosslinks between matrix polymers could 

reduce the extensibility of the growing cell wall, their 

appearance may control the rate of cell growth. This 

evidence seems to indicate a negative correlation between 

wall peroxidase activity and growth rate. Although 
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peroxidases appear to be a negative control factor for plant 

growth, peroxidases or isoperoxidases are believed to be an 

important developmental or differentiation marker (Cassab 

and Varner, 1988). Peroxidase plays a dual role during 

plant developmental processes. In this study, we will try 

to use peroxidase isozymes as developmental or stress 

markers. 

In order to completely demonstrate the distribution of 

the various components within the walls for each cell type, 

probes are needed for each specific component. These probes 

include antibodies and hydrolytic enzymes that bind 

specifically to a wall component and can be tagged with a 

secondary labeling molecule. In this study, we will try to 

use extensin and peroxidase antibodies as probes to identify 

changes in these two cell wall proteins during developmental 

regulation under stress conditions. 

To understand the regulation and development of the 

cell wall during growth, a series of processes should be 

considered: (1) modulation in amounts of newly synthesized 

materials; (2) control of gene expression of particular wall 

materials at various stages of development; (3) mechanisms 

that are involved in the movement of precursors to the 

synthesizing systems, and (4) packaging and modification of 

material and its secretion and deposition at specific sites 

(McNeil et al., 1984). In order to investigate all these 
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processes, a probing technique is very useful to identify 

the novel synthesis of mRNA and/or proteins which are 

induced by environmental stress (Carpita and Gibeant, 1988) 

The coordinated analysis of markers for extensin and 

peroxidase may help evaluate cell wall extensibility in 

relation to two factors: solubilization of extensin and 

amounts of peroxidases present. 
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CHAPTER III 

MATERIALS AND METHODS 

Seeds of Gossypium hirsutum L. T25 and T169 were 

obtained from U.S.D.A. and the Texas A&M Experimental 

Station in Lubbock, Texas (Peterschmidt and Quisenberry, 

1981). These two cotton racestocks were used as 

experimental material to initiate callus and establish the 

cell suspension cultures used in this study. 

Thermal Tolerance Evaluation 

Optimal Temperature for 
Tissue Growth 

Seed sterilization and germination 

Seeds were surface sterilized by placement in 70% 

ethanol for 30 sec followed by a 20 min exposure to 10% 

Clorox containing one drop of Tween 80 per 100 ml. Seeds 

were rinsed three times in sterile distilled water and 

placed on sterile vermiculite saturated with sterile 

distilled water in Magenta boxes for germination. 

Tissue growth curve 

This study attempted to determine the effects of 

varying temperature and medium on growth of two different 

types of tissues (hypocotyl and cotyledon) of T25 and T169 

cotton seedlings. Seeds were sterilized, and germinated as 

described above. After 10 days of germination, hypocotyls 
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were cut into 0.5 cm pieces and cotyledons were punched into 

0.6 cm discs and placed on 3 different artificial media: 

(Murashige and Skoog-MS (Murashige and Skoog, 1962), 

Stewarts medium-SM (Stewart and Hsu, 1977), and 10 mM KCl) 

with 5 g/L sucrose. The medium was solidified with 1.75 g/L 

Gelrite, and 0.75 g/L MgCl2. Medium pH for tissue growth 

was adjusted to 6.8 prior to autoclaving for 17 min at 

121°C. Each plate contained 6 sections of hypocotyl. Five 

plates were cultured each week for one month. Samples and 

plates were arranged by randomized block design (RBD) and 

analyzed by least square means. Plates were placed into 

incubators with temperatures of 18°C, 22°C, 28°C, 38°C, or 

42°C. 

The growth of cultures was determined every week for 5 

weeks starting at 0 week by measuring fresh weight and dry 

weight. The samples were dried for 24 hr at 70°C, cooled in 

a desiccator and weighed to determine dry weight. The 

optimal growth temperature for each genotype in a defined 

medium was determined by the relative growth rate. The 

formula was [(Wi-Wo)/Wo]/(ti-to); 

where : Wi = weight after previous week of growth (g). 

Wo = starting weight (g), 

ti = time to collect the sample (week), 

to = starting time (week). 
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Optimal Temperature for 
Growth of Cell Suspensions 

Two racestocks of cotton T25 and T169 were utilized to 

evaluate the optimal temperature for cell growth by 

measuring settled cell volume. Cell suspension cultures 

were set up for this study. 

Callus initiation and maintenance 

Callus was induced as previously described by culturing 

hypocotyl segments on Murashige and Skoog medium, pH 5.8, 

supplemented with B5 vitamins, 30 g/L glucose and 0.1 mg/L 

NAA plus 0.5 mg/L kinetin or 0.1 mg/L 2,4-D plus 0.5 mg/L 

kinetin (Murashige and Skoog, 1962). Explants were 

incubated in the petri dishes under fluorescent lights at 

25"C. Calli obtained 30 days after initiation were 

subcultured every four weeks to the same medium or medium 

without hormones for maintenance. 

Cell suspension initiation and 
maintenance 

Calli were subcultured on the initiation medium without 

hormones for several generations. After callus initiation 

and development, calli were transferred from solid to liquid 

media to establish cell suspension cultures. Medium for 

suspension cultures was the same as the callus maintenance 

medium without Gelrite and MgCl2. A tissue density of 0.1 

g/ml was used for the initial inoculation. After 4 weeks, 

suspension cultures were sieved with a 30 mesh Cellector 
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(Bellco, Vineland, NJ), and resuspended in fresh medium. 

Cell suspension cultures were shaken at 110 rpm in the light 

(60 ^Em•2s~l) and at 25°C. Cultures were maintained by 

routine transfer every 10 days. 

Cell suspension growth curve 
determination 

The objective of this study was to define the optimal 

and stress temperatures for T25 and T169 cultures at the 

cellular level. 

Different genotypes may have different growth responses 

under different temperature conditions. Therefore, two 

racestocks were used to evaluate cell growth at several 

temperature conditions (18°C, 22°C, 28°C, 34°C, 38°C, and 

42°C) at 3 day intervals for one month, representing a 

complete growth cycle. 

Cell suspension cultures were set up by collecting 

cells through the sieve, packing the cells by settlement,and 

adjusting cell concentration to 50 ml cells/100 ml medium. 

Inocula (10 ml) were transfered to graduated side arm flasks 

(Nephlo flasks, Bellco, Vineland, NJ) containing 40 ml of 

fresh medium. Cultures were incubated at different 

temperatures on the rotary shaker at 110 rpm under dim 

light. The settled cell volume was measured every 3 days 

for 30 days by inversion of the flask to collect 10 ml of 
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suspension in the side arm and allowing the cells to settle 

for 20 min prior to measurement. 

Cell Wall Protein Studv 

Temperature Effects on Cell 
Wall Protein Accumulation 

Suspension cultures were used as the model system to 

study temperature effects on cell wall protein accumulation 

over time. Different temperatures and durations of 

temperature treatments were set up in this study in order to 

define the temperature and the stage of culture that was 

affected most by temperature for T25 and T169. Additionally 

it was determined how temperature was related to specific 

cell wall protein distribution by SDS-PAGE gel. 

Cell Wall Protein Extraction 

Salt extractable cell wall proteins were obtained by 

the following procedure. For suspension cultures, cells 

were separated from the medium by clinical centrifugation at 

3,000 rpm for 5 min. Cells were gently washed two times 

with medium by repeated centrifugation. Collected cells and 

culture medium were retained separately. The culture medium 

was concentrated by a stirred ultrafiltration method for 

further analysis of protein profiles. 

Collected cells were resuspended in a 0.5 M borate 

buffer, pH 7.6, containing 0.2 M CaCl2, 5 mM DTT, protease 

26 



inhibitors (40 mM sodium pyrophosphate and 0.75 mM PMSF) and 

shaken for 1 hr on a rotary shaker before separating the 

cells from the supernatant by centrifugation at 3000 rpm for 

10 min. This step was repeated 3 times. Extracts were 

collected and concentrated by a stirred ultrafiltration 

method using a YM5 membrane with molecular weight cut off of 

5,000 da (Amicon Co.) at 40 psi pressure. Concentrated 

protein solutions were centrifuged (Beckman J-21, JA-17 

rotor) at 17,000 rpm for 15 min at 4°C and supernatants 

dialyzed against cold double distilled water overnight at 

4''C with two changes. The dialyzed protein solution was 

further concentrated by a Centricon-10 filter (Amicon Co.) 

at 5,000 rpm for 2 hr. After concentrating the protein, 

the Bradford protein microassay (Bradford, 1976) was used to 

determine the protein concentration of the extracts by 

placing 0.8 ml of appropriately diluted samples in a test 

tube, adding 0.2 ml of dye reagent concentrate from Bio-Rad 

Co., mixing several times by gentle inversion of the test 

tube, and after 5 min, measuring the absorbance at 595 nm 

(Perkin-Elmer Lambda 3 UV/VIS Spectrophotometer). Bovine 

gamma globulin and/or bovine serum albumin (BSA) was used as 

the protein standard. 

Cell Wall Protein Identification 

After extraction, protein was resolved on standard SDS-

PAGE using the Laemmli buffer system (Laemmli, 1970) to 
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analyze cell wall proteins. Protein extracts were mixed 

with equal amount of sample buffer containing 

mercaptoethanol and heated for 5 min at 95'*C before loading 

on SDS-polyacrylamide gels. Urea (6-8 M) was sometimes 

added to the sample to increase solubilization of protein. 

A 12% SDS-PAGE separating gel with a 4% acrylamide stacking 

gel were used in the following experiments. A Bio-Rad 

Protean II mini gel system was used in this study, and Bio-

Rad low molecular weight markers (14-97 kD) were run as 

standards. Electrophoretic running condition was 30 V for 

1.5 hr. Following electrophoresis, protein bands were 

visualized by silver staining (Nielson and Brown, 1984). 

The silver staining procedures are described as follows: 

fix gel for 1 hr in a solution containing 50% methanol, 12% 

acetic acid and 0.5 ml of 37% HCOH/L; wash gel 3 times in 

50% ethanol, each time for 20 min; pretreat for 1 min in 

Na2S203'5H20 (0.2 g/L); rinse gel in H2O 3 times; impregnate 

in solution containing AgN03 (2 g/L) and 0.75 ml of 37% 

HCOH/L for 20 min; rinse 2 times in H2O; develop gel in 

developing solution containing Na2C03 (60 g/L), 0.5 ml of 

37% HCOH/L, and Na2S203-5H20 (4 mg/L) for 10 min; wash gel 

in H2O twice; and stop in 50% methanol and 12% acetic acid 

solution for 10 min. Air dry the gel using the cellophane 

paper method (Flexel Sales, Inc.). 
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Temperature Effects on Cell 
Wall Protein Synthesig 

Radiolabelled amino acid was used to study cell wall 

protein synthesis over time under different temperature 

conditions. Cells were labeled for 4, 8, 12, and 24 hr with 

100 nCi/ml of % -proline. After 4, 8, 12, and 24 hr of 

incorporation, cells were washed 2 times in fresh culture 

medium. Cell pellets were resuspended in the fresh medium. 

After 4 hr, the medium was separated from the cell pellets 

by centrifugation at 3000 rpm for 5 min. The medium was 

concentrated by TCA precipitation (10% TCA in acetone) for 

further analysis. Cells were extracted by CaCl2 as 

previously described. After CaCl2 extraction, cells were 

ground to extract cytoplasmic proteins followed by 10 

washings with distilled water then further extracted by 

CaCl2 for ionically bound cell wall proteins. During the 

time course, culture filtrates were collected and compared 

for ionically bound proteins and soluble proteins at 

different stages in the temperature treatment. A Packard-

1500 Tri-Carb Liquid Scintillation analyzer was used to 

quantify each portion of culture filtrate and the CaCl2 

released proteins. Equal TCA precipitable radioactivity 

(200 cpm/nl) was loaded for SDS-PAGE. Electrophoretic 

running conditions and gel fixation were the same as 

previously described. Gels were covered with acetic acid 

for 5 min, the acetic acid was removed, then 20% PPO was 
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added for a 60 min incubation. The PPO solution was removed 

and the gel was covered with distilled water and shaken for 

30 min prior to air drying. The gels were placed in a 

cassette with X-ray film (XO Mat-AR) at -70°C for 1 month. 

Then the X-ray film was developed for 3 min with periodic 

shaking and the film submerged in stop solution and shaked 

for 1 min, transferred to GBX and shaked for 5 min, rinsed 

in distilled water for 10 min and air dried. A duplicate 

set of gels were also silver stained to check on all protein 

profiles from extracts. 

Use of Peroxidase and Extensin as Markers 
during Developmental Stages 

Peroxidase plays an important role during cell wall 

synthesis. We might be able to use peroxidase as a 

developmental or stress marker if the distribution of the 

isozyme at different developmental stages under different 

environmental condition is known. 

Extraction Procedure.Protein 
Assay, and Enzyme Assay 

The extraction procedures were the same as previously 

described. The extract was centrifuged for 20 min at 15,000 

g, and the cleared supernatant liquid was concentrated by 

100% cold acetone and saved for analysis. Protein content 

was determined by the Bradford reagent method (Bio-Rad) as 

previously described and peroxidase activity was assayed at 
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25°C in 0.28% guaiacol, 0.05 M sodium phosphate buffer (pH 

6.0), and 0.3% H2O2. The absorbance was monitored at 470 nm 

in a Perkin-Elmer Lambda 3 UV/VIS spectrophotometer. 

Samples were prepared for isoelectric focusing by adding 1% 

PVP after the homogenization step to decrease binding by 

phenolic compounds. These compounds may affect the number 

of isozymes and thereby distort the measurement (Wilkie, 

1979). 

Gel Analysis to Identify 
Peroxidase Activity 

Isoelectric focusing gels were run in Bio-lyte 3/10 

ampholytes and stained according to directions supplied by 

Bio-Rad. Running conditions were 100 V for 15 min, 200 V 

for 15 min, followed by 450 V for 60 min. Bio-Rad pre-

stained IEF standards (pi 4.6-9.6) were run as the standard 

markers. Peroxidase activity was visualized by washing the 

gels twice for 10 min in 0.1 M Tris (pH 7.0) buffer,and 

staining with 2.9 mM H2O2, 13.4 mM guaiacol for 10 min. 

Gels were washed with ddH20 and dried by cellophane method. 

The pi at successive points along the gel was measured by pH 

paper (Sigma). 

Western Blot for Extensin 
and/or Peroxidase 

Protein extracts from cotton cell suspension cultures 

were separated by SDS-PAGE (Laemmli, 1970). Western blot 
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analysis was performed as described (King et al., 1985). 

The proteins were transferred onto nitrocellulose paper (0.5 

^m pore size) by electroblotting and incubated with a 1:100 

dilution of rabbit polyclonal antibodies raised against 

extensin (from Dr. Varner) followed by incubation with 

1:3000 dilution of alkaline phosphatase-1inked goat-anti-

rabbit immunoglobulin (IgG) (Bio-Rad) (Blake et al., 1984). 

Electrophoretic conditions for transfer of proteins to 

nitrocellulose paper were modified from Towbin et al.(1979). 

The transfer buffer contained 49.6 mM Tris, 384 mM glycine, 

20% methanol, and 0.01% SDS. Transfers were performed in a 

Bio-Rad Transphor unit at 0.4 A and 24-30 V for 1 hr and 

then at 1.5-2.0 A and 84 V for 18-22 hr. The detection of 

alkaline phosphatase-conjugated second antibody on protein 

blots was performed as described by Blake et al.(1984) and 

Ye and Varner (1991). The blot was incubated in blocking 

buffer containing 5% nonfat dry milk, 0.2% Tween 20, and 

0.02% sodium azide in PBS for 3 hr then incubated with 

primary antibody (diluted in blocking buffer) for 2 hr and 

washed 4 times with washing buffer for 10 min each. Washing 

buffer contained 0.1 M Tris-HCl (pH 8.0), 0.05% sodium 

azide, and 0.3% Tween 20. The blot was then incubated with 

secondary antibody (alkaline phosphatase-conjugated;diluted 

in blocking buffer) for 1 hr, washed with washing buffer for 

10 min, equilibrated for 10 min with AP buffer containing 
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0.1 M Tris-HCl (pH 9.5), 0.1 M NaCl, 5 mM MgCl2, and placed 

in AP buffer (10 ml) containing substrates NBT (66 |al) and 

BCIP (33 |xl) (Bio-Rad). A purple color appeared in the 

place where the protein recognized by the antibody was 

localized. The reaction was stopped in a solution 

containing 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA for 5 min 

and the blot air-dried. In this study, two different 

primary antibodies were used, a soybean extensin (from Dr. 

Varner) and a mWP19 monoclonal antibody specific for a 58 kD 

wall isoperoxidase in corn seedlings (from Dr. Roux). 

Protein blots were also stained with India ink to check the 

efficiency of transfer (Hancock and Tsang, 1983). 

Tissue Printing Technique for 
Immunocytolocalization of 
Extensin and peroxidase 

To localize extensin and peroxidase, tissue printing 

of samples grown under different developmental stages was 

performed. Tissue printing techniques were performed as 

follows. Nitrocellulose paper (0.5 \xm of pore size) was 

soaked in 0.2 M CaCl2 for 30 min and dried on paper towels. 

Fresh cut leaf and/or hypocotyl tissues were washed in 

distilled H2O for 30 sec, dried on Kimwipes, and blotted 

onto the nitrocellulose paper for 30 sec. The tissue print 

was immediately dried with warm air and treated for 

detection of alkaline phosphatase-conjugated second antibody 
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as described in the previous section (Blake et al., 1984; Ye 

and Varner, 1991). 
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CHAPTER IV 

RESULTS AND DISCUSSION 

Thermal Tolerance Evaluation 

Effect of Temperature and 
Medium on Tissue Growth 

Tissue growth curve for hypocotyl 

The tissue growth curves were generated from hypocotyl 

tissues grown in 3 media (Murashige and Skoog-MS (Murashige 

and Skoog, 1962), Stewarts medium-SM (Stewart and Hsu, 

1977), and 10 mM KCl) under 5 temperature (18''C, 22°C, 28°C, 

38°C, and 42°C) conditions for both cotton racestocks (T25 

and T169). Different growth responses were found under 

specific culture conditions. The data (Figures 1 and 2) 

showed that T25 grew better than T169 on MS medium under the 

optimal temperature of 28'*C. Both 18°C and 42°C were 

stressful temperatures for both racestocks. T169 growth was 

not significantly different at 22°C than 28°C on MS medium 

(Figure 2). T25 grew better than T169 at 38°C, but T169 

grew better than T25 at 22°C on SM medium (Figures 3 and 4). 

At 28'C on SM medium, growth of T169 was greater than T25 

(Figures 3 and 4). The data indicated no significant 

differences (p > 0.05) between the 2 racestocks when grown 

under the different temperatures on 10 mM KCl medium. The 

order of the growth response for temperature effect was 28°C 

> 22°C > 38°C > 18°C > 42°C (Figures 5 and 6). 

35 



0 12 

0.1 

0.08 

0.06 

0.04 

0.02 

0 
0 

WEIGHT (GRAM) 

w * —* 

/ 

.-r-SK. 

1 ' ' 1 • 

1 2 3 4 
TIME (WEEK) 

5 6 

- ^ H-18 

—1— H-22 

- * - H-28 

- B - H-38 

- X - H-42 

Figure 1. T25 hypocotyl tissue growth curve on MS medium 
under 5 temperature conditions. 

0.12 
WEIGHT (GRAM) 

0.08 

0.06 -

0.04 -

0.02 

2 3 4 

TIME (WEEK) 

H-IB 

H-22 

H-28 

H-38 

H-42 

Figure 2. T169 hypocotyl tissue growth curve on MS medium 
under 5 temperature conditions. 
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Figure 3. T25 hypocotyl tissue growth curve on SM medium 
under 5 temperature conditions. 
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Figure 4. T169 hypocotyl tissue growth curve on SM medium 
under 5 temperature conditions. 

37 



0.08 
WEIGHT (GRAM) 

0.06 -

0.04 -

0.02 -

2 3 4 

TIME (WEEK) 

H-IB 

H-22 

H-28 

H-38 

H-42 

Figure 5. T25 hypocotyl tissue growth curve on 10 mM KCl 
medium under 5 temperature conditions. 
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Figure 6 T169 hypocotyl tissue growth curve on 10 mM KCl 
medium under 5 temperature conditions. 
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Tissue growth curve for cotyledon 

The same experiments were also performed on cotyledon 

tissues. Tissue growth curves were established from both 

cotton racestocks under 3 media, and 5 temperature 

conditions. At 22°C, 28°C, and 38"C, T25 had a higher 

growth rate than T169 when grown on MS medium. At 18°C, and 

42°C, both racestocks showed a lower growth response 

(Figures 7 and 8). T25 had a higher growth rate than T169 

at 38°C, but T169 had a higher growth rate than T25 at 22"*C 

on SM medium (Figures 9 and 10). Growth rate at 28"C was 

higher than other temperature conditions on SM medium. Both 

18°C and 42°C were stress temperatures for T25 and T169 

cotyledons grown on SM medium (Figure 9). T169 cotyledons 

grown at 38°C also showed a decrease in growth when grown on 

SM medium (Figure 10). The same growth pattern is observed 

in Figures 11 and 12. The same growth pattern was found 

between the 2 cotton racestocks when grown on 10 mM KCl 

medium under 5 temperature conditions. T25 grew slightly 

better than T169 under each temperature condition. 

The Optimum Culture Condition 
for Tissue Growth 

The relative growth rate was used to evaluate the 

tissue growth response to 3 different basal media salts 

under different thermal conditions. The results indicated 

that gro%/th rate at 28 °C was superior to the other 4 growth 
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Figure 7. T25 cotyledon tissue growth curve on MS medium 
under 5 temperature conditions. 
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Figure 8. T169 cotyledon tissue growth curve on MS medium 
under 5 temperature conditions. 
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Figure 9. T25 cotyledon tissue growth curve on SM medium 
under 5 temperature conditions. 
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Figure 10. T169 cotyledon tissue growth curve on SM medium 
under 5 temperature conditions. 
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Figure 11. T25 cotyledon tissue growth curve on 10 mM KCl 
medium under 5 temperature conditions. 
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Figure 12. T169 cotyledon tissue growth curve on 10 mM KCl 
medium under 5 temperature conditions. 
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temperatures at both tissue levels (hypocotyl and cotyledon) 

under 3 different media (MS, SM, and KCl) for both 

racestocks (Tables 1 and 2). The data showed that growth 

between 22°C to 38"c was slightly different between the 

media and tissue types for both racestocks, but they 

followed the same trend 28°C > 22°C > 38°C. The plant 

tissues grew better within the 22°C to 38°C temperature 

range than at 18°C or 42°C. There was no significant 

difference between the relative growth of T169 at 22°C 

compared to 28*'C on MS medium, which suggests that T169 

might grow better than T25 at temperatures between 22°C and 

28°C. A different growth pattern was found between T25 and 

T169. Tissue growth started slower at 22°C, but caught up 

over time in T169 compared to T25. The best environment for 

T25 hypocotyl and cotyledon growth was in MS medium at 28°C. 

For T169, the best environment for hypocotyl and cotyledon 

growth was in SM medium at 28''C (Tables 1 and 2). 

Different results obtained with different media may be 

related to their composition. The same amount of sucrose 

was used in each medium; therefore, differences in carbon 

supply were not likely to cause different responses. MS 

medium is a high salt medium, SM medium is a low salt medium 

containing little NH4, and 10 mM KCl is the only salt in the 

KCl medium. T25 grew better than T169 in MS medium at 28°C, 

but T169 grew better under lower temperature (22''C). This 
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Table 1. Accumulated relative growth rate (% of initial wt) 
of hypocotyl on 3 media (MS, SM, KCl) at 5 
different temperature for T25 and T169. 

Geno 

T25 

T25 

T25 

T25 

T25 

T169 

T169 

T169 

T169 

T169 

Temp 

18°C 

22°C 

28°C 

38°C 

42°C 

18°C 

22''C 

28''C 

38°C 

42°C 

MS SM KCl 

18.2^ ± 0.5 60.of ± 0.8 43.7^ ± 2.4 

90.5® ± 0.6 77.8® ± 7.2 83.2^ ± 3.2 

153.6^ ± 2.9 122.4^ ± 12.5 114.6^ ± 8.5 

88.0® ± 0.8 109.5^ ± 6.6 67.7^ ± 1.4 

25.29 ± 0.7 36.69 ± 1.5 17.7^ ± 1.5 

67.5f ± 2.5 79.7® ± 2.1 35.2^ ± 3.0 

123.5t> ± 8.2 155.9*^ ± 9.3 89.4^ ± 3.8 

104.6^ ± 5.0 166.9^ ± 2.6 105.5^ ± 5.5 

98.4^ ± 6.3 81.5® ± 2.2 74.0® ± 2.3 

2 6 . 8 9 ± 2 . 8 4 3 . 5 9 ± 1 .4 1 1 . 8 3 ± . 1 . 5 

Significance of differences is indicated by the superscript; 
when the same letters appear in the same column, differences 
are not significant (p < 0.05) according to least square 
means (n = 5). 
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Table 2. Accumulated relative growth rate (% of initial wt) 
of cotyledon on 3 media (MS, SM, KCl) at 5 
different temperature for T25 and T169. 

Geno Temp MS SM KCl 

T25 18''C 127.if ± 19.9 74.7^ ± 4.0 108.9^ ± 14.5 

T25 22''C 334.8^ ± 21.0 256.0^ ± 35.2 175.9^ ± 7.5 

T25 28''C 431.8^ ± 17.0 291.1^ ± 6.4 173.2^ ± 5.6 

T25 38°C 282.2^ ± 8.8 276.9^ ± 15.6 125.2^ ± 9.2 

T25 42°C 36.1^ ± 3.8 46.6® ± 1.3 82.1® ± 2.6 

T169 18''C 78.19 ± 2.7 65.5^ ± 2.1 41.7^ ± 2.0 

T169 22°C 234.3^ ± 12.9 267.3̂ *=̂  ± 8.3 159.8t> ± 16.9 

T169 28°C 224.5^ ± 3.1 277.4^ ± 14.2 165.3^t> + 13^7 

T169 38°C 207.2® ± 14.0 156.1^ ± 8.8 94.0® ± 3.3 

T169 42°C 28.0^ ± 1.9 28.0^ ± 1.6 10.09 ± 2.7 

Significance of differences is indicated by the superscript; 
when the same letters appear in the same column, differences 
are not significant (p < 0.05) according to least square 
means (n = 5). 
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suggests that T169 (drought susceptible) under lower 

temperature prefers a high salt medium (MS). T169 

(hypocotyl) grew better than T25 (hypocotyl) in SM medium at 

28°C, but T25 grew better under the higher temperature of 

38°C. The different growth response between these media at 

different temperatures could be caused by the different 

levels of salt in the media. Salt levels could affect the 

osmotic potential of media which might affect the absorption 

of nutrients and internal turgor pressures needed to drive 

growth by these two cotton racestocks differently. 

The optimal growth temperature range for T25 

(hypocotyl) was between 28°C to 38''C on SM medium, whereas 

the optimal growth temperature of T169 (hypocotyl) was 

between 22°C to 28°C on SM medium (Table 1). T25 (drought 

tolerant) had a higher optimal temperature for hypocotyl 

growth, but less total growth than T169 (drought 

susceptible). This suggests that the drought susceptible 

cotton line might prefer to grow under low salt conditions 

at lower temperatures and that the drought tolerant cotton 

line might prefer to grow under high salt conditions at 

higher temperatures. T25 has a higher water-use-efficiency 

than T169 under stress conditions and T25 maintains a higher 

leaf water potential than T169 under stress condition 

(McMichael and Quisenberry, 1991). From the previous 

greenhouse study, we found that the average leaf sizes of 
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the plants grown at 26°C were larger than those at 38°C for 

both racestocks (data not shown). The leaves of T169 had a 

lower leaf temperature (about 2°C difference) compared with 

T25 at both temperature conditions (data not shown), 

indicating that T169 has a higher transpiration rate than 

T25 as shown by (McMichael and Quisenberry, 1991). T25 

stomata close at a higher leaf water potentials than T169 

(McMichael and Quisenberry, 1991). In our study, different 

growth responses were found at the tissue level where 

transpiration is not a factor under different salt 

conditions, which implies that the plant has some mechanism 

in addition to stomatal control to increase water use 

efficiency and growth under stress conditions. 

Since T25 (hypocotyl) grew better than T169 (hypocotyl) 

at 28°C on MS medium in a manner similar to field grown 

plants, hypocotyl tissues from both racestocks were used to 

initiate callus and to establish cell suspension cultures to 

evaluate growth and temperature responses and cell wall 

protein changes at the cellular level. 

Optimal Temperature for 
Growth of Cell Suspension 

Cell suspension cultures derived from hypocotyl-induced 

callus were used in this study. Cultures were grown under 6 

different temperatures (18°C, 22°C, 28°C, 34"C, 38°C, and 
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42 C), and cell growth was measured by settled cell volume. 

The growth curves indicated that T25 had a higher overall 

growth rate than T169 (Figures 13 and 14). The optimal 

growth temperature range for both racestocks was between 

28 "C and 34''C, but there were differences between racestocks 

within these ranges. T25 had a higher growth rate than T169 

at 38°C, but T169 showed slightly greater growth than T25 at 

22°C. All temperatures tested above or below 28"C were 

stressful temperatures for both racestocks. 

Comparing the suspension growth curves of T25 (Figure 

13) with the tissue growth curves of T25 (Figure 1) under 

the same medium condition, no significant differences were 

found on the growth pattern under 18, 28, and 42''C. 

Differences in the growth pattern were found between the 

tissue and cellular levels at 22°C and 38"C. It was 

difficult to separate the temperature effect on tissue 

growth at 22°C and 38''C, whereas differences were found at 

the cellular level between 22°C and 38''C. The major 

differences in growth were at 22°C. A growth shift in time 

was also found in T169 at 22°C (Figures 2 and 14). This 

suggests that the stress effect was distinct at the single 

cell level. Since plasmodesmata exist at the tissue level 

and form intercellular bridges, these could help the cells 

to absorb nutrients from the culture medium to partially 

compensate for the stress effect at the tissue level 
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Figure 13. T25 cell suspension culture growth curve on MS 
medium under 6 temperature conditions. 
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Figure 14. T169 cell suspension culture growth curve on MS 
medium under 6 temperature conditions. 
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compared to the cellular level. Additionally under the 

suspension culture conditions, stomatal function would also 

not be a factor in regulating temperature. In T25, no 

significant growth occurred in suspension culture at 22°C 

and a lower growth rate was found at the tissue level at 

22°C compared to 28°C (optimal condition). In T169, slight 

growth occurred at the cellular level at 22°C and near 

optimal growth occurred at the tissue level. All growth was 

initially greater at 22°C than at 28"c, but a slower growth 

rate was found during the exponential stage of growth 

(Figure 14). T169 seemed to grow near optimal at the lower 

temperature (22°C) at the tissue level. The bounce between 

the 3nd week and 4th week in the growth curve could be an 

adapting stage in which the tissue adjusted to the 

environment (Figure 2). 

Cell Wall Protein Studv 

SDS-PAGE Analvsis of Total 
Cell Wall Proteins 

Temperature effects on cell wall 
protein accumulation 

Soluble and ionically bound cell wall proteins were 

investigated under 5 temperature conditions (18°C, 22°C, 

28°C, 34°C, and 38°C) during the growth cycle of T25 and 

T169. In T169, eight major proteins of apparent MWs of 65, 

56, 48, 38, 36, 34, 29, and 28 kD were found under the 
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temperature conditions described, except that the 65 and 38 

kD proteins were missing at 38"c and the 34 kD protein was 

absent at 34^0 (Figures 15-19 and Tables A.1-A.5). Some 

minor changes in the relative quantity of protein 

accumulation were observed under each temperature condition. 

At 18°C, cell wall proteins of 71, 42, and 25 kD appeared in 

T169 cells (Figure 15) and a 71 kD protein was unique to 

T169 at 18°C. In addition to the 8 major proteins, three 

unique proteins 90, 85, and 30 kD were found at 22°C (Figure 

16), and the 98 kD protein was unique to 28"c (Figure 17). 

Proteins of 42, 33, and 25 kD and 7 major proteins were 

present at 34°C (Figure 18). The 33 kD protein was unique 

to 34'C. In addition to the 6 major protein bands, proteins 

of 78, 68, 41, 37, and 23 kD were present at 38°C and the 23 

kD protein was unique to 38*'C (Figure 19). Changes in cell 

wall protein profiles were temperature dependent. 

In T25, seven major proteins 56, 48, 39, 35, 29, 27, 

and 25 kD, were found under all of the temperature 

conditions described, except that the 27 and 25 kD proteins 

were missing at 34°C (Figures 20-24 and Tables A.6-A.10). 

Some minor changes in the level of protein accumulation were 

also observed under each temperature condition for T25. At 

18°C, 4 unique proteins (68, 41, 38, and 23 kD) were present 

in addition to the major ones during most stages of growth, 

and 84, 78, 75,and 18 kD protein bands were only found at 
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97-

66-

43-

31-

22-

T169 - C (18-C) 

Figure 15. Protein profiles of the ionically bound cell wall 
protein fraction from T169 cotton cell 
suspension culture at 18°C. Cells were 
incubated at 18°C. Samples were analyzed by 
SDS-PAGE with 12% separating gels and 4% 
stacking gels and visualized with silver 
staining. Equal amounts (1.2 |ig) of CaCl2 
extractable cell wall proteins were loaded onto 
each lane. Lane 1 marked by M contains low 
molecular weight standards (Bio-Rad). Numbers 
above the gel indicated as 1, 2, 3, 4, and 5 
represent different growth stages of cultured 
cells collected at weeks 1, 2, 3, 4, and 5 of 
culture. Molecular weights of standards (kD) 
are marked on the left of the gel. 
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H 

T169-C(22-C) 

Figure 16. Protein profiles of the ionically bound cell wall 
protein fraction from T169 cotton cell 
suspension culture at 22°C. Cells were 
incubated at 22°C. Samples were analyzed by 
SDS-PAGE with 12% separating gels and 4% 
stacking gels and visualized with silver 
staining. Equal amounts (1.2 |ig) of CaCl2 
extractable cell wall proteins were loaded onto 
each lane. Lane 1 marked by M contains low 
molecular weight standards (Bio-Rad). Numbers 
above the gel indicated as 1, 2, 3, 4, and 5 
represent different growth stages of cultured 
cells collected at weeks 1, 2, 3, 4, and 5 of 
culture. Molecular weights of standards (kD) 
are marked on the left of the gel. 
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22 — 

T169 - C <28"C) 

Figure 17 Protein profiles of the ionically bound cell wall 
protein fraction from T169 cotton cell 
suspension culture at 28°C. Cells were 
incubated at 28"C. Samples were analyzed by 
SDS-PAGE with 12% separating gels and 4% 
stacking gels and visualized with silver 
staining. Equal amounts (1.2 |ig) of CaCl2 
extractable cell wall proteins were loaded onto 
each lane. Lane 1 marked by M contains low 
molecular weight standards (Bio-Rad). Numbers 
above the gel indicated as 1, 2, 3, 4, and 5 
represent different growth stages of cultured 
cells collected at weeks 1, 2, 3, 4, and 5 of 
culture. Molecular weights of standards (kD) 
are marked on the left of the gel. 
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22-

T169 - C (34"C) 

Figure 18. Protein profiles of the ionically bound cell wall 
protein fraction from T169 cotton cell 
suspension culture at 34°C. Cells were 
incubated at 34"C. Samples were analyzed by 
SDS-PAGE with 12% separating gels and 4% 
stacking gels and visualized with silver 
staining. Equal amounts (1.2 |ig) of CaCl2 
extractable cell wall proteins were loaded onto 
each lane. Lane 1 marked by M contains low 
molecular weight standards (Bio-Rad). Numbers 
above the gel indicated as 1, 2, 3, 4, and 5 
represent different growth stages of cultured 
cells collected at weeks 1, 2, 3, 4, and 5 of 
culture. Molecular weights of standards (kD) 
are marked on the left of the gel. 
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T169 - C (38-C) 

Figure 19. Protein profiles of the ionically bound cell wall 
protein fraction from T169 cotton cell 
suspension culture at 38"c. Cells were 
incubated at 38°C. Samples were analyzed by 
SDS-PAGE with 12% separating gels and 4% 
stacking gels and visualized with silver 
staining. Equal amounts (1.2 |ng) of CaCl2 
extractable cell wall proteins were loaded onto 
each lane. Lane 1 marked by M contains low 
molecular weight standards (Bio-Rad). Numbers 
above the gel indicated as 1, 2, 3, 4, and 5 
represent different growth stages of cultured 
cells collected at weeks 1, 2, 3, 4, and 5 of 
culture. Molecular weights of standards (kD) 
are marked on the left of the gel. 
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M 

T25-C(18"C) 

Figure 20. Protein profiles of the ionically bound cell wall 
protein fraction from T25 cotton cell suspension 
culture at 18°C. Cells were incubated at 18°C. 
Samples were analyzed by SDS-PAGE with 12% 
separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 |ig) of CaCl2 extractable cell wall proteins 
were loaded onto each lane. Lane 1 marked by M 
contains low molecular weight standards (Bio-
Rad) . Numbers above the gel indicated as 1, 2, 
3, 4, and 5 represent different growth stages of 
cultured cells collected at weeks 1, 2, 3, 4, 
and 5 of culture. Molecular weights of 
standards (kD) are marked on the left of the 
gel. 
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T25 - C (22"C) 

Figure 21. Protein profiles of the ionically bound cell wall 
protein fraction from T25 cotton cell suspension 
culture at 22°C. Cells were incubated at 22°C. 
Samples were analyzed by SDS-PAGE with 12% 
separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 |ig) of CaCl2 extractable cell wall proteins 
were loaded onto each lane. Lane 1 marked by M 
contains low molecular weight standards (Bio-
Rad). Numbers above the gel indicated as 1, 2, 
3, and 4 represent different growth stages of 
cultured cells collected at weeks 1, 2, 3, and 4 
of culture. Molecular weights of standards (kD) 
are marked on the left of the gel. 

58 



M 

97-

66-

43-

31-

22-

14-

¥ • 

T25- C (28"C) 

Figure 22. Protein profiles of the ionically bound cell wall 
protein fraction from T25 cotton cell suspension 
culture at 28°C. Cells were incubated at 28"c. 
Samples were analyzed by SDS-PAGE with 12% 
separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 ng) of CaCl2 extractable cell wall proteins 
were loaded onto each lane. Lane 1 marked by M 
contains low molecular weight standards (Bio-
Rad). Numbers above the gel indicated as 1, 2, 
3, 4, and 5 represent different growth stages of 
cultured cells collected at weeks 1, 2, 3, 4, 
and 5 of culture. Molecular weights of 
standards (kD) are marked on the left of the 
gel. 
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T25 — C (34-C) 

Figure 23. Protein profiles of the ionically bound cell wall 
protein fraction from T25 cotton cell suspension 
culture at 34"C. Cells were incubated at 34°C. 
Samples were analyzed by SDS-PAGE with 12% 
separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 |ig) of CaCl2 extractable cell wall proteins 
were loaded onto each lane. Lane 1 marked by M 
contains low molecular weight standards (Bio-
Rad) . Numbers above the gel indicated as 1, 2, 
3, 4, and 5 represent different growth stages of 
cultured cells collected at weeks 1, 2, 3, 4, 
and 5 of culture. Molecular weights of 
standards (kD) are marked on the left of the 
gel. 
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T25-C(38-C) 

Figure 24 Protein profiles of the ionically bound cell wall 
protein fraction from T25 cotton cell suspension 
culture at 38°C. Cells were incubated at 38°C. 
Samples were analyzed by SDS-PAGE with 12% 
separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 |ig) of CaCl2 extractable cell wall proteins 
were loaded onto each lane. Lane 1 marked by M 
contains low molecular weight standards (Bio-
Rad). Numbers above the gel indicated as 1, 2, 
3, 4, and 5 represent different growth stages of 
cultured cells collected at weeks 1, 2, 3, 4, 
and 5 of culture. Molecular weights of 
standards (kD) are marked on the left of the 
gel. 
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the fifth week of growth (Figure 20). Protein bands unique 

to 18°C were 84, 75, 68, 23, and 18 kD. Five proteins (97, 

58, 37, 33, and 28 kD) in addition to the major ones 

accumulated at 22°C and 58 and 28 kD proteins were unique to 

22°C (Figure 21). A number of minor cell wall protein bands 

were also present in T25 cells at 28, 34, and 38"C in 

addition to the 7 major protein bands (Figures 22-24). Four 

unique proteins (66, 20, 16, and 14 kD) were present at 28°C 

(Figure 22). Two unique protein bands (42 and 36 kD) in 

addition to 5 major proteins were present at 34°C (Figure 

23). At 38''C, 11 proteins (105, 97, 78, 65, 43, 41, 38, 34, 

30, 12, and 10 kD) in addition to 7 major proteins were 

present (Figure 24). Protein bands unique to 38''C were 65 

and 10 kD. Cell wall protein profiles were temperature 

dependent in T25 cell suspension cultures. 

Three of the major cell wall proteins (56, 48, and 29 

kD) were found in both racestocks under all 5 temperature 

conditions. Other major proteins were genotype dependent 

(65, 38, 36, 34, and 28 kD proteins in T169 and 39, 35, 27, 

and 25 kD proteins in T25). The changes in the level of 

proteins were genotypic and temperature dependent. 

Developmental regulation of cell wall 
protein accumulation 

In addition to temperature effects, ionically bound 

cell wall proteins were also investigated during 5 weeks of 
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growth of T25 and T169 cell suspensions. Changes in the 

level of proteins during the growth cycle are shown in 

Figures 15-24. Growth related proteins were identified and 

are presented in the appendix (Tables A.l-A.lO). In T169, a 

28 kD protein did not appear until the 4th week of culture. 

Proteins of 71, 42, and 25 kD appeared by the 3rd week of 

growth, and 38, 36, and 29 kD proteins accumulated more 

during the growth cycle at 18°C (Table A.l). At 22°C, a 78 

kD protein was found only at the 2nd week of growth. 

Proteins of 90 and 37 kD were present only during the first 

3 weeks of growth, whereas 38 and 36 kD proteins accumulated 

over the entire growth period (Table A.2). At 28°C, the 78 

kD protein disappeared after the 4th week of growth (Table 

A. 3). Both 33 and 29 kD proteins were present during only 

part of the growth cycle, and a 48 kD protein changed during 

the growth period at 34°C in T169 cells (Table A.4). At 

38"C, the 34 kD protein disappeared after the 4th week 

(Table A.5). 

In T25, a 35 kD protein was found only at the 4th week 

of growth. Proteins of 84, 78, 75, and 18 kD did not appear 

until the 5th week of culture. Proteins of 56, 48, 41, 27, 

and 23 kD were growth stage dependent at 18''c (Table A.6). 

At 22°C, a 33 kD protein was missing at the 1st week of 

growth, 3 proteins (97, 48, and 35 kD) were found only at 

the 2nd and 3rd weeks of growth, and 2 proteins (28 and 25 
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kD) were growth stage dependent proteins (Table A.7). At 

28 C, most cell wall proteins were growth stage depentent in 

T25 cells (Table A.8). Six proteins (39, 38, 35, 34, 33, 

and 24 kD) appeared in some specific growth stage during the 

growth cycle, and changes were found in the relative 

abundance of some proteins during growth (56, 48, 42, 36, 

and 24 kD proteins) at 34°C (Table A.9). Ten proteins (105, 

97, 78, 43, 41, 30, 25, 24, 12, and 10 kD) appeared at 

specific growth stages, and 2 proteins (56 and 48 kD) were 

found to change in relative abundance during the growth 

cycle at 38°C (Table A.10). Cell wall protein accumulation 

was, therefore, growth stage, temperature, and genotype 

dependent. 

SDS-PAGE Analysis of Protein 
Profile from Culture Medium 

Suspension cells secrete polysaccharides and 

glycoproteins into their culture media that are similar to 

those present in the cell wall (York et al., 1985). In this 

study, protein released from cells into the culture media 

were used to investigate changes in cell wall protein 

secretion during exposure to stress. Culture media were 

collected under 5 temperature conditions during the growth 

cycle for both racestocks, analyzed by SDS-PAGE, and 

visualized by silver staining (Figures 25-34 and Tables 

A.11-A.20). 
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In T169, 7 major protein bands, 65, 56, 48, 42, 38, 36, 

and 29 kD, were found in the culture media under 4 

temperature conditions (18, 22, 28, and 34°C). A different 

pattern of protein accumulation appeared at 38°C compared to 

the other 4 temperatures, but the 48, 38, and 29 kD protein 

bands were similar (Figures 25-29 and Tables A.11-A.15). 

Six major proteins (65, 56, 48, 38, 36, and 29 kD) that 

appeared in the culture media were the same as the proteins 

found in the ionically bound cell wall protein fractions 

(Figures 15-19 and Figures 25-29). Culture media protein 

profiles were similar to the pattern shown in the ionically 

bound cell wall fractions and were also temperature 

dependent. 

In T25, five major proteins, 68, 56, 48, 38, and 29 kD, 

were found in the culture media under all 5 temperature 

conditions (18, 22, 28, 34, and 38°C), with the exception of 

the 68 kD protein which was absent in the culture media at 

38°C. Three of these proteins (56, 48, and 29 kD) were 

similar to cell wall proteins which were found in the 

ionically bound fractions (Figures 20-24 and Figures 30-34). 

Different patterns of protein profiles were observed under 

specific temperature conditions that indicated temperature 

and gro%rth stage dependence. Only some minor protein bands 

changed compared to the protein gel from the ionically bound 

fractions (Figures 30-34 and Tables A.16-A.20). 
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Figure 25. Protein profiles of T169 cotton cell suspension 
culture medium at 18°C. Cultures were incubated 
at 18°C. Samples were analyzed by SDS-PAGE with 
12% separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 \xg) of proteins were loaded onto each lane. 
Lane 1 marked by M contains low molecular weight 
standards (Bio-Rad). Numbers above the gel 
indicated as 1, 2, 3, 4, and 5 represent 
different growth stages of cultured cells 
collected at weeks 1, 2, 3, 4, and 5 of culture. 
Molecular weights of standards (kD) are marked 
on the left of the gel. 
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T169-M(22-C) 

Figure 26. Protein profiles of T169 cotton cell suspension 
culture medium at 22°C. Cultures were incubated 
at 22"C. Samples were analyzed by SDS-PAGE with 
12% separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 |xg) of proteins were loaded onto each lane. 
Lane 1 marked by M contains low molecular weight 
standards (Bio-Rad). Numbers above the gel 
indicated as 1, 2, 3, 4, and 5 represent 
different growth stages of cultured cells 
collected at weeks 1, 2, 3, 4, and 5 of culture. 
Molecular weights of standards (kD) are marked 
on the left of the gel. 
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Figure 27. Protein profiles of T169 cotton cell suspension 
culture medium at 28°C. Cultures were incubated 
at 28°C. Samples were analyzed by SDS-PAGE with 
12% separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 ng) of proteins were loaded onto each lane. 
Lane 1 marked by M contains low molecular weight 
standards (Bio-Rad). Numbers above the gel 
indicated as 1, 2, 3, 4, and 5 represent 
different growth stages of cultured cells 
collected at weeks 1, 2, 3, 4, and 5 of culture. 
Molecular weights of standards (kD) are marked 
on the left of the gel. 
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Figure 28. Protein profiles of T169 cotton cell suspension 
culture medium at 34°C. Cultures were incubated 
at 34°C. Samples were analyzed by SDS-PAGE with 
12% separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 jig) of proteins were loaded onto each lane. 
Lane 1 marked by M contains low molecular weight 
standards (Bio-Rad). Numbers above the gel 
indicated as 1, 2, 3, 4, and 5 represent 
different growth stages of cultured cells 
collected at weeks 1, 2, 3, 4, and 5 of culture. 
Molecular weights of standards (kD) are marked 
on the left of the gel. 
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T169— M (38-C) 

Figure 29 Protein profiles of T169 cotton cell suspension 
culture medium at 38°C. Cultures were incubated 
at 38'*C. Samples were analyzed by SDS-PAGE with 
12% separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 |ig) of proteins were loaded onto each lane. 
Lane 1 marked by M contains low molecular weight 
standards (Bio-Rad). Numbers above the gel 
indicated as 1, 2, 3, 4, and 5 represent 
different growth stages of cultured cells 
collected at weeks 1, 2, 3, 4, and 5 of culture. 
Molecular weights of standards (kD) are marked 
on the left of the gel. 
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T25 —M(18"C) 

Figure 30. Protein profiles of T25 cotton cell suspension 
culture medium at 18°C. Cultures were incubated 
at 18°C. Samples were analyzed by SDS-PAGE with 
12% separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 |ig) of proteins were loaded onto each lane. 
Lane 1 marked by M contains low molecular weight 
standards (Bio-Rad). Numbers above the gel 

as 1, 2, 3, 4, and 5 represent 
growth stages of cultured cells 
at weeks 1, 2, 3, 

indicated 
different 
collected 
Molecular 

4, and 5 of culture, 
weights of standards (kD) are marked 

on the left of the gel. 
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Figure 31. Protein profiles of T25 cotton cell suspension 
culture medium at 22°C. Cultures were incubated 
at 22°C. Samples were analyzed by SDS-PAGE with 
12% separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 iiig) of proteins were loaded onto each lane. 
Lane 1 marked by M contains low molecular weight 
standards (Bio-Rad). Numbers above the gel 
indicated as 1, 2, 3, and 4 represent different 
growth stages of cultured cells collected at 
weeks 1, 2, 3, and 4 of culture. Molecular 
weights of standards (kD) are marked on the left 
of the gel. 
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Figure 32. Protein profiles of T25 cotton cell suspension 
culture medium at 28°C. Cultures were incubated 
at 28"C. Samples were analyzed by SDS-PAGE with 
12% separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 |ig) of proteins were loaded onto each lane. 
Lane 1 marked by M contains low molecular weight 
standards (Bio-Rad). Numbers above the gel 
indicated as 1, 2, 3, 4, and 5 represent 
different growth stages of cultured cells 
collected at weeks 1, 2, 3, 4, and 5 of culture. 
Molecular weights of standards (kD) are marked 
on the left of the gel. 
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Figure 33. Protein profiles of T25 cotton cell suspension 
culture medium at 34''C. Cultures were incubated 
at 34"C. Samples were analyzed by SDS-PAGE with 
12% separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 |ig) of proteins were loaded onto each lane. 
Lane 1 marked by M contains low molecular weight 
standards (Bio-Rad). Numbers above the gel 
indicated as 1, 2, 3, 4, and 5 represent 
different growth stages of cultured cells 
collected at weeks 1, 2, 3, 4, and 5 of culture. 
Molecular weights of standards (kD) are marked 
on the left of the gel. 
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Figure 34. Protein profiles of T25 cotton cell suspension 
culture medium at 38'*C. Cultures were incubated 
at 38°C. Samples were analyzed by SDS-PAGE with 
12% separating gels and 4% stacking gels and 
visualized with silver staining. Equal amounts 
(1.2 jig) of proteins were loaded onto each lane. 
Lane 1 marked by M contains low molecular weight 
standards (Bio-Rad). NunJDers above the gel 
indicated as 1, 2, 3, 4, and 5 represent 
different growth stages of cultured cells 
collected at weeks 1, 2, 3, 4, and 5 of culture. 
Molecular weights of standards (kD) are marked 
on the left of the gel. 
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Both soluble and ionically bound cell wall protein 

profiles presented in the protein profiles obtained from 

culture media showed genotype, growth stage, and temperature 

dependence. Similar patterns of protein were found under 

each temperature condition as was found in the ionically 

bound fractions. Culture media could reflect a response to 

stress conditions that occurs in the cell wall and could 

provide a large quantity of protein specifically related to 

growth or stress that is easy to isolate for further 

characterization. 

Temperature Effects on Cell 
Wall Protein Synthesis 

Radiolabeled proline was used to study cell wall 

protein synthesis over time under different temperature 

conditions (18, 28, and 38°C). Amounts of labeled proline 

taken up by each fraction of cells in 4, 8, 12, and 24 hr. 

are shown in Tables 3 and 4. Cell uptake and secretion of 

labeled proline were similar at 18 and 28°C for both 

racestocks (Tables 3 and 4). At 38''C, T169 cells took 12 hr 

to incorporate proline, deposition into the cell wall, and 

secretion into the medium (Table 3). However, T25 cells 

incorporated proline very quickly (about 4 hr), deposited it 

into the cell wall, but maximum release into the medium 

occured after 8 hr (Table 4). This suggests the existence 

of a temperature effect on the pattern of incorporation and 
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Table 3. Incorporation of 3H-proline into different 
fractions of T169 under different temperatures 
(CWP-cell wall ionically bound fraction, M-
secreted into medium, and CYTO-cytoplasmic 
portion) 

Labeling 

Time(hr) 

4 

8 

12 

24 

4 

8 

12 

24 

4 

8 

12 

24 

Temp 

(°C) 

18 

18 

18 

18 

28 

28 

28 

28 

38 

38 

38 

38 

Medium 

24.90 

45.50 

47.00 

75.30 

36.60 

25.60 

40.60 

99.80 

33.00 

30.60 

29.60 

94.90 

CWP 

cpm/ml cell (x 10~3) 

38.30 

52.30 

36.20 

74.10 

27.90 

45.70 

50.30 

73.90 

36.60 

40.80 

52.90 

64.00 

CYTO 

94.20 

199.40 

221.50 

207.40 

81.30 

86.10 

204.90 

144.10 

53.60 

61.40 

103.20 

75.50 
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Table 4. Incorporation of 3H-proline into different 
fractions of T25 under different temperatures 
(CWP-cell wall ionically bound fraction, M-
secreted into medium, and CYTO-cytoplasmic 
portion) 

Labeling 

Time(hr) 

4 

8 

12 

24 

4 

8 

12 

24 

4 

8 

12 

24 

Temp 

(°C) 

18 

18 

18 

18 

28 

28 

28 

28 

38 

38 

38 

38 

Medium 

17.20 

15.30 

28.60 

18.50 

26.50 

29.00 

26.50 

22.95 

32.20 

90.60 

142.10 

101.50 

CWP 

cpm/ml cell (x 10-3) 

69.00 

60.20 

116.50 

94.20 

23.47 

25.80 

25.33 

32.50 

30.43 

59.45 

56.83 

31.80 

CYTO 

155.90 

165.70 

173.20 

165.30 

54.03 

72.00 

79.33 

64.47 

133.90 

91.43 

95.77 

36.30 
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secretion of proline-rich cell wall proteins between the 

racestocks. 

Radiolabeled cell wall protein profiles and proteins 

secreted into the culture medium were observed by 

fluorography (Figures 35-37). At 18°C, 5 proline-containing 

cell wall protein bands, 68, 48, 38, 36, and 28 kD, were 

observed in the T169 ionically bound fraction, and the 48 

and 28 kD protein bands were found in the medium (Figure 

35). At 28°C, the 48 and 28 kD proteins were present in the 

ionically bound cell wall fraction, and proteins of the same 

molecular mass were observed in the culture medium (Figure 

36). At 38°C, the 48, 28, and 10 kD proteins were found in 

the ionically bound fraction and were released into the 

culture medium after 24 hr (Figure 37). Two common 

proteins, 48 and 28 kD, were present under all 3 temperature 

conditions (Figures 35-37). Temperature affected the 

synthesis of proline-containing cell wall proteins under 

high (38°C) and low (18°C) temperature conditions (Figures 

35 and 37). 

Western Blot Analysis 

Western blot analysis was performed to identify the 

presence of peroxidase in the cotton suspension cultures. 

The results indicated proteins from the culture medium could 

cross react with an antibody to a 58 kD wall isoperoxidase 
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Figure 35. Fluorography of the ionically bound cell wall 
proteins synthesized by T169 suspension cells at 
18°C. Proteins were labeled with ^H proline for 
4, 8, 12, and 24 hr during synthesis and 
released into the medium. Molecular weights of 
standards (kD) are marked on the right of the 
gel. 
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Figure 36. Fluorography of the ionically bound cell wall 
proteins synthesized by T169 suspension cells at 
28°C. Proteins were labeled with ^H proline for 
4, 8, 12, and 24 hr during synthesis and 
released into the medium. Molecular weights of 
standards (kD) are marked on the right of the 
gel. 

81 



CELL HEDIUH 

24 12 8 24 12 8 4 H 

••/̂• 

- 12 

T169 (38-C) 

Figure 37. Fluorography of the ionically bound cell wall 
proteins synthesized by T169 suspension cells at 
38°C. Proteins were labeled with ^H proline for 
4, 8, 12, and 24 hr during synthesis and 
released into the medium. Molecular weights of 
standards (kD) are marked on the right of the 
gel. 
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(mWP19) from corn seedlings. Both T25 and T169 suspension 

culture media were analyzed at 28"c for cross-reaction 

(Figure 38). Comparing the previous protein profiles 

(Figures 17, 22, 27, and 32), the 56 kD protein cross-

reacted and was identified as a cotton cell wall peroxidase. 

This protein was growth-stage dependent in T25 suspension 

culture cells (Figure 22), but was growth-stage independent 

in T169 suspension culture cells (Figure 17). This protein 

was found both in the cells and culture medium from T25 and 

T169 (Figures 17, 22, 27, and 32). This indicated 

peroxidase is important during growth for both racestocks. 

It also suggests that peroxidase may play different roles 

during the late growth stages of T25 and T169 (Figures 17 

and 22). 

Peroxidase Isozyme Study 

Isoelectric Focusing Analvsis 
of lonically Bound Cell Wall 
Proteins 

Different peroxidase isozyme patterns were found under 

different temperature conditions. In T25, four major 

peroxidase isozymes were observed at 18 and 34°C, 3 anionic 

peroxidase isozymes at pi = 3.5, 3.8, and 4.0, and one 

cationic at pi = 9.5. Only one isozyme form at pi = 3.8 was 

visualized at 28'C (Figure 39). A similar pattern of 

peroxidase isozymes was present during 5 weeks of growth 
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Figure 38. Western blot analysis of peroxidase. Proteins 
from T25 and T169 suspension culture medium were 
analyzed by 12% SDS-PAGE, followed by western 
blotting. The 58 Kd wall isoperoxidase (mWPl9) 
antibody from corn seedlings was used as a first 
antibody followed by an alkaline phosphatase-
labeled secondary antibody and color reaction to 
identify the recognized proteins. 
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Figure 39 Peroxidase isozyme patterns of T25 cotton cell 
suspension culture. Cells had been incubated at 
3 different temperatures (18°C, 28°C, and 34°C) 
and CaCl2 extractable cell wall proteins 
collected during the growth period. Samples 
were analyzed by isoelectric focusing gels with 
5% acrylamide and 5% ampholytes with a pH range 
of 3.5-9.5 (BRL) and visualized by peroxidase 
activity staining. Equal amounts (0.5 fig) of 
proteins were loaded onto each lane. Lanes 
marked by M indicates pre-stained IEF standards 
(Bio-Rad). Numbers above the gel indicated as 
1, 2, 3, 4,and 5 represent different growth 
stages of cultured cells collected at weeks 1, 
2, 3, 4, and 5 of culture. The pis of the IEF 
standards are marked on the left of the gel. 
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under 18 and 34"C, but a different peroxidase isozyme 

pattern was found under 28°C. Low peroxidase activity was 

observed for the cationic form of peroxidase compared to the 

anionic forms of peroxidase. The optimal temperature for 

cell growth is 28°C (Figure 13), but less peroxidase 

activity was visualized (Figure 39). Less cell growth was 

observed at 18 and 34°C (Figure 13), but more peroxidase 

isozyme forms and activity were found (Figure 39). This 

suggests that peroxidase was involved in the cell growth 

process. Several possibilities might explain the fact of 

lower peroxidase activity at 28°C compared to the other 2 

temperatures. More may have been made or the same level of 

peroxidase was produced by cells under different 

temperatures, but under a stress condition it might turn 

over more rapidly than at 28°C. These isozymes could be a 

stress signal when the environmental condition is not 

optimal or could be used to modify the wall structure as an 

adaptation to environment. It seems that peroxidase plays a 

dual role. It might be involved in the normal growth 

process and also serve an adaptive purpose under stress 

conditions. 

In T169, temperature dependent isozyme patterns were 

observed. At 18°C, three peroxidase isozymes were 

visualized, two anionic peroxidase isozymes at pi = 3.5 and 
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3.8 and one cationic form at pi = 9.5. Only one anionic 

form at pi = 3.8 was found at 28°C. At 34"C, three anionic 

isozymes were observed at pi = 3.5, 3.8, and 4.0, and no 

cationic peroxidase isozyme was found (Figure 40). At 34°C 

there was a higher peroxidase activity at pi = 3.8 compared 

to pi = 3.5 and 4.0 (Figure 40). The optimal growth 

temperature for T169 cells was 28°C (Figure 14), but low 

peroxidase activity was observed at 28°C (Figure 40). More 

peroxidase isozymes and a higher peroxidase activity of each 

were found at 18 and 34°C (Figure 40), but less growth was 

observed under these two conditions (Figure 14). This 

suggests that peroxidase was not required for cell growth, 

but may be involved in limitation of growth or adaptation to 

stress. No cationic peroxidase isozyme was found at high 

temperature (34°C), but one cationic form (pi = 9.5) was 

observed at low temperature condition (18°C). This suggests 

that peroxidase isozyme distribution for T169 was highly 

temperature dependent. 

Isoelectric focusing analysis showed both genotypic and 

temperature dependence (Figures 39 and 40). At 28°C, very 

low peroxidase activity was present in both cell lines. 

Under high temperature (34°C), four peroxidase isozymes were 

visualized in T25, but only three isozymes were found in 

T169. Two major differences were found between these two 

racestocks. Cationic isozyme forms were only found in T25. 
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Figure 40 Peroxidase isozyme patterns of T169 cotton cell 
suspension culture. Cells had been incubated at 
3 different temperatures (18°C, 28"c, and 34"C) 
and CaCl2 extractable cell wall proteins 
collected during the growth period. Samples 
were analyzed by isoelectric focusing gels with 
5% acrylamide and 5% ampholytes with a pH range 
of 3.5-9.5 (BRL) and visualized by peroxidase 
activity staining. Equal amounts (0.5 |ig) of 
proteins were loaded onto each lane. Lanes 
marked by M indicates pre-stained IEF standards 
(Bio-Rad). Numbers above the gel indicated as 
1, 2, 3, 4,and 5 represent different growth 
stages of cultured cells collected at weeks 1, 
2, 3, 4, and 5 of culture. The pis of the IEF 
standards are marked on the left of the gel. 
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In T169 stronger peroxidase activity was visualized at pi = 

3.8 than at pi = 3.5 and 4.0, but no significant difference 

was found between the activity of these three isozymes in 

T25. Similar peroxidase patterns were observed under low 

temperature condition (18°C) between the two cotton lines. 

Only one anionic isozyme (pi = 4.0) was absent in T169. 

This suggests that peroxidase plays a different role in the 

two cell lines under high temperature stress. T25 is a 

drought tolerant and embryogenic cotton line, whereas T169 

is a drought susceptible and non-embryogenic cotton line. 

Differences found in the pattern of peroxidase isozymes 

might be used as markers of somatic embryogenesis and 

temperature stress levels in cotton cell suspension culture 

if these differences prove to be generalized among other 

genotypes. 

Isoelectric Focusing Analysis 
of Proteins from Culture Medium 

Culture medium from cell suspension cultures was also 

use to investigate the distribution of peroxidase isozymes 

during 5 weeks of growth under 3 temperature conditions. 

When cells were grown under different temperatures, a very 

complex peroxidase isozyme pattern was visualized during the 

growth period (Figures 41 and 42). 

In T25, four major peroxidase isozymes were visualized 

at 18*C, two anionic forms at pi = 3.5 and 3.8, and two 
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Figure 41. Patterns of peroxidase isozyme secreted into T25 
cotton cell suspension culture medium. Cells 
were incubated at 3 different temperatures 
(18°C, 28°C, and 34'C) and medium was collected 
during the growth period. Samples were analyzed 
by isoelectric focusing gels with 5% acrylamide 
and 5% ampholytes with a pH range of 3.5-9.5 
(BRL) and visualized by peroxidase activity 
staining. Equal amounts (0.5 fig) of proteins 
were loaded onto each lane. Lanes marked by M 
indicates pre-stained IEF standards (Bio-Rad). 
Numbers above the gel indicated as 1, 2, 3, 
4,and 5 represent different growth stages of 
culture medium collected at weeks 1, 2, 3, 4, 
and 5 of culture. The pis of the IEF standards 
are marked on the left of the gel. 
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Figure 42. Patterns of peroxidase isozyme secreted into T169 
cotton cell suspension culture medium. Cells 
were incubated at 3 different temperatures 
(18°C, 28°C, and 34°C) and medium was collected 
during the growth period. Samples were analyzed 
by isoelectric focusing gels with 5% acrylamide 
and 5% ampholytes with a pH range of 3.5-9.5 
(BRL) and visualized by peroxidase activity 
staining. Equal amounts (0.5 |ig) of proteins 
were loaded onto each lane. Lanes marked by M 
indicates pre-stained IEF standards (Bio-Rad). 
Numbers above the gel indicated as 1, 2, 3, 
4,and 5 represent different growth stages of 
culture medium collected at weeks 1, 2, 3, 4, 
and 5 of culture. The pis of the IEF standards 
are marked on the left of the gel. 
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cationic isozymes at pi = 9.5 and 9.2 (Figure 41). Changes 

in patterns of peroxidase isozymes were found during 

different growth stages. Less anionic peroxidase activity 

was observed at the early growing stage. More cationic 

isozyme forms with stong activity were found when the 

cultures reached the 3rd week of growth. Secretion of 

peroxidase was growth stage dependent under low temperature 

conditions (18°C). Six major isozymes were observed at 

28°C, three cationic forms at pi = 10.0, 9.5, and 9.2, and 

three anionic forms at pi = 3.5, 3.8, and 4.0. At 28°C, a 

very stable peroxidase pool was found during 5 weeks of 

growth in T25 culture medium. Seven peroxidase isozyme 

forms were visualized at 34°C, four cationic forms at pi = 

10.0, 9.5, 9.2, and 8.7, and three anionic isozymes at pi = 

3.5, 3.8, and 4.0. At 34"C, the peroxidase isozymes 

distribution was also growth stage dependent. At the early 

growing stage, only four isozymes (pi = 9.5, 9.2, 3.8, and 

3.5) were present, and one more cationic isozyme (pi = 7.5) 

was observed when the culture reached the 2nd week of 

growth. These data suggest that peroxidase isozyme 

distribution was temperature and growth stage dependent. 

One cationic form (pi = 10.0) was temperature dependent, 

since this isozyme was absent at 18"C and present at 28 and 

34''C. Two cationic isozymes (pi = 8.7 and 7.5) were general 

thermal stress-related peroxidase isozymes that appeared 
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only at high and low temperatures, but were not found at 

28 C. This indicated that cells secreted these two cationic 

isozymes in response to stress when the culture conditions 

changed. 

In T169, temperature dependent peroxidase patterns were 

observed under 18 and 34°C (Figure 42). Four major isozyme 

forms were observed at 18°C, two anionic isozymes at pi = 

3.5 and 3.8, and two cationic isozymes at pi = 9.5 and 9.2 

(Figure 42). The activity of two peroxidase isozymes, pi = 

8.7 and 4.0, increased during the growth period. Very low 

peroxidase activity and less peroxidase isozyme forms were 

visualized at 28*C. Six major isozyme forms were present at 

34°C, three cationic isozymes at pi = 9.5, 9.2, and 8.7, and 

three anionic forms at pi = 3.5, 3.8, and 4.0. No 

significant changes occurred in the T169 culture medium at 

34"C during 5 weeks of growth. A major difference was 

observed in the release of peroxidase between stress (18 and 

34"C) and normal (28°C) growth conditions. At 28°C, very 

low activity was detected. Several possibilities could 

explain this phenomena: secretion was blocked, less 

peroxidase was produced, peroxidase degraded more rapidly, 

or peroxidase was inhibited. 
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Immunocvtolocalization 
bv Tissue Printing 

Localization of Extensin in 
T25 Cotton Leaves 

Tissue specific expression of extensin has been 

reported (Ye and Varner, 1991). Different types of tissues 

have been used to investigate the localization of extensin. 

The tissue printing technique was used in this study to 

detect the presence of extensin during different 

developmental stages of cotton leaves. Soybean extensin 

antibody was used as a probe to localize cotton extensin. 

The results are shown on Figure 43 A-D. During the early 

stage of development, less signal was visualized. Starting 

at the 2nd leaf, more extensin was found around the surface 

of the leaf tissue. Stronger signals were found surrounding 

the central vein area (Figure 43 D), and some signals were 

also present in the vascular bundle. This indicated 

extensin was developmentally regulated in leaf tissue of 

T25. T169 leaf tissue was also used to investigate the 

localization of extensin, but the tissue printing technique 

does not work out in the leaf tissue of this racestock. 

Different morphology and texture of leaf tissue between T25 

and T169 were observed in the field and greenhouse at the 

whole plant level. T25 leaves are more turgid than T169. 

It is hard to press the T169 leaf tissue on the membrane and 

get a complete structure during the printing process. 
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Figure 43 Localization of extensin in T25 cotton leaves by 
tissue printing. Cross-sections of leaves of 
one month old cotton plant were used to cross 
react with soybean extensin antibody. A. 
control. B. 1st leaf. C. 2nd leaf. D. 3rd leaf. 
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Localisation of Extensin in 
Cotton Stems 

Stems were also used to investigate the localization of 

extensin during different developmental stages. In T25 

(Figure 44), young stems expressed more extensin in the 

epidermis than in old stems. However, in old stems the 

signal in the epidermis of T169 was greater than young stem 

(Figure 45). This indicated the expression of extensin was 

developmentally regulated in stem tissues and was also 

genotype dependent. 

The distribution and localization of extensin could 

provide a clue to understanding how extensin is involved in 

the developmental process within different genotypes. 

During stem development, less extensin was detected by the 

tissue printing technique as the stem became more mature. 

The insolubilization of extensin might cause a loss of cross 

reactivity when the plant becomes more mature. It may be 

hard to get extensin out from the tissue when it is present 

in an insoluble form. In general, less signal was detected 

in stem tissues than in leaf tissues (Figures 43 and 44), 

perhaps because stem tissue is more rigid than the leaf 

tissue. However, in T25 more extensin was observed in the 

mature leaf compared to the young leaf. Different 

expression patterns were found in different tissues. Tissue 

specific expression of extensin was found between leaf and 

stem tissues of T25 (Figures 43 and 44). This indicated 
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Figure 45 Localization of extensin in T169 cotton stems by 
tissue printing. Cross-sections of stems of one 
month old cotton plant were used to cross react 
with soybean extensin antibody. A. 1st 
internode. B. 2nd internode. C. 3rd internode. 
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extensin may play a different role in different tissues 

during the developmental process. 

Localization of Peroxidase 
in Cotton Stems 

In addition to extensin, peroxidase has also been 

reported to be developmentally regulated (Lagrimini and 

Rothstein, 1987). In this study, maize peroxidase antibody 

(mWP19) was used to cross react with cotton stems to detect 

the presence of peroxidase during different developmental 

stages. The results show that peroxidase was 

developmentally regulated in both racestocks (Figures 46 and 

47). In T25 (Figure 46), trace amounts of peroxidase were 

detected only in the epidermis of young stems , whereas in 

mature stems peroxidase was abundant in the epidermis, 

cambium cells and surrounding whole vascular bundles. In 

T169 (Figure 47), peroxidase was found in the epidermis and 

vascular bundles during early stages of development, and 

more peroxidase was localized in the vascular bundles, 

especially cambium cells, several layers of cortex cells 

surrounding secondary xylem, and secondary phloem. These 

results showed the expression of peroxidase was 

developmentally regulated in leaf tissues for both 

genotypes. 

Extensin is a major structural cell wall protein 

component that could effect the extensibility of the cell 
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Figure 46 Localization of peroxidase in T25 cotton stems by 
tissue printing. Cross-sections of stems of one 
month old cotton plant were used to cross react 
with maize peroxidase antibody (mWPl9). A. 1st 
internode. B. 2nd internode. C. 3rd internode. 
D. 4th internode. 
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Figure 47 Localization of peroxidase in T169 cotton stems 
by tissue printing. Cross-sections of stems of 
one month old cotton plant were used to cross 
react with maize peroxidase antibody (mWPi9). A 
1st internode. B. 2nd internode. C. 3rd 
internode. 

101 



wall. Cell growth follows the expansion of the cell wall. 

Peroxidases are involved in the process of cross-linking 

extensin in the wall matrix (Strafstrom and Staehelin, 1986; 

Fry, 1982), which may result in a stiffer wall. The 

correlation between extensin and peroxidase during 

development is interesting. Here, we demonstrated that the 

distribution of these two cell wall proteins was 

developmentally regulated at the whole plant level. We can 

not show the correlation of these two protein during 

development unless we double label the tissue with both 

antibodies. It is difficult to explain how these results 

relate to the difference in stress tolerance of the two 

genotypes. More immuno-localization experiments should be 

done at the cellular level in order to know the differences 

in the distribution of these two cell wall proteins in the 

subcellular compartments between the tolerant and 

susceptible lines. 
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CHAPTER V 

CONCLUSIONS 

Since no comparisons have been reported between stress 

tolerant and susceptible racestocks of cotton at the 

cellular level, the goal of this research was to further 

understand at the cellular level how thermal stress 

regulates cell growth and the expression of genes encoding 

the cell wall proteins in two cotton racestocks that differ 

in their response to stress. 

T25 (drought tolerant) and T169 (drought susceptible) 

respond differently to environmental stress at the whole 

plant level. In this study, we wanted to know how thermal 

stress affected growth of these two cotton racestocks at the 

tissue level and if that response differs from that at the 

whole plant level. Different growth responses were found 

under specific culture conditions that were similar to the 

field responses of both racestocks. T25 grew better than 

T169 at high temperature, whereas T169 grew slightly better 

than T25 at lower temperatures. 

Next, we wanted to confirm that the temperature 

response of plant tissues corresponded to the temperature 

response of cell suspension cultures derived from the same 

plants. Cell suspension cultures derived from hypocotyl-

induced callus of both T25 and T169 were used to investigate 
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in vjtro growth under 6 different temperature conditions. 

Differential growth responses were found that indicated that 

T25 had a higher overall growth rate than T169. The optimal 

growth temperature range for both racestocks was between 28 

and 34°C, which also confirmed that the growth response was 

similar to that at the tissue and whole plant level. 

Thermal effects on cell growth were identified from 

previous work. Plant cell growth is limited by the cell 

wall. Cell wall proteins have been reported to be related 

to cell wall growth (Lamport, 1965), and thermal effects on 

cell wall growth could be caused by the changes in the 

deposition of cell wall proteins. Primary cell wall 

proteins related to cell growth were the study target. 

Suspension-cultured cells provided an advantage for studying 

cell wall material by providing a relatively homogeneous 

source of primary cell wall (York et al., 1985; Harris, 

1983). The suspension culture system provided a good 

defined model system to study how thermal stress affected 

cell growth and the regulation of cell wall proteins during 

the different growth stages. Different protein profiles 

were observed under specific temperature conditions. In 

this study, we found that the changes in the level of 38, 

42, and 58 kD proteins were growth dependent. 

In addition to the ionically bound cell wall protein 

fraction, the culture medium was another good system for 
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investigating the changes that occurred in the cells because 

suspension cells secrete polysaccharides and proteins into 

their culture media which are similar to those present in 

the cell wall (York et al., 1985). In this study, we found 

proteins similar to those present in the ionic cell wall 

fraction were secreted into the culture medium. Culture 

medium provides a good source of proteins which might be 

important in the regulation of growth and stress. It is 

easy to collect and purify these proteins for further 

characterization and microsequencing. 

Since so many proteins were changed under different 

thermal conditions during growth, we wanted to determine if 

any specific protein was involved in the process. 

Peroxidase has been identified as an important stress and 

developmental marker. Under stress conditions, we found 

several peroxidase isozymes present in the cells and culture 

medium. During the different developmental stages, we also 

found specific isozymes that appear to be related to growth. 

Hopefully, we can use this information to further identify 

the function of each specific peroxidase isozyme under a 

specific stress condition or developmental stage. 

At the cellular level, we confirmed that peroxidase was 

temperature, growth stage, and genotype specific. We also 

confirmed by the tissue printing technique that peroxidase 

was developmentally regulated at the whole plant level. 
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In conclusion, temperature affects the expression of 

some specific cell wall proteins and peroxidase isozymes of 

these two cotton racestocks. 
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Table A.l. Cell wall associated proteins in T169 cotton 
suspension culture cells incubated at 18°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

65 

56 

48 

38 

36 

34 

29 

2nd wk 

65 

56 

48 

38 

36 

34 

29 

3rd wk 

7lb 

65 

56 

48 

42 

38^ 

36^ 

34 

29^ 

25 

4th wk 

7lb 

65 

56 

48 

42 

38^ 

36^ 

34 

29^ 

28 

25 

5th wk 

7lb 

65 

56 

48 

42 

38^ 

36^ 

34 

29^ 

28 

25 

^proteins enhanced during growth period. 

Unique protein to each specific temperature. 
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Table A.2. Cell wall associated proteins in T169 cotton 
suspension culture cells incubated at 22"c 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

90*=> 

85^ 

68 

65 

56 

48 

42 

41 

38 

37 

36 

34 

30t> 

29 

28 

2nd wk 

90t> 

85t> 

78 

68 

65 

56 

48 

42 

41 

38 

37 

36 

34 

30^ 

29 

28 

3rd wk 

90t» 

85t» 

68 

65 

56 

48 

42 

41 

38 

37 

36^ 

34 

30b 

29 

28 

4th wk 

85^ 

68 

65 

56 

48 

42 

41 

38 

36^ 

34 

30t> 

29 

28 

5th wk 

85^ 

68 

65 

56 

48 

42 

41 

38^ 

36^ 

34 

30^ 

29 

28 

^proteins enhanced during growth period. 

J^nique protein to each specific temperature 
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Table A.3. Cell wall associated proteins in T169 cotton 
suspension culture cells incubated at 28°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

98*^ 

78 

68 

65 

56 

48 

41 

38 

36 

34 

29 

28 

2nd wk 

98^ 

78 

68 

65 

56 

48 

41 

38 

36 

34 

29 

28 

3rd wk 

98^ 

78 

68 

65 

56 

48 

41 

38 

36 

34 

29 

28 

4th wk 

98*̂  

78 

68 

65 

56 

48 

41 

38 

36 

34 

29 

28 

5th wk 

98t> 

68 

65 

56 

48 

41 

38 

36 

34 

29 

28 

^inique protein to each specific temperature 
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Table A.4. Cell wall associated proteins in T169 cotton 
suspension culture cells incubated at 34°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

65 

56 

48 

42 

36 

29 

28 

25 

2nd wk 

65 

56 

48 

42 

38 

36 

29 

28 

25 

3rd wk 

65 

56 

48^ 

42 

38 

36 

33*3 

29 

28 

25 

4th wk 

65 

56 

48^ 

42 

38 

36 

33*3 

29 

28 

25 

5th wk 

65 

56 

42 

38 

36 

28 

25 

^proteins enhanced during growth period. 

*3unique protein to each specific temperature 
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Table A.5. Cell wall associated proteins in T169 cotton 
suspension culture cells incubated at 38°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

78 

68 

56 

48 

41 

37 

36 

34 

29 

28 

23^ 

2nd wk 

78 

68 

56 

48 

41 

37 

36 

34 

29 

28 

23*3 

3rd wk 

78 

68 

56 

48 

41 

37 

36 

34 

29 

28 

23*3 

4th wk 

78 

68 

56 

48 

41 

37 

36 

34 

29 

28 

23*3 

5th wk 

78 

68 

56 

48 

41 

37 

36 

29 

28 

23*3 

*^nique protein to each specific temperature 

119 



Table A.6. Cell wall associated proteins in T25 cotton 
suspension culture cells incubated at 18°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

68*3 

56 

48 

39 

38 

29 

27 

23*3 

2nd wk 

68*3 

56 

48 

41 

39 

38 

29 

27a 

23*3 

3rd wk 

68*3 

56^ 

48^ 

4ia 

39 

38 

29 

27a 

25 

23*3 

4th wk 

68*3 

56^ 

48^ 

4ia 

39 

38 

35 

29 

27 

25 

23*3 

5th wk 

84^ 

78 

75*3 

68*3 

56^ 

48^ 
4ia 

39 

38 

29 

25 

23ab 

18*3 

siproteins enhanced during growth period. 

*3unique protein to each specific temperature 
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Table A.7. Cell wall associated proteins in T25 cotton 
suspension culture cells incubated at 22°C 
during 4 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

58*3 

56 

39 

37 

29 

28t> 

27 

25 

2nd wk 

97 

58*3 

56 

48 

39 

37 

35 

33 

29 

28^*3 

27 

25 

3rd wk 

97 

58*3 

56 

48 

39 

37 

35 

33 

29 

28*3 

27 

25 

4 th wk 

58*3 

56 

39 

33 

29 

27 

25^ 

^proteins enhanced during growth period. 

*3unique protein to each specific temperature 
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Table A.8. Cell wall associated proteins in T25 cotton 
suspension culture cells incubated at 28°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

66*3 

56 

2nd wk 

66*3 

56^ 

43 

41 

35 

30 

29 

3rd wk 

105 

66ab 

56^ 

48 

43^ 
4ia 

39 

37 

35 

34 

33 

30 

29 

27 

25 

24 

20*3 

16*3 

14*3 

4th wk 

105 

66̂ *3 

56^ 

48 

43^ 
4ia 

39 

37 

35 

34 

33 

30 

29 

27 

25 

24 

20*3 

16*3 

14*3 

12 

5th wk 

105 

66ab 

56^ 

48 

43^ 
4ia 

39 

37 

35 

34 

33 

30 

29 

27 

25 

24 

siproteins enhanced during growth period. 

*^nique protein to each specific temperature 
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Table A.9. Cell wall associated proteins in T25 cotton 
suspension culture cells incubated at 34"c 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

56 

48 

42^*3 

37 

36̂ *3 

29 

2nd wk 

56^ 

48^ 

42ab 

39 

37 

36̂ *3 

34 

33 

29 

24 

3rd wk 

56^ 

48^ 

42̂ *3 

39 

38 

37 

36ab 

35 

34 

33 

29 

24a 

4th wk 

56^ 

48^ 

42*3 

39 

38 

37 

36*3 

35 

34 

29 

24 

5th wk 

56^ 

48^ 

42*3 

38 

37 

36*3 

35 

34 

29 

24 

^proteins enhanced during growth period. 

*3unique protein to each specific temperature 
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Table A.10. Cell wall associated proteins in T25 cotton 
suspension culture cells incubated at 38°c 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

65*3 

56 

48 

43 

39 

38 

35 

34 

29 

27 

12 

10*3 

2nd wk 

97 

65*3 

56^ 

48^ 

43 

41 

39 

38 

35 

34 

30 

29 

27 

25 

12 

10*3 

3rd wk 

97 

78 

65*3 

56^ 

48 

41 

39 

38 

35 

34 

29 

27 

25 

4th wk 

105 

97 

78 

65*3 

56^ 

48 

41 

39 

38 

35 

34 

29 

27 

25 

24 

5th wk 

105 

97 

78 

65*3 

56^ 

48 

41 

39 

38 

35 

34 

29 

27 

25 

24 

^proteins enhanced during growth period. 

*3unique protein to each specific temperature 

124 



Table A.11. Proteins secreted into medium by T169 cotton 
suspension culture cells incubated at 18°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

65 

56 

42 

38 

36 

29 

25 

2nd wk 

71 

65 

56 

48 

43 

42 

38 

36 

29 

25 

3rd wk 

71 

65 

56 

48 

43 

42 

38 

36 

29 

25 

4th wk 

71 

65 

56 

48 

43 

42 

38 

36 

29 

25 

5th wk 

71 

65 

56 

48 

43 

42 

38 

36 

29 

25 
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Table A.12. Proteins secreted into medium by T169 cotton 
suspension culture cells incubated at 22°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

98 

78 

67 

65 

56 

42 

40 

38 

36 

29 

2nd wk 

98^ 

78^ 

67 

65 

56 

42 

40a 

38^ 

36 

29 

3rd wk 

98^ 

78^ 

65^ 

56^ 

48 

42 

40a 

38^ 

36 

29 

4 th wk 

98 

78 

65 

56 

48 

42 

40 

38 

36 

29 

5th wk 

78 

65 

56 

42 

38 

36 

29 

siproteins enhanced during growth period 

126 



Table A.13. Proteins secreted into medium by T169 cotton 
suspension culture cells incubated at 28°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

65 

64 

56 

48 

43 

42 

41 

38 

36 

34 

29 

27 

2nd wk 

65 

64 

56 

48 

42 

41 

38 

36 

34 

29 

27 

3rd wk 

78 

65 

64 

56 

48 

42^ 

4ia 

38 

36 

34 

29^ 

27a 

4th wk 

78 

65 

64 

56 

48 

42^ 

4ia 

38 

36 

34 

29^ 

27a 

5th wk 

78 

70 

65 

64 

56 

42^ 

4ia 

38 

36 

34 

29^ 

27a 

^proteins enhanced during growth period 
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Table A.14. Proteins secreted into medium by T169 cotton 
suspension culture cells incubated at 34°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

56 

42 

38 

36 

28 

2nd wk 

65 

58 

56 

48 

42 

38 

36 

33 

28 

25^ 

24 

23 

3rd wk 

65 

58 

56 

48 

42 

38 

36 

33 

29 

28 

25^ 

24 

23 

4th Wk 

65 

58 

56 

48 

42 

38 

36 

33 

29^ 

28 

25^ 

24 

23 

5th wk 

56 

42 

38 

36^ 

28 

25^ 

^proteins enhanced during growth period 
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Table A.15. Proteins secreted into medium by T169 cotton 
suspension culture cells incubated at 38°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

68 

58 

48 

41 

38 

31 

29 

28 

2nd wk 

68 

58 

48 
4ia 

40 

C
J 

C
J 

>J
 

00
 

0)
 

29 

28 

3rd wk 

68 

58 

48 

41 

38 

37 

29 

28 

4 th wk 

68 

58 

48 

41 

38 

29 

28 

5th wk 

68 

58 

48 

41 

38 

29 

28 

^proteins enhanced during growth period. 
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Table A.16. Proteins secreted into medium by T25 cotton 
suspension culture cells incubated at 18°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

56 

48 

39 

38 

29 

2nd wk 

68 

56^ 

48 

44 

39 

38^ 

29 

24 

3rd wk 

68 

56^ 

48 

44 

39 

38^ 

29 

24 

4th wk 

68 

563 

48 

44 

39 

38^ 

29 

24 

5th wk 

68 

56^ 

48 

44 

39 

38^ 

29 

24 

^proteins enhanced during growth period. 
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Table A.17. Proteins secreted into medium by T25 cotton 
suspension culture cells incubated at 22''c 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

105 

97 

78 

68 

56 

4ia 

38 

37 

33 

31 

29 

27^ 

25 

14 

2nd wk 

105 

97 

78 

68 

56 

48 
4ia 

38 

37 

33 

31 

29 

27^ 

25 

14 

3rd wk 

105 

97 

78 

68 

56 

48 
4ia 

38 

37 

33 

31 

29 

27a 

25 

14 

4 th wk 

105 

97 

68 

56 

48 

41 

38 

37 

33 

29 

27 

25a 

14 

^proteins enhanced during growth period. 
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Table A.18. Proteins secreted into medium by T25 cotton 
suspension culture cells incubated at 28°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

97 

68 

64 

56 

43 

38 

37 

36 

29 

28 

2nd wk 

68 

64 

56 

43 

41 

38 

37 

36 

29 

28 

3rd wk 

105 

78 

68^ 

64 

56^ 

48 

4ia 

38^ 

37 

36^ 

33 

29 

28^ 

4 th wk 

105 

78 

68^ 

56^ 

48 

4ia 

38^ 

37 

36^ 

33 

29 

28^ 

5th wk 

105 

97 

78 

68^ 

56^ 

48^ 

45 

41 

38^ 

37 

36^ 

33 

29 

28^ 

^proteins enhanced during growth period. 
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Table A.19. Proteins secreted into medium by T25 cotton 
suspension culture cells incubated at 34°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

68 

56 

48 

42 

38 

37 

29 

2nd wk 

97 

68 

56 

48^ 

42^ 

38 

37 

35 

33 

29 

25 

3rd wk 

97 

68 

56 

48^ 

42^ 

38 

37 

35 

33 

29 

25 

4th wk 

97 

68 

56 

48^ 

42^ 

38 

37 

35 

33 

29 

25 

5th wk 

97 

68 

56 

48^ 

42^ 

38 

37 

35 

33 

29 

25 

^proteins enhanced during growth period. 
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Table A.20. Proteins secreted into medium by T25 cotton 
suspension culture cells incubated at 38°C 
during 5 weeks of growth, (presented by 
molecular weight-kilodaltons) 

1st wk 

65 

56 

48 

41 

37 

29 

2nd wk 

65 

56^ 

483 

41 

38 

37 

33 

29 

24 

3rd wk 

105 

98 

83 

78 

74 

653 

563 

483 

4l3 

383 

37 

36 

33 

29 

24 

4th wk 

105 

98 

83 

78 

74 

65 

563 

483 

4l3 

38 

37 

33 

29 

24 

5th wk 

98 

83 

65 

563 

483 

4l3 

38 

37 

29 

24 

3proteins enhanced during growth period 
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Table A.21. ANOVA table for cotyledon growth rate 

General Linear Models Procedure 

Depend 

Source 
Model 
Error 
Total 

Source 
Geno 
Temp 

Var. : 

Geno*Temp 

Depend 

Source 
Model 
Error 
Total 

Source 
Geno 
Temp 

Var. : 

Geno*Temp 

Depend 

Source 
Model 
Error 
Total 

Source 
Geno 
Temp 

Var. : 

Geno*Temp 

Class 
Geno 
Temp 

Levels Values 
2 T169 T25 
5 18 

Number of observations 

Rate 

DF 
9 

40 
49 

DF 
1 
4 
4 

Rate 

DF 
9 

40 
49 

DF 
1 
4 
4 

Rate 

DF 
9 

40 
49 

DF 
1 
4 
4 

TIS=COTY MED=K 

Sum of 
Squares 
14.8406 
0.3538 

15.1944 

Type I SS 
1.8940 
12.0843 
0.8623 

Mean 
Square 
1.6490 
0.0088 

Mean 
Square 
1.8940 
3.0211 

22 28 38 42 
in by group = 5 0 

OT .___ _ 

F Value 
186.43 

F Value 
214.13 
341.55 

0.2156 24.37 

Sum of 
Squares 
78.5188 
0.6394 

79.1582 

Type I SS 
9.6734 

63.2290 
5.6164 

Mean 
Square 
8.7243 
0.0160 

Mean 
Square 
9.6734 

15.8073 
1.4041 

F Value 
545.80 

F Value 
605.18 
988.92 
87.84 

-—— TIS—Cuxi rvLiU—isvi. 

Sum of 
Squares 
54.9462 
0.7581 

55.7043 

Type I SS 
0.7631 

51.1111 
3.0720 

Mean 
Square 
6.1051 
0.0190 

Mean 
Square 
0.7631 
12.7778 
0.7680 

F Value 
322.14 

F Value 
40.27 
674.23 
40.52 

Pr > F 
0.0001 

Pr > F 
0.0001 
0.0001 
0.0001 

Pr > F 
0.0001 

Pr > F 
0.0001 
0.0001 
0.0001 

Pr > F 
0.0001 

Pr > F 
0.0001 
0.0001 
0.0001 
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Table A.22. ANOVA table for hypocotyl growth rate 

General Linear Models Procedure 

Depend 

Source 
Model 
Error 
Total 

Source 
Geno 
Temp 

Var.: 

Geno*Temp 

Depend 

Source 
Model 
Error 
Total 

Source 
Geno 
Temp 

Var.: 

Geno*Temp 

Depend 

Source 
Model 
Error 
Total 

Source 
Geno 
Temp 

Var.: 

Geno*Temp 

Class Levels Values 
Geno 
Temp 

2 T169 T25 
5 1£ 1 22 28 38 42 

Number of observations in by group = 50 

Rate 

DF 
9 
40 
49 

DF 
1 
4 
4 

Rate 

DF 
9 

40 
49 

DF 
1 
4 
4 

Rate 

DF 
9 

40 
49 

DF 
1 
4 
4 

J. J.O-

Sum of 
Squares 
5.7645 
0.0613 
5.8257 

Type I SS 
0.3374 
5.0817 
0.3453 

______ T T C — 

Sum of 
Squares 
9.1172 
0.0617 
9.1788 

Type I SS 
0.1023 
7.6087 
1.4062 

rpT o— 

Sum of 
Squares 
8.9085 
0.1431 
9.0516 

Type I SS 
0.7351 
6.5862 
1.5872 

- n i r \ j nCiU-

Mean 
Square 
0.6405 
0.0015 

Mean 
Square 
0.3374 
1.2704 
0.0863 

=HYPO MED= 

Mean 
Square 
1.0130 
0.0015 

Mean 
Square 
0.1023 
1.9022 
0.3515 

=HYPO MED= 

Mean 
Square 
0.9898 
0.0036 

Mean 
Square 
0.7351 
1.6466 
0.3968 

F Value 
418.13 

F Value 
220.28 
829.36 
56.36 

-no ——————— 

F Value 
657.12 

F Value 
66.38 

1233.88 
228.04 

O I ^ 

F Value 
276.66 

F Value 
205.45 
460.21 
110.90 

Pr > F 
0.0001 

Pr > F 
0.0001 
0.0001 
0.0001 

Pr > F 
0.0001 

Pr > F 
0.0001 
0.0001 
0.0001 

Pr > F 
0.0001 

Pr > F 
0.0001 
0.0001 
0.0001 
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Table A.23. Accumulated relative growth rate (% of initial 
volume) of cell suspension culture on MS medium 
at 6 different temperatures for T25 and T169. 

Temperature T25 T169 

18''C 13.609 ± 2.56 7.87^*^ ± 2.06 

22°C 12.299 ± 3.87 44.98^ ± 7.95 

28''C 197.703 + 25.09 158.30^ ± 19.67 

34°C 108.28^ ± 18.67 98.91^ ± 16.28 

38''C 71.83® ± 11.24 64.45® ± 10.37 

42°C 8.009*i + 1.05 1.74*̂  ± 0.21 

Significance of differences is indicated by the superscript; 
no significant difference at p = 0.05 level according to 
least square means (n = 5) when the same letters appear. 
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Table A.24. ANOVA table for suspension growth rate 

General Linear Models Procedure 

Class Levels Values 
Geno 2 T169 T25 
Temp 6 18 22 28 34 38 42 
Number of observations in by group =36 

Depend Var.: Rate 

Source 
Model 
Error 
Total 

Source 
Geno 
Temp 
Geno*Temp 

DF 
11 
24 
35 

DF 
1 
5 
5 

Sum of 
Squares 

137145.131 
593.507 

137738.639 

Type I SS 
314.117 

132892.339 
3938.676 

Mean 
Square 

12467.739 
24.729 

Mean 
Square 
314.117 

26578.468 
787.735 

F Value 
504.17 

F Value 
12.70 

1074.77 
31.85 

Pr > F 
0.0001 

Pr > F 
0.0016 
0.0001 
0.0001 
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