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ABSTRACT 

The objectives of this study are to detemnine the effects of oxidative stress 

on transgenic cotton plants that over-express SOD, APX, and GR in chloroplasts 

and determine potential limitations to improved scavenging of toxic oxygen 

species, as well as, any effects of the perturbation of oxygen metabolism may 

have on photochemistry. Three genotypes of transgenic cotton plants that each 

express a chimeric gene encoding chloroplast-localized manganese superoxide 

dismutase (Mn SOD), ascorbate peroxidase (APX), or glutathione reductase 

(GR) have been analyzed to determine whether they exhibit improved resistance 

to oxidative stress. The Mn SOD cotton plants exhibited a three-fold increase in 

the total leaf SOD activity and a 30% increase in APX activity and wild-type GR 

activity. Although photosynthetic recovery in leaves of these plants after 1 h at 

10°C and a photon fluence rate of 1900 (jmol m'̂  s"̂  was higher than for wild-

type plants, recovery following longer exposure times or lower temperatures (5°-

7**C) was comparable for both genotypes. Consistent with photosynthetic 

recoveries, the oxidative state of the chloroplast, indicated by the deactivation of 

stromal fructose bisphosphatase, increased in both genotypes following severe 

chilling stress (5**C and 1700 |jmol m"̂  s"̂ ). In full sun prior to chilling stress, the 

Mn SOD leaves had a higher oxidation state, ratio of oxidized to reduced forms 

of ascorbate and total glutathione content compared to the controls. After 35 

min. of chilling stress, total glutathione had risen in control leaves to 88% of Mn 

M 



SOD values and oxidized to reduced ascorbate ratios were higher for both 

genotypes, but oxidized to reduced glutathione was unchanged for controls in 

contrast to an 80% increase in Mn SOD leaves. We postulate that the pool 

sizes of reduced ascorbate and glutathione may restrict the ability of the 

ascorbate-glutathione cycle enzymes to compensate for the increased activity of 

SOD in cotton over-expressing Mn SOD in chloroplasts during short-term 

chilling/high light stress. Transgenic plants that express a gene encoding 

chloroplast-localized APX exhibited a five-fold increase in total leaf APX activity. 

The immediate recovery of photosynthesis following exposure of leaf discs to 

10̂ *0 and 1900 Mmol m'̂  s'̂  was consistently higher for APX plants than all other 

genotypes tested to date, except for the 1 h time point where GR+ plants 

showed similar recoveries. GR over-expressing plants exhibited a -30-fold 

increase in total leaf GR activity compared to wild-type and other transgenic 

lines. The recovery of photosynthesis after 1 h at 10°C and 1900 pmol m'̂  s"̂  

was higher than that for wild-type and SOD plants but, the recovery after longer 

exposure times was comparable to that seen in wild-type plants. The 

manipulation of single enzymes or various combinations of enzymes should 

provide a means to mechanistically study reactive oxygen metabolism and the 

importance of these enzymes to the protection of photosynthesis during 

chilling/high light conditions. 
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CHAPTER I 

INTRODUCTION 

1 • 1 Environmental Stress and Plant Productivity 

Environmental stress is an inescapable reality for most plants growing in 

natural settings. Conditions of sub or supra-optimal temperatures, drought, 

salinity, and pollution can have dramatic effects on plant growth and 

development, and in agricultural settings, yield. In cotton, yield is a product of 

the number of mature bolls produced in a given area and the amount of cotton 

produced by each boll. Though cotton is among the most stress tolerant crop 

plants, sub-optimal environmental conditions limit the yields and quality of fiber 

and seed. By comparing average yields with record yields, Boyer (1982) 

estimated that in most crops, including cotton, less than 50% of the potential 

productivity is realized due to abiotic stress. This estimate makes it clear that 

even a relatively small improvement in stress tolerance could have substantial 

agronomic benefits. The most significant effects of stress are on fertilization, 

boll retention, and boll filling. Though plants with fewer bolls can compensate to 

some degree producing larger bolls, in general, the number of bolls per unit area 

correlates with lint yield (Wells and Meredith, 1984). Maintenance of photo-

assimilate supply during fruit development is critical in achieving high yields in 

cotton. Because photosynthesis is the driving force behind plant productivity, 

although not the only factor that determines yield, plants have developed 



numerous mechanisms that serve to protect the photosynthetic apparatus during 

stressful conditions. 

1.2 Formation of Reactive Oxvqen Intermediates 

Numerous studies suggest that photo-oxidative damage by reactive 

oxygen intermediates (ROIs) is a major cause in the decrease in photosynthesis 

(A) following exposure to a variety of environmental stresses, including excess 

light, sub-optimal temperatures, and drought (reviewed in Bowler et al., 1992; 

Allen, 1995; Smirnoff, 1995; Alscher et al., 1997). ROIs include superoxide 

(O2"), hydrogen peroxide (H2O2), hydroxyl radicals (OH), and singlet oxygen. 

The generation of these toxic oxygen species is a consequence of aerobic 

respiration, as well as, photosynthetic metabolism and the high O2 concentration 

of the atmosphere. ROIs are generated in cellular reactions, such as electron 

transport in mitochondria and chloroplasts, where electron transfer to molecular 

oxygen can occur. Under normal conditions, oxidative damage is minimal due to 

the metabolism of active oxygen species by both enzymatic and non-enzymatic 

mechanisms. However, during exposure to environmental stress, the 

mechanisms that normally scavenge toxic oxygen species, may become 

overwhelmed, resulting in membrane damage, pigment bleaching, enzyme 

inactivation, and decreased photosynthetic rate (A) or photoinhibition (reviewed 

in Bowler et al., 1992; Allen, 1995; Smirnoff, 1995; Van Camp et al., 1996; 



Alscher et al., 1997). This damage caused by ROIs and their products is known 

as oxidative stress (Foyer et al., 1994). 

In general, oxidative stress in plant cells is more likely to occur during 

times of high light absorption by the photosynthetic apparatus (Bowler et al., 

1992). Chloroplasts are highly susceptible to oxygen toxicity for many reasons: 

(1) they have a high internal O2 concentration during exposure to light; (2) they 

contain several molecules, such as reduced ferredoxin, that can reduce O2 to 

O2 ";(3) lipids in the chloroplast membranes have a high percentage of 

unsaturated fatty acid tails that are susceptible to peroxidation; and (4) excited 

chlorophyll can generate singlet oxygen resulting in protein damage (Halliwell 

and Gutteridge, 1989). During photosynthesis, the photochemical oxidation of 

H2O generates O2 and electrons. Non-cyclic electron flow occurs when 

Photosystem 11 (PSIl) transfers these electrons to Photosystem I (PS I) via 

intermediate electron acceptors and results in the reduction of ferredoxin which 

is then used to reduce NADP* on the stromal side of the thylakoids. A proton 

gradient across the thylakoid membrane is established as protons are released 

in the chloroplast lumen during electron transport. This proton gradient is used 

by a thylakoid bound ATP synthetase to generate ATP by photophosphorylation 

of ADP and Is also a regulator of electron transport rate and PS II 

photochemistry (Foyer, 1996). When NADPH/NADP ratios increase, formation of 

superoxide anions (O2') via pseudocyclic electron flow to O2 may serve to 

maintain electron flow through photochemistry and protect the transthylakoid 



gradient (Schreiber and Neubauer 1990; Osmond and Grace 1995). However, 

the O2' and subsequently formed H2O2 may react in the presence of Fe *̂ or Fe^ 

to form highly toxic OH and must be scavenged to prevent cellular and 

subcellular damage (Bowler et al., 1992; Halliwell and Gutteridge, 1989). 

Additionally, excited chlorophyll can transfer energy to 02and generate singlet 

oxygen if the energy is not dissipated by transfer to reaction centers or lost as 

fluorescence (Demmig-Adams and Adams, 1996). Aside from the damaging 

effects of OH, H2O2 can inactivate several photosynthetic carbon reduction 

(PCR) enzymes, notably the bisphosphatases, which are activated by the 

reduction of cysteinyl residues using reduced thioredoxin (Kaiser, 1979; 

Buchanan, 1980). Asada and Takahashi (1987), have stated that even under 

optimum conditions, the production of H2O2 by the thylakoid membranes would 

substantially inhibit photosynthetic carbon assimilation in less than one second if 

not removed. Furthermore, increasing concentrations of H2O2 can cause damage 

to metal-containing enzymes, including superoxide dismutase and ascorbate 

peroxidase (Bunkelmann and Trelease, 1996; Ishikawa et al., 1996). Thus, the 

primary role of the ROI scavenging mechanisms is to remove O2 and H2O2 to 

prevent the formation of OH and prevent uncontrolled fluctuations in redox state 

of the cell. 



1.3 Metabolism of ROIs in Chloroplasts 

For chilling-sensitive plant species, decreased photosynthesis in 

response to low temperature and high light results from stomatal limitations, 

decreased activity of enzymes involved in carbon assimilation, and inorganic 

phosphate limitation to ATP synthesis (Labate and Leegood, 1988; Sassenrath 

et al., 1990; Holaday et al., 1992; Perera et al., 1995). A considerable amount of 

attention has been focused on the role of the xanthophyll cycle in non-

photochemical dissipation of excess energy (reviewed by Demmig-Adams and 

Adams, 1994). One postulate is that non-photochemical quenching (NPQ) 

involves the direct transfer of energy from excited chlorophyll a to de-epoxidized 

xanthophyll pigments, zeaxanthin and antheraxanthin, located in the light-

harvesting antenna complexes of PS II and PS I (Demmig-Adams and Adams, 

1996). NPQ decreases the efficiency of PS II which slows energy entry into the 

electron transport chain to rates at which the products of electron transport 

(NADPH, ATP, etc.) can be used by the leaf. While it has been suggested that 

other mechanisms may also contribute to NPQ of chlorophyll fluorescence 

(Adams et al., 1990; Johnson et al., 1993), this xanthophyll-cycle activity is 

thought to account for most of the NPQ. Recently, Sonoike (1996) characterized 

a novel type of photoinhibition at PS I in chilling-sensitive plants in which ROIs 

damage the Fe-S centers on the acceptor side of P700. This inactivation of PS I 

could lead to conditions where electron transport intermediates downstream from 

PS II remain reduced, increasing rates of PS II inactivation (Sonoike 1996). 



Grace and Logan (1996) have shown that despite increases in the xanthophyll 

cycle pool size and in the rate of NPQ, the rate of O2 photoreduction increased 

in plants exposed to increasing growth PFD. They concluded that increases in 

leaf antioxidants, specifically superoxide dismutase (SOD), ascorbate 

peroxidase (APX), glutathione reductase (GR), ascorbate, and glutathione 

protect against this potential oxidative stress. 

Although several isozymes of SOD, APX, and GR exist in most 

subcellular compartments, the majority of their activity is concentrated in the 

chloroplast (Foyer and Halliwell, 1976; Foster and Edwards, 1980; Hossain et 

al., 1984; Gillham and Dodge, 1986; Alscher, 1993; Foyer, 1993; Edwards et al., 

1994). Figure 1 is an outline of the ROI scavenging pathway in plant 

chloroplasts (adapted from Foyer, 1996). SOD is a major scavenger of O2', and 

its enzymatic activity results in the production of H2O2. In the chloroplast, the 

H2O2 is eliminated by APX (Gillham and Dodge, 1986). APX catalyses the 

peroxidation of ascorbate yielding monodehydroascorbate (MDHA) and H2O and 

is present in the stroma, as well as, bound to the thylakoid membrane. The 

MDHA radicals can spontaneously disproportionate into reduced ascorbate 

(AsA) and dehydroascorbate (DHA) or be reduced by ferredoxin or by 

monodehydro-ascorbate reductase (MDHAR) using NAD(P)H (Hossain et al., 

1984). The reduction of DHA to AsA by dehydroascorbate reductase (DHAR) is 

dependent on reduced glutathione (GSH) (Jablonski and Anderson, 1981). 

Reduced glutathione levels are, in turn, maintained by the NADPH-dependent 
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Figure 1.1. Mehler-peroxidase reaction sequence and its relationship to the 
ascorbate-glutathione cycle (Adapted from Foyer, 1996). 



activity of glutathione reductase (GR) (Foyer and Halliwell, 1976). It is believed 

that primarily APX removes H2O2 generated in the chloroplast, while catalase, 

located in peroxisomes, removes H2O2 formed during photorespiration, but it 

may play a role in the oxidative stress defense system, since H2O2 can diffuse 

across membranes (Bowler et al., 1992). 

1.4 The Roles of Glutathione and Ascorbate in ROI Metabolism 

In addition to the enzymatic mechanisms used in ROI scavenging, plants 

possess non-enzymatic anti-oxidant systems. The metabolites ascorbate and 

glutathione are involved in a number of important metabolic and regulatory 

pathways. The nucloephilic metabolite glutathione (y-L-glutamyl-L-cysteinyl-

glycine) has several functions. One is the enzymatic detoxification of 

xenobiotics and electrophilic compounds catalyzed by glutathione S-

transferases (GSTs) (Coleman et al., 1997). Second, glutathione serves as a 

reducing agent that can non-enzymatically reduce a numt)er of substances 

including peroxides and free radicals (Mathews and van Holde, 1983; Foyer et 

al., 1994; Creissen et al., 1996). It is a primary component of sulfur metabolism, 

as well as, a cofactor for certain enzymes, and it plays a role in the regulation of 

gene expression (Schmidt and Kunert, 1986). Because GSH is important in the 

reduction of DHA to AsA, the levels of GSH should be critical in the protection of 

the chloroplast from oxidative damage. Exposure of plants to O3, SO2, 

herbicides, heat shock, or drought has been shown to increase the GSH levels 
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in leaves (Hausladen and Alscher, 1993) and chilling-resistant peas and salt-

tolerant cotton cultivars have increased GSH concentrations compared to 

susceptible cultivars (Wise and Naylor, 1987; Gossett et al., 1994). Roxas et al. 

(1998) recently reported increased amounts of oxidized glutathione (GSSG) in 

transgenic tobacco seedlings that over-express GST. The GST over-expressing 

plants showed significantly higher growth rates compared to wild-type seedlings 

when exposed to chilling and salt stress and significantly higher amounts of 

GSSG. 

Ascorbate is also involved in a variety of reactions in plant cells. It serves 

a dual role in preventing the over-reduction of the photosystems, first, in an 

avoidance mechanism, and second, as a detoxifying agent. Ascorbate is a co-

factor for violaxanthin de-epoxidase (VDE), which forms antheraxanthin and 

zeaxanthin, the xanthophyll pigments proposed to be the primary constituent in 

the dissipation of excess energy from the PS II antennae (Hager and Holocher, 

1994; Demmig-Adams and Adams, 1996). Ascorbate is primarily used as a 

reductant in the scavenging of H2O2 that results from pseudocyclic electron flow 

(Mehler-reaction). It is also involved as a secondary anti-oxidant via the 

maintenance of a-tocopherol pools (Foyer, 1993). Although, seasonal and 

diurnal variations in the ascorbate pool of leaves and chloroplasts have been 

documented (Foyer and Leiandais, 1983; Law et al., 1983; Schupp and 

Rennenberg, 1988), the size and reduction state of the ascorbate pool is 

particulariy constant (Foyer, 1993). Under stress conditions however, ascorbate 



synthesis is often increased and the pool size and especially the ratio of 

oxidized to reduced ascorbate can be used as a measure of leaf anti-oxidant 

status and degree of stress experienced by the plant (Stegmann et al., 1991). 

Foyer et al. (1994) suggested that ascorbate regeneration may be the primary 

sink for reducing equivalents, rather than the PCR cycle, based on the fact that 

the ascorbate pool in chloroplasts is significantly larger than the ferredoxin pool 

(Foyer et al., 1983; Foyer, 1993) and the fact that at times the reduction state of 

the ascorbate pool remains high while the thioredoxin-regulated PCR cycle 

enzymes become oxidized (Dujardyn and Foyer, 1989). Oxidized to reduced 

pools of ascorbate have been shown to increase following chilling stress in high 

light in transgenic cotton plants expressing Mn SOD in the chloroplast (Payton et 

al., 1997), in salt-sensitive cotton cultivars exposed to salt stress (Gossett et al., 

1994), and in tobacco plants exposed to the herbicide paraquat (Foyer et al., 

1991). Increased activities of both cytosolic and chloroplastic enzymes involved 

in recycling ascorbate to its reduced state, notably GR and DHAR, have been 

suggested to protect the ascorbate pool from over-oxidation, thereby allowing 

increased oxidant scavenging capacity in the chloroplast (Foyer, 1993). 

1.5 Genetically Engineering Stress Tolerance 

Plants are known to increase endogenous levels of anti-oxidative 

enzymes, as well as altering rates of protein synthesis or repair (Malan et al., 

1990; May and Leaver, 1993; Smirnoff, 1993; Edwards et al., 1994; Mittler and 

10 



Zalinskas, 1994). Plants acclimated to high growth PFD have several 

mechanisms of protection from the damaging effects of excess light absorption, 

including higher levels of xanthophyll pigments (Bjorkman and Demmig-Adams, 

1994; Demmig-Adams and Adams, 1994) and higher levels of ROI scavenging 

enzymes, specifically SOD, APX, and GR (Gillham and Dodge, 1987; Schoner 

and Krause, 1990; Grace and Logan, 1996). Spinach plants and evergreen 

species acclimated to or maintained at cold temperatures were found to have 

increased activities of SOD, APX, and GR and improved protection of the 

photosynthetic apparatus against ROIs (Schoner and Krause, 1990; Smirnoff, 

1995). Similar results were seen in maize where low temperature sensitive 

cultivars experienced reductions in A correlated with reductions in SOD, APX, 

and carotenoid content while A was unaffected in low temperature resistant 

cultivars that had high levels of SOD, APX, and carotenoids (Massacci et al., 

1995). Severe water deficit resulted in increased H2O2 scavenging enzymes in 

bariey (Smirnoff and Colombe, 1988). Zn deficiency can also cause membrane 

damage in cotton that is correlated with increased concentrations of O2', 

possibly due to reduced Cu/Zn SOD activity (Cakmak and Marschner, 1988). 

Gossett et al. (1994) have shown that salt-tolerant cotton cultivars have higher 

constitutive levels of catalase, a-tocopherol, ascorbate peroxidase, and 

glutathione reductase compared to salt-sensitive cultivars when grown under 

salt stress which can lead to oxidative stress. In addition, the activity of all SOD 

isoforms, as well as, catalase and GR decreases during senescence while 
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enzymes responsible for lipid breakdown are stimulated (Tanaka and Sugahara, 

1980; Dhindsa et al., 1981; Pauls and Thompson 1984; Van Camp et al. 1996). 

The increased activity of a plant's protective systems against active oxygen 

species allows for the possibilities of generating stress tolerant varieties via 

genetic engineering of key enzymes in these systems (reviewed by Allen, 1995). 

Gene transfer as a means of manipulating the levels of enzymes involved 

in scavenging ROIs is being used to investigate their interactions and the 

limitations to protection from oxidative stress by these enzymes in various 

species (Allen, 1997). Recent work has shown that transgenic tobacco plants 

that over-express chloroplastic Cu/ZnSOD (Sen Gupta et al., 1993a), FeSOD 

(Van Camp et al., 1996) and Mn SOD (Bowler et al., 1991; Slooten et al., 1995) 

have an increased resistance to oxidative stress, albeit to varying degrees. The 

transgenic Cu/ZnSOD tobacco plants are nearly completely protected from 

oxidative stress caused by exposure to high light intensity and low temperature, 

and all three genotypes exhibit reduced levels of light-mediated cellular damage 

from the superoxide-generating herbicide methyl viologen (MV) compared to 

wild-type plants. In both the Cu/ZnSOD and FeSOD transgenic tobacco plants, 

increased APX activity and a corresponding increase in the levels of APX mRNA 

was reported, suggesting that the plants respond to compensate for the 

presumed increased level of H2O2 from higher SOD activity by increasing the 

expression of APX (Sen Gupta et al., 1993b). Pitcher et al. (1994) showed that 

over-expression of a cytosol-localized APX resulted in protection from MV. Allen 
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et al. (1997) reported increased protection from MV and increased resistance to 

high light/low temperature stress in both cytosolic and chloroplastic APX over-

expressing tobacco plants. Transgenic poplar trees {Poplar tremula X Poplar 

alba) that express chloroplast-localized GR and have 1000-fold higher activity 

than untransformed plants were found to be more resistant to photoinhibition 

than wild-type plants (Foyer et al., 1995). Although these plants showed no 

protection from MV, decreased expression of GR in transgenic tobacco resulted 

in increased susceptibility to MV (Aono et al., 1995). These results indicate the 

critical importance of GSH in the reduction of DHA to AsA in the chloroplast 

which, in turn, makes the recycling of GSSG back to GSH by GR a major step in 

oxidant scavenging (Creissen et al., 1996). 

1.6 Purpose and Rationale 

The High Plains region of Texas is a major cotton growing area where 

eariy season temperatures can remain at 20*C or below for one or more days. 

In addition, cool night temperatures (<20**C) are common throughout the growing 

season, creating morning conditions that would favor light energy absorption in 

excess of that needed for CO2 assimilation. We hypothesize that ROIs may 

have a role in causing reduced photosynthesis during such situations, especially 

during and after severe chilling at high PFD. If this hypothesis were true, cotton 

plants that would scavenge ROIs effectively and recover photosynthesis quickly 
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when rewarmed in cycling temperatures might have increased yields in areas 

such as the High Plains region. 

Induction of anti-oxidant enzymes, specifically SOD, APX, and GR, as 

well as changes in the metabolite pools of the ascorbate-glutathione pathway 

following exposures to diverse stress conditions suggests that manipulation of 

any or all of these components in cotton will have an effect on oxidative stress 

responses. In the most optimistic case, genetic alteration of these components 

could increase a plant's ability to scavenge ROIs, minimizing oxidative damage, 

and, ultimately, increase yields. Regardless, the manipulation of single enzymes 

or various combinations of enzymes should provide a means to mechanistically 

study ROI metabolism and provide a better understanding of oxygen toxicity. 

Considering the success of tobacco transformation to improve the protection of 

photosynthesis during chilling/high light exposures, transgenic cotton plants that 

over-express SOD, APX, and GR in chloroplasts were generated and tested for 

increased resistance to oxidative stress. The objectives of this study were to 

determine whether increasing the activities of these anti-oxidant enzymes can 

improve cotton's response to oxidative stress with an emphasis on the initial 

recovery of photosynthesis following exposure to chilling and high PFD. 

Additionally, an analysis of the role of these enzymes in acclimation to high PFD 

and any potential substrate limitations to improved ROI scavenging were 

studied. 
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CHAPTER II 

PHOTOSYNTHETIC RESPONSES OF 

TRANSGENIC PLANTS 

2.1 Introductory Comments 

The photosynthetic activity of chilling-sensitive plants measured at 

optimum conditions is severely inhibited after exposures to sub-optimal 

temperatures and high PFD conditions. In tomato, marked decreases in net 

photosynthesis occur following brief exposures to 4°C and a moderate light 

intensity of 200 jjmol m"̂  s'̂  (Sassenrath et al. 1990). For cotton in full sun, a 

moderate PFD of 550 |jmol m"̂  s'̂  and 15̂ *0 causes photoinhibitory effects, as 

indicated by decreases in PS II efficiency (Fv/Fm) and A (Perera et al., 1995), 

and in full sun, a slightly suboptimal temperature of 20°C causes a considerable 

reduction in A after one day (Koniger and Winter 1993). 

The generation of ROIs may be a factor in causing this slowly reversible 

reduction in A after chilling/high PFD exposures (reviewed in Bowler et al., 1992; 

Allen, 1995; Smirnoff, 1995; Alscher et al., 1997). When the NADPH to NADP* 

ratio increases in the chloroplast due to a temperature-dependent reduction of 

PCR cycle activity, the formation of 02* increases as electron flow to O2 

increases at PS I or ferredoxin (the Mehler reaction) (Schreiber and Neubauer, 

1990; Osmond and Grace, 1995; Alscher et al., 1997). The O2" and 

subsequently formed (via the activity of SOD) H2O2 must be efficiently removed 

from the chloroplast to minimize oxidative damage to the photosynthetic 
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machinery. There is increasing evidence that the PS I centers are the most 

likely target of damage mediated by ROIs, especially OH (Sonoike, 1996; 

Terashima et al., 1998). The Fe-S centers on the acceptor side of P700 are an 

appropriate environment for OH formation. The inactivation of PS I would lead 

to conditions where electron transport components downstream from PS II 

remain reduced, increasing the rates of PS II inactivation (Sonoike, 1996; 

Anderson etal., 1998). 

The importance of scavenging ROIs in the chloroplast is indicated by 

reports that acclimation to chilling and high PFD involves increases in the 

activities of SOD, APX, and GR and improved protection of the photosynthetic 

apparatus against ROIs (Schoner and Krause, 1990; Smirnoff, 1995; Grace and 

Logan, 1997). Responses to other environmental stresses, such as severe 

desiccation and salt stress, that cause ROI production involve increases in anti

oxidant enzymes, as well (Smirnoff and Colombe, 1988; Gossett et al., 1994). 

Recent work has shown that genetic manipulation of ROI scavenging enzymes 

in tobacco and poplar, namely SOD, APX, and GR, has resulted in increased 

resistance to oxidative stress (Allen et al., 1997; Bowler et al., 1991; Foyer et al., 

1995; Pitcher et al., 1994; Sen Gupta et al., 1993a; Slooten et al., 1995; Van 

Camp et al., 1996), and decreased expression of GR in transgenic tobacco 

resulted in increased susceptibility to MV (Aono et al., 1995). Given that 

transformation to increase these anti-oxidant enzymes in tobacco chloroplasts 

has resulted in the protection of A during chilling/high PFD, transgenic cotton 
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plants were developed that over-express chloroplast-localized SOD. APX, and 

GR in an attempt to enhance the protection of A for this chilling-sensitive 

species. Hybrid plants expressing various combinations of the transgenes, as 

well as all three, were used to study possible synergistic effects. This chapter 

discusses differences seen among the transgenic genotypes grown at different 

PFDs and addresses possible limitations to improved ROI scavenging and 

oxidative stress resistance in cotton leaves. 

2.2 Materials and Methods 

2.2.1 Generation of Transgenic Plants 

Transgenic cotton plants {Gossypium hirsutum L., cv. Coker 312) that 

express Mn SOD (Nicotiana plumbaginifolia), APX (Pisum sativum), GR 

{Arabidopsis thaliana), and all combinations of these genes in Fi hybrids were 

used in this study. Coker 312 and non-expressing transformants were used as 

controls. The Mn SOD chimeric gene was generously supplied by Dr. Arlette 

Reynaerts (Plant Genetic Systems, Gent, Belgium) and contains a coding 

sequence for the mature Mn SOD subunit from Nicotiana plumbaginifolia fused 

with a chloroplast transit peptide sequence from an Arabidopsis thaliana ribulose 

1,5-bisphosphate cartx)xylase/oxygenase gene (Bowler et al. 1991). The 

chloroplast-targeted APX cDNA was developed using polymerase chain reaction 

to add a Sal I site at the translation start codon (ATGGGA to GCTGAC) of the 

pea APX cDNA. The mutated cDNA was fused with a fragment from the pea 
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chloroplastic Cu/Zn SOD cDNA that encodes the transit peptide. A mutated GR 

cDNA was amplified from Arabidopsis thaliana, ecotype Columbia, leaf total RNA 

using primers designed from a cDNA described by Kubo and co-workers (1993). 

The predicted polypeptide contains a 74 amino acid N-terminal leader sequence 

which has features of chloroplast-targeting peptides. The mutated cDNA was 

developed with an Nco 1 site immediately preceding the transcription start site 

(AGATGG to CCATGG) to allow for ligation into the TEV leader sequence start 

codon in the expression vector pRTL2. In all transgenic lines, the coding 

sequence is under the control of a cauliflower mosaic virus 35S promoter. 

Transgenic cotton plants were produced by hypocotyl inoculation with 

Agrobactehum tumefaciens and regeneration via somatic embryogenesis 

(Bayley et al., 1985). Kanamycin-resistant plants were regenerated essentially 

as described by Horsch et al. (1985). Hybrid plants expressing multiple 

transgenes were generated via reciprocal crosses of the various transgenic 

lines. 

2.2.2 Plant Material 

Several selected primary transgenic plant lines were self pollinated. 

Progeny (Ti) were grown from seed in the greenhouse at approximately 28/24*C 

(day/night) and fertilized with Hoagland's solution twice weekly as were 

subsequent generations (T2,T3, etc.) and control plants. Hybrid (Fi) plants 

expressing multiple transgenes were generated via reciprocal crosses of the 
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various transgenic lines. Progeny were screened for over-expression using non-

denaturing PAGE activity gels for SOD, and spectrophotometric assays for APX 

and GR. Coker 312 plants grown from seed or non-expressing plants from seed 

of primary transformants were used as controls. For enzyme and metabolite 

analyses, leaf discs (50-100 mg fresh weight) were taken from the fourth leaf 

that was 90% or more of full expansion and immediately homogenized or frozen 

and stored in liquid nitrogen. 

To confirm chloroplast localization of the transgene, isolated chloroplasts 

were analyzed for SOD, APX, and GR over-expression. Intact chloroplasts were 

isolated from leaf homogenates using a 40% Percoll gradient according to a 

method described by Berkowitz and Gibbs (1982). Leaf tissue (5 g) was 

obtained after a 12-h dark period, washed in ice water, de-ribbed, and 

homogenized in 30 mL of an isolation solution of 100 mM Hepes-KOH (pH 7.9), 

0.1 M sorbitol, 2 mM EDTA, and 20 mM KCl. The homogenate was filtered 

through cheese cloth, centrifuged (1500 x g) for 100 seconds, resuspended in 

30 mL of isolation solution, and centrifuged (1500 x g) for 90 seconds. The 

supernatant was decanted and the pellet was suspended in a minimal amount of 

buffer containing 0.33 M sorbitol, 10 mM KCl, 1 mM EDTA, 1 mM MgCb, 1 mM 

MnCl2, 1% BSA, and 50 mM Hepes-KOH, pH 7.9. Chloroplasts were lysed by 

repeated freezing and thawing. The isolated chloroplasts were analyzed for 

SOD over-production via non-denaturing gel electrophoresis (Beauchamp and 

Fridovich, 1971; as modified by Van Camp et al., 1994 and Payton et al., 1997). 
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APX and GR over-production were determined via spectrophotometric assays 

following the published procedures of Sen Gupta et al. (1993b) and Payton et al. 

(1997). 

2.2.3 Oxidative Stress Analyses 

The ability to rapidly recover photosynthesis after a period of chilling/high 

PFD stress was determined in the greenhouse with intact leaves and in the 

laboratory with leaf discs. Rates of A for intact leaves were measured at 

ambient greenhouse levels of CO2 (--380 pL/L) at 30*̂ 0 and - 1700 pmol m"̂  s"̂  

PFD using an ADC model LCA-4 portable photosynthesis system (ADC Ltd., 

Hoddesdon, U. K.). After initial rates were measured, intact leaves were placed 

on moistened filter paper on wetted ice blocks to give a leaf temperature of 

^10°C, and A was measured after 1 h under the same conditions as for the initial 

rates (30°C and ^ 1700 |jmol m'̂  s'̂  PFD). Initial and post-stress values of A 

were used to calculate a percent of the initial photosynthetic rate recovered 

during the 5 to 10 min required to reach steady-state. 

Rates of O2 evolution for leaf discs (10 cm )̂ were measured in saturating 

CO2 at 25°C and a just saturating PFD of 1200 pmol m'̂  s'̂  using a Hansatech 

Leaf Disc O2 electrode (Hansatech Instruments, Pentney, King's Lynn, U.K.). 

Discs were taken from fully expanded leaves 4 h into the photoperiod and 

allowed to acclimate to room temperature for 15 min at approximately 500 pmol 

m'̂  s'̂  on moistened filter paper before the pre-stressed rate of O2 evolution was 
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measured. Discs were then transferred to moistened filter paper on a Plexiglas 

block that was connected to a circulating water bath for temperature control. 

They were illuminated at a PFD of 1700 pmol m'̂  s"̂  as described previously 

(Sen Gupta et al., 1993a; Payton et al., 1997). Leaf-disc temperature was 

-10** + 2** C during the high light/low temperature exposure. Photosynthetic 

rates were measured at 25°C and a PFD of 1200 pmol m"̂  s'̂  after 1, 2, or 3 h of 

chilling stress. 

2.2.4 Enzyme Assays 

Frozen leaf discs (0.3-0.5 g) were ground to powder at the temperature of 

liquid N2 in a mortar and pestle and then rapidly homogenized in 1 mL of the 

appropriate ice-cold extraction solution in a glass tissue grinder. Aliquots were 

taken before centrifugation and diluted ten-fold in 80% acetone for chlorophyll 

determination (Lichtenthaler, 1987). Soluble protein in centrifuged extracts was 

determined by the method of Bradford (1976). All spectrophotometric assays 

were performed immediately following extraction and carried out at 25*C. 

The SOD activity was measured from whole leaf extracts by grinding 50 

mg of leaf tissue in 50 mM potassium phosphate buffer, pH 7.8, containing 1% 

polyvinylpyrrolidone and 2 mM EDTA. Activity was determined by monitoring the 

inhibition of the reduction of NBT at 560 nm and 25**C described by 

Giannopolitis and Ries (1977) as modified by Payton et al. (1997). Whole leaf 

extracts used to determine activities of APX, DHAR, MDHAR, and GR were 
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prepared using a modified method described by Cakmak and Marschner (1988). 

Leaf discs were homogenized in 1 mL of 50 mM Hepes-KOH, pH 7.0, containing 

1% polyvinylpyrrolidone and 0.2 mM EDTA. APX activity in a 20-}JL aliquot of 

whole-leaf extract was determined spectrophotometrically by measuring the 

oxidation of ascorbate at 290 nm, while the activity of GR was measured by 

monitoring the oxidation of NADPH at 340 nm following the published 

procedures of Sen Gupta et al. (1993b) and Payton et al. (1997). MDHAR 

activity was determined by adding 50 |JL of the whole-leaf extract to an assay 

mixture containing 50 mM potassium-phosphate buffer, pH 7.6, 0.1 mM NADPH, 

and 2.5 mM AsA. The reaction was started with the addition of 4 units of 

ascorbate oxidase and the activity was assayed by monitoring the decrease in 

absorbance at 340 nm for 1 minute (Hossain et al., 1984). DHAR activity was 

determined by adding 50 JJL of whole-leaf extract to an assay mixture containing 

50 mM potassium-phosphate buffer, pH 7.0, 0.1 mM EDTA, and 2.5 mM GSH. 

The rate of the formation of AsA, monitored spectrophotometrically at 265 nm 

(Nakano and Asada, 1981) was constant for 1 minute. 

2.2.5 Data Analysis 

To determine whether significant differences existed among the 

independently transformed lines of each genotype, a Kruskal-Wallis non-

parametric analysis of variance was performed on each genotype with respect to 

transgenic enzyme activity and photosynthetic rate (Sokal and Rohlf, 1995). No 
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significant differences were seen (a=0.05) and data are presented in a combined 

form. Data for control plants represent wild-type Coker 312 plants and 

transformed non-expressing plants from all genotypes. Data for the transgenic 

plants represent at least three independently transformed lines for each 

genotype. Student's t-test (a=0.05) was used to compare control and transgenic 

genotypes (Gardiner, 1997; Glantz, 1997). 

2.3 Results 

2.3.1 Enzyme Activity in Shade and Sun Grown Plants 

Growth PFD influences the activities of anti-oxidant enzymes in leaves 

(Grace and Logan, 1996). We tested the effect of growing the transgenic cotton 

plants at 33% (600 |jmol m"̂  s'̂ ) of full sun (Table 2.1) and full sun (1800 jjmol 

m"̂  s'̂ ) PFD (Table 2.2) on the activities of these enzymes and those of the 

ascorbate-glutathione pathway. Compared to wild-type plants (C312/NX), at a 

growth PFD of 33% of full sun, total leaf SOD activity was increased two fold, 

APX activity three fold, and GR activity 15-fold for the respective transgenic 

plants. The various transgenic hybrids had total leaf activities that were 

enhanced to a comparable degree as in their parents, in most cases. When 

grown in full sun in the greenhouse, total leaf SOD activity was increased 3.7 

fold, APX activity five fold, and GR activity 30.4-fold in the transgenic leaves 

over the values for the wild-type leaves. The transgenic hybrid plants exhibited 
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Table 2.1. Whole leaf activities of the major anti-oxidant enzymes in shade-
grown plants (n=6). Plants were grown in the greenhouse under 600 pmol m'̂  
s*̂  PFD (A = NBT assay; units SOD mg'̂  chl; B = pmol ascorbate oxidized (mg 
chl)'̂  h"'; C = ijmol NADPH oxidized (mg chl)'̂  h"̂  D =|jmol ascortDate produced 
(mg chl)"̂  h'̂ ; E = [jmol GSSG reduced (mg chl)"* h'\ 

GENOTYPE SOD"" APX^ MDHAR^ DHAR° GR^ 

C312/NX 240 + 77 934 + 190 54 + 2 155 + 19 57 + 11 

SOD+ 445 + 103 995 + 197 55 + 8 161+36 47 + 10 

APX+ 249 + 89 2928 + 195 51+1 123 + 5 45 + 15 

GR+ 221+109 749 + 123 66 + 11 115 + 20 846 + 38 

SOD/APX 377 + 138 3350 + 1205 28 + 6 101 + 35 58 + 12 

APX/GR 168 + 14 1564 + 100 53 + 9 135 + 28 417 + 11 

SOD/GR 390 + 74 1123 + 428 55 + 3 143 + 23 740 + 99 

SOD/APX/GR 403+137 2975 + 137 72 + 14 129 + 27 883 + 77 

24 



Table 2.2. Whole leaf activities of the major anti-oxidant enzymes in plants 
grown in full sunlight. Plants were grown in the greenhouse under 1800 pmol 
m'̂  s'̂  PFD (n=15 for A, B, and E; n=6 for C and D) 

GENOTYPE SOD"" APX^ MDHAR^ DHAR^ GR^ 

C312/NX 520 + 45 900 + 167 79 + 9 312 + 130 53 + 8 

SOD+ 1949 + 75 1145 + 245 64 + 11 220 + 30 50 + 4 

APX+ 566 + 63 4495 + 601 75 + 14 325 + 80 57 + 7 

GR+ 482 + 89 1162 + 177 75 + 9 280 + 49 1612+224 

SOD/APX 1254 + 98 3107 + 220 60 + 5 236 + 20 72 + 14 

APX/GR 445 + 145 2466 + 767 62 + 18 220 + 59 1011 + 281 

SOD/GR 1717 + 254 1287+201 58 + 4 139 + 58 1036 + 286 

SOD/APX/GR 891+161 2011+215 70 + 6 266 + 45 1016 + 104 
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whole-leaf activities of the over-produced enzyme that ranged from 88% to 46% 

of the activities exhibited by the parent transgenic plant. 

Growth of wild-type plants at 33% full sun versus full sun halved the SOD 

and DHAR activity and reduced MDHAR activity by 32% while the activities of 

APX and GR were little affected by growth PFD. The plants over-producing Mn 

SOD had as much total leaf SOD activity when grown at 33% full sun as wild-

type plants grown in full sun. With two exceptions, the presence of enhanced 

SOD, APX, and/or GR activity in transgenic plants or hybrids had no effect on 

the difference in DHAR activities between plants of a given genotype grown at 

the two PFD values but did reduce the difference in MDHAR values. Higher 

SOD or GR activity did have a small effect on the activity of APX, but only when 

transgenic plants were grown in full sun conditions. At 33% of full sun, only the 

SOD/GR hybrids had a significant increase in APX activity. The chlorophyll 

content in leaves grown under full sun and shade conditions were similar in both 

wild-type and transgenic plants (Table 2.3) 

2.3.2 Recovery of Photosynthesis following Chilling at High PFD 

Transgenic plants with elevated levels of SOD, APX, or GR grown in 33% 

full sun PFD, showed a significantly (p=0.05) improved recovery of CO2-

saturated photosynthesis following all exposure times (Figure 2.1). The 

recoveries for Fi hybrids grown in shade conditions are shown in Figure 2.2. 

Although the recoveries of photosynthesis were higher for the transgenic hybrids 
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Table 2.3. Chlorophyll content (pg cm"̂  of leaf area + SD) for high PFD and 
shade-grown plants. Plants were grown under 1800 |jmol m"̂  s'̂  PFD (Full Sun) 
or 600 ijmol m'̂  s"̂  PFD (Shade) in the greenhouse (n=4). The last two rows 
represent all plants grown under the respective light regimes (n=12). 

chl a chl b chl a+b a/b ratio 
Full Sun PFD 

C312/NX 2.9 + 0.05 3.9 + 0.04 6.8 + 0.05 0.75 + 0.02 

SOD+ 3.01+0.19 4.12 + 0.11 7.14 + 0.09 0.73 + 0.07 

APX+ 2.91 + 0.03 4.01 +0.17 6.92 + 0.14 0.73 + 0.04 

GR+ 2.92 + 0.03 4.12 + 0.19 7.04 + 0.17 0.71+0.04 

Shade PFD 

C312/NX 2.95 + 0.05 3.7 + 0.13 6.65 + 0.07 0.80 + 0.06 

SOD+ 2.97 + 0.04 3.63 + 0.38 6.60 + 0.35 0.83 + 0.09 

APX+ 2.97 + 0.05 3.37 + 0.65 6.34 + 0.61 0.88 + 0.17 

GR+ 2.93 + 0.04 3.89 + 0.33 6.82 + 0.29 0.76 + 0.07 

FULL SUN 2.94 + 0.05 4.04 + 0.11 6.97 + 0.15 0.73 + 0.01 

SHADE 2.96 + 0.02 3.64 + 0.21 6.60 + 0.20 0.82 + 0.05 
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Figure 2.1. Photosynthetic recovery for shade-grown plants. Recoveries 
represent steady-state photosynthetic activity at 25°C as a percentage of initial 
activity for shade-grown wild-type (Coker 312 and transformed non-expressing 
plants; C312/NX), SOD, APX, and GR transgenic leaf discs after exposure to 
1700 |jmol m"̂  s"̂  and 10°C for 1, 2, or 3 hours. Photosynthesis was measured 
with a Hansatech O2 electrode. Mean initial C02-saturated rates of 
photosynthesis were 19.5 + 4.4 pmol O2 m"̂  s'̂  for C312/NX, 20.5 + 0.6 for SOD, 
17.3 + 2.6 for APX, and 18.0 + 0.8 for GR (n=4 for all genotypes). 
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Figure 2.2. Photosynthetic recovery for shade-grown hybrid plants. Recoveries 
represent steady-state photosynthetic activity at 25°C as a percentage of initial 
activity for shade-grown wild-type (C312/NX) and Fi hybrid plant leaf discs after 
exposure to 1700 [jmol m'̂  s'̂  and 10°C for 1, 2, or 3 hours. Photosynthesis was 
measured with a Hansatech O2 electrode. Mean initial C02'Saturated rates of 
photosynthesis were 19.5 + 4.4 Mmol O2 m'̂  s"" for C312/NX, 15.7 + 4.0 for 
SOD/APX, 16.7 + 1.5 for APX/GR, 16.3 + 1.5 for SOD/GR, and 20.4 + 3.7 for 
SOD/APX/GR (n=14 for C312/NX; n=5 for all hybrids). 
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compared to wild-type plants, they were no better than the recoveries for plants 

expressing SOD, APX, or GR alone. Figure 2.3 shows the recoveries for wild-

type and transgenic genotypes grown in full sun conditions. Following 1h of 

chilling stress, all transgenic lines showed significantly increased recoveries 

compared to wild-type plants. However, only the APX and GR over-expressing 

genotypes showed an increased ability to recover photosynthesis following 

exposures longer than 1h. The APX genotype had the highest recoveries and 

had a significantly higher recovery at the 3h time point when compared to all 

other genotypes (p=0.05). The ability of the hybrid plants grown in full sun to 

recover photosynthetic activity following chilling in high light was similar to the 

recovery rates seen in the single transgene expressing genotypes (Figure 2.4). 

However, there appeared to be a synergistic effect of combining elevated SOD 

and GR activities. The SOD/GR hybrid plants had slightly higher recoveries 

than the GR over-producing lines, and recoveries that were significantly higher 

than the SOD lines. Hybrid plants over-producing SOD, APX, and GR 

performed at a level similar to that for plants over-producing APX alone. 

APX and GR over-expressing genotypes were grown under field 

conditions during the 1998 growing season. Figure 2.5 shows the 

photosynthetic recoveries of the field-grown wild-type C312 and the transgenic 

genotypes. Following 1h exposure to 10**C only the GR over-expressing 

genotype had significantly higher recovery rates (p=0.05). But for exposure 
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Figure 2.3. Photosynthetic recovery for high PFD plants. Recoveries represent 
steady-state photosynthetic activity at 25*C as a percentage of initial activity for 
full sun grown wild-type (Coker 312 and transformed non-expressing plants; 
C312/NX), SOD, APX, and GR transgenic leaf discs after exposure to 1700 pmol 
m'̂  s'̂  and 10°C for 1, 2, or 3 hours. Photosynthesis was measured with a 
Hansatech O2 electrode. Mean initial C02-saturated rates of photosynthesis 
were 27.6 + 3.4 |jmol O2 m"̂  s'̂  for C312/NX, 24.4 + 4.8 for SOD, 23.2 + 8.1 for 
APX, and 26.1 + 3.1 for GR (n=14 for C312/NX and GR; n=10 for SOD and 
APX). 
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Figure 2.4. Photosynthetic recovery for high PFD hybrid plants. Recoveries 
represent steady-state photosynthetic activity at 25°C as a percentage of initial 
activity for full sun grown wild-type (C312/NX) and F̂  hybrid plant leaf discs after 
exposure to 1700 fxmol m'̂  s*̂  and 10°C for 1, 2, or 3 hours. Photosynthesis was 
measured with a Hansatech Og electrode. Mean initial COg-saturated rates of 
photosynthesis were 27.6 ± 3.4 |imol Og m'̂  s"̂  for C312/NX, 24.2 ± 4.0 for 
SOD/APX, 29.0 ± 2.4 for APX/GR, 31.6 ± 7.0 for SOD/GR, and 28.8 ± 4.9 for 
SOD/APX/GR (n=14 for C312/NX; n=5 for SOD/APX and SOD/GR; n=4 for 
APX/GR; n=6 for SOD/APX/GR). 
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Figure 2.5. Photosynthetic recovery for field plants. Recoveries represent 
steady-state photosynthetic activity at 25°C as a percentage of initial activity for 
field-grown wild-type (C312/NX), APX, and GR leaf discs after exposure to 1700 
Ijmol m'̂  s'̂  and 10°C for 1, 2, or 3 hours. Photosynthesis was measured with a 
Hansatech O2 electrode. Mean initial C02-saturated rates of photosynthesis 
were 46.3 + 10.3 Mmol O2 m"̂  s"* for C312/NX, 35 + 5.6 for APX, 47.0 + 4.6 for 
GR (n=6). 
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times longer than 1 h, both the APX and GR genotypes had higher recoveries 

compared to wild-type C312 plants. 

Figure 2.6 shows a comparison of photosynthetic recoveries for wild-type 

plants grown under full sun PFD in the greenhouse and transgenic SOD, APX, 

and GR plants grown in 33% full sun. The shade-grown transgenic plants have 

recoveries similar to those seen in the high light-grown wild-type plants. The 

APX and GR over-expressing genotypes had slightly higher recoveries 

compared to wild-type plants for exposures less than three hours. Similariy, 

transgenic plants grown under full sun in the greenhouse had recoveries that 

equaled the recoveries of field-grown wild-type plants, with the exception of the 

SOD over-expressors following a three-hour chill (Figure 2.7). 

Photosynthetic rates at ambient CO2 decreased to a comparable degree 

for wild-type, SOD over-expressors, and APX over-expressors after 1 h at 10**C 

in full sun, while GR over-expressors showed a significantly higher recovery 

(Figure 2.8). Table 2.4 shows values for stomatal conductance to water vapor 

(gs) and sub-stomatal CO2 concentration (d) in leaves at ambient greenhouse 

CO2 before and after exposure to 10*C in full sun. The changes in gs and C\ 

were similar for wild-type and transgenic leaves following exposure to chilling 

and high PFD with slightly increased gs values and substantial increases in d . 
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Figure 2.6. Comparison of photosynthetic recoveries for high PFD wild-type 
plants and shade-grown transgenic plants (n=5). 
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Figure 2.7. Comparison of photosynthetic recoveries for field-grown wild-type 
plants and high PFD transgenic plants (n=5). 
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Figure 2.8. Recovery of photosynthesis for intact leaves in ambient CO2. 
Recoveries represent steady-state photosynthetic activity at 30**C as a 
percentage of initial activity following 1 h at 10°C and 1700 jjmol m"̂  s'\ Rates 
measured in the greenhouse with the LCA-4 portable gas analyzer. C312/NX 
n=9, SOD n=5, APX n=8, GR n=5. 
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Table 2.4. Stomatal conductance (gs; mol m'̂  s"̂ ) and sub-stomatal CO2 
concentration (d; pmol mol'̂ ) for cotton leaves in greenhouse C2 and full sun 
PFD before and after exposure to 10**C for 1 h (n=8). 

Pre-stress 

gs 

C312/NX 0.31 + 0.16 162 + 66 

SOD+ 0.53 + 0.32 187 + 76 

APX+ 0.33 + 0.09 165 + 49 

GR+ 0.41+0.21 162 + 40 

-.v.-.-.-.-.-.-^w".-. 

Post-Stress 

gs 

0.47 + 0.29 

0.65 + 0.34 

0.53 + 0.38 

0.70 + .28 

Ci 

236 + 43 

242 + 51 

243 + 22 

212 + 29 
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2.4 Discussion 

2.4.1 Increasing Anti-oxidant Enzymes Increases 
Plants Resistance to Chilling in High PFD 

It has been proposed for tobacco that the maintenance of a high capacity 

to keep either O2' or H2O2 concentrations low in the chloroplast may serve to 

prevent the formation of OH, the most damaging ROI to result from the reduction 

of O2 (Sen Gupta et al., 1993). In chilling-sensitive species, exposure to chilling 

temperatures in the light resulted in sharp decreases in photosynthetic rate that 

was attributed to photoinhibition of both PSIl and PS I (Sonoike, 1996). In 

addition to damage to the photosynthetic machinery, decreases in PCR cycle 

activity due to increased oxidative state in the chloroplast and insufficient 

reducing power for enzyme activation may also contribute to decreases in the 

rate of photosynthesis (Sassenrath et al., 1990; Sonoike, 1996, 1998). With 

enhanced capacity to scavenge O2' in chloroplasts, cotton plants grown under 

either full sun or shade exhibited increased protection of C02-saturated 

photosynthesis during at least moderate chilling/high light stress conditions. 

Equal or greater protection was afforded with enhanced enzyme capacity 

associated with scavenging H2O2. These results support the hypothesis that 

keeping either O2" or H2O2 low is important in protecting photosynthesis in 

cotton. However, they clearly indicate that, at least for cotton, the greatest 

benefit over-all was gained by enhancing H2O2 scavenging. Thus, there was a 

small enhancement of photosynthetic protection over that for SOD+ plants when 
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elevated SOD activity was combined with elevated APX or GR activity in Fi 

hybrids grown under full sun or shade. However, these combinations are no 

better than having elevated stromal APX or GR alone. 

When the transgenic cotton plants were grown under full sun, the 3.7 fold 

increase in whole-leaf SOD activity due to high Mn SOD activity in the stroma of 

chloroplasts was of no value in protecting photosynthesis beyond exposures of 1 

h to 10X and a PFD of 1800 jjmol m'̂  s'V Growing the plants in the shade 

reduced the whole-leaf SOD activity in wild-type plants, but the SOD+ plants had 

an activity similar to that for full-sun grown wild-type plants and recovered 

photosynthesis after chilling to the same extent as wild-type plants grown in full 

sun. Therefore, we postulate that increasing the stromal SOD activity above that 

for wild-type cotton plants grown in full sun would provide little added benefit to 

their ability to protect photosynthesis during excessive light energy absorption. 

While increasing ROI scavenging capacity enhanced the ability to recover 

photosynthesis under saturated CO2 conditions, this enhanced recovery was not 

seen, with the exception of the GR+ plants, when photosynthesis was measured 

at ambient greenhouse levels of CO2. Under these conditions, when CO2 is the 

rate controlling factor for photosynthesis, any gains made from protecting the 

photosynthetic apparatus from ROI damage appear to be minimal in terms of 

photosynthetic recovery. 
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2.4.2 Increasing SOD. APX. and GR 
Pre-acclimates Plants to High PFD 

Plants grown under low PFD are known to have decreased capacities for 

protection from ROIs due to lower levels of xanthophyll cycle pigments (Demmig-

Adams and Adams, 1994) and lower levels of ROI scavenging enzymes, 

specifically SOD, APX, and GR (Gillham and Dodge, 1987; Schoner and Krause, 

1990; Grace and Logan, 1996). In addition, growth of Vinca major and pumpkin 

at low PFD reduced the activity of SOD, APX, and GR on leaf area or weight 

basis (Logan et al., 1998). Our results show that wild-type cotton plants grown 

under low PFD had significant reductions in SOD, MDHAR, and DHAR activity 

compared to activities in plants grown at full sun PFD, while APX and GR 

activities were comparable under both growth conditions as was chlorophyll 

content and the chlorophyll a/b ratio. 

As one might expect given the lower enzyme capacity for scavenging 

ROIs, photosynthesis is protected to a lesser extent by cotton leaves grown in 

the shade than by those grown in full sun when subjected to 10**C and 1800 

jjmol m"̂  s'\ Elevating the stromal SOD activity alone via plant transformation 

resulted in recoveries of photosynthetic activity that were similar to those of wild-

type leaves acclimated to full sun. Thus, we postulate that the native SOD 

activity in shade-grown cotton leaves was at a critically low level and that 

transformation to increase SOD pre-acclimated the leaves to full sun conditions. 

However, with regard to the protection of photosynthesis during excess light 
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energy absorption, equal or slightly greater protection was achieved by elevating 

APX or GR activities without changing stromal SOD activity. Therefore, these 

results suggest that two strategies can be employed to pre-acclimate shade-

grown leaves to increases in light energy absorption: (1) potentially increase the 

rate of superoxide conversion to H2O2; and/or (2) potentially increase the rate of 

H2O2 scavenging. Under low growth PFD, the ability of the plant to scavenge 

superoxide radicals, via SOD, may be a major factor in resistance to oxidative 

stress. However, increasing the stromal activities of enzymes associated with 

O2' or H2O2 scavenging are equally effective in protecting photosynthesis. 

Under high growth PFD, enzymes "downstream" of SOD in the ROI scavenging 

pathway, especially APX, are more effective in ROI scavenging at critical sites 

and in protecting the photosynthetic apparatus. 
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CHAPTER III 

METABOLITE LEVELS OF THE ASCORBATE-

GLUTATHIONE CYCLE 

3.1 Introductory Comments 

Pseudocyclic electron flow results in the reduction of O2 and subsequent 

production of H2O2 at PS I. The H2O2 is metabolized via the ascorbate-

glutathione cycle using NADPH as an electron donor. The contribution of the 

ascorbate-glutathione cycle to protecting the photosynthetic apparatus from 

oxidative damage occurs in the chloroplast stroma and at the thylakoid 

membrane. Ascorbate serves as a primary anti-oxidant in the stroma, 

functioning as the terminal electron donor in ROI scavenging protecting the 

enzymes of the PCR cycle from oxidative de-activation. Additionally, ascorbate 

plays a significant role as a secondary anti-oxidant used in the regeneration or 

synthesis of membrane bound anti-oxidants such as a-tocopherol and 

zeaxanthin (reviewed by Foyer 1993; Demmig-Adams and Adams, 1994). 

Glutathione also plays a role as an anti-oxidant, functioning primarily by keeping 

ascorbate in its reduced form (reviewed by Hausladen and Alscher, 1993). 

Although seasonal and diurnal variations in the ascorbate and glutathione 

pools have been reported, under non-stressful conditions, these pools are 

maintained at a fairiy constant level (Foyer, 1993; Hausladen and Alscher, 

1993). Both ascorbate and glutathione syntheses increase in response to 

oxidative stress and the size and reduction state of these pools can be used as 
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a measure of stress (Foyer, 1993). Under photorespiratory conditions, 

increases in total glutathione and in GSSG were reported in a catalase-deficient 

mutant of bariey and in barley leaves treated with the catalase inhibitor 3-

aminotriazole (Smith et al., 1984). The increases in glutathione correlate with 

some protection of photosynthesis in the mutant plants. In a comparison of a 

chilling-sensitive species (cucumber) and a chilling-resistant species (pea). 

Wise and Naylor (1987) reported extensive lipid peroxidation, significant 

increases in GSSG, and decreases in total glutathione occurred in cucumber 

exposed to chilling stress in the light. However, for pea, GSSG did not 

accumulate, total glutathione decreased only slightly, and lipid peroxidation did 

not take place. Significant increases in leaf glutathione and ascorbate were 

seen in poplar leaves over-expressing a chloroplast-targeted GR. These plants 

also had increased resistance to photoinhibition (Foyer et al., 1995). 

Transgenic cotton plants that over-produced stromal SOD, APX, and GR 

in the chloroplast were developed in an attempt to enhance protection of A 

during chilling/high PFD. In addition to measuring recovery of A following 

exposure to photo-oxidative conditions, we studied the effects of enhanced 

SOD, APX, and GR activities on the various components of the ascorbate-

glutathione cycle. In addition, the metabolites of the ascorbate-glutathione cycle 

were studied to determine whether enhanced enzymatic ROI scavenging might 

be limited by the pool sizes and/or reduction state of the ascorbate and 

glutathione pools. Hybrid genotypes were studied to determine whether any 
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limitations, if any, resulting from changes in ascorbate or glutathione could be 

overcome by one or more of the various combinations of transgenes. The pool 

size of H2O2 and the in vivo activation state of stromal FBPase were measured to 

determine whether CO2 assimilation was restricted limiting RuBP regeneration 

and if the activation state of FBPase could be maintained by enhanced ROI/ 

H2O2 scavenging. In this chapter, the differences seen among the control and 

transgenic plants grown at different PFDs and following exposure to chilling/high 

PFD and addresses the possible limitations to improved ROI scavenging and 

oxidative stress resistance in cotton leaves are discussed. 

3.2 Materials and Methods 

3.2.1 Generation of Transgenic Plants 

Transgenic cotton plants {Gossypium hirsutum L., cv. Coker 312) that 

express Mn SOD {Nicotiana plumbaginifolia), APX {Pisum sativum), GR 

{Arabidopsis thaliana), and all combinations of these genes in Fi hybrids were 

used in this study. Coker 312 and non-expressing transformants were used as 

controls. The Mn SOD chimeric gene was generously supplied by Dr. Arlette 

Reynaerts (Plant Genetic Systems, Gent, Belgium) and contains a coding 

sequence for the mature Mn SOD subunit from Nicotiana plumbaginifolia fused 

with a chloroplast transit peptide sequence from an Arabidopsis thaliana ribulose 

1,5-bisphosphate carboxylase/oxygenase gene (Bowler et al., 1991). The 

chloroplast-targeted APX cDNA was developed using polymerase chain reaction 
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to add a Sal I site at the translation start codon (ATGGGA to GCTGAC) of the 

pea APX cDNA. The mutated cDNA was fused with a fragment from the pea 

chloroplastic Cu/Zn SOD cDNA that encodes the transit peptide. A mutated GR 

cDNA was amplified from Arabidopsis thaliana, ecotype Columbia, leaf total RNA 

using primers designed from a cDNA described by Kubo and co-wort<ers (1993). 

The predicted polypeptide contains a 74 amino acid N-terminal leader sequence 

which has features of chloroplast-targeting peptides. The mutated cDNA was 

developed with an Nco I site immediately preceding the transcription start site 

(AGATGG to CCATGG) to allow for ligation into the TEV leader sequence start 

codon in the expression vector pRTL2. In all transgenic lines, the coding 

sequence is under the control of a cauliflower mosaic virus 35S promoter. 

Transgenic cotton plants were produced by hypocotyl inoculation with 

Agrobactehum tumefaciens and regeneration via somatic embryogenesis 

(Bayley et al., 1985). Kanamycin-resistant plants were regenerated essentially 

as described by Horsch et al. (1985). Hybrid plants expressing multiple 

transgenes were generated via reciprocal crosses of the various transgenic 

lines. 

3.2.2 Plant Material 

Several selected primary transgenic plant lines were self pollinated. 

Progeny (Ti) were grown from seed in the greenhouse at approximately 28/24**C 

(day/night) and fertilized with Hoagland's solution twice weekly as were 
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subsequent generations (T2,T3, etc.) and control plants. Hybrid (Fi) plants 

expressing multiple transgenes were generated via reciprocal crosses of the 

various transgenic lines. Coker 312 plants grown from seed or non-expressing 

plants from seed of primary transformants were used as controls. For enzyme 

and metabolite analyses, leaf discs (50-100 mg fresh weight) were taken from 

the fourth leaf that was 90% or more of full expansion and immediately 

homogenized or frozen and stored in liquid nitrogen. 

To confirm chloroplast localization of the transgene, isolated chloroplasts 

were analyzed for SOD, APX, and GR over-expression. Intact chloroplasts were 

isolated from leaf homogenates using a 40% Percoll gradient according to a 

method described by Beri<owitz and Gibbs (1982). Leaf tissue (5g) was 

obtained after a 12-h dark period, washed in ice water, de-ribbed, and 

homogenized in 30 mL of an isolation solution of 100 mM Hepes-KOH (pH 7.9), 

0.1 M sorbitol, 2 mM EDTA, and 20 mM KCl. The homogenate was filtered 

through cheese cloth, centrifuged (1500 x g) for 100 seconds, resuspended in 

30 mL of isolation solution, and centrifuged (1500 x g) for 90 seconds. The 

supernatant was decanted and the pellet was suspended in a minimal amount of 

buffer containing 0.33 M sorbitol, 10 mM KCl, 1 mM EDTA, 1 mM MgCb, 1 mM 

MnCl2, 1% BSA, and 50 mM Hepes-KOH, pH 7.9. Chloroplasts were lysed by 

freezing and thawing. The isolated chloroplasts were analyzed for SOD over-

expression via non-denaturing gel electrophoresis (Beauchamp and Fridovich, 

1971; as modified by Van Camp et al., 1994; Payton et al., 1997). APX and GR 
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over-expression were determined via spectrophotometric assays following the 

published procedures of Sen Gupta et al. (1993b) and Payton et al. (1997). 

3.2.3 Oxidative Stress Treatments 

Discs (9.9 or 7 cm )̂ were taken from fully expanded leaves 4 h into the 

photoperiod. The 9.9 cm^ discs were immediately frozen in liquid nitrogen 

(greenhouse samples) and the 7 cm^ discs were transferred to the lab and 

allowed to acclimate to room temperature for 15 min at a PFD of approximately 

500 jjmol m"̂  s'̂  on moistened filter paper before measurements of O2 evolution. 

Following acclimation, a 1.75 cm^ disc was rapidly removed from the center of 

the larger disc and without causing considerable shading, frozen in liquid 

nitrogen (time 0 h). Remaining 7 cm^ discs were transferred to moistened filter 

paper on a Plexiglas block that was connected to a circulating water bath for 

temperature control. The discs were illuminated at a PFD of 1700 jjmol m*̂  s'̂  

as described previously (Sen Gupta et al., 1993a; Payton et al., 1997). Leaf-

disc temperature was 10" + 2* C during the high light/low temperature exposure. 

After 1, 2, or 3 h of chilling stress, a 1.75 cm^ disc was rapidly removed from the 

larger disc and immediately frozen and stored in liquid nitrogen for analysis of 

ascorbate, glutathione, and H2O2 levels and stromal fructose 1,6 bisphosphatase 

activity. 
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3.2.4 Assays for Ascortjate. Glutathione and H^O; 

For analyses of, ascorbate, glutathione, and H2O2 contents, leaf tissue 

(100 mg) was homogenized in 2 mL of ice-cold 2% meta-phosphoric acid with 2 

mM EDTA. The extract was centrifuged at 10,000 X g for 10 minutes at 4 X and 

the pellet was used to determine the amount of pheophytin (Vernon, 1960). 

Ascorbate content was measured using a modified method of Rao and Ormond 

(1995). Glutathione was measured using a modified method according to Griffith 

(1980). For total glutathione, a portion of the extract was neutralized and diluted 

30-fold with 0.5 M KH2PO4, 6.3 mM EDTA (pH 7.6), 1.2 mM 5,5'-dithiobis-(2-

nitrobenzoic acid) and 0.3 mM NADPH. The reaction was initiated with the 

addition of 0.5-1 unit GR (from yeast, Sigma Chemical Co., St. Louis, MO) and 

the total decrease in absorbance at 340 nm was monitored. To determine the 

amount of oxidized glutathione, 1 mL of neutralized extract was incubated with 

40 jjL of neat, 2-vinylpyridine for 1 h at 25°C, and assayed as above. Values 

were determined from a standard curve and expressed as GSH equivalents. 

H202was measured according to a published procedure by Ngo and Lenhoff 

(1980) as modified by Okuda et al. (1991). The in vivo levels of H2O2 were 

measured by monitoring the peroxidase-catalyzed coupling of 3-methyl-2-

benzothiazolinone (MBTH) and 3-(dimethylamino)benzoic acid (DMAB). A 

200 jjL aliquot of neutralized extract was added to a reaction mixture of 100 mM 

potassium-phosphate buffer, pH 6.5, with 35 mM DMAB and 750 nM MBTH. 

The reaction was started upon the addition of 2.5 units of Type IV horseradish 
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peroxidase (Sigma Chemical Co., St. Louis, MO) and monitored for 20 minutes 

at 590 nm. 

3.2.5 Stromal Fructose 1 •6-bisphosphatase Assay 

Stromal fructose 1,6-bisphosphatase was measured at 30°C by 

monitoring the reduction of NADP* at 340 nm. Leaf tissue was homogenized in 

50 mM Tris-HCl, pH 8.0, 10 mM MgCb, 1 mM EDTA, 1 mM fructose 1,6-

bisphosphate, 15 mM 2-mercaptoethanol, and 0.1% (v/v) Triton X-100. Initial 

(not activated in vitro) activity was measured by adding 25 pL of centrifuged 

extract to 50 mM Tris-HCl, pH 8.0, 10 mM MgCb. 1 mM EDTA, 0.5 mM NADP*, 

0.1 mM fructose 1,6-bisphosphate, and 4 units each of phosphoglucose 

isomerase and glucose 6-phosphate dehydrogenase in a final volume of 1 mL. 

Total activity was determined by adding 25 pL of extract to a similar solution but 

with 3 mM fructose 1,6-bisphosphate and 15 mM DTT. Activity was expressed 

as jjmol of fructose 6-phosphate produced (mg chl)'̂  h'\ 

3.2.6 Data Analysis 

To determine whether significant differences existed among the 

independently transformed lines of each genotype, a Kruskal-Wallis non-

parametric analysis of variance was performed on each genotype with respect to 

transgenic enzyme activity and photosynthetic rate (Sokal and Rohlf, 1995). No 

significant differences were seen (a=0.05) and data are presented in a combined 
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fomi. Data for control plants represent wild-type Coker 312 plants and 

transformed non-expressing plants from all genotypes. Data for the transgenic 

plants represent at least three independently transformed lines for each 

genotype. Student's t-test was used to compare control and transgenic 

genotypes(Gardiner, 1997; Glantz, 1997). 

3.3 Results 

3.3.1 Stromal FBPase Activity and H?0? Concentration 

The activation state of the H2O2 -sensitive, PCR cycle enzyme, stromal 

fructose 1,6-bisphosphatase (FBPase) has been shown to decrease following 

chilling in high PFD (Sassenrath et al., 1990; Holaday et al., 1992; Payton et al., 

1997). The de-activation of this key regulatory enzyme could potentially restrict 

CO2 assimilation by limiting RuBP regeneration (Sassenrath et al., 1990), which 

is most evident when measuring photosynthesis at saturating levels of CO2. We 

measured the initial (not activated in vitro) and total activities of stromal FBPase 

before and after exposure to chilling and high PFD (10°C and 1700 jjmol m"̂  s'̂ ). 

Total FBPase activity and the in vivo activation state in plants grown in full 

greenhouse sun and under shade conditions (approximately 33% full sun) are 

shown in Table 3.1. The initial and total activities were statistically higher in 

plants grown under full sun PFD, except in the case of the APX/GR and 

SOD/GR hybrid genotypes (P=0.05). However, growth under low PFD resulted 

in a significantly lower in vivo activation state compared to activation under high 
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Table 3.1. Stromal fructose 1,6 bisphosphatase activity in high PFD and shade-
grown plants. The in vivo activation state is initial rate as a percent of the total, 
fully activated rate. Plants were grown in the greenhouse under full-sun or 
under shade conditions (approximately 50% full sun) (n=4 for C312, SOD, APX, 
and GR; n=2 for hybrids). 

Genotype Full Sun Shade 
Initial Total Initial Total 

C312 211+56 335 + 85 159 + 24 259 + 43 
63% 62% 

SOD 193 + 4 308 + 31 167 + 32 276 + 49 
63% 61% 

APX 192 + 63 314 + 79 128 + 20 252 + 22 
69% 51 % 

GR 216 + 53 352 + 82 109 + 30 271+38 
61 % 40% 

SOD/APX 218 + 56 291+52 172 +18 239 + 22 
75% 72% 

APX/GR 204 + 44 315 + 74 209 + 30 279 + 40 
65% 75% 

SOD/GR 210 + 36 350 + 54 142 + 8 303 + 30 
60% 47% 

S/A/G 176 + 31 307 + 26 166 + 40 266 + 22 
57% 62% 
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PFD only for APX+, GR+, and SOD/GR genotypes (P=0.05). The activation 

state in the wild-type, SOD+, SOD/APX, APX/GR, and SOD/APX/GR genotypes 

was similar under both growth conditions. 

Figure 3.1 shows the in vivo activation state of stromal FBPase in the full 

sun-grown leaves following chilling/high light stress. Following all exposure 

times, the APX plants had significantly higher in vivo activation states compared 

to wild-type Coker 312 plants (P=0.05). For the 1h exposure, the SOD genotype 

also showed a statistically higher activation compared to wild-type plants 

(P=0.05) but were comparable to wild-type plants for exposures greater than 1 h. 

The GR genotype consistently maintained a higher activation state than seen in 

wild-type leaf discs but these differences were statistically different for the 3 h 

exposure only (p=0.10). The SOD/APX and APX/GR hybrids had higher 

FBPase activation states compared to wild-type leaf discs following the 1 h 

exposure to chilling/high PFD, but only the SOD/APX/GR hybrid genotype was 

better following the 3 h exposure (Figure 3.2). 

The effects of exposure of shade-grown plant leaves to chilling/high PFD 

are shown in Figures 3.3 and 3.4. For shade-grown plants, following the 2 h 

exposure to chilling/high PFD all single-gene expressing genotypes and the 

SOD/APX hybrid genotype showed a significantly higher activation state of 

FBPase compared to that seen in wild-type leaves (P=0.05). For the shade-

grown hybrids, the SOD/APX hybrid exhibited the greatest activation of FBPase 

following stress exposure (P=0.05) (Figure 3.4). 
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Figure 3.1. The in vivo activation state of stromal FBPase for full-sun grown 
plants. Leaf discs were acclimated to 25°C and 500 jjmol m'̂  s'̂  for 20 minutes 
(time 0) followed by exposure to 10X and 1700 jjmol m"̂  s"̂  for 1, 2, or 3 h. 
C312/NX=black, SOD+=white, APX+=gray, GR+=hatched (n=6). 
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Figure 3.2. The in vivo activation state of stromal FBPase for full-sun grown 
hybrid plants. Leaf discs were acclimated to 25°C and 500 pmol m"̂  s"̂  for 20 
minutes (time 0) followed by exposure to 10°C and 1700 jjmol m'̂  s'̂  for 1, 2, or 
3 h. C312/NX=black, SOD/APX=white, APX/GR=gray, SOD/GR=hatched, 
SOD/APX/GR=stippled (n=6 for C312, SOD/APX, SOD/GR; n=7 for APX/GR; 
n=4 for S/A/G). 
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Figure 3.3. The in vivo activation state of stromal FBPase for shade-grown 
plants. Leaf discs were acclimated to 25°C and 500 jjmol m"̂  s"̂  for 20 minutes 
(time 0) followed by exposure to 1 0 X and 1700 jjmol m"̂  s'̂  for 1, 2, or 3 h. 
C312/NX=black, SOD+=white, APX+=gray, GR+=hatched (n=6 for C312). 
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Figure 3.4. The in vivo activation state of stromal FBPase for shade-grown 
hybrid plants. Leaf discs were acclimated to 25*̂ 0 and 500 Mmol m"̂  s'̂  for 20 
minutes (time 0) followed by exposure to 10X and 1700 jjmol m"̂  s"̂  for 1, 2, or 
3 h. C312/NX=black, SOD/APX=white, APX/GR=gray, SOD/GR=hatched, 
SOD/APX/GR=stippled (n=4). 
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Leakage of elecrtrons from the electron transport system and subsequent 

reactions with molecular oxygen results in abrupt increases in H2O2 in cells 

exposed to cold temperatures (Okuda et al., 1991). Whole-leaf levels of H2O2 

(nmol 100 mg'̂  fresh weight) were measured before and after chilling in high 

PFD (10X and 1700 pmol m"̂  s"'). Figure 3.5 shows H2O2 levels for wild-type, 

Coker 312 plants and single gene-expressor plant leaves grown under full 

greenhouse PFD (Panel a) and 33% full sun PFD (Panel b). Panel a shows 

significantly lower H2O2 levels in APX+ leaf discs compared to full-sun grown 

wild-type, SOD+, and GR+ leaf discs in the greenhouse (P=0.05). Panel (b) 

shows similar H2O2 levels among the genotypes. Somewhat unexpectedly, H2O2 

levels remained unchanged in wild-type plants with increased exposure to 

chilling/high PFD and were comparable for wild-type, APX+, and GR+ plants for 

up to 2 h of exposure to chilling In high PFD. SOD+ plants had slightly 

increased H2O2 levels following the 1 h chill, and following the 3 h chill the GR+ 

plants had statistically higher levels of H2O2 compared to the C312/NX, SOD+, 

and APX+ leaf discs (Figure 3.6). The H2O2 levels for shade-grown plants 

remained unchanged following the 15 minute acclimation and exposure to 

chilling/high PFD for all genotypes (Figure 3.7). 
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300 

C312/NX SOD+ APX+ GR+ 

Figure 3.5. H2O2 levels (nmol H2O2 per 100 mg fresh weight leaf tissue) in high 
PFD (Panel a; n=10 for C312 and SOD, n=6 for APX and GR) and shade-grown 
plants (Panel b; n=5). 
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Figure 3.6. H2O2 levels (nmol H2O2 per 100 mg fresh weight leaf tissue) in 
stressed high PFD -grown plants. Lead discs were sampled following exposure 
to 1700 jjmol m"̂  s"̂  and 10°C for 1, 2, or 3 hours. Time 0 h represents leaf disc 
tissue that was acclimated in the laboratory to 500 jjmol m"̂  s"̂  and 25°C for 20 
minutes (n=10 for C312 and SOD+; n=6 for APX+ and GR+). 
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Figure 3.7. H2O2 levels (nmol H2O2 per 100 mg fresh weight leaf tissue) in 
stressed shade-grown plants. Leaf discs were sampled following exposure to 
1700 pmol m"̂  s'̂  and 10**C for 1, 2, or 3 hours. Time 0 h represents leaf disc 
tissue that was acclimated in the laboratory to 500 Mmol m'̂  s"̂  and 25°C for 20 
minutes (n=5). 
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3.3.2 Ascorbate and Glutathione Content 

To determine whether increased activity of SOD, APX, and GR have an 

effeĉ t on the demand for the metabolites of the ascorbate-glutathione cycle, the 

ascorbate and glutathione contents of leaves were determined. These 

metabolites were measured in leaf discs from plants grown under full sun and 

shade conditions, as well as, following chilling in high PFD. Figure 3.8a shows 

the oxidized (gray bar) and reduĉ ed (black bar) fractions of the ascorbate pool 

and the percent of the total ascorbate present as AsA (Panel b), for wild-type 

and transgenic plants grown under full-sun cx)nditions in the greenhouse. The 

SOD+ and APX+ transgenic plants tended to have lower amounts of total 

ascorbate (MDHA+DHA+AsA) and all single gene expressors had slightly lower 

proportions of the total ascorbate pool in the form of AsA compared to wild-type 

plants (Figure 3.8 a and b). The APX+ and GR+ genotypes had a significantly 

lower percent of their ascorbate pool present as AsA compared to wild-type 

C312, SOD+, and transgenic hybrids in the greenhouse (P=0.05) (Figures 3.8b 

and 3.9b). Total ascorbate pools were not statistically different among all 

genotypes with the exception of the SOD/GR hybrid, which had a significantly 

larger ascorbate pool compared to all other genotypes (P=0.05) (Figure 3.9a). 

Figures 3.10 and 3.11 show changes in the oxidized and reduced fractions of 

the ascorbate pool in wild-type and transgenic plants grown in full sun following 

exposure to 1700 jjmol m'̂  s'̂  and 10°C for 1, 2, or 3 hours. Time 0 h represents 

leaf disc tissue that was acclimated in the laboratory to 500 jjmol m"̂  s"̂  and 
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Figure 3.8. Ascorbate content (DHA+MDHA= gray bar and AsA=black bar) and 
percent of the total ascorbate pool present as AsA for high PFD-grown plants. 
Leaf discs were taken from plants grown in the greenhouse under 1800 jjmol m' 
^ s"̂  PFD and immediately frozen in liquid N2 (n=8 for C312 and SOD; n=6 for 
APX and GR). 
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Figure 3.9. Ascorbate content (DHA= gray bar and AsA=black bar; Panel a) and 
percent of the total ascorbate pool present as AsA (Panel b) for high PFD-grown 
hybrid plants. Leaf discs were taken from plants grown in the greenhouse under 
1800 pmol m"̂  s"̂  PFD and immediately frozen in liquid N2 (n=8 for C312; n=4 
for hybrids). 
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Figure 3.10. Ascorbate content (DHA+MDHA= gray bar and AsA=black bar) in 
stressed-high PFD-grown plants. Leaf discs were taken following exposure to 
1700 jjmol m"̂  s'̂  and 10**C for 1, 2, or 3 hours. Time 0 h represents leaf disc 
tissue that was acclimated in the laboratory to 500 pmol m"̂  s"̂  and 25*C for 20 
minutes (n=8 for C312 and SOD; n=6 for APX and GR). 
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25**C for 20 minutes. Total ascorbate pools remained unchanged during all 

treatments for C312 and SOD+ leaf discs, while in APX+ and GR+ discs, the 

ascorbate pool decreased after exposures longer than 2 h (Figure 3.10). Total 

ascorbate levels were similar within hybrid genotypes following all treatments 

(Figure 3.11). 

As expected, in full sun-grown wild-type plants the oxidized pool of 

ascorbate (DHA+MDHA) increased following chilling in high PFD. For all 

transgenic genotypes, except GR+, SOD/GR, and SOD/APX/GR, the ascorbate 

pools responded in a manner similar to that for wild-type plants (Figures 3.10 

and 3.11). Accordingly, the GR+, SOD/GR, and SOD/APX/GR genotypes 

maintained the pool of AsA following chilling/high PFD treatment and had 

significantly higher relative levels of AsA following the 2 and 3 h treatments 

(P=0.05) (Figures 3.12 and 3.13). The relative amount of AsA in APX leaves at 

the end of the stress period was the lowest of all genotypes. 

The characteristics of the ascorbate pool in shade grown plants are 

shown in Figures 3.14-3.19. Total ascorbate was statistically lower in shade-

grown plants, when sampled in the greenhouse, compared to plants grown in full 

sun for all genotypes except for SOD+, which had a significantly larger 

ascorbate pool in the shade condition (P=0.05). Figure 3.14a shows higher total 

levels of ascorbate in SOD+ plants compared to all genotypes in the greenhouse 

under shade conditions. These levels were similar to those measured in SOD 

plants grown under full sun PFD and the DHA pool was significantly larger than 
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Figure 3.11. Ascorbate content (DHA+MDHA= gray bar and AsA=black bar) in 
stressed-high PFD-grown hybrid plants. Leaf discs were taken following 
exposure to 1700 pmol m'̂  s'̂  and 10**C for 1, 2, or 3 hours. Time 0 h represents 
leaf disc tissue that was acclimated in the laboratory to 500 pmol m'̂  s"̂  and 
2 5 X for 20 minutes (n=8 for C312; n=4 for hybrids). 
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Figure 3.12. Percent of the ascorbate pool present as AsA for stressed-high 
PFD-grown plants. Leaf discs were sampled following exposure to 1700 jjmol m"̂  
s"̂  and 10°C for 1, 2, or 3 hours. Time 0 h represents leaf disc tissue that was 
acclimated in the laboratory to 500 jjmol m'̂  s'̂  and 25**C for 20 minutes (n=8 for 
C312 and SOD; n=6 for APX and GR). 
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Figure 3.13. Percent of the ascorbate pool present as AsA for stressed-high 
PFD-grown hybrid plants. Lead discs were sampled following exposure to 1700 
jjmol m'̂  s"̂  and 10°C for 1, 2, or 3 hours. Time 0 h represents leaf disc tissue 
that was acclimated in the laboratory to 500 jjmol m"̂  s"̂  and 25*C for 20 minutes 
(n=8 for C312; n=4 for hybrids). 
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Figure 3.14. AscortDate content (DHA= gray bar and AsA=black bar) and 
percent of the total ascorbate pool present as AsA for shade-grown plants. Leaf 
6\scs were taken from plants grown in the greenhouse under 600 pmol m"̂  s'̂  
PFD and immediately frozen in liquid N2 (n=4). 
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Figure 3.15. Oxidized (gray bar) and reduced (black bar) ascorbate for 
Stressed-Shade-grown plants. Leaf discs were sampled following exposure to 
1700 jjmol m"̂  s and 10°C for 1, 2, or 3 hours. Time 0 h represents leaf disc 
tissue that was acclimated in the laboratory to 500 jjmol m"̂  s'̂  and 25*'C for 20 
minutes (n=4). 
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Figure 3.16. Percent of the ascorbate pool present as AsA for stressed-shade-
grown plants. Leaf discs were sampled following exposure to 1700 pmol m"̂  s'̂  
and 10°C for 1, 2, or 3 hours. Time 0 h represents leaf disc tissue that was 
acclimated in the laboratory to 500 Mmol m'̂  s'̂  and 25X for 20 minutes (n=4). 
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Figure 3.17. AscortDate content (DHA= gray bar and AsA=black bar) and 
percent of the total ascortDate pool present as AsA for shade-grown hybrid 
plants. Leaf discs were taken from plants grown in the greenhouse under 600 
Mmol m*̂  s"̂  PFD and immediately frozen in liquid N2 (n=4). 
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Figure 3.18. Oxidized (gray bar) and reduced (black bar) ascorbate for 
stressed-shade-grown hybrid plants. Leaf discs were sampled following 
exposure to 1700 Mmol m'̂  s'̂  and 10°C for 1, 2, or 3 hours. Time 0 h represents 
leaf disc tissue that was acclimated in the laboratory to 500 Mmol m"̂  s"̂  and 
25°C for 20 minutes (n=4 for C312; n=2 for hybrids). 
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Figure 3.19. Percent of the ascorbate pool present as AsA for stressed-shade-
grown hybrid plants. Leaf discs were sampled following exposure to 1700 Mmol 
m'̂  s'̂  and 10°C for 1, 2, or 3 hours. Time 0 h represents leaf disc tissue that 
was acclimated in the laboratory to 500 pmol m"̂  s'̂  and 25°C for 20 minutes 
(n=4 for C312; n=2 for hybrids). 
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the DHA pool in the full sun growing condition. The APX+ and GR+ genotypes 

had the highest relative levels of AsA, and a higher portion of the total pool in 

the reduced form under greenhouse conditions (Figure 3.14b). Figure 3.15 

shows oxidized and reduced ascx)rbate for shade-grown C312 and transgenic 

leaf discs following exposure to 1700 Mmol m"̂  s"̂  and 10°C for 1, 2, or 3 hours. 

Time 0 h represents leaf disc tissue that was acclimated in the laboratory to 500 

Mmol m"̂  s"̂  and 25*'C for 20 minutes. The total ascorbate pool decreased 

significantly following the 3-h exposure to chilling/high PFD in wild-type and GR 

over-expressing plants and was unchanged for SOD+ and APX+ plants. 

However, the GR+ plants, along with the APX+ plants had significantly higher 

levels of AsA relative to DHA and MDHA (P=0.05) (Figure 3.16). Figure 3.18 

shows significantly higher levels of total ascorbate compared to C312, APX/GR, 

and SOD/GR genotypes following exposure to chilling in high PFD (P=0.05). 

The SOD/APX hybrids also showed significantly lower relative levels of AsA and 

decreased percentage of the total pool present as AsA following the 3 h chill 

(P=0.05) (Figures 3.18 and 3.19). 

For plants grown in full greenhouse sun (1800 Mmol m"̂  s'̂ ) the total 

glutathione pool was significantly higher in wild-type C312 and SOD+ genotypes 

(P=0.05) (Figures 3.20a, 3.21, 3.23a, and 3.24). Although C312 and SOD+ 

plants had higher levels of glutathione under greenhouse conditions, the percent 

of that pool present as GSH was similar for C312, SOD+, APX+, and GR+ plants 

(Figure 3.20b). Figure 3.21 shows oxidized and reduced glutathione in wild-type 
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Figure 3.20. Glutathione content and percent of the total glutathione 
pool present as GSH for high PFD-grown plants. Leaf discs were taken from 

-2 ^-1 plants grown in the greenhouse under 1800 Mmol m s" PFD and immediately 
frozen in liquid N2 (n=8 for C312; n=6 for transgenics). 
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Figure 3.21. Oxidized (gray bar) and reduced (black bar) glutathione in 
stressed-high PFD-grown plants. Leaf discs were sampled following exposure to 
1700 Mmol m"̂  s"̂  and 10°C for 1, 2, or 3 hours. Time 0 h represents leaf disc 
tissue that was acclimated in the laboratory to 500 Mmol m'̂  s'̂  and 25**C for 20 
minutes (n=8 for C312; n=6 for transgenics). 
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Figure 3.22. Percent of the glutathione pool present as GSH in stressed-high 
PFD-grown plants. Leaf discs were sampled following exposure to 1700 Mmol m' 
^ s*̂  and 10X for 1, 2, or 3 hours. Time 0 h represents leaf disc tissue that was 
acclimated in the laboratory to 500 Mmol m'̂  s'̂  and 2 5 X for 20 minutes (n=8 for 
C312; n=6 for transgenics). 
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Figure 3.23. Glutathione content and percent of the total glutathione 
pool present as GSH for high PFD-grown hybrid plants. Leaf discs were taken 
from plants grown in the greenhouse under 1800 pmol m"̂  s'̂  PFD and 
immediately frozen in liquid N2 (n=8 for C312; n=4 for transgenics). 
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Figure 3.24. Oxidized (gray bar) and reduced (black bar) glutathione in 
stressed-high PFD-grown hybrid plants. Leaf discs were sampled following 
exposure to 1700 Mmol m"̂  s"̂  and 10°C for 1, 2, or 3 hours. Time 0 h represents 
leaf disc tissue that was acclimated in the laboratory to 500 Mmol m"̂  s'̂  and 
25**C for 20 minutes (n=8 for C312; n=4 for transgenics). 
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Figure 3.25. Percent of the glutathione pool present as GSH in stressed-high 
PFD-grown hybrid plants. Leaf discos were sampled following exposure to 1700 
Mmol m'̂  s'̂  and 10°C for 1, 2, or 3 hours. Time 0 h represents leaf disc tissue 
that was acclimated in the laboratory to 500 Mmol m'̂  s'̂  and 25°C for 20 minutes 
(n=8 for C312; n=4 for transgenics). 
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and transgenic plants grown in full sun following exposure to 1700 Mmol m'̂  s'̂  

and 10**C for 1, 2, or 3 hours. Time 0 h represents leaf disc tissue that was 

acclimated in the laboratory to 500 Mmol m"̂  s"̂  and 25°C for 20 minutes. This 

figure shows the lower levels of glutathione in the APX+ and GR+ over-

expressing genotypes and that the total pool sizes remain unchanged following 

exposure to chilling/high PFD. The oxidized pool of glutathione (GSSG) 

inca'eased in C312 leaf discs as exposure to chilling/high PFD incâ eased but 

remained unchanged in the SOD+, APX+, and GR+ leaf discs (Figure 3.22). 

The GR over-expressing genotype had the highest relative levels of GSH among 

all genotypes tested. Figure 3.23 shows significantly smaller total glutathione 

pools in the Fi hybrids compared to wild-type leaf discs(P=0.05). The SOD/APX 

and APX/GR genotypes had glutathione pools that were similar to those seen in 

APX+ and GR+ genotypes, while the SOD/GR and SOD/APX/GR genotypes had 

glutathione pools that were roughly 50% the size of the APX+ and GR+ plants 

and roughly 30% the size of wild-type and SOD+ genotypes (Figures 3.23b). 

The oxidized and reduced pools of glutathione and the percent of the glutathione 

pool present as GSH for hybrids grown in full sun conditions are shown in 

Figures 3.24 and 3.25. The amount of GSH decreases as stress treatment 

increases. Following 1 and 2 h of stress, the APX/GR and SOD/GR genotypes 

showed little change in the percent of the total pool present as GSH. The 

SOD/APX/GR genotype had significantly lower relative levels of GSH compared 

to the other genotypes for times shorter than 3 h (P=0.05). 
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Figures 3.26-3.31 show the characteristics of the glutathione pool for 

plants grown under shade conditions (600 Mmol m"̂  s"̂ ). The lower levels of 

total glutathione in the transgenic plants compared to wild-type plants was more 

pronounced under low growth PFD (Figures 3.26a and 3.29a). Figure 3.26 

shows oxidized and reduced glutathione (Panel a) and percent of the total 

glutathione pool present as GSH (Panel b) for wild-type and transgenic plants 

grown under greenhouse conditions. Similar to growth in full sun, the percent of 

the glutathione pool present as GSH was similar for wild-type, SOD+, APX+, and 

GR+ genotypes but lower in the Fi hybrids. Figure 3.27 shows the lower levels 

of glutathione in the transgenic genotypes and that the total pool sizes remain 

unchanged following exposure to chilling/high PFD. The levels of total 

glutathione seen in shade grown plants were comparable to those seen in plants 

grown in full sun except for the SOD/APX and APX/GR genotypes which had 

total pools approximately 50% that of the corresponding genotypes grown in full 

sun (Figures 3.26 and 3.30). Although the pool of GSH relative to the total pool 

of glutathione (GSSG+GSH) decreased slightly in APX+ leaf discs for exposures 

to chilling longer than 2 h, the reduced pool remained largely unchanged 

following exposure to chilling/high PFD for C312 and the single gene-expressing 

genotypes (Figure 3.27). The percent of the total pool present as GSH was 

unaffected, the shade-grown hybrids had significantly lower relative levels of 

GSH compared to C312 and the single-gene expressing genotypes (P=0.05) 

(Figure 2.33). 
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Figure 3.26. Glutathione content and percent of the total glutathione 
pool present as GSH for shade-grown plants. Leaf discs were taken from plants 
grown in the greenhouse under 600 Mmol m"̂  s'̂  PFD and immediately frozen in 
liquid N2 (n=4 for C312; n=2 for transgenics). 
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Figure 3.27. Oxidized (gray bar) and reduced (black bar) glutathione in 
stressed-shade-grown plants. Leaf discs were sampled following exposure to 
1700 Mmol m"̂  s and 10**C for 1, 2, or 3 hours. Time 0 h represents leaf disc 
tissue that was acclimated in the laboratory to 500 Mmol m"̂  s"̂  and 25**C for 20 
minutes (n=8 for C312; n=3 for transgenics). 
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Figure 3.28. Percent of the glutathione pool present as GSH in stressed-shade-
grown plants. Leaf discs were sampled following exposure to 1700 Mmol m'̂  s"̂  
and 10**C for 1, 2, or 3 hours. Time 0 h represents leaf disc tissue that was 
acclimated in the laboratory to 500 Mmol m"̂  s'̂  and 25*C for 20 minutes (n=8 for 
C312; n=3 for transgenics). 
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Figure 3.29. Glutathione content and percent of the total glutathione pool 
present as GSH for shade-grown hybrid plants. Leaf discs were sampled 
following exposure to 1700 pmol m"̂  s"̂  and 10X for 1, 2, or 3 hours. Time 0 h 
represents leaf disc tissue that was acclimated in the laboratory to 500 Mmol m'̂  
s"" and 2 5 X for 20 minutes (n=4 for C312; n=2 for hybrids). 
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Figure 3.30. Oxidized (gray bar) and reduced (black bar) glutathione in 
stressed-shade-grown hybrid plants. Leaf discs were sampled following 
exposure to 1700 Mmol m'̂  s"* and 10°C for 1, 2, or 3 hours. Time 0 h represents 
leaf disc tissue that was acclimated in the laboratory to 500 Mmol m'̂  s"̂  and 
25*'C for 20 minutes (n=4 for C312; n=3 for transgenics). 
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Figure 3.31. Percent of the glutathione pool present as GSH in stressed-shade-
grown hybrid plants. Leaf discos were sampled following exposure to 1700 Mmol 
m"̂  s'̂  and lO'̂ C for 1, 2, or 3 hours. Time 0 h represents leaf disc tissue that 
was acclimated in the laboratory to 500 pmol m"̂  s'̂  and 25*'C for 20 minutes 
(n=4 for C312; n=2 for transgenics). 
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3.4 Discussion 

3.4.1 Increased APX and GR Activity May Protect 
Photochemistry and the Transthylakoid Gradient 

It has been established that photo-oxidative damage by ROIs is involved 

in the deca-ease in photosynthetic cjapacity during exposure to a variety of 

environmental stresses, including excess light, sub-optimal temperatures, and 

drought (reviewed in Bowler et al., 1992; Allen, 1995; Smirnoff, 1995; Alscher et 

al., 1997). In full sun, cotton exhibits a considerable reduction in A when 

exposed to high light and suboptimal temperatures (Koniger and Winter, 1993; 

Payton et al., 1997). We propose that decreased A following chilling/high PFD 

is due, in part, to increases in the oxidative state of the chloroplast and 

deca'eased PCR cycle enzyme activity. Cotton plants over-expressing genes for 

chloroplast-localized SOD, APX, and GR showed the ability to maintain the in 

vivo activation state of stromal FBPase. The stromal bisphosphatases, as well 

as, glyceraldehyde 3-phosphate dehydrogenase and ribulose 5-phosphate 

kinase are activated by the reduction of cysteinyl residues by reduc:ed 

thioredoxin (Buchanan, 1980). The deactivation of these enzymes by oxidation 

has been shown to inhibit CO2 fixation (Foyer and Leiandais, 1993). 

Furthermore, Sassenrath et al. (1990) reported a correlation between the loss of 

FBPase activation (catalytic capacity) and the inhibition of photosynthesis 

following chilling of tomato plants. It is reasonable that preventing increases in 

oxidation state by H2O2 scavenging should be advantageous with respect to 

PCR cycle enzyme activity and photosynthetic rate. Indeed, plants over-
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expressing APX, and Fi hybrids containing the APX transgene in combination 

with another transgene maintained the highest activation states of FBPase 

compared to the other genotypes following chilling/high PFD. The plants 

containing the APX transgene also had the highest recoveries of A following 

exposure to chilling stress. In the greenhouse, APX+ plants had roughly one-

half the H2O2 measured in wild-type and other transgenic plants. However, there 

was a significant increase in H2O2 in the APX leaf discs compared to the 

greenhouse levels of H2O2 following 20 minutes of acclimation to 25*C and 500 

Mmol m'̂  s'̂  in the laboratory and H2O2 levels were comparable among all 

gentoypes following chilling/high PFD exposure. Although it appears H2O2 is not 

the primary limiting factor in the recovery of A or the deactivation of stromal 

FBPase from these data, the H2O2 measurements represent whole cell 

concentrations and changes within the chloroplast may be too subtle to detect 

using this method. Nevertheless, over-expression of SOD, APX, or GR, but 

especially APX, does have a positive effect on FBPase activation state following 

exposure to chilling and high PFD. 

3.4.2 Ascorbate and Glutathione Pools are 
Altered in Full-Sun Grown Transaenic Plants 

If the as(X)rbate and glutathione pools are limiting factors to enhancement 

of ROI scavenging capacity, then one might expect the levels of these 

metabolites to be altered from those in wild-type plants. The total pool sizes of 

ascorbate and glutathione tended to be lower in transgenic plants compared to 
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wild-type plants grown in full sunlight, with the exception of the APX/GR and 

SOD/GR hybrids which had pool sizes similar to those seen in wild-type plants. 

I propose that in the case of ascorbate, the presence of high stromal APX 

activity may lead to an over-all decrease in ascortDate levels. Because DHA is 

highly unstable at pH values greater than 6.0 (reviewed by Foyer, 1993), an 

increase in the oxidation state of the stromal ascorbate pool could result in loss 

of ascortDate to degradation. In the greenhouse, SOD and APX plants had 

relative amounts of oxidized ascorbate (MDHA + DHA) than wild-type plants. 

Following exposure to stress, the pool of ascorbate became more oxidized in all 

genotypes except those containing a GR transgene. Additionally, the GR plants 

had pools of ascx}rbate that were comparable to those seen in wild-type plants. 

Because MDHA can directly accept electrons from reduced ferredoxin, 

the increase in the levels of oxidized ascorbate in any genotype over-producing 

APX, may support some electron flow, thus decreasing the reduction of O2. This 

could allow for the enhanced maintenance of photosynthetic activity relative to 

wild-type plants, under stressful conditions. With GR over-expression, the 

reduction state of the ascorbate and glutathione pools remains similar to pre-

stress values during chilling stress. Reduced ascorbate is necessary for H2O2 

scavenging via APX and plants containing the GR transgene were able to 

protect the ascorbate pool from over-oxidation, possibly allowing for sustained 

scavenging of H2O2 by APX. These results are similar to those of Foyer (1991) 

where a two- to ten-fold increase in GR activity in transgenic tobacco afforded 
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some protection to the AsA pool. However, several studies report increases in 

total glutathione associated with over-expression of GR in the chloroplast 

(Mullineaux et al., 1994; Foyer et al., 1995), which is counter to our findings. 

Following 3 h of exposure to chilling in high PFD, the total pools of ascortDate 

and glutathione in APX+ plants decrease while these pools remain virtually 

unchanged in other genotypes, including Fi hybrids. In plants that over-express 

GR, maintenance of the GSH pool, and ultimately the AsA pool appears to 

prevent the loss of ascortDate. This is supported by the fact that in plants over-

expressing GR alone or in combination with SOD or APX, the decrease in 

ascorbate following exposure to chilling/high PFD is not seen. Although 

differences in the pool sizes of ascorbate and glutathione and their oxidation 

states were seen, the decreased pool sizes of these metabolites in transgenic 

plants did not appear to limit the ability of the transgene to provide some 

protection from oxidative conditions. However, with enhanced enzyme activity 

and increased redox flux through these metabolite pools, the potential for 

substrate limitation is possible and may explain why certain combinations of 

transgenes, and the hybrids in general, perform no better than SOD, APX, or GR 

alone. 
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CHAPTER IV 

SUMMARY 

The results of this study show that increases in SOD, APX, and GR in the 

chloroplasts of cotton provide protection to A from damage caused by exposure 

to moderately low temperature and high PFD. We propose that two strategies 

can be employed to pre-acclimate shade-grown leaves to increases in light 

energy absorption: (1) [Dotentially increase the rate of superoxide conversion to 

H2O2; and/or (2) potentially increase the rate of H2O2 scavenging. Under low 

growth PFD, the ability of the plant to scavenge superoxide radicals, via SOD, 

may be a major factor in resistance to oxidative stress. However, increasing the 

stromal activities of enzymes associated with O2" or H2O2 scavenging are 

equally effec:tive in protecting photosynthesis. Under high growth PFD, enzymes 

"downstream" of SOD in the ROI scavenging pathway, especially APX, are more 

effective in ROI scavenging at critical sites and in protecting the photosynthetic 

apparatus. The sensitivity of SOD activity to increasing PFD suggests that 

increasing this ac:tivity beyond its natural level in high light grown or stress 

acclimated plants will result in only moderate changes in superoxide scavenging. 

While the activity of SOD is critical in protecting from oxidative damage, under 

high light cxDnditions, enhanced enzyme activity associated with H2O2 

scavenging and the ascorbate-glutathione cycle appears to be more effective. In 

the case of the APX+ genotype, the inca'eased activity of APX may allow for 
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increased pseudo-cyclic elecrtron to oxygen which results in increased 

production of H2O2 but serves to protect \he photosynthetic machinery from 

photo-inhibitory damage and maintains the trans-thylakoid gradient. Over-

expression of GR appears to provide protection to the reduced fraction of the 

ascorbate pool, which is critical in H2O2 scavenging. These hypotheses are 

supported by the fact that in APX plants, and to a lesser extent SOD plants, 

although the ascorbate pool became oxidized following stress, the activation 

state of FBPase was relatively unaffected. Furthermore, in plants with high GR 

acrtivity, the ascx)rbate pcxDl remained reduced and was correlated with a higher 

FBPase activation state. This enhancement in H2O2 scavenging ability in APX 

and GR over-expressing plants, compared to wild-type and SOD over-

expressors, may allow for maintenance of electron flow through photcx:hemistry 

at times when NADP+ is low. Furthermore, the activity of GR results in the 

oxidation of NADPH, regenerating the preferred electron acx»ptor in the 

chloroplast. 

Because of the myriad of cellular prcx»sses that involve ROIs in both 

positive and negative manners, the metabolism of these species must be highly 

regulated. It is therefore conceivable that these enzymes and their activity are 

also controllecJ/limited by post-translational regulation (Lopez et al., 1996). 

While over-expression of these enzymes is possible, their bicx̂ hemical effect 

may limited by these post-translational mechanisms resulting in activities that 

are similar to those seen in "stress-acclimated" wild-tyjDe plants. 

100 



While it is unlikely that over-expression of a single or few enzymes in the 

ROI scavenging pathway will have a tremendous effect on protection from 

oxidative stress, using single and multiple transgenes does allow for a more in 

depth analysis of ROI scavenging. Further study of the regulation of the 

expression of anti-oxidant enzymes and the cellular processes that effect stress 

resistance should provide more opportunities to create other stress resistant, 

agronomically important crop plants. 
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APPENDIX A 

1998 FIELD TRIAL DATA 
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CULTIVATION, HARVESTING, AND ANALYSIS OF FIELD COTTON 

Cotton plants over-expressing APX and GR were grown under field 

conditions in the summer of 1998. Coker 312 and GUS over-expressing plants 

were planted as controls. Seeds were hand-harvested from T2-T4 plants grown 

in the greenhouse. The seeds were then planted at the western end of field 16 

at the Texas Tech University farm on Erskine Street using a randomized block 

design. The field was divided into four rows, 300 feet long running west to east. 

Each row was divided into 14 plots, 20 feet long, with a 5 foot alley between 

each plot. The end plot on each row was planted in Coker 312-5A to act as a 

guard plot. The 4 rows on the north and south sides of the test were planted in 

Paymaster HS26. The fields were pre-plant imgated once and then imgated and 

sprayed as deemed necessary by the farm manager. Com was inter-cropped to 

act as a windbreak for cotton seedlings. The com was killed with Poast in eariy 

June. 

There were two replications of each entry planted in the test. Entries 

were randomized mixing the fiber quality test with the oxidative stress test. The 

test was planted with a four-row planter on May 20. Twenty seed were planted 

in eac:h plot resulting in a spacing of one plant per foot. Forty seed were planted 

in each of the guard plots of Coker 312-5A resulting in a spacing of two plants 

per fCKDt. Two check rows were planted within the test. The check rows 

consisted of a mixture of ornamental cottons with colored leaves and fiber that 

could be easily spotted. 
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First blooms appeared on July 5. Mature open bolls were harvested by 

hand at several intervals from the second week in September until the second 

week in November. No defoliant was applied to the field. No bolls were 

harvested after the first freeze at the end of November The fiber was saw 

ginned at the Texas Teĉ h University as it was harvested. Data were collec:ted for 

plant dry weight, boll retention, and seed cotton yield. 

Over-expression of APX and GR resulted in mcxJerate increases in plant 

biomass (Figure A.I), seed-cotton yield (Figure A2), tx)ll number, and boll 

retention (Figure A3). 
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180 

Plant Flower Boll 

Figure A.1. Total biomass (gram dry weight) of wild-type C312 (black bar), 
APX+ (white bar), and GR+ (gray bar) plants grown under field conditions. 
Plants were hand harvested and oven dried at 35*C for 72 h (n=4). 

114 



C312 GUS APX 

LINE 

Figure A.2. Mean seed-cotton yield for field-grown control (C312 and GUS) and 
transgenic plants (n=4). 
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C312 GUS APX 
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GR 

Figure A.3. Boll retention for field-grown cotton. Data are expressed as the total 
number fruiting sites (black bar) and the percent of those sites that produced a 
harvested boll (gray bar) (n=4). 
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APPENDIX B 

COTTON TRANSFORMATION AND TISSUE CULTURE MEDIA 
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SEED STERILIZATION AND GERMINATION 

Materials for Seed Sterilization 

Up to 100 seed 
1 sterile 150 ml beaker 
1 sterile 250 ml flask 
70% ethanol 
Clorox bleach 
one drop of Tween 20 
10 sterile 250 ml flasks with 100 ml sterile water 
6 sterile Cellectors (sieves) with #10 mesh 
6 sterile 400 ml beakers 

1 Place 70% ethanol in 150 ml t>eaker (enough to cover the amount of seed to 
k>e sterilized.) 

2. Place 100 ml of 12% Clorox solution plus one drop Tween 20 in sterile 250 
ml flask. 

3. Add seed to 70% ethanol and soak and stir for 30 seconds. 

4. Pour through collector and rinse with 100 ml sterile H2O. 

5. Move seed to Clorox/Tween 20 solution and shake at 110 rpm for 20 
minutes. 

6. Pour through collector and rinse with 100 ml sterile H2O. 

7. Move seed to flask containing sterile H2O and shake for 2 minutes. 

8. Pour through colleĉ tor and rinse with 100 ml sterile H2O. 

9. Repeat steps 7 and 8 two more times. On the final rinse leave the flask on 
the shaker for 30-60 minutes. 

10. After 30-60 minute rinse, pour through collector and rinse with sterile H2O. 

11. Place seed on germination media. Germinate at 30^0 for 7 to 10 days. 
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Stewarts Seed Germination Media 

1 bag Stewarts concentrate 
pH 6.8 using 1MK0H 
2.0 g Phytagel (Sigma catalog # P-8169) 

Bring volume to 1 liter with H2O. Add 8 or 10 ml to each tube (25 x 150 mm 
culture tubes). Autoclave and vortex tubes immediately after removing from the 
autoclave. 

HYPOCOTYL INOCULATION 

Materials for Hypocotyl Innoculation 

Sterile foil cxitting pad 
Sterile filter paper or blotting paper 
Sterile petri dishes 
7-10 day old cotton plants (sterile) 

1. Grow a 2 ml culture of the Agrobactehum containing the construct in the 
appropriate antibiotics at 30°C. Dilute 19:1 with MSNH in a sterile petri dish. 

2. Remove plant from germination tube and plac» on the sterile cutting pad. 
Disĉ ard cotyledons and roots. Cut hypocotyl into pieces 6-8 mm in length. 

3. Place hypocotyls in diluted Agrobacterium solution and leave for at least 30 
secxDnds. Remove hypocotyl pieces and blot excess Agrobacterium solution on 
sterile paper. Place hypocotyl pieces on T2 plates. (10-12 hypocotyl pieces per 
plate) Approximately 200 to 300 hypocotyl pieces (20-30 plates) are needed for 
each construct. 

4. Keep plates (not parafilmed) in the dart< at room temperature for 3 days. 

5. Remove hyp(x»tyls from T2 plates, blot on sterile filter paper, and transfer 
pieces to MS2NK KCL plates. Keep plates parafilmed. 

6. Keep plates under lights at 30**C. 
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MSNH 

MS basal salts (Sigma catalog # M0404) 
30 g glucx)se 
pH5.8 

T? Plates 

MS salts 
0.1 mg2,4-D 
0.5 mg kinetin 
30 g glucose 
pH5.8 
2.0 g Phytagel 

MS2NKKCL 

MS salts 
30 g glucose 
2mgNAA 
0.1 mg kinetin 
pH5.8 
2.0 g Phytagel 
After media is cool to touch add: 
1 ml of 50 mg/ml kanamycin 
5 ml of 100 mg/ml cefotaxime 
Pour 45 - 50 ml /petri dish 

CALLUS GROWTH 

Keep hypocotyls on MS2NK KCL plates, transferring once per month or 
as needed to avoid contamination and overgrowth of the Agrobacterium. 
Transformed callus will begin to appear in 3 to 4 weeks. Transformed callus will 
be light green or white in color, and appears to be smooth and dense rather than 
loose and fluffy. 

When the calluses are approximately 4 mm in size they can be removed 
from the hypocotyl and placed on a separate MS2NK KCL plate to encourage 
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faster growth. When the individual calluses are approximately 1 cm in size they 
can be put into suspension culture to begin generation of embryos. 

EMBRYO GENERATION 

Place callus in a 50 ml Erienmeyer flask containing 10 ml of MSNH and 
5MI of 50 mg/ml kanamycin. Break up the callus as small as possible using a 
sterile spatula. Place on a shaker at 110 rpm in a lighted area at 30°C Cultures 
will be ready to plate when the cells become light green in color with some small, 
white, slightly round cells visible in the culture. The culture should also be 
somewhat more dense than it was initially. 

Platino Suspension Cultures 

Materials needed: 
sterile 50 ml conical tubes with caps 
sterile wide tip opening pipets (5 or 10 ml) 
MSNH 
MSK 50K plates 

1. Pour suspension culture into a sterile 50 ml tube and allow cells to settle to 
the bottom of the tube. Remove MSNH and add 20-30 ml of fresh MSNH to 
rinse the cells. Shake the tube and allow the c l̂ls to settle to the bottom again. 
Repeat a secx)nd time. 

2. When cells have settled to the bottom of the tube, estimate the volume of 
cells. Remove the MSNH used to rinse the cells and resuspend the cells in 
MSNH so that the cells are diluted at a ratio of 0.5 ml of cells in 9.5 ml of MSNH. 
Plate 2 ml of this suspension on MSK 50K plates, and spread evenly over the 
plate. Plate as many plates as possible. Plates should keep under light at 30°C 
without parafilm until the surface of the plates are dry. Plates should then be 
parafilmed. 
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MSK50K 

MS salts 
1.9gKN03 
30 g glucose 
pH5.8 
2.0 g Phytagel 
1 ml of 50 mg/ml kanamycin 
Bring volume to 1 liter with H2O 

EMBRYO SELECTION 

After about 3 weeks embryos will become visible on some of the plates. 
On other plates the cells will proliferate, but no embryos will be visible yet. All of 
the plates will need to be checked at least once each month for embryos. When 
embryos get at least 1 mm in size, they can be placed on SA plates to begin the 
germination process. The Other potentially embryogenic cells should be moved 
to new MSK 50K plates. These cells will be usually light green rather than 
brown or white and will be round and glassy looking. If a cell line does not 
prcxjuc» any embryogenic cells, some of the green non-embryogenic cells can 
be washed with MSNH and replated as explained before. After some 
manipulation these cell lines may produce embryos, but some cell lines may 
never produce embryos. 

EMBRYO GERMINATION 

After embryos are picked from the MSK 50K plates they are placed on SA 
plates and left without parafilm to begin desicx:ation. They should be incubated 
in the dark at 30^0 for approximately 2 weeks. After two weeks, the roots should 
be trimmed off and the embryos transferred to SGA plates. The SGA plates are 
left in high light at 30°C without parafilm. The embryos should be transferred to 
new SGA plates as the old plates dry out, trimming the roots each time they are 
transferred. Leave on SGA plates until true leaves emerge. 

PLANTS 

After the first true leaf emerges, the young plant should be moved to a 
pint sized canning jar containing SGA media. When the plant reaches 7-10 cm 
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in height and has several true leaves, the top may be cut off and transferred to 
another jar. The cutting should have 3-4 leaves and should be made between 
leaf nodes. At this point the plants should be given a number so that the 
cuttings can be tracked. The parent plants should be maintained in jars in case 
the cuttings die in the greenhouse. 

When the cuttings develop a good root system, but before the roots tum 
black, they may be transplanted into one gallon pots containing potting soil. The 
plants can be hardened by placing a large Zip-lock bag over the plant and the 
top of the pot. After two weeks the comers can be cut off and left for one week. 
The top should then be cut completely open and left for one more week. The 
bags can then be removed , and the plants will be hardened and can be kept in 
the greenhouse. 

SA Plates 

1 bag Stewarts cx)ncentrate 
20 g sucrose 
pH6.8 
20 g agar 

Bring to 1 liter with H2O. Pour about 20 ml in each petri dish. Plates should be 
very thin to enable embryos to dry out. 

SGA Plates 

1 bag Stewarts concentrate 
5 g sucrose 
pH6.8 
1.5 g Phytagel 
5 g agar 

Bring to 1 liter with H2O. Pour about 30 ml in each petri dish. 

SGA Jars 

Same as SGA plates except that approximately 60 ml of media should be added 
to each jar. 
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STEWARTS 10X CONCENTRATE 

Macronutrients: 
KNO3 (mw 101.11) 
NH4NO3 (80.04) 
MgS047H20 (246.48) 
CaCl2 2H20 (147.02) 
KH2PO4 (136) 

Mica-onutrients: 
Fe EDTA (367.05) 
Boric acid (61.83) 
MnS04 4H20 (169.01) 
ZnS047H20 (287.54) 
Kl (166.01) 
NaMo02 2H20 (241.95) 
CUSO45H2O (249.68) 
C0CI26H2O (237.93) 

Vitamins: 
Nicotinic acid (123.11) 
Pyridoxine HCl (205.63) 
Thiamin HCI (337.3) 

20.24 g 
9.60 g 
19.72 g 
7.04 g 
1.08 g 

220 mg 
74 mg 
202.8 mg 
103.6 mg 
10 mg 
8.8 mg 
0.3 mg 

0.284 mg 

19.6 mg 
32.8 mg 
54 mg 

This will make 4 liters of concentrate, which is enough for 40 liters of media. 
This concentrate can be frozen in aliquots of 100 ml. 
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